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ARTICLE INFO ABSTRACT
Dataset link: https://ameriflux.Ibl.gov/sites/sit Agricultural expansion in the Brazilian Cerrado ecoregion has been causing extensive land use and land cover
einfo/BR-IAB, https://doi.org/10.5281/zenodo changes (LULCC), drastically shifting the carbon cycle dynamics of the affected ecosystems. However, accurate
-13912437, https://! iji'Org/ 10.5281/zenodo.1 in situ observations of the net ecosystem exchange of carbon dioxide (NEE) from wooded Cerrado (Cerrado
5232?43’ https://doi.org/10.5281/zenodo.111 sensu stricto) as well as from post-conversion agricultural landscapes are lacking, with the limited amount
of impact assessments in the literature being primarily based on remotely sensed data. This study presents
Keywords: a multi-annual time series of temporal high-resolution eddy covariance carbon dioxide fluxes, measured on
Woodland the border between a wooded Cerrado and a post-conversion agricultural area, primarily used as a pasture,
Cultivated pasture in southeastern Brazil. We investigated multiple setups of NEE partitioning methods to separate NEE into
Carbon flux its components gross primary production (GPP) and total ecosystem respiration (TER). We combined these
EZEdpfiiiiﬁi‘; component partitioning models with source area partitioning methods to estimate component fluxes for the
two contrasting ecosystems within the tower footprint. Model results were compared against remotely sensed
vegetation indices and flux data from similar ecosystems. We found that converting native wooded Cerrado to
a pasture-dominated agricultural area decreased the landscape’s NEE carbon (NEE-C) uptake by up to 494 g
m2 yr! (73 %). The wooded Cerrado had an annual cumulative NEE-C of -639 + 20 g m? yr! and -673 + 19 g
m? yr! in 2019 and 2020, respectively. In comparison, the pasture had lower annual cumulative NEE-C of
-146 + 39 g m? yr! and -179 + 38 g m? yr! in the same years. The pasture exhibited lower light use
efficiency (LUE) and NEE-C uptake in the dry season, resulting in lower annual NEE-C uptake. Additionally,
the pasture showed greater sensitivity to precipitation changes, leading to higher seasonal variations in carbon

dioxide fluxes.

1. Introduction ecosystems and the atmosphere (Batlle-Bayer et al., 2010; Cunha et al.,
2015). The agricultural expansion in the Cerrado started in the mid-
The Brazilian Cerrado is a tropical savanna ecoregion featuring 1950s and was boosted by government policies, which facilitated the
various ecosystem types including woodlands, savannas, grasslands, dry land use conversion rate significantly (Silva et al., 2006). Agricultural
forests, and gallery forests (Klink and Machado, 2005). Depending on development in the region was long limited by the lack of infrastruc-

the physiognomy of the landscape, Cerrado is further categorized into
campo sujo, campo Cerrado, Cerrado sensu stricto, and cerraddo, each
having a higher canopy cover percentage compared to the previous
one (Goodland, 1971). As the second largest biome of Brazil, Cerrado
covers 21% of the country and is home to more than 160,000 plant,
fungi, and animal species (Klink and Machado, 2005; Ratter et al.,
1997). However, the Brazilian Cerrado has been experiencing rapid
land use and land cover changes (LULCC) due to agricultural expan-
sion, leading to changes in carbon dioxide (CO,) fluxes between these tion (Santana and Bahia Filho, 1998). In addition, the construction of

ture and poor soil quality (Silva et al., 2006). Specifically, the soils
in the Brazilian Cerrado are dominated by highly weathered Oxisols
with low fertility and low pH, which are unsuitable for agricultural
purposes (Santana and Bahia Filho, 1998; Hartemink et al., 2020).
Since the 1970s, the application of modern agricultural technologies,
including plant breeding, soil conditioning, and soil management, has
improved soil fertility, making them more suitable for crop produc-
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Fig. 1. The changes in the extent of Cerrado due to LULCC.
Source: Adapted from MapBiomas database (Souza et al.,

2020) and (Olson et al., 2001).

the new capital, Brasilia, in the Brazilian Cerrado ecoregion facilitated
the development of infrastructure, improving the transportation of
agricultural products (Silva et al., 2006). Since then, LULCC in the
Brazilian Cerrado has been extensive. The annual land use conversion
rate peaked in the early 1970s at about 40,000 km? yr~! (Klink and
Machado, 2005). The conversion remained at a high rate until the mid-
2000s, ranging from 22,000 to 30,000 km? yr~1, which was higher than
the annual deforestation rate in the Amazon (Machado et al., 2004;
Klink and Machado, 2005). By 2005, more than 50 % of the Brazilian
Cerrado had been converted to pasture and agricultural land (Klink
and Machado, 2005). Recent land use assessments made by MapBiomas
platform (Souza et al., 2020) estimated that in 2022, 45 % of the
natural Cerrado land cover remains (forested and open fields areas),
and it decreased 27 % between 1985 and 2022 (Fig. 1).

Among the different types of LULCC, the conversion of native
Cerrado into pastures, predominantly for cattle grazing, is one of the
major types (Carvalho et al., 2010; Sanchez, 1979). This management
practice replaces native Cerrado vegetation with cultivated grasses,
resulting in changes in CO, fluxes between these landscapes and the
atmosphere (Carvalho et al., 2010). National land policies facilitated
this type of land use conversion in the 1970s (Batista and Norat, 2019).
By 1977, the Program for the Development of the Cerrado (POLOCEN-
TRO) had financed 8,000 km? of land for agricultural use (Sanchez,
1979). Of the land funded by the program, 4,000 km? (50%) were
directly converted to cultivated pastures (Sanchez, 1979). An additional
3,200 km? (40%) were initially converted to cropland for rice pro-
duction for the first one to three years, after which they were also
converted into cultivated pastures (Sanchez, 1979). As a result, by the
year 2005, planted pastures had occupied around 42% of the core area
of the Cerrado (Klink and Machado, 2005), which raises the question
of how this type of conversion would affect the CO, flux of the land.

Accurate measurement of the net ecosystem exchange (NEE) of
CO, for both native Cerrado and planted pasture under the same
meteorological conditions is therefore necessary. Eddy covariance (EC)
studies on the carbon fluxes of native Cerrado are scarce and re-
sults vary due to the complexity of the different ecosystems subsumed
in the Cerrado ecoregion with its diverse tree physiognomies and
climate conditions (Alves et al., 2021; Vourlitis et al., 2022). For
example, da Rocha et al. (2002) and Miranda et al. (1997) estimated
the wooded Cerrado (Cerrado sensu stricto), the most dominant form
of Cerrado (Carvalho et al., 2008), to be a weak sink of CO,, with
strong seasonal variability. The strong net CO, uptake in the wet season
is balanced by net CO, emission in the dry season, resulting in an
overall balanced, sometimes negative, annual NEE (da Rocha et al.,
2002). On the other hand, Vourlitis and da Rocha (2010) reported
that the Cerrado transitional forest (cerraddo) is a small source of

carbon, with an annual average daily NEE of CO,-C (NEE-C) around
0.19 + 0.24 gm~2 d~! (Vourlitis and da Rocha, 2010). For a seasonally
flooded Cerrado forest (mata de galeria) in the Pantanal ecoregion
close to the border of the Cerrado ecoregion, Vourlitis et al. (2022)
reported average NEE-C uptake values derived from multi-annual EC
measurements observed and reported by Dalmagro et al. (2019) of
230 g m2 yr~l. The interannual variability of this wetland gallery
forest was large with it changing from a NEE-C source to a sink in both
years reported in Vourlitis et al. (2022). The latter authors could verify
the EC carbon budgets with inventory methods.

Santos et al. (2003) found that a grass-dominated Cerrado woodland
(campo sujo) acted as a strong carbon sink, achieving an annual NEE-
C uptake of —456 gm~2yr~!. However, Arruda et al. (2016) suggested
campo sujo could become a carbon source under drought conditions
with a NEE-C release of 357 gm~2 yr~!. In summary, the limited studies
on native Cerrado’s carbon uptake conducted in the early 2000s yielded
varying results. Due to the small sample size, these studies may not ac-
curately reflect the magnitude and seasonality of each Cerrado subcate-
gory. In contrast, planted pastures in the Cerrado are widely recognized
as strong carbon sinks, with a NEE-C around —200gm~2yr~! (Alves
et al., 2021; Bezerra et al., 2022; Roberti et al., 2024). These pastures
typically exhibit a higher carbon assimilation rate than the native
Cerrado, but they are more sensitive to variations in precipitation and
soil fertility (Alves et al., 2021; Santos et al., 2004; Miranda et al.,
1997). However, existing studies lack a direct comparison of the carbon
uptake of pastures and native Cerrado in the same area under identical
meteorological conditions.

In this study, we aim to estimate the impact of converting a wooded
Cerrado into a pasture-dominated agricultural area on the CO, flux
dynamics of such a landscape by using EC-measured NEE fluxes. We
present a multi-annual time series of temporal high-resolution EC CO,
fluxes, measured on the border between a wooded Cerrado and a post-
conversion agricultural area, which was primarily used as a pasture,
in Itirapina, Brazil. We recognize certain methodological challenges,
specifically the partitioning of the measured net CO, fluxes into com-
ponent fluxes of opposing directions, which are related to different
ecosystem processes, namely total ecosystem respiration (TER) and
gross primary production (GPP). In order to account for plant devel-
opment in the course of a vegetation period, subsets of data have
been used in the literature (e.g. (Holl et al., 2019a)) to fit combined
temperature and light response models to estimate model parameter
time series, which can then be interpreted as the seasonal course of
ecosystem functional properties (EFP). The temporal resolution of these
model parameter time series should be appropriate to partition the
dataset at hand (i.e. using enough data to obtain robust parameter
estimates per time step while using enough subsets of data to properly
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footprint along the monitoring period (10/2018-08/2021) calculated using two-dimensional method (Kljun et al., 2015); (e) Polar plot showing the wind direction histogram of

the flux tower.

represent plant phenology). Additionally, selecting the optimal method
(footprint-based or wind direction-based) to include source area in-
formation in the model is essential. For example, Holl et al. (2020)
or RoRger et al. (2019) showed that partitioning EC data recorded over
heterogeneous terrain is possible when flux contrasts are pronounced
enough. Furthermore, we aim to contribute to the understanding of
these systems’ likely responses to projected future climatic change by
leveraging the observed variability in environmental drivers, which
were recorded in conjunction with our CO, flux observations over
several years.

2. Methods
2.1. Site description

The experiment site is located in the city of Itirapina, within the
state of Sao Paulo (22° 10.2517’ S, 47° 52.2567’ W) (Fig. 2a). The
site’s climate is classified as a humid subtropical climate, which has a
warm and wet season from October to March and a cool and dry season
from April to September (Alberton et al., 2014) (Fig. 2b). It has a mean
annual precipitation of 1486 mm yr~! and a mean annual temperature
of 21.5 °C (Anache et al., 2019) (Fig. 2c). Predominantly, winds at the
site came from east-northeastern directions (Fig. 2e).

The center of the study site is marked by a 24-meter-high flux tower,
located within a natural wooded Cerrado (Alberton et al., 2014). The
tower is adjacent to the boundary between a wooded Cerrado and a
pasture (Fig. 2d). The wooded Cerrado has a six to seven meters tall
woody component, with tree species including Aspidosperma, Pouteria
torta, and Caryocar (Alberton et al., 2014; Felfili and da Silva, 1993).
It does not have a continuous canopy, with tree cover ranging from 10
to 60 % (Alberton et al., 2014; Felfili and da Silva, 1993). Below the
canopy, there is a continuous herbaceous layer (Alberton et al., 2014).

On the other hand, the pasture located north of the flux tower is
mostly covered by 5 to 30 cm high signal grass (Brachiaria decumbens),

with a small segment of sugarcane field to the northwest of the tower.
The pasture part has been used for grazing since the 2000s (Anache
et al., 2019). Brachiaria decumbens, originating from East Africa, is
suitable for cattle grazing (Gorgone Barbosa et al., 2008). This peren-
nial grass has a dense root system and a lifespan of approximately
five years (Heuzé et al., 2021). It is also considered as an invasive
species that inhibits the germination of other plants with its competitive
advantages (Gorgone Barbosa et al., 2008).

2.2. Instrumentation

The micrometeorological variables were measured using slow (rain-
fall, temperature, relative humidity, net radiation, soil heat flux, and
soil moisture at 1 Hz) and fast (wind speed and direction, H,O and CO,
molar fractions at 20 Hz) instrumentation ( Table 1). The instruments
were fixed on a 24-meter-high metal tower, which was equipped with a
data acquisition and storage system. Despite the tower height, the main
pieces of equipment were positioned below the maximum tower height
due to footprint restrictions and lightning protection. The flux tower
was operated between 2018 and 2021. The tower is listed with the site
ID BR-IAB on the Ameriflux platform (https://ameriflux.lbl.gov/sites/
siteinfo/BR-IAB) (AmeriFlux, 2024).

The EC system employed in this study underwent factory calibration
prior to its initial deployment in the field (Campbell Scientific Irgason
gas analyzer, see Table 1). To verify the accuracy of the gas ana-
lyzer, we conducted zero and span calibration procedures both before
and after the monitoring period. These checks confirmed that no de-
tectable drift occurred, ensuring the reliability of the measured values
throughout the study. Additionally, the sensor lenses were cleaned ev-
ery 21 days, coinciding with the scheduled data collection, to maintain
optimal performance and ensure data quality.
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Table 1
EC monitoring site instrumentation features.
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Variable Sensor Height or depth* (m) Measurement range Accuracy

Temperature (°C) HMP155A 16 —80 to +60 °C +0.45 °C

Relative humidity (%) HMP155A 16 0 to 100% +1.7%

Rainfall (mm) Hydrological Services TB4 16 0 to 700 mm h-! +3%

Atmospheric pressure (mbar) Vaisala CS106 16 500 to 1100 mbar +1.5 mbar

Wind speed (m s~') and direction (°) Campbell Scientific Irgason sonic anemometer 16 0to30ms! +1.8 m s7!
0 to 360° +0.7°

H,O0 molar fraction Campbell Scientific Irgason gas analyzer 16 0 to 72 mmol mol~! +2%

CO, molar fraction Campbell Scientific Irgason gas analyzer 16 0 to 1000 pmol mol~! +1%

Soil moisture (%) FDR EnviroSCAN Sentek —0.3* 0 to ~65% +3%

Net solar radiation (W m~2) Kipp & Zonen CNR4 10 +2000 W m~2 +20 W m~2

Soil heat flux (W m~2) Hukseflux HFPO1 —-0.1% +2000 W m~2 —15% to +5%

2.3. Eddy covariance data processing

Raw data processing and calculation of turbulent fluxes (latent heat
flux, sensible heat flux, and CO, flux was performed using EddyPro
version 7 (LI-COR Biosciences, 2021). Before flux processing, a dynamic
metadata file was built, containing both time series of canopy height
and displacement height, which were estimated using measured friction
velocity (Pennypacker and Baldocchi, 2016) for each 30-min time
interval. As an additional dynamic metadata time series, we prepared
a dataset of wind sector-wise (2-degree sectors) binned and averaged
roughness length estimates, calculated after (Kormann and Meixner,
2001), to reduce disturbances (noise, outliers) to the footprint model
which could have been introduced by using instantaneous, half-hourly
roughness length estimates per half-hourly footprint model run (same
method has been applied by Holl et al. (2019b)). Thus, it was possible
to account for land cover heterogeneity as well as dynamic vegetation
development in the flux source area. The flux processing steps were:
(i) raw data quality filtering (Vickers and Mahrt, 1997) including spike
removal and filtering throughout the time series, considering signal
strength and equipment detection limits; (ii) raw data processing in-
cluding: double rotation method (Tanner and Thurteh, 1969); and time
lag removal between concentration and wind measurements (Foken
et al., 2012; Horst and Lenschow, 2009); (iii) raw flux calculation (iv)
averaging and frequency corrections (Dijk, 2002; Foken et al., 2012;
Horst and Lenschow, 2009; Kaimal et al., 1989; Moncrieff et al., 1997;
Montgomery, 1947; Moore, 1986; Shapland et al., 2014); (v) conver-
sion of the sonic sensible heat flux to sensible heat flux (Dijk, 2002;
Schotanus et al., 1983); (vi) air density fluctuation correction (Webb
et al.,, 1980); (vii) data quality control (Foken et al., 2012); (viii)
spectral analysis and corrections (Mauder and Foken, 2004; Vickers and
Mabhrt, 1997; Moncrieff et al., 2005).

We then quality filtered the processed EC CO, flux data by omitting
data points with quality class (QC) 1 and 2 (Mauder and Foken, 2004),
those with an overall spectral correction factor (SCF) exceeding 1.1,
and those with high CO, uptake value (< —10 pmol m~2s~!) measured
under low light conditions (photosynthetically active radiation (PAR)
< 10 pmol m~2 s~1) (Runkle et al., 2013).

2.4. Eddy covariance footprint analysis

The half-hourly class contribution (CC) fraction of each investigated
surface class to the EC flux was estimated by coupling the EC footprint
model results with the land-use and land-cover product (LULC) (Souza
et al.,, 2020). It was our initial purpose to use this information to
enhance data quality by filtering out fluxes outside our initial area of
interest (wooded Cerrado). We found that the CC time series could
be utilized to characterize the contribution of each vegetation class,
rather than discarding observations outside the primary area of inter-
est. Initially, the footprint was computed utilizing a two-dimensional
model (Kljun et al., 2015) at 30-min intervals, followed by normaliza-
tion. Additionally, a pixel-specific threshold was established to confine
the area subject to analysis. To prepare for the coupling between the

flux footprint and LULC, we performed one hot encoding to generate
binary matrices based on each vegetation class. In other words, each of
the two analyzed classes received a numerical integer value, working
as a masking layer to separate the footprint contribution of each class.
Finally, a CC fraction was determined by integrating the footprint with
the encoded LULC by summing up the half-hourly CC fractions of all
pixels classified as belonging to one of the two investigated surface
classes, respectively. This computation ensures that the observed data
accumulates the combined contribution of the two compared classes
within the footprint area: wooded Cerrado vegetation community and
pasture (Fig. 2d).

2.5. Processing of meteorological data and auxiliary variables

First, we addressed gaps in the measured half-hourly air tempera-
ture (Tp,, °C) records by filling them with debiased hourly ERA5-Land
2-meter air temperature (T,.,5, °C) (Mufioz Sabater, 2019), following a
simplified version of the gap-filling method employed by Lompar et al.
(2019). Specifically, we first linearly interpolated the hourly T,,,5 data
to half-hourly intervals. We then performed a linear regression analysis
between the T,,5 and the T, resulting in the relationship presented
in Eq. (1). Afterward, we used the interpolated half-hourly T,,,s data
and Eq. (1) to estimate T, and fill gaps in the measured half-hourly air
temperature records.

T, =0.98 X T, .5 +0.02374 )

Following Holl et al. (2019a), we then calculated the monthly
cumulative growing degree days (GDD) of the site with gap-filled air
temperature data and a base temperature of 15 °C, which is a common
choice when estimating the GDD of tropical and subtropical grasses,
including Brachiaria (Andrade et al., 2016). GDD was defined as the
sum of all positive differences between daily average temperatures and
the base temperature.

Second, we calculated half-hourly PAR using measured shortwave
irradiance, following Britton and Dodd (1976). We then filled the
gaps in the calculated half-hourly PAR data (PAR,) with debiased
GeoNEX-based remote sensing PAR data (PARge,nex), derived from
geostationary satellites and accessed via NASA’s GeoNEX data portal (Li
et al., 2023). Similar to the air temperature gap filling, we used
linear regression to derive estimates for in situ measurements from the
alternative data source, resulting in the relationship given in Eq. (2).
The debiased PARg,npx data was then calculated to fill gaps in the
PAR,, record.

PAR,, =094 X PARG nEx + 11.87 ®)

Third, gaps in the measured half-hourly precipitation data were
filled with 5-min precipitation data from a nearby site (22° 11.0847’ S,
47° 51.1903’ W), located 2.38 km southeast of the flux tower (Anache
et al., 2024b). We summed 5-min measurements to obtain half-hourly
totals. Subsequently, we adjusted the timestamps by adding 30 min to
synchronize the gap-filling data with the measured data. We performed
linear regression analysis and double mass analysis (Burton, 1985) to
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evaluate the consistency between the gap-filling data and measured
data (see Fig. D.16).

Additionally, we used Moderate Resolution Imaging Spectroradiome-
ter (MODIS) Normalized Difference Vegetation Index (NDVI) estimates
with a 16-day temporal resolution and a 250 m spatial resolution (Di-
dan, 2021) to calculate the monthly NDVI for both ecosystems. We
selected the center location of a wooded Cerrado (22° 10.6292’ S,
47° 52.4907° W) and a pasture (22° 9.7692’ S, 47° 52.0637’ W) as
points of interest to represent the NDVI of respective ecosystems.
The original 16-day NDVI data was converted to monthly NDVI data
by averaging the NDVI values within each month. The NDVI values,
originally ranging from —2000 to 10000 (Didan, 2021), were scaled
by multiplying by 0.0001. Afterward, we compared the modeled GPP
of both ecosystems with their respective NDVI to validate the seasonal
variability of the modeled GPP. Since the NDVI quantifies the green-
ness of the vegetation (U.S. Geological Survey, 2023), we expect the
modeled GPP to exhibit similar seasonal variability as the NDVI

Lastly, to characterize the photosynthesis efficiency of our two
subsites, we calculated the monthly average light use efficiency (LUE)
for both ecosystems using half-hourly modeled GPP of CO, and gap-
filled PAR, following the method outlined by Alves et al. (2021) and
using Eq. (3). The half-hourly GPP and PAR in ymol m~2 s~! resulted
in a unitless LUE. Monthly average LUE values were obtained by taking
the mean of half-hourly LUE for each month.

PAR

2.6. Flux modeling

2.6.1. NEE component partitioning model (CPM)

We partitioned the measured NEE of CO, into its components,
GPP and TER, using a combined photosynthesis-respiration model. The
NEE component partitioning model (CPM), proposed by Runkle et al.
(2013), combines a Michaelis-Menten-type hyperbolic light saturation
function (Michaelis and Menten, 1913) to model the light response of
photosynthesis (Zheng et al., 2012) with an exponential temperature
model to estimate ecosystem respiration (van 't Hoff, 1900). The CPM
(Eq. (4)) includes four parameters, each representing an EFP: maximum
photosynthetic rate (Pp,, #mol m~2 s~1), initial quantum yield (a,
unitless), base respiration (Rpss, #mol m~2 s71), and temperature
sensitivity coefficient (Q;(, unitless) (Runkle et al., 2013; Holl et al.,
2019a).

NEE(T, PAR) = — o XaX PAR QT_:'Ef
’ T P +axPAR PR TEI0 (4)
— —_GPP(PAR) + TER(T)

Following Holl et al. (2019a), we first divided the time series of
measured NEE, air temperature, and PAR data into 36-day intervals
(time windows) and optimized the CPM parameters for these inter-
vals by minimizing squared model residuals using the SciPy Python
module (Virtanen et al., 2020), particularly the function curve_fit.
We set the reference temperature (7,,) to 15 °C and y to 10 °C,
following Runkle et al. (2013) and Holl et al. (2019a). The boundaries
for P .y, @ Rpase, and Qq were set as [0, 501, [0, 0.1], [0, 101, and [O,
5], respectively. The initial guess (p0) was set as follows: P .. at 30, «
at 0.04, Ry, at 4, and Q, at 1.4. Following the curve fitting process,
the 68% confidence interval (CI) for each EFP estimate was calculated
from the covariance matrix (pcov) and used as an uncertainty estimate.
EFP estimates with an uncertainty that exceeded half of their respective
values were excluded. To fill the gaps in the estimated EFP time series
resulting from quality filtering and missing NEE data, we used the mean
of the corresponding estimated EFPs from the same month in other
years. In cases where no value exists for the same month within the en-
tire time series, we filled missing values with the mean of the EFPs from
adjacent months. In the next step, we applied the Locally Weighted
Scatterplot Smoothing (LOWESS) (Cleveland and Devlin, 1988) method
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to smooth the gap-filled EFP time series. This was achieved using the
lowess function from the Python statsmodels library (Seabold and
Perktold, 2010). We configured the frac parameter of the lowess
function to 0.25. These smoothed EFP estimates were then interpolated
to daily intervals using a second-order polynomial fit. Afterward, we
calculated the root mean square error (RMSE) between the original
EFP estimates and the smoothed EFP estimates. This RMSE value was
used as an uncertainty estimate (95% CI) for the smoothed EFP esti-
mates, which were propagated through the model equation to estimate
uncertainties for modeled NEE, GPP, and TER, following Holl et al.
(2019a). At last, we used these daily smoothed EFP estimates, along
with gap-filled air temperature and PAR data, to drive the CPM model
and partition NEE into GPP and TER.

2.6.2. Combined NEE component and source partitioning models

Since the EC flux tower was set up on the border between two
contrasting ecosystems, the CO, fluxes measured by the EC sensors
comprise signals originating from both the wooded Cerrado and the
pasture. To separate these fluxes, we employed two strategies, namely
an EC footprint analysis-based division (e.g. Holl et al. (2020); Rof3ger
et al. (2019); Forbrich et al. (2011)), in which the relative contributions
of both ecosystem types were included in the NEE component model as
independent variables, as well as a simple wind direction-based division
(e.g. Jammet et al. (2015)) of the dataset prior to NEE component
modeling.

First, the EC footprint analysis-based division integrates the CPM
with the CC, which is obtained through the footprint modeling, to
model the NEE, GPP, and TER for both ecosystems. We named this
approach CPM-F. Following the approach of Rol3ger et al. (2019), we
fitted the measured NEE and modeled CCs, along with the measured
meteorological data to Eq. (5) to estimate the EFPs for both ecosystems.

NEE(T, PAR) =

cc x| - Pmax,wood X Uyood X PAR
wood P 4% PAR

max,wood + L

TTrer
12
+ Rbasc,wood X Ql(),wood +

CC x < Pmax,pas X apLIS X PAR T_Tl‘sf>

pas

Y
P T o x PAR T Roasepas X Q10 pa ®

max,pas pas
Eq. (5) contains eight EFPs: a set of four for the wooded Cerrado,
which includes P oy woods ®uwoods Rbasewoods @d Qqowood- There is an-
other set of four for the pasture, comprising Pray pass @pas> Rbase,pas> and
Q10,pas- CCwood and CCp,s denote the CC of wooded Cerrado and pas-
ture, respectively. We applied fitting procedures similar to those used
in CPM but with minor tweaks. Specifically, Qo for both ecosystems
were held constant at 1.4 to reduce model complexity and to avoid
overfitting, following Mahecha et al. (2010) and Rof3ger et al. (2019).
In addition, we used a 29-day time window and set the pO for pasture’s
Rpase to 3. With EFP estimates for both ecosystems, we proceeded to
use gap-filled meteorological data to individually model the NEE, GPP,
and TER for each ecosystem using CPM’s model function (Eq. (4)). We
also modeled the NEE of the entire site with CCs using Eq. (5).
Additionally, we combined the EC footprint analysis-based division
approach with a stepwise component partitioning model (CPM-FS)
proposed by Kutzbach et al. (2007) and Runkle et al. (2013) to model
the NEE, GPP, and TER for both ecosystems. Specifically, we estimated
EFPs in two steps by first estimating the R,,,. for both ecosystems by
fitting the TER modeling function (Eq. (6)) to the NEE measured under
low-light conditions (PAR < 20 pmol m~2 s~1) (Runkle et al., 2013)
with a 28-day time window. It assumes that the CO, fluxes measured
under this condition are all ecosystem respiration (Runkle et al., 2013).
We used the same curve fitting processes and settings as those used in
CPM-F. With estimated Ry, time series, we modeled TER of the entire
site (TER,;;) with gap-filled air temperature data and CCs using Eq. (6).
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TER(T) = CCypoa X <Rbase,wood X QlO.\Zvood)

T-Tret (6)
+ CCpas X Rbase,pas X QIO,];y)as

= CCW()()d XTE Rwood +CC

pas X TERp,g

In the second step, the GPP of the entire site (GPP,;;) was calculated by
subtracting the modeled TER,;, from the measured NEE (Runkle et al.,
2013). We then fitted calculated GPP, measured PAR and CCs to the
GPP modeling function (Eq. (7)) based on the rectangular hyperbola
function to obtain the estimated time series of P_,, and « for both
ecosystems using a 29-day time window. Combined with the estimated
Rpase Obtained from the first step, we were able to model the NEE, GPP,
and TER for both ecosystem types. Additionally, we summed modeled
TER,; and GPP,; up to calculate the NEE of the entire site, which was
compared with the measured NEE to evaluate the model performance.

P X Qygoq X PAR
GPP(PAR) =CCygpq X <_ max,wood X @wood )

Pmax,wood + Xwood X PAR
Pmmypas X g X PAR %)
+ CCpye x | -
max,pas + Apas X PAR
=CClood X GP P00 + CCpy X GPPpas

For the second source partitioning strategy, we incorporated the
wind direction-based division method with the CPM and named this
approach CPM-WD. Specifically, we divided the measured NEE time
series into two: wooded Cerrado’s NEE and pasture’s NEE, based on
the wind direction measured by the tower at each half-hour timestep.
Measured NEE with wind directions from 45° to 315° were categorized
as wooded Cerrado’s NEE, while those from 0° to 30° and 330° to 360°
were classified as pasture’s NEE (0° = 360° = North). In this way, mea-
sured NEE with wind directions from the boundary between the two
ecosystems were excluded. With an NEE time series for each ecosystem
type, we were able to estimate the EFPs for both by fitting the CPM’s
function with measured NEE and meteorological data. We used a 36-
day time window and CPM-F’s curve fitting settings for estimating EFPs,
which then underwent the modeling procedures used in CPM and CPM-
F to model the NEE, GPP, and TER for both ecosystems and the entire
site.

2.7. Model performance evaluation and time window selection

We used the smoothing effectiveness metrics, including Akaike’s
information criterion (AIC), mean squared errors (MSE), bias error (BE),
coefficient of determination (r2), and RMSE, as a proxy for assessing
model performance. The metrics’ equations can be found on Appendix
A. We expect the EFPs to exhibit a smooth pattern within natural
systems. Therefore, a model with the most favorable smoothing effec-
tiveness metrics is an indication of its capacity to effectively capture
the expected smooth patterns beforehand, suggesting the model’s better
ability to model the fluxes.

To select an appropriate time window size for each NEE partitioning
model, we tested a range of window sizes, varying from 1 to 60
days, while keeping other curve fitting settings constant across all
four models, including CPM, CPM-F, CPM-FS, and CPM-WD. For each
time window size tested, we conducted a comparison between the
modeled NEE, which was obtained using that specific time window
size, and the measured NEE by calculating the AIC, BE, r2, and RMSE.
The results of these comparisons can be found on Appendix E. Using
these statistics, we studied how the time window sizes affect model
performance and determined the optimal time window size. In addition
to the performance metrics, we also took into account the smoothness
of the estimated EFP time series to see if they represent natural plant
development across different seasons. Estimated EFP time series ob-
tained using the optimal time window for the four models are presented
in Appendix F.
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3. Results
3.1. Effects of data processing on temporal and spatial data coverage

Before quality filtering, 30707 processed EC CO,, fluxes were avail-
able for a total of 50928 half hours during the observation period,
hence 40% (n = 20221) half-hourly fluxes were missing. As shown in
Fig. 3, most of these missing values resulted from two power outages:
the first from 3 July 2019 to 5 December 2019 (accounting for 37%
of missing values), and the second from 14 May 2021 to 30 July 2021
(accounting for 19% of missing values). After quality filtering, 24.14%
(n = 7412) of the available data points (n = 30707) were omitted. This
filtering process first excluded 23.88% (n = 7332) of the available data
with a QC flag of 1 or 2. Additional filtering removed 0.24% (n = 74)
of the points with a SCF greater than 1.1, and 0.02% (n = 6) of points
measured under low light conditions with simultaneously large and
thereby unrealistic CO, uptake.

After the quality filtering process, 23295 half-hourly CO, fluxes
were available with non-zero contributions to the EC footprint from the
wooded Cerrado as well as 20998 data points with non-zero contribu-
tions to the EC footprint from the pasture, respectively. The footprint-
based component partitioning models we applied could leverage this
comparatively large amount of data, although it contained mixed flux
information. In comparison, with the wind direction sector-based data
division, only half-hourly fluxes primarily related to one of the two
ecosystems were used to deduct ecosystem-specific characterizations of
the respective CO, flux dynamics. Therefore, only a limited subset of
the measured fluxes could be leveraged to gain insight into ecosystem
properties. In particular, based on the wind direction division, 15796
half-hourly fluxes were mainly associated with the wooded Cerrado,
whereas only 5362 data points were mostly related to the pasture.

With footprint-based source partitioning, for both ecosystems a
fairly evenly distributed amount of data points across the hours of the
day is available. As shown in Fig. C.14, panel (a), both ecosystems
exhibited a similar trend in hourly data distribution. Between 600
and 800 nighttime (17:00 to 08:00) data points were available for
the wooded Cerrado, while the pasture followed a slightly lower but
comparable pattern. During the daytime (09:00 to 16:00), a larger
amount of data, ranging from 1000 to 1200, was available from both
ecosystems. This increase in data points is the result of quality filtering,
with a larger amount of data not fulfilling quality criteria, in particular
tests for well-developed turbulence, during nighttime when turbulence
creation is generally suppressed (see Fig. B.13) due to missing radiation
input (e.g. Platter et al. (2024)). In contrast, with the wind direction-
sector-based data division, differences in the hourly data coverage
between the two sites are more pronounced (see Fig. C.15), with
the pasture observations being slightly biased towards more nighttime
measurements.

When examining the monthly distribution resulting from footprint-
based data division, the number of data points for both ecosystems was
similar, although slightly fewer data points were available for the pas-
ture in all months. In general, fewer data points were available during
the dry season months (July to September), as shown in Fig. C.14, panel
(b). This reduction in data is primarily related to the measurement
period, which runs from October 2018 to August 2021, resulting in less
data for September compared to other months. Additionally, two power
outage-related gaps in data collection further reduced the number of
data points in the affected months, particularly in July.

Although the amounts of available flux observations are unevenly
distributed on various time scales (see Figs. C.14 and C.15), we are con-
fident that our dataset contained enough information on both ecosys-
tems to characterize them accurately and fill observational gaps with
models for the purpose of budget estimations. Our strategy of simulta-
neously modeling flux components from two ecosystems by utilizing
EC footprint information removed biases in temporal data coverage
(Fig. C.14 vs. Fig. C.15), that would otherwise have resulted from data



Y. Zhao et al.

Agricultural and Forest Meteorology 366 (2025) 110465

Half-hour CO; flux (umol m=2s-1)

Jan 2019 Apr 2019 Jul 2019 Oct 2019 Jan 2020

Jan 2021

Apr 2020 Jul 2020 Oct 2020 Apr 2021 Jul 2021

Fig. 3. Half hourly CO, fluxes measured at the study site from 5 October 2018 to 31 August 2021. Red dots mark the 7412 data points removed by the quality filtering. Black

dots mark the remaining available data points.

division in wind sector-related fluxes. Given the higher availability
of data related to the wooded Cerrado and due to the mixed nature
of the management practices employed on the mixed agricultural site
primarily used as a pasture, we are more confident in the robustness of
the CO, flux estimates for the wooded Cerrado ecosystem type.

3.2. Analysis of meteorological data

The half-hourly air temperature data measured by the flux tower
contains 29.20% (n = 14869) missing points. These gaps were entirely
filled by the gap-filling process. To assess the fitness of the gap-filling
data and the effectiveness of the debiasing process, we calculated the
r2 and RMSE for both raw T,.,s data and debiased T..,s data. Both
data achieved the same r2 of 0.897. As for the RMSE, the debiased
T..5 data had a value of 1.552 °C, which was lower than the raw
Teras’s 1.602 °C, indicating a closer alignment with the measured data.
Overall, the debiased T,,,5 data demonstrated good agreement with the
measured air temperature.

The half-hourly PAR,, data contains 18.73% (n = 9537) missing
values. The gap-filling process filled these gaps entirely with debiased
PARGeonpx data, which showed good agreement with PAR,,. The linear
regression analysis shows that the debiased PARg,,y gy data had a high
r? value of 0.915 and an RMSE of 179 pmol m~2 s~1. Compared to the
raw PARg,,ngx data, the debiasing process decreased RMSE by 2.19%
while maintaining the same 12 value.

The half-hourly measured precipitation data at the site contained
18.73% (n = 9537) gaps and was filled entirely by the gap-filling
process (Fig. B.12(a)). The gap-filling precipitation data was summed
into monthly totals and compared with the measured monthly cumu-
lative precipitation data. It displayed adequate agreement with a r?
of 0.63 and an RMSE of 77 mm. A further double mass analysis also
demonstrated adequate agreement between the two as the slope of the
double mass curve is close to the identity line (See Appendix D).

The half-hourly evapotranspiration (ET) data at the site contained
30.39% (n = 15478) gaps. We first omitted those data with a QC 1 or
2 (Mauder and Foken, 2004), which removed 11806 data points. Ad-
ditional filtering excluded values below 0 mm/hr and above 1 mm/hr,
removing a further 1990 data points. After filtering, 21654 data points
remained, representing 42.52% of the total 50928 data points expected
for the entire study period (Fig. B.12(b)). Additionally, we calculated
the ratio of monthly cumulative ET to precipitation (ET/P) using fil-
tered half-hourly ET and gap-filled precipitation (Fig. B.12(c)). Monthly
ET/P values were included only when at least 7 days of half-hourly ET
data were available within the month.

In the comparison of the NDVI for the wooded Cerrado and pas-
ture, the wooded Cerrado consistently showed a higher NDVI. Specif-
ically, the mean NDVI for wooded Cerrado was 0.8, which was 35%
higher than the mean for the pasture. Throughout the study period,
and thereby throughout several vegetation periods, the NDVI for the
wooded Cerrado remained relatively stable at around 0.8, with minor
reductions during the dry months of July and August (Fig. 5a). In
contrast, the NDVI for the pasture exhibited higher seasonal variability,
with values reaching around 0.7 during the wet seasons and declining
to around 0.4 in dry seasons (Fig. 5b). Furthermore, the SD of NDVI

for the pasture was 129% higher than that of the wooded Cerrado,
indicating a greater degree of seasonal variability.

To better characterize the inter-annual variability of environmental
conditions at our site, we divided the gap-filled meteorological data
described above, including air temperature, GDD, PAR, precipitation,
ET, ET/P, and NDVI, into three 10-month periods ( Table 2). Each
period spanned from November 1%t to August 315 of the following
year. Due to the absence of in situ data for September and October
2021, we excluded all data from these months in all other years
to ensure uniformity in the length of three periods for comparative
analysis. Regarding ET, due to the extent of gaps and the lack of a
gap-filling process (which would require significant additional analysis
beyond the scope of this study), we summed filtered ET data to daily
totals and calculated mean, median, and SD of daily total ET for each
period to provide a general view ( Table 2). Additionally, we estimated
cumulative ET separately for both the wet and dry seasons in each
period by multiplying the mean daily total ET of the corresponding
season by the number of days in each season ( Table 2). Using these
values, we then calculated cumulative ET/P ratios for each period,
as well as for the wet and dry seasons individually ( Table 2). It is
important to state that the ET reported here represents the land cover
of the entire flux footprint, mixing wooded Cerrado and pasture at the
same values.

3.3. Carbon dioxide flux modeling results

3.3.1. Model performance evaluation and selection

We selected the results of CPM-F for our analysis after evaluating
the model performance metrics of three NEE component partitioning
models with source partitioning capability. Although all three models
demonstrated similar performance levels, CPM-F edged out the other
two by exhibiting the most favorable AIC, MSE, RMSE, and BE values (
Table 3). Compared to CPM-F, the CPM-FS allocated all flux under low
light conditions to TER, which could potentially skew the estimation
of EFPs and lead to inferior performance. On the other hand, the CPM-
WD model was constrained by the wind direction source partitioning
method, resulting in poorer performance. It was unable to exclude
all the fluxes from the wooded area based on wind direction alone.
Specifically, the wind direction range used to exclude the fluxes from
the wooded area for estimating the EFPs of the pasture still includes
some wooded areas on the eastern and northern sides, potentially
skewing the results. Regardless of how the range is set, it cannot
completely exclude all fluxes from wooded areas, and a strict narrow
range would result in insufficient data points to estimate EFPs for the
pasture.

3.3.2. Overview of carbon flux and seasonal dynamics from model results

We examined the modeled GPP-C (gross carbon uptake via GPP,
g m~2), TER-C (gross carbon release via TER, g m~2), and NEE-C for
both ecosystems using CPM-F. Initially, we found that the GPP-C and
TER-C of both ecosystems shared a similar seasonality, peaking in the
wet season around January and reaching minimum values during the
dry season in July. Over the entire study period, the wooded Cerrado’s
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Table 2
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Summary of processed meteorological data. The table shows key meteorological variables and indices organized into three 10-month periods (November 1% to
August 31% of the subsequent year), denoted as Period 1 (P1), Period 2 (P2), and Period 3 (P3). Each period is further divided into a wet season from November
to March and a dry season from April to August. Statistics include total, mean, median, and SD values for each period and season.

Period 1 (P1)

(2018-11-01 to 2019-08-31)

Period 2 (P2)
(2019-11-01 to 2020-08-31)

Period 3 (P3)
(2020-11-01 to 2021-08-31)

Air temperature (°C) Mean 21.41
Median 21.86
SD 3.16
Wet season mean 23.30
(November to March)
Dry season mean 19.55
(April to August)

GDD (°Q) Total 1973
Mean monthly sum 197
Wet season total 1253
(November to March)
Dry season total 721
(April to August)

PAR (mol m~2) Total 11183
Wet season total 6174
(November to March)
Dry season total 5009
(April to August)

Precipitation (mm) Total 1016
Wet season total 807
(November to March)
Dry season total 209
(April to August)

ET (mm day!) Mean 2.817
Median 2.840
SD 0.957

ET (mm) Total 814
Wet season total 492
(November to March)
Dry season total 322
(April to August)

ET/P Total ratio 0.80
Wet season ratio 0.61
(November to March)
Dry season ratio 1.54
(April to August)

NDVI Wooded Cerrado Mean 0.8050
SD 0.0413

NDVI Pasture Mean 0.5958
SD 0.1145

20.95 20.78
21.19 21.30
2.75 3.24
22.72 23.00
19.19 18.61
1828 1792
183 179
1174 1208
655 584
11202 11393
6000 6395
5202 4998
1519 648
1366 592
153 56
2.441 1.783
2.263 0.992
1.076 1.622
766 442
473 385
293 57
0.50 0.68
0.35 0.65
1.92 1.02
0.8027 0.7804
0.0253 0.0874
0.5693 0.5441
0.0902 0.1692

Table 3
Comparison of model performance metrics for three NEE component partitioning
models with source partitioning capability and the CPM without source partitioning.

CPM-F CPM-FS CPM-WD CPM
AIC 55783 55913 55909 55015
MSE 10.96 11.02 11.02 10.60
r2 0.84 0.84 0.84 0.85
RMSE 3.31 3.32 3.32 3.26
BE 0.0105 0.0128 -0.2874 —-0.1247

Table 4
Mean and SD of daily GPP-C, TER-C, and NEE-C in for both ecosystems (g m~2 d~1).
Wooded Cerrado Pasture
Mean GPP-C 6.23 5.11
TER-C 4.48 4.38
NEE-C -1.75 -0.73
SD GPP-C 2.04 2.27
TER-C 1.53 1.52
NEE-C 1.06 1.38

mean daily GPP-C and TER-C were 6.23 gm~2 d~! and 4.48 gm=2d~!,
which was 22% and 2% higher than those for the pasture ( Table 4).
Both ecosystems could reach similar peak GPP-C values around 10 g
m~2 d-! during the wet seasons (Fig. 4). However, during each dry
season within the study period, the pasture consistently displayed lower
minimum GPP-C values compared to the wooded Cerrado. As depicted

in Fig. 4, during the dry seasons, the wooded Cerrado’s GPP-C mostly
hovered around 4 g m2 d~! to 5 g m2 d~!. In contrast, the GPP-C
of the pasture was generally around or below 3 g m~2 d~!. In terms
of NEE-C, both ecosystem types acted as carbon sinks for the majority
of the study period. Specifically, out of 1061 days of data, the wooded
Cerrado acted as a sink for approximately 94% (996 days) of the time,
while the pasture acted as a sink for around 73% (770 days) of the
time.

3.3.3. Model result validation

To assess the plausibility of our results, we compared the modeled
GPP-C time series of both ecosystems with their respective NDVI values.
In theory, the modeled GPP-C should have a similar seasonal course
as the NDVI. We found that the GPP-C for the pasture showed good
agreement with its NDVI in terms of seasonality (Fig. 5). Both had
a high seasonal variability and similar timing of peaks and minima
most of the time. However, the modeled GPP-C for the wooded Cerrado
exhibited a discrepancy with its NDVI in terms of seasonality. While the
seasonality of the wooded Cerrado’s GPP-C was pronounced, its NDVI
showed less variation. This discrepancy may arise from the dominance
of evergreen tree species in the wooded Cerrado, whose NDVI remains
relatively constant throughout the year ( Table 2). In contrast, the
GPP-C of the wooded Cerrado fluctuated strongly due to variations
in meteorological conditions across different seasons, which caused
the discrepancy. Alternatively, there is a possibility that our model
overestimated the seasonality. To exclude this possibility, we used a
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Fig. 5. Time series of monthly NDVI and monthly cumulated GPP-C for wooded Cerrado (a) and pasture (b).

larger 180-day time window to estimate the EFPs and modeled GPP-C
for the wooded Cerrado. By methodologically reducing the temporal
variability of EFPs in this way, we aimed to artificially yield a flatter
course of the GPP-C time series, resembling the NDVI time series more
closely. However, this approach led to a high AIC and lower r? values,
indicating worse model performance. Hence, it is unlikely that the
overestimation of seasonality was the case.

Furthermore, to test the impact of model complexity on the modeled
component flux time series, we compared the results from our CPM-F
approach for the wooded Cerrado with the results from our CPM model,
which estimates GPP-C, TER-C, and NEE-C for the entire site without
source partitioning and differentiating between areas under different
management. Since signals from the wooded Cerrado dominate the EC
footprint most of the time, we expect the results from the simpler CPM
model to be of comparable magnitude and show similar dynamics to
the CPM-F results relating to the wooded Cerrado only. We found that
the CPM-F results for the wooded Cerrado showed good agreement
with CPM results in terms of both seasonality and magnitude (Fig. 6).
CPM-F’s estimates for wooded Cerrado’s TER-C and GPP-C were slightly
higher than the respective estimates from the CPM approach. We found
this difference to be reasonable, given that CPM models the whole
site, comprising a mixture of wooded Cerrado and pasture. The lower
mean daily GPP-C and TER-C of the pasture compared to the wooded
Cerrado ( Table 4) contributed to the modeled GPP-C and TER-C using
CPM being lower than those purely representing the wooded Cerrado
as obtained by CPM-F.

3.4. Annual fluxes and inter-annual variability

Our results show that while both sites functioned as annual car-
bon sinks, the wooded Cerrado showed greater carbon sequestration
capability than the pasture. Over the entire 35-month study period,
the wooded Cerrado sequestered approximately 1084 g m=2 (140%)
more carbon than the pasture. Despite similar cumulative TER-C, the
wooded Cerrado’s cumulative GPP-C exceeded that of the pasture by

1189 g m~2 (22%), resulting in wooded Cerrado’s higher carbon uptake
during the entire study period. In addition, we used complete NEE-
C data from 2019 and 2020 to calculate and compare two complete
annual cumulative NEE-C values for both areas of interest. We again
found that the wooded Cerrado was the stronger cumulative carbon
sink of the two sites. The wooded Cerrado’s annual NEE-C amounted
to —639 +20 g m~2 yr~! and —673 +19 g m~2 yr~! for 2019 and 2020,
respectively. They were 338% and 276% higher than the annual NEE-C
balance from the pasture, which amounted to —146 +39 g m=2 yr~!
and —179 +38 g m~2 yr~! ( Table 5), respectively. The substantial
difference in annual NEE-C is attributed to the wooded Cerrado’s higher
annual GPP-C compared to the pasture. Specifically, while annual TER-
C remained similar between the two ecosystems for both years, wooded
Cerrado’s annual GPP-C was 32% and 28% higher than the pasture’s
in 2019 and 2020, respectively. Additionally, the higher precipitation
observed in 2020 increased NEE-C uptake for both ecosystems ( Table
5).

We divided the time series of GPP-C, TER-C, and NEE-C for both
sites into three periods and separated them into dry and wet seasons
to further analyze their inter-annual and seasonal variability ( Table
6). We found that the wooded Cerrado’s stronger annual carbon sink
function can be traced back to its larger dry season net carbon uptake.
Specifically, the wooded Cerrado’s average dry season NEE-C was
—244 g m~2, substantially surpassing the pasture’s —1.35 g m~2. This
difference arose due to wooded Cerrado’s average dry season GPP-C
being 195 g m~2 (39%) larger than the pasture’s GPP-C, coupled with a
slightly lower average dry season TER-C of 47 g m~2 (9%). This resulted
in a net difference of 242.65 g m~2 in carbon uptake during the dry
season between the two sites. This finding is consistent with Silva et al.
(2006), who claim that native Cerrado vegetation can maintain higher
GPP-C during the dry season due to their deeper roots, which allow
them to utilize deeper soil water.

During the wet season, the pasture’s NEE-C was more comparable
to the wooded Cerrado’s. However, the wooded Cerrado’s average wet
season NEE-C of —297 g m~2 was still 48.5% larger than the pasture’s,
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Fig. 6. Comparison of monthly cumulated TER-C (a), NEE-C (b), and GPP-C (c), between CPM and CPM-F’s results for the wooded Cerrado.

Table 5

Cumulative CO, fluxes (NEE-C, GPP-C, TER-C) for the wooded Cerrado and pasture
ecosystems in 2019, 2020, and over the entire 35-month study period, expressed
in g m2 yr! for annual values and in g m™2 for the entire period. Annual
precipitation (mm) and ET (mm) are also included to provide additional context for the
environmental conditions during the study period. The cumulative ET for 2019, 2020,
and the entire study period are calculated using the average daily total ET for each
year and for the entire period, multiplied by the number of days in each respective
period.

2019 2020 Entire
NEE-C —-639 + 20 —-673 + 19 —1859 + 34
Wooded Cerrado GPP-C 2297 + 9 2241 + 9 6610 + 16
TER-C 1658 + 3 1568 + 3 4750 + 6
NEE-C —146 + 39 -179 + 38 -775 + 63
Pasture GPP-C 1741 + 19 1745 + 18 5421 + 30
TER-C 1594 + 5 1566 + 5 4646 + 9
Entire study area Precipitation 1238 1731 3451
¥ ET 574 836 2469

due to its higher average wet season GPP-C. In addition, the pasture
showed greater inter-period variability in wet season NEE-C by having a
SD of 124 g m~2 across the three periods, which was substantially larger
than wooded Cerrado’s 10 g m~2. Overall, wooded Cerrado’s stronger
GPP-C in both seasons, coupled with a slightly lower average TER-C
in the dry season and similar TER-C in the wet season, makes it the
stronger carbon sink of the two ecosystems.

3.5. Diurnal cycles of net carbon dioxide fluxes

We calculated the average diurnal cycles for both areas of interest
during the wet and dry seasons of 2019 and 2020, respectively. We
found similar diurnal patterns, but different magnitudes of daytime
NEE-CO,, uptake (Fig. 7). Both ecosystems reached their peak NEE-CO,
uptake around 11:30 am to 12:00 pm, after which it decreased, turning
into a source of CO, around 5:30 pm. During the nighttime, both
ecosystems showed similar NEE-CO, levels in both years. However, the
wooded Cerrado exhibited substantially higher daytime uptake than the
pasture in both seasons. Specifically, during the wet season, the wooded
Cerrado’s highest daytime NEE-CO, uptake could reach -14 pmol m~2
s~ in both years, while the pasture could only reach -11 pmol m=2
s~1 for both years. During the dry season, the difference in maximum
daytime NEE-CO, uptake between the two ecosystems became larger.
For both years, while the wooded Cerrado could reach around -11 pmol
m~2 571, the pasture only hovered around -6 pmol m~=2 s~1.

In summary, similar to the pattern we found for the annual com-
ponent fluxes, the pasture showed larger seasonal variability in CO,
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fluxes. We observed that the pasture displayed more seasonal variations
and was more bound to seasonal changes in environmental variables.
On the other hand, the wooded Cerrado was less susceptible to seasonal
environmental variable changes and was able to maintain a higher
NEE-CO, daytime uptake during the dry season.

3.6. Comparison of light use efficiency between sites

We found that the two ecosystems’ LUE had similar seasonality
but different magnitudes. First, in terms of seasonality, LUE decreased
at both sites in the dry season and reached their lowest LUE of the
year around July to August (Fig. 8). From there, both ecosystems’ LUE
started to increase and reached their wet season peak around January.
Second, in terms of magnitude, the pasture’s LUE was similar to the
wooded Cerrado’s LUE during the wet seasons, but much lower than
the wooded Cerrado’s LUE during the dry seasons. Specifically, in the
wet season, the wooded Cerrado’s mean wet season LUE was 0.022,
which was about 16% higher than the pasture’s 0.019. During the dry
season, the difference between the two increased. The wooded Cerrado
had a substantial 40% higher average dry season LUE than the pasture
( Table 7). Moreover, the pasture’s dry season lowest LUEs were below
0.01, which were substantially lower than the wooded Cerrado’s dry
season minima. The LUE time series of both ecosystems followed a
similar pattern to the ET time series (Fig. B.12(b)), with higher LUE
values occurring during the wet season when ET also peaked. In short,
the wooded Cerrado was more efficient in using PAR than the pasture,
especially in the dry seasons, allowing it to keep a higher GPP and NEE.

3.7. Flux-environmental variable relations

We additionally analyzed how the variability of environmental
variables, as well as proxies for the latter, including precipitation, air
temperature, GDD, and PAR, changed over the three investigation peri-
ods and how they could have affected the discussed carbon dynamics.
This analysis showed the processes leading to CO, exchange fluxes were
more susceptible to changes in environmental variables at the pasture
than at the wooded Cerrado.

First, from P1 to P2, precipitation increased substantially while
mean air temperature, GDD, and cumulative PAR decreased slightly.
Specifically, the most substantial difference between the two periods in
terms of environmental variables was the increase in total precipitation.
P2 had 503 mm, which is 49% more total precipitation than P1. In
particular, P2 had 69% (559 mm) more wet season precipitation than
P1 due to the heavy rain in P2’s February, which was the main cause of
P2’s high annual precipitation. The increase in wet season precipitation
in P2 coincided with a decrease in wet season PAR, which was 3%
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Three periods’ total GPP-C, TER-C, and NEE-C in grams per square meter (g m~2) with their uncertainties for both ecosystems. Each period’s
total GPP-C, TER-C, and NEE-C were partitioned into its dry and wet season components. The mean and SD of three periods’ total, dry, and

wet season GPP-C, TER-C, and NEE-C were also listed.

P1 P2 P3 Mean SD
Wooded GPP-C Wet season 1221 + 6 1130 + 6 1190 + 6 -1180 38
Cerrado Dry season 730 + 6 747 + 6 618 + 6 698 57
Total 1951 + 8 1876 + 8 1809 + 9 1879 58
TER-C Wet season 933 + 2 837 + 2 879 + 2 883 39
Dry season 473 + 2 467 + 2 422 + 2 454 23
Total 1406 + 3 1304 + 3 1301 = 3 1337 49
NEE-C Wet season -288 + 13 -292 + 13 -311 + 13 -297 10
Dry season —257 + 12 -280 + 12 -196 + 13 —244 35
Total —-545 + 18 =572 + 17 -507 + 19 -541 26
Pasture GPP-C Wet season 1110 + 9 913 + 13 1188 + 9 1070 116
Dry season 510 + 13 480 + 13 518 + 12 503 16
Total 1620 + 15 1393 + 18 1706 + 15 1573 132
TER-C Wet season 819 + 3 888 + 3 903 + 3 870 37
Dry season 555 + 3 463 + 3 487 + 3 501 39
Total 1374 + 5 1351 =+ 5 1389 + 5 1372 16
NEE-C Wet season -291 + 19 —-24 + 26 —285 + 19 —-200 124
Dry season 45 + 26 =17 + 27 -32 + 25 -1.35 33
Total —247 + 32 —-42 + 38 -317 + 31 -202 117
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Fig. 8. Monthly average LUE for both ecosystems from October 2018 to August 2021. The wet seasons from October to March are denoted by the gray shade.

Table 7
Mean and SD of LUE for both ecosystems during both seasons.
Wet season mean Dry season mean Total mean SD
Wooded Cerrado  0.022 0.014 0.018 0.0046
Pasture 0.019 0.010 0.015 0.0062

lower than P1 ( Table 2). Additionally, the ET/P ratio declined from
0.80 to 0.50, largely due to the higher precipitation in P2 ( Table 2).
However, P2’s dry season PAR was 4% higher than P1, resulting in
almost identical total cumulated PAR for both periods.
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For the wooded Cerrado, under these changes in environment vari-
ables, its total NEE-C uptake increased by 5% in P2 ( Table 6). While its
P2 dry season GPP-C was similar to P1’s, its P2 wet season GPP-C had a
7% decrease, resulting in a 4% lower total period GPP-C. We speculate
that the wooded Cerrado’s GPP-C was not limited by precipitation in
the wet season. Instead, the additional wet season precipitation in P2
led to lower PAR in December, January, and February of P2, which
eventually decreased its wet season GPP-C. On the other hand, its wet
season total TER-C decreased by 10% from P1 to P2, which could be
caused by the lower mean air temperature and wet season GDD in P2.
The decrease in wet season TER-C compensated for the decrease in
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GPP-C and resulted in an overall increase in total NEE-C in P2 for the
wooded Cerrado.

In contrast, the total NEE-C at the pasture saw a drastic decrease of
83% in P2, primarily due to a substantial reduction in the wet season
GPP-C. Notably, unlike the trend observed at the wooded Cerrado, both
the wet and dry season GPP-C at the pasture decreased by 18% and 6%,
respectively. This suggests that the pasture was strongly affected by the
increased precipitation and other environmental factor changes during
P2. Meanwhile, its total TER-C exhibited only a slight decrease of 1.7%
in P2, failing to compensate for the decrease in GPP-C and resulting in
the decrease of NEE-C in P2 (see Fig. 9).

Upon examining the environmental factor changes from P2 to P3,
we observed a substantial decrease in wet season precipitation, along-
side minor changes in total GDD and PAR. Both the wet and dry
seasons in P3 saw a substantial decrease in precipitation by 57% and
63%, respectively, which resulted in a total 871 mm (57%) decrease
in precipitation for the period ( Table 2). Additionally, the ET/P ratio
increased from 0.50 to 0.68 ( Table 2). Meanwhile, the cumulated PAR
during the wet season rebounded in P3, showing a 7% increase ( Table
2).

In response to these environmental factor changes, the total NEE-C
uptake for the wooded Cerrado decreased by 11.36% in P3, moving
from —572 +17 g m~2 to =507 +18 g m~2 ( Table 6). While the total
wet season NEE-C remained almost unchanged, the dry season NEE-C
saw a 30% decrease, mainly due to a 17% reduction in its dry season
GPP-C. Meanwhile, the wet season GPP-C of the wooded Cerrado was
almost unaffected by the decrease in wet season precipitation. This
observation, combined with our findings from P1 to P2, demonstrates
that the wooded Cerrado is strongly resistant to changes in precipitation
during the wet season. However, during the dry season, the reduced
precipitation in P3 did lead to a decrease in its dry season GPP-C,
thereby resulting in a lower NEE-C for the period.

In contrast, the pasture had a substantial 655% increase in total
NEE-C in P3, moving from —42 +38 g m~2 to =317 +31 g m~2. In P3,
the pasture’s total GPP-C increased by 313 g m~2 (22%), while its total
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TER-C only increased slightly by 38 g m~2, leading to a substantial in-
crease in its total NEE-C ( Table 6). Interestingly, the pasture’s total wet
season GPP-C increased by 30% in P3, despite it being the period with
the lowest wet season precipitation of the three investigation periods.
On the other hand, its total dry season GPP-C in P3 remained close to
P2’s value, even though P3 had the lowest dry season precipitation of
the three periods. These observations indicate that the vegetation at the
pasture site is resilient to drought to some degree for both seasons, but
is more vulnerable to excessive precipitation in the wet season.

4. Discussion
4.1. Comparison of the wooded Cerrado to other woodland ecosystems

Compared to previous EC studies on NEE in wooded Cerrado, in-
cluding those by Miranda et al. (1996), Miranda et al. (1997), and da
Rocha et al. (2002), our wooded Cerrado site exhibited a higher an-
nual NEE-C uptake, primarily due to higher dry season NEE-C uptake.
Specifically, during the dry season months of July and August, da
Rocha et al. (2002) reported that wooded Cerrado turns into a carbon
source, with an average daily NEE-C of 2.70 g m™2 d~! and 1.95 g
m~2 d~1, respectively (Vourlitis and da Rocha, 2010). Meanwhile, Mi-
randa et al. (1996) found that the NEE-C uptake of wooded Cerrado
decreases during the dry season but remains a minor sink, with average
daily NEE-C around —0.64 g m~2 d~! and —0.13 g m™2 d~! for July
and August, respectively (Vourlitis and da Rocha, 2010). In contrast,
our results indicate that the wooded Cerrado maintains its role as a
strong carbon sink during the dry season, with daily average NEE-C
uptake around —1.5 g m~2 d-!. During the wet season months, such
as November, December, and January, our modeled NEE-C is close to
those of Miranda et al. (1997) and da Rocha et al. (2002), showing
NEE-C uptake around —2 g m~2 d~! (Fig. 10) (Vourlitis and da Rocha,
2010).

We also compared our results with the study by Vourlitis et al.
(2001) regarding the NEE-C in a mature Amazonian transitional tropi-
cal forest known as cerraddo, which is a variant of the Cerrado biome
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Fig. 10. Comparison of average daily NEE-C fluxes from this study with values from
similar Cerrado ecosystems described in previous studies by da Rocha et al. (2002)
(Rocha 02), Miranda et al. (1996) (Miranda 96), Miranda et al. (1997) (Miranda 97),
and Dalmagro et al. (2019) (Dalmagro 19). The average daily NEE-C values for each
month from this study were calculated by averaging over the entire study period. The
average daily NEE-C values of Rocha 02, Miranda 96, and Miranda 97 were extracted
from Vourlitis and da Rocha (2010) using WebPlotDigitizer (Ankit, 2017). Additionally,
Dalmagro 19 values represent averages for anaerobic (wet season) and aerobic (dry
season) conditions over 2014 to 2017 rather than monthly averages. To align with the
seasonal patterns in the Pantanal region, the anaerobic and aerobic period averages
from Dalmagro et al. (2019) are represented in March and October, respectively. This
assignment provides a general alignment with the typical timing of wet (anaerobic) and
dry (aerobic) periods, although these values span varying dates each year. See Dalmagro
et al. (2019) for full period definitions.

characterized by open arboreal woodland or closed forest (Vourlitis and
da Rocha, 2010). The site had a mean annual temperature of 24 °C and
precipitation of 2000 mm, which are approximately 9% and 35% higher
than our site’s conditions, respectively (Vourlitis et al., 2001). Vourlitis
et al. (2001) found that the cerraddo woodland’s wet season (February,
April) average daytime (0600-1800 h) NEE of CO, was -10 pmol m2
s~1, while the respective dry season (August-September) average was
substantially lower at -2.3 pmol m~2 s~1 (Vourlitis et al., 2001). In
comparison, the wooded Cerrado we studied exhibited a lower wet
season average daytime NEE of CO, around -7.4 pmol m=2 s~ but
showed less seasonal variability and a higher dry season average day-
time NEE of CO, around -5.4 pmol m~2 s~!. The higher dry season
carbon uptake at our site makes the wooded Cerrado a much stronger
carbon sink. Compared to our site, a very similar wet season daytime
CO, flux of -6.6 pmol m~2 s~1 was reported by Dalmagro et al. (2019)
as a multi-annual average. At this seasonally flooded gallery forest
site at the fringe of the Cerrado ecoregion, which was also studied
by Vourlitis et al. (2022), average daytime CO, uptake rates during
the dry season were, however, substantially lower (-2.7 pmol m=2 s~1)
than at our site. The average annual NEE-C uptake at this mata galeria
forest was consequently a lot lower (230 g m~2 yr~!) compared to
our Cerrado sensu stricto site (541 + 26 g m~2 yr~1). This difference
can be traced back to a slightly lower cumulative annual ecosystem
respiration flux at our site (cumulative carbon exchange via ecosystem
respiration in Vourlitis et al. (2022): 1410 g m~2 yr1, our study:
1337 + 49 g m~2 yr~1) while photosynthesis-related cumulative CO,
uptake was larger at our site (cumulative carbon exchange via gross
primary production in Vourlitis et al. (2022): —1630 g m~2 yr~!, our
study: —1880 + 49 g m~2 yr™1).

For the same site, Dalmagro et al. (2014) presented leaf scale
measurements of carbon dioxide exchange of the two tree species dom-
inating the investigated wetland forest, which both are not present at
the site from which we report in the study at hand. From the leaf scale
measurements, Dalmagro et al. (2014) inferred ecosystem functional
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parameters, similar to our approach, albeit on the ecosystem level in
our case. Although differences arise between EFP time series inferred
on different spatial scales, they are of similar magnitude between the
two sites. In particular, while maximum photosynthesis at the Pantanal
gallery forest is about half of the values reported here for the wooded
Cerrado, initial quantum yield is about 50% lower at our site pointing
towards light-limitation being more of an issue for trees at the gallery
forest compared to the wooded Cerrado we report from here. The
combination of plant adaptation to lower light conditions could point
towards generally lower light availability at the gallery forest. This
difference in environmental conditions might have contributed to the
comparably larger annual gross photosynthetic uptake of CO, at our
site.

In summary, contrary to previous studies, which suggested that the
wooded Cerrado’s wet season NEE-C uptake is balanced by dry season
NEE-C release, our study, with the longest observation period among
the studies, found that the wooded Cerrado can remain a strong carbon
sink during the dry season. Consequently, it emerges as a much stronger
carbon sink than previously observed. Its robust performance in NEE-
C uptake during the dry season and throughout the year makes it
more comparable to tropical forests than to savanna woodlands. This
finding indicates that the wooded Cerrado’s function as a carbon sink
is highly conditional and can vary significantly. However, further study
is needed to determine whether our findings are local or regional.

4.2. Comparison of the pasture to other grassland ecosystems

We compared the NEE-C uptake of the pasture with literature
accounts of multiple planted forage pastures and a natural forage
pasture across Brazil to put our results into perspective and further
gain confidence in our modeling (especially the source partitioning)
approach ( Table 8). Firstly, we compared the pasture to a nearby
Brachiaria sp. pasture at Trés Lagoas, Mato Grosso do Sul state, Brazil
(21° 0.9685’ S) (Alves et al., 2021), and found that both sites exhibited
similar annual NEE-C uptake. Specifically, Alves et al. (2021) measured
the carbon uptake of a Brachiaria sp. pasture located approximately
440 km away from our site using the EC method from 2016 to 2018.
The site has Oxisols with an annual precipitation of around 1300 to
1600 mm and an annual temperature of around 22 to 24 °C (Alves
et al.,, 2021). Given that our pasture site shares the same dominant
grass type, climate, and soil type, we expected its NEE-C uptake to
be consistent with the Trés Lagoas site. Alves et al. (2021) reported
that the Trés Lagoas pasture had an NEE-C uptake of —171.8 +15.8 g
m~2 yr~! for the hydrological year 2017 to 2018. This value closely
matches the highest NEE-C uptake of pasture that we observed, which
was —179 +38 g m~2 yr~! in 2020. However, the Trés Lagoas pasture
reached —208.9 +9.6 g m~2 yr~! in the hydrological year 2016 to 2017,
surpassing the highest annual NEE-C uptake observed at the pasture.
This difference could be attributed to the active grazing at our pasture
site, in contrast to the absence of active grazing at the Trés Lagoas
site (Alves et al., 2021). Additionally, the fact that our pasture site is
mixed with a small segment of sugarcane field could also contribute to
this difference.

Secondly, the NEE-C uptake of the pasture was lower when com-
pared to cultivated pasture in Northeast Brazil. Bezerra et al. (2022)
used the EC method to measure the NEE-C uptake of a Brachiaria
brizantha pasture located in Rio Grande do Norte State, Northeast Brazil
(5° 53.5667’ S). While both sites exhibited similar annual precipitation,
the Bezerra et al. (2022) site had a higher annual average temperature
of 25.5 °C and a different soil type, which was classified as Entisol.
Additionally, Bezerra et al. (2022) site was used for sheep grazing, in
contrast to our site’s cattle grazing. Under these varying conditions, the
study found that the site had an average NEE-C uptake of —215 +22 g
m~2 yr~! based on two years of measurements (Bezerra et al., 2022).
In contrast, our pasture site had an average NEE-C uptake of —-162.5 g
m~2 yr~1, which is about 24.4% lower than the site studied by Bezerra
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Table 8
Comparison of pasture’s annual NEE-C uptake with other literature.
Site Active Study period NEE-C
grazing gm2 yr!
This study Yes 2019 -146 + 39
2020 -179 + 38
Alves et al. (2021) No 2016 October to 2017 September —208.9 + 9.6
2018 October to 2018 September -171.8 + 15.8
Bezerra et al. (2022) Yes 2015 October to 2016 September -199
2016 October to 2017 September -230
Roberti et al. (2024) Yes Average from 2015 to 2020 —-207.6 + 118.0

et al. (2022). This aligns with Bezerra et al. (2022)’s hypothesis that
pastures in Northeast Brazil are stronger CO, sinks than those in
Cerrado biomes. Bezerra et al. (2022) also found that the seasonality
of a pasture’s CO, uptake was strongly associated with changes in
precipitation, which is consistent with our findings about the pasture.

Thirdly, we compared our pasture site with a natural pasture used
for cattle grazing in the Brazilian Pampa biome, located in Rio Grande
do Sul State (29° 43.4584’ S) (Roberti et al., 2024). Compared to our
site in the Cerrado biome, the climate of the site in the Pampa biome
region is characterized by a lower mean annual temperature of 19.4 °C,
a 20% higher mean annual precipitation of 1778 mm, and distinct sea-
sons (Roberti et al., 2024). The natural pasture comprises “uniformly
distributed” C4 grasses including Axonopus affinis, Paspalum notatum,
Andropogon lateralis, and Aristida laevisis (Roberti et al., 2024). Roberti
et al. (2024) found that the natural pasture is capable of achieving
a mean annual NEE-C uptake of —207.6 +118.0 g m~2 yr1, but
with strong interannual variability. From 2015 to 2020, the annual
NEE-C uptake value of the natural pasture site ranged from -82.0
to —385.3 g m~2 yr~! (Roberti et al., 2024). In comparison, our site
had a 28% lower mean annual NEE-C uptake and a lower interannual
variability. However, as we only have two complete years of records,
longer observation is needed to compare the interannual variability.
Nevertheless, our pasture site exhibited a comparable NEE-C uptake to
a natural pasture with lower interannual variability.

In summary, we found that the pasture functioned as a CO, sink,
with a NEE-C uptake relatively lower than cultivated and natural
pastures in other biomes of Brazil. Its seasonal variability in NEE-C
is highly correlated with precipitation, which is consistent with other
studies on cultivated pasture in Brazil (Bezerra et al., 2022; Alves
et al., 2021). In addition, the comparison to other pasture sites showed
that the estimated NEE-C of our site is within a reasonable range, but
dedicated EC measurements or chamber measurements at the pasture
are needed to further validate our results. Furthermore, due to the lack
of grazing management records and additional environmental data,
including soil properties and ET of the site, we could not pinpoint the
cause of the lower NEE-C uptake at the pasture.

4.3. Two ecosystems’ different response to precipitation variability

We found that the pasture site was more susceptible to changes in
precipitation during the wet season than the wooded Cerrado, which is
evident from the 1140 % higher SD in the total wet season NEE-C at the
pasture site across three periods. In addition, the heavy rainfall event
during P2’s wet season (February 2020) (Fig. B.12(a)), which drove the
high seasonal and inter-annual variability in precipitation throughout
the study period, further revealed the pasture’s vulnerability to sudden
excessive rainfall. Specifically, during P2’s wet season, the NEE-C up-
take in the wooded Cerrado remained similar to that in P1’s wet season,
whereas the pasture’s NEE-C uptake dropped by 83%. One contributing
factor to this difference could be the predominance of grasses with
shorter roots in the pasture. The heavy rainfall likely caused water-
logged conditions in the top soil layer, leading to the suffocation, decay,
and death of the grassroots, which in turn reduced GPP-C (Nasrullah
et al., 2022). Moreover, grazing activity at the pasture site causes soil
compaction and lowers the infiltration rate (Centeri, 2022), potentially

prolonging waterlogged conditions. In contrast, the wooded Cerrado is
more resistant to waterlogged conditions in the topsoil with its deeper
roots. Furthermore, the absence of grazing activity and the presence
of perennial trees and a continuous shrub layer in the wooded Cerrado
are associated with a higher infiltration rate, thus reducing the duration
of waterlogging conditions (Eldridge and Freudenberger, 2005; Basche
and DeLonge, 2019). Overall, our findings show the NEE-C of the
wooded Cerrado at our site was less affected by the heavy rainfall event
in the wet season than the pasture, possibly due to a combination of the
factors outlined above.

Following the event, pasture’s NEE-C started to recover during P2’s
dry season from April to August 2020. In P3’s wet season, pasture’s
NEE-C returned to pre-event levels despite relatively low precipitation.
We speculate that young grasses germinating after the event matured
during P3’s wet season, resulting in higher GPP-C and NEE-C for that
period. Subsequently, during P3’s dry season, precipitation dropped
substantially compared to P2’s and P1’s dry seasons (Fig. B.12(a)).
Despite this, the pasture achieved its highest dry season NEE-C uptake
among the three dry seasons we investigated. Our results show that the
Brachiaria decumbens in our pasture site can recover quickly from ex-
cessive rainfall and tolerate drought, similar to other perennial tropical
forage grasses as reported by Baruch (1994) and Imaz et al. (2015).

On the other hand, the wooded Cerrado’s total NEE-C remained
mostly stable across the three periods, exhibiting higher variability
than the pasture only in total dry season GPP-C. However, the wooded
Cerrado can adjust its TER-C to maintain stable NEE-C throughout
the three periods. The ET time series (Fig. B.12(b)) and high ET/P
ratios (Fig. B.12(c)) during low precipitation periods also demonstrated
both ecosystems’ drought resilience. To better understand the drivers
behind the annual variations in carbon fluxes for both sites, further
investigation of environmental variables and human factors, including
ET, vapor pressure deficit (VPD), soil water content, cloudiness, grazing
activity, and others, is needed.

4.4. Impact of land-use change on carbon dioxide fluxes

Our findings revealed that converting wooded Cerrado into pasture
resulted in a reduction in NEE-C uptake. The conversion to pasture
caused a decrease in cumulative NEE-C uptake by 1084 g m~2 (58%)
over the entire 35-month study period. Considering the annual NEE-
C uptake, the transitioning led to a decrease in NEE-C uptake by up
to 494 g m~2 yr~! (73%). This conversion likely triggers a series of
changes in local terrestrial hydrology and soil properties, which further
influence carbon dynamics.

Moreover, the conversion intensifies the land’s sensitivity to fluctua-
tions in environmental variables, especially precipitation. The potential
increase in extreme weather occurrences and more sporadic precipita-
tion patterns in the future, due to climate change (Meehl et al., 2000),
make the land’s carbon uptake capability increasingly vulnerable and
unpredictable. Implementing proper management, including irrigation
and fertilization, could mitigate pasture’s low dry season NEE-C and
vulnerability to changes in precipitation. For example, Schipper et al.
(2019) showed that irrigation could lower the soil respiration of pas-
ture. Studies including de Freitas et al. (2020) and Santos et al. (2004)
also found that proper management could increase pasture’s NEE-C
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uptake and soil carbon stock. However, estimating the overall effect
of conversion-induced changes in the water cycle, soil properties, and
carbon stock on the vegetation—climate feedback loop, and their sub-
sequent impact on carbon uptake of the land, remains a significant
challenge.

5. Conclusion

In this study, we experimented with three NEE partitioning models,
including CPM-F, CPM-WD, and CPM-FS. We found that the CPM-
F approach provided a convenient way to model the NEE-C of two
sources and additionally partition them into GPP-C and TER-C. By
comparing the modeled NEE-C for both ecosystems with the measured
NEE-C found in other literature, we found that our model results are
comparable and exhibited similar environmental response behavior.

The model results presented here show that, on a multi-annual
data basis, wooded Cerrado is a stronger carbon sink compared to the
pasture with planted Brachiaria decumbens. The conversion of wooded
Cerrado to pasture led to a substantial reduction in NEE-C uptake. Al-
though pasture can match wooded Cerrado’s carbon uptake rate during
the wet season, wooded Cerrado maintains higher dry season NEE-C up-
take, resulting in an overall higher annual NEE-C uptake. Furthermore,
pasture was found to be more sensitive to changes in precipitation,
displaying more pronounced seasonal and periodic variations than
wooded Cerrado. We propose that LULCC alters the infiltration rate
and other soil properties of pasture, leading to a greater impact of
precipitation on it. However, this theory requires further in-situ mea-
surements for validation. Nonetheless, our study provides insights into
the implications of converting wooded Cerrado into pasture and the
potential causes of these effects. The data produced by our study lays a
foundation for future research on the relationship between carbon flux,
land management, and environmental drivers in these ecosystems.
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Appendix A. Calculation of model performance metrics

We assessed model performance by calculating Akaike’s information
criterion (AIC), mean squared error (MSE), bias error (BE), coefficient
of determination (r2), and root mean squared error (RMSE) using the
following equations:

T PR
MSE =~ ;(m, ;) (A1)
AIC = nXIn(MSE) +2 X P (A.2)
BE=- g;(m,. ~0) (A.3)

2

2= ey (m = )0, —0) (A.4)

VD = 2 B 0, = 02

n L X 2

RMSE = 1] Ziz1 =) (A5)

n

Specifically, we first calculated the MSE by taking the mean of the
squares of the differences between the observed NEE values (o;) and
modeled NEE values (m;) using Eq. (A.1) (Hodson et al., 2021; Holl,
2017). With MSE values, AIC was calculated using Eq. (A.2) with the
number of measured values (n), and the number of parameters in the
model (Pg..) (Holl, 2017). Additionally, BE was calculated similarly
to MSE, but without taking the square root, as per Eq. (A.3) (Holl,
2017). r2 and RMSE were calculated using Eq. (A.4) and Eq. (A.5),
respectively (Holl, 2017). Here m and o represent the mean of the
modeled values and the mean of the observed values, respectively.

Appendix B. Environmental and flux measurement conditions
See Figs. B.11-B.13.

Appendix C. Temporal CO, flux data distribution
See Figs. C.14 and C.15.

Appendix D. Double mass analysis of precipitation data
See Fig. D.16.

Appendix E. Time window selection for component partitioning
models

See Figs. E.17-E.20.

Appendix F. Time series of EFPs
See Figs. F.21-F.24.

Data availability

Access the BR-IAB site description at https://ameriflux.lbl.gov/
sites/siteinfo/BR-IAB (AmeriFlux, 2024). The dataset from BR-IAB can
be found at https://doi.org/10.5281/zenodo.13912437 (Anache et al.,
2024a). The results from this study on the BR-IAB are available at
https://doi.org/10.5281/zenodo.12528643 (Zhao et al., 2024). The
precipitation record for the BR-IAB is available at https://doi.org/10.
5281/zenodo.11123751 (Anache et al., 2024b).
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Fig. B.11. Environmental and flux measurement conditions throughout the study period, including (a) daily average wind speed (m/s), (b) half-hourly sensible heat flux (H)
(W/m?), (c) half-hourly water vapor density (kg/m?), Half-hourly wind speed, H, and water vapor density data are filtered to include only instances where quality-filtered CO,

flux data are available.
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Fig. B.12. Hydrological parameters measured and calculated throughout the study period, including (a) half-hourly gap-filled precipitation (P) (mm), (b) half-hourly
evapotranspiration (ET) (mm/hr), and (c) ratio of monthly cumulative ET to P (ET/P) with gray-shaded backgrounds marking three equal periods (P1: 2018-11-01 to 2019-08-31,
P2: 2019-11-01 to 2020-08-31, P3: 2020-11-01 to 2021-08-31). All three parameters are processed using the method mentioned in Section 3.2.
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Fig. B.13. Histogram of friction velocity (u*, m/s) values corresponding to quality filtered CO, flux data (see Section 3.1). Plot (a) shows the overall distribution of u* values across
all times, while plot (b) separates the u* into daytime (06:00-18:00, in orange) and nighttime (before 06:00 and after 18:00, in blue) periods, which highlights the distribution
of u* values during different times of the day. The difference in u* distribution reflects variations in atmospheric turbulence during the day-night cycle, which directly impacts
the quality of CO, flux measurements. Lower u* values at night are typical due to more stable atmospheric conditions with reduced turbulence, which can lead to insufficient
gas mixing and underestimation of CO, fluxes. In contrast, higher daytime u* values indicate enhanced turbulence from solar heating, which facilitates effective gas transport and
improves CO, flux measurement accuracy.
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Fig. C.14. Number CO, flux data points after quality filtering with non-zero contributions to the eddy covariance footprint from the wooded Cerrado and pasture, grouped by
hour of the day (a) and month (b).
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Fig. C.15. Number of CO, flux data points based on wind direction division for wooded Cerrado and pasture, grouped by hour of the day (a) and month (b).
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Fig. D.16. Double mass curve comparing gap-filling and measured precipitation data. The black line represents the cumulative sums of measured precipitation plotted against the
cumulative sums of gap-filling precipitation data. The gray dashed line is the identity line.
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Fig. E.17. Correlation between time window sizes used for estimating ecosystem functional properties (EFP) in the component partitioning model (CPM) and model performance
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Fig. E.19. Correlation between time window sizes used for estimating EFPs in the stepwise component partitioning model with flux footprint-based source partitioning (CPM-FS)

and model performance metrics, including AIC (a), BE (b), r? (c), and RMSE (d).
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