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ABSTRACT

The hydrological cycle in the Amazon basin has been shifted to a “wet season get wetter while dry season get drier” pattern.

How the shifted hydrological pattern has been influencing the carbon budget of the Amazon forest remains unknown. Based

on multiple observationbased carbon fluxes and climate datasets, we found that the carbon sink of the Amazon forest decreased
over the past two decades, with 60.3% of the decreases occurring outside of the area of direct anthropogenic disturbances and
approximately 52.6% of the decreases occurring in the wet season. The decreased carbon sink was dominated by the declined

photosynthetic carbon uptake inferred by gross primary production (GPP). During the wet season, the entire Amazon basin is

characterized by water surplus with climatically low photosynthetically active radiation (PAR), and the western to southern

Amazon basin showed wetting trends with increased precipitation and decreased vapor pressure deficit (VPD), which enhanced

the limitation of PAR, thereby reducing the GPP and thus the carbon sink. During the dry season, although the decreased GPP

and carbon sink were mainly attributed to water stress associated with decreased precipitation and increased VPD, the excessive
wetness with PAR limitation suppressed the GPP in the northwestern water surplus regions. We highlight the negative impacts
of excessive seasonal wetness other than increased aridity on the carbon sink of the Amazon forest.

1 | Introduction

Forests in the Amazon basin store approximately 123 Pg of bio-
mass carbon (Malhi et al. 2006) and act as a strong carbon sink
(Brienen et al. 2015). However, recent studies suggested a carbon
loss from the Amazon basin due to climate change and anthro-
pogenic disturbances (Csillik et al. 2024; Pan et al. 2024). Severe
drought leads to carbon loss and has a persistent impact on the
carbon sink of the Amazon forest function (Yang et al. 2018).

© 2025 John Wiley & Sons Ltd.

Deforestation and biomass burning cause carbon loss and even
shift the forests from a carbon sink to a carbon source in the
southeastern Amazon (Basso et al. 2023; Gatti et al. 2021).
Forest fragmentation after deforestation exerts an edge effect,
which leads to further carbon loss (Silva Junior et al. 2020).

The forest loss feedbacks to the climate system interacting with
large-scale climate change, which has altered the regional cli-
mate in the Amazon basin. Increased seasonality characterized
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by enhanced convective cloudiness in the wet season but less
convection in the dry season was observed in deforested areas
during the 1980s and 1990s (Durieux et al. 2003). During the
dry season, forest loss even causes precipitation anomalies vary-
ing regionally. Khanna et al. (2017) revealed that in the State
of Rondoénia, Brazil, when the southeastern deforested areas
became drier, the northwestern deforested areas became wet-
ter. Besides, it is estimated that annual precipitation decreases
with deforestation when forest loss exceeds approximately 23%
at a large scale in the Brazilian Amazon (Leite-Filho et al. 2021).
Deforestation reduces evapotranspiration, dries the lower atmo-
sphere, and increases the air temperature in the dry season,
which is more pronounced in the southeastern Amazon basin,
where forest loss is the greatest (Alkama and Cescatti 2016; Xu
et al. 2022). As temperature increases, atmospheric and soil
aridity is intensified by accelerating water loss from soil and
increasing atmospheric saturated vapor pressure (Hammond
et al. 2022).

The rise of atmospheric aridity reduces stomatal conductance
(McAdam and Brodribb 2015; Slot et al. 2024), thereby sup-
pressing photosynthesis, especially in the dry season (Grossiord
et al. 2020). The carbon uptake reductions by increased VPD
partly offset the positive CO, fertilization effect under climate
change (Yuan et al. 2019). Besides, high evaporative demand
due to high VPD aggravates soil moisture extraction (Qing
et al. 2022), which could induce hydraulic failure and then cause
tree mortality (Rowland et al. 2015). During the strong drought
in 2005, increased temperature and moisture stress caused more
than 1.2 Pg C of biomass loss in the Amazon forest (Marengo
et al. 2008; Phillips et al. 2009). By contrast, Green et al. (2020)
found that increased VPD stimulated photosynthesis during
both the dry and wet seasons, because low VPD may slow down
carbon diffusion and promote the prevalence of phytopatho-
gens, thereby inhibiting photosynthesis. It raises the question of
whether the increased dryness can enhance the carbon sink in
the Amazon basin.

Although the droughts have become more common in the dry
season, the Amazon basin, specifically in climatologically wet
regions, is recorded with increased precipitation in the wet
season in recent decades (Chou et al. 2013; Wang et al. 2018).
During the wet season, increased precipitation with concur-
rent cloudiness limits the solar radiation reaching the surface
(Collow et al. 2016). Increased precipitation also hinders soil
drainage in the regions with shallow water tables, enhancing
flooding conditions and reducing oxygen concentration in the
soil (Fan et al. 2017), which easily leads to tree mortality (Moser
et al. 2019). Besides, high precipitation maintains a humid en-
vironment that increases the risk of fungal disease (Romero
et al. 2022).

As climate warms, the warmer air can hold more water vapor
in the wet regions (Wentz et al. 2007), and the convergence and
ascending of air promote more precipitation formation (Chou
et al. 2009), which may enhance the impacts of precipitation on
forest carbon balance. Based on eddy covariance observations,
Restrepo-Coupe et al. (2024) found that reduced radiation under
positive precipitation anomalies resulted in a decline in the car-
bon sink of the Amazon tropical forest during the 2008 La Nifia
wet event. However, how the seasonal enhancement of wetness

has been affecting the carbon sink of the Amazon forest re-
mains unknown. In this study, we utilized multiple observation-
based datasets to analyze the changes in the carbon sink of the
Amazon basin in the wet and dry seasons during 2001-2018 and
explored the influence of seasonal excessive wetness on the for-
est carbon uptake.

2 | Data and Methods

2.1 | Seasonal Water Availability in
the Amazon Basin

The Amazon basin extends over more than one climate zone,
and the allocation of annual and seasonal precipitation is dis-
tinguished in different climate zones (Beck et al. 2018). Thus,
a differentiated definition of wet and dry seasons for different
regions of the Amazon basin is necessary. For each grid, we de-
fined the 6 months of a calendar year with the most precipitation
as the wet season and the remaining 6 months with the least pre-
cipitation as the dry season. The 6 months within the year with
most or least precipitation can be discontinuous or contiguous,
which depends on the relative amount of monthly precipitation
during the year. The monthly 0.05° Climate Hazards Center
InfraRed Precipitation with Station data (CHIRPS) dataset
(Funk et al. 2015) was first resampled to a 0.5° grid as the mean
precipitation in 10X 10, 0.05° grids. Then we used the regridded
precipitation dataset to define the wet and dry seasons for each
0.5° grid and for each year over 2001-2018, which is the period
when both climate and carbon flux datasets are available.

We calculated the 6-month accumulated water availability (WA)
in the wet and dry seasons in the Amazon basin for each year
over 2001-2018, which is expressed as:

WA =P —ET @

ET = E, + E; + E, @)

where P is the 6-month total precipitation calculated with the
resampled CHIRPS 0.5° precipitation, and ET is the 6-month
total evapotranspiration in the wet and dry seasons. E, is bare-
soil evaporation, E, is interception loss, and E, is transpiration.
The E,, E,, and E, are from the 0.25° monthly Global Land
Evaporation Amsterdam Model (GLEAM) (Martens et al. 2017;
Miralles et al. 2011). The ET was resampled to 0.5° resolution as
the mean ET in 2X 2, 0.25° grids. Then, the average water avail-
ability in each grid during 2001-2018 was calculated for the wet
and dry seasons. The areas with positive water availability (WA
>0) are under water surplus, where the water supply is suffi-
cient for vegetation (Seddon et al. 2016). The areas with negative
water availability (WA <0) are considered under water deficit,
where water supply from precipitation alone cannot meet the
water demand of vegetation (Konapala et al. 2020).

2.2 | Excluding Areas With Direct Anthropogenic
Disturbances

The Amazon basin is dominantly covered by evergreen broad-
leaf forest, that is, tropical rainforest, which has experienced
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intense natural and direct anthropogenic disturbances in the
past decades (Csillik et al. 2024). Here, we aim to identify re-
gions dominated by natural processes and ignore direct anthro-
pogenic disturbances. Deforestation, logging, and fires were
considered direct anthropogenic disturbances because fires in
this region are highly related to land use change activities (Ren
et al. 2024). The Terra and Aqua combined Moderate Resolution
Imaging Spectroradiometer (MODIS) Land Cover Type data
product (MCD12Q1 Version 6.1) at 500-m resolution (Friedl and
Sulla-Menashe 2022) was used to quantify the land use and land
cover changes during 2001-2018. The land cover in 2001 was
regarded as the initial land cover type. When the type in any
given year after 2001 was different from that in 2001 in a 500-m
grid, the land cover type was altered. The proportion of the total
area of land cover changes (f} ) over 18years in each 0.5° grid
was then calculated.

The fire disturbance was quantified with the Terra and Aqua com-
bined MODIS burned area data product (MCD64A1 Version 6.1) at
500-m resolution (Giglio et al. 2021). Then, we summed the burned
area and converted it to the proportion of burned area (f3,,) in each
0.5° grid during 2001-2018. In addition, the global forest change
(GFC) dataset at 30-m resolution (Hansen et al. 2013) was used
to identify the area of forest loss. We calculated the proportion of
forest loss (fy;) in each 0.5° grid over 18years. To account for di-
rect anthropogenic disturbances in the Amazon basin as much as
possible, we selected the maximum one among the f] ., f5 1, f5, in
each 0.5° grid, which was used to infer the area proportion of di-
rect anthropogenic disturbances (f}, =maximum (f] ., f5 0> [ )- If
fp is larger than 5%, we considered the grid was affected by direct
anthropogenic disturbances; otherwise, the grid was only affected
by climate change.

2.3 | Carbon Fluxes of the Amazon Forest

The FLUXCOM (RS + METEO) initiative provides a collection
of pre-2018 terrestrial carbon data products based on machine
learning, which integrates FLUXNET site-level observa-
tions, satellite remote sensing, and meteorological data (Jung
et al. 2020). It provides an opportunity to study carbon fluxes
on a global scale, although sparse flux towers and humid mi-
crometeorology may lead to uncertainties in tropical carbon
fluxes estimation (Botia et al. 2022; Jung et al. 2020). We used
FLUXCOM monthly net ecosystem exchange (NEE), terres-
trial ecosystem respiration (TER), and gross primary produc-
tion (GPP) products at 0.5° resolution to estimate their changes
over 2001-2018. The net ecosystem productivity (NEP) was
used as the carbon sink of the terrestrial ecosystem, which is
expressed as:

NEP = — NEE = GPP - TER ©)

In tropical forests, satellite observations are easily interrupted by
excessive wetness and cloud cover, which affects the data qual-
ity. Therefore, in addition to the FLUXCOM GPP product, three
other GPP products developed based on different algorithms
were used. The 8-Day Terra MODIS GPP product at 500-m
resolution (MOD17A2H Version 6.0) is based on the radiation-
use efficiency concept (Running et al. 2015). The monthly GPP
product developed with the Vegetation Photosynthesis Model

(VPM) at 0.05° resolution is based on an improved light use
efficiency model and employs a different treatment for C3 and
C4 photosynthesis pathways (Zhang et al. 2017). The process-
based Penman-Monteith-Leuning Evapotranspiration V2
(PML_V2) GPP product is at 500-m and 8-day resolution (Zhang
et al. 2019). The PML GPP product treats carbon dioxide as an
independent environmental constraint for carbon assimilation
in the model to optimize GPP simulations. We integrated the 8-
day MODIS and PML GPP into the monthly accumulated GPP.
The three GPP products over 2001-2018 were resampled to 0.5°
as the mean GPP within each 0.5° grid to accommodate the res-
olution and time span of FLUXCOM GPP, respectively.

We calculated the total NEP, TER, and GPP in the 6-month wet and
dry seasons, respectively. Using the 6-month wet and dry season
definition enables the calculation of annual cumulative NEP, TER,
and GPP in two periods with the same duration. Then, the trends
of NEP (Tygp)> TER (T ), and GPP (T(,,,,) for each 0.5° grid from
2001 to 2018 were calculated with the Theil-Sen regression in the
wet and dry seasons (Figures 1 and S1). The Theil-Sen trend anal-
ysis is a non-parametric statistical method for estimating trends
in time series, and it can mitigate the influence of outliers on the
trends (Donat et al. 2016). The statistical significance of trends was
evaluated with 95% confidence via the Mann-Kendall test.

Considering spatial heterogeneities in precipitation seasonal-
ity, we also calculated NEP and precipitation trends in three
consecutive months with the highest and lowest precipitation,
which were used as optional definitions of wet and dry seasons,
respectively, in the Amazon basin (Wang et al. 2024). The trends
of seasonal NEP and precipitation were calculated using an ad-
ditional definition of wet and dry seasons based on the relative
magnitudes of monthly precipitation (P) and potential evapo-
transpiration (PET) (Guan et al. 2015). The PET is from Terra
Moderate Resolution Imaging Spectroradiometer (MODIS)
Net Evapotranspiration product (MOD16A2GF Version 6.1)
(Running et al. 2017) with 500-m and 8-day resolution. The
monthly accumulated PET was calculated and then resampled
to a 0.5° resolution as the mean PET of all the 500 m grids within
each 0.5° grid. The dry season is defined as the months when
P<PET, while the wet season is defined as the months when
P>PET.

As four GPP products were used in this study, we first evalu-
ated the products in representing GPP trends across the Amazon
basin. All four GPP products showed decreasing GPP trends in
the western to southwestern Amazon basin during the wet sea-
son (Figure S1). Besides, three GPP products indicated increas-
ing GPP trends in the northeastern and northwestern Amazon
basin during the wet season, although differences in the mag-
nitudes of the GPP trends of the four datasets exist (Figure S1).
During the dry season, these datasets showed decreasing GPP
trends in the southeastern Amazon basin except for MODIS GPP
(Figure S1). The mean GPP trends of the four GPP products were
then calculated to compromise uncertainties of each product. In
addition, the grids were highlighted if three or more of the prod-
ucts showed the same sign of GPP trends.

To evaluate the relative contribution of GPP and TER to NEP
changes during 2001-2018, the relative contribution of T, and

Tgpp to the Ty, was quantified following (Zhang et al. 2023) as
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FIGURE1 | Trends of carbon fluxes in the Amazon basin during 2001-2018. The trends in net ecosystem productivity (T ) in (a) the wet season

and (b) the dry season. The trends in gross primary production (T,

) in (c) the wet season and (d) the dry season. The trends in terrestrial ecosystem

respiration (T, ) in (e) the wet season and (f) the dry season. The statistically significant trends with 95% confidence in (a), (b), (e), and (f), and three
or more of GPP products showed the same sign of T, in (c) and (d) are shaded with black dots.

| X |
RCy = — 1 x100% o
T+ 1Y @
where RC, is the relative contribution of X to Ty, When X
is T'rpgs Y is Tgpp, and vice versa. X dominates the T, when

RCx> 60%; while Y dominates the T, when RCx<40%; other-
wise, X and Y play a comparable role in the Ty p.
The Equation (4) was also used to quantify the relative contri-
bution of seasonal Ty to the annual Ty, in which when X is
the wet-season Ty, Y is the dry-season Ty and vice versa.
X dominates the annual Ty, when RCx>60%, while Y domi-
nates the annual Ty, when RCx<40%; otherwise, X and Y play
comparable roles in the annual T, Similarly, we estimated the

relative contribution of seasonal T, to the annual T

GPP GPP*

2.4 | Climate Impact on Carbon Fluxes
of the Amazon Forest

Four climate variables were used to evaluate the change of cli-
mate pattern and its impact on carbon fluxes of the Amazon for-
est. Monthly mean photosynthetically active radiation (PAR) is
the sum of all-sky surface PAR direct flux and all-sky surface

PAR diffuse flux, both of which were from the Clouds and the
Earth's Radiant Energy System (CERES) synoptic 1° (SYN1deg)
Edition 4.1 product (Wielicki et al. 1996). Monthly total precipita-
tion was analyzed with the CHIRPS dataset. The monthly mean
2-m air temperature (T) was analyzed with the 0.1° European
Centre for Medium-Range Weather Forecasts (ECMWF) ERA5-
Land monthly reanalysis dataset (Mufioz Sabater 2019). The
monthly mean VPD was calculated according to Equation (5)
(Barkhordarian et al. 2019):

cxT exTy )

VPD =¢, x e(fW) —c X e(%”d ®
where ¢, =6.11hPa, ¢,=17.5, ¢;=240.978°C. The T, is the 2-m
dew point temperature from the ERA5-Land monthly reanalysis
dataset.

The precipitation, PAR, temperature, and VPD were averaged
within 0.5° resolution, respectively, to accommodate the resolu-
tion of GPP. Moreover, we calculated the total precipitation and
the mean PAR, temperature, and VPD in the wet and dry seasons.
Then, the trends of precipitation, PAR, temperature, and VPD
during 2001-2018 were calculated with the Theil-Sen regression
in the wet and dry seasons. Mann-Kendall test with 95% confi-
dence was applied to evaluate the statistical significance of trends.
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To assess the impact of climate variables on GPP, the relationship
between detrended GPP and each detrended climate variable
was evaluated via Pearson's correlation analysis. We also applied
Pearson’s correlation analysis to analyze the relationship between
precipitation and PAR. The statistical significance of correlations
was assessed by student's test with 95% confidence.

3 | Results

3.1 | Dominated Carbon Sink Decline in
the Wet Season

Amazon forest exhibits a carbon sink with a strong capacity in the
north and west of the Amazon basin during 2001-2018, according
to the FLUXCOM dataset (Figure S2). However, the carbon sink
decreased (T, <0) by about 15.6 TgC yr2 from 2001 to 2018.
The decrease in carbon sink is higher in the 6-month relatively
wet season (about 8.2 TgC 6-month~'yr) than in the 6-month
relatively dry season (about 7.4 TgC 6-month~!yr~). The carbon
sink decline was more intense in the wet season than that in the
dry season, mainly in the western and southern Amazon basin,
although the carbon sink reduction in the dry season was more

widespread (Figures 1 and S3). The seasonal contrast changes in
carbon sink were demonstrated in the wet and dry seasons defined
with three consecutive months with the highest and lowest precip-
itation, respectively, and in the wet and dry seasons defined with
the relative magnitudes of monthly precipitation and potential
evapotranspiration (Figure S4a,b,e,f). The dominated carbon sink
decline in the wet season is consistent with a significant decrease
in GPP in the western to southern Amazon basin as the basin-wide
TER trends were low and insignificant (Figure 1c,e). Multiple GPP
products demonstrate the significant decline in GPP in the western
and southern Amazon basin (Figure S1). As a result, the GPP con-
tributes 82.5% to the trends of NEP in the wet season (Figures 2d
and S3c¢). By contrast, the GPP contributes 67.8% to the trends of
NEP in the dry season (Figures 2d and S3d).

To distinguish the major driver of the NEP and GPP declines,
the Amazon basin with anthropogenic disturbances (f}, > 5%)
and without anthropogenic disturbances (f,, <5%) during
2001-2018 was identified (Figure 2a). The area with anthropo-
genic disturbances and without anthropogenic disturbances
accounts for about 46% and 54% of the Amazon basin, respec-
tively (Figure 2b). In the wet season, most of the NEP and
GPP declines were outside the regions of direct anthropogenic
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.
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FIGURE 2 | The regional and seasonal differences in carbon sink changes in the Amazon basin during 2001-2018. The distribution of land cov-
er types in 2001 and a fraction of direct anthropogenic disturbances (f},) during 2001-2018 are shown in (a). Non-forest in (a) is an aggregation of
shrublands, savannas, grasslands, croplands, permanent wetlands, urban and built-up lands, permanent snow and ice, and barren according to the
International Geosphere-Biosphere Programme (IGBP) classification. The proportion of area with direct anthropogenic disturbances (f,>5%) and
without direct anthropogenic disturbances (f, <5%) in the Amazon basin are shown in (b). (c) the total T\,
disturbances and without direct anthropogenic disturbances in the wet and dry seasons, respectively. The Inc., Dec., and Net in (c) represent T
>0, TNEP
seasons over the Amazon basin during 2001-2018. “both” in (d) indicates that T, and T

in the areas with direct anthropogenic
NEP
<0, and the net Ty, of the whole Amazon basin, respectively. (d) the relative contribution of Tz, and Tpp to the Ty in the wet and dry

pp Play a comparable role in the Typ.
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disturbances (Figures 1 and 2a). The wet-season carbon sink
reduction in the areas without direct anthropogenic distur-
bances was about 1.4gCm~2 6-month~!yr~'(about 4.9 TgC 6-
month~yr~! in all the areas with f}, < 5%), while the reduction
of carbon sink in the area with anthropogenic disturbances
was about 1.0gCm=2 6-month~!yr! (about 3.3 TgC 6-
month~!yr~! in all the areas with f,, > 5%) (Figure 2c). The net
reduction of carbon sink in the wet season was slightly lower
than that in the dry season because the enhanced carbon sink
in the central and eastern Amazon basin partially offset the
declined carbon sink in the southern and western Amazon
basin during the wet season. However, the absolute reduction
of carbon sink in the wet season was still greater than that
in the dry season. The dry-season carbon sink reductions in
the areas without and with direct anthropogenic disturbances
were 1.3gCm=2 6-month~'yr (4.5 TgC 6-month~'yr! in
all the areas with f; <5%) and 0.9gCm™2 6-month~'yr~" (2.9
TgC 6-month~'yr~" in all the areas with f;; > 5%), respectively
(Figure 2c).

3.2 | Changes in Seasonal Wetness in
the Amazon Basin

The Amazon basin is humid, with total seasonal precipitation
of more than 1000mm and mean VPD below 6hPa in more
than 98% of the area during the wet season (Figure S5). Due to
the high precipitation, the entire Amazon basin showed water

surplus (WA >0), especially in the western and northwestern
Amazon basin in the wet season (Figure 3a). By contrast, except
in the northwestern Amazon basin, the dry season was char-
acterized by relatively higher temperatures and lower precipi-
tation, which resulted in a water deficit (WA <0) (Figures 3b
and S5). During 2001-2018, the precipitation showed overall
increasing trends, with more intensive increases in the west-
ern Amazon basin during the 6-month relatively wet season,
the wettest consecutive 3 months, and the period when P>PET
(Figures 3e and S4c,g). Meanwhile, the VPD showed decreas-
ing trends mainly in the western and southern Amazon basin
(Figure 3c). As a result, the western to southern Amazon basin,
which is climatically humid, became even wetter in the past two
decades during the wet season. In contrast, the VPD increased
extensively in the dry season (about 84.5% of the Amazon basin
area), reinforcing atmospheric aridity in the water deficit re-
gions (Figure 3d).

During the wet season, the decreased VPD in the western and
southern Amazon basin over 2001-2018 can be explained by the
increasing trends of precipitation with relatively stable tempera-
tures (Figure S6). Due to the impact of excessive wetness, which
is related to increased cloud cover and radiation hampering, the
PAR decreased during the wet season (Figure S7), which aggra-
vated the PAR limitation, especially in the western to southern
Amazon basin where the PAR is climatically low due to high
precipitation and humidity (Figure S5g). In the dry season,
the increased VPD was dominantly driven by the significantly
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increasing trends of temperature, especially in the central and
southeastern Amazon basin.

3.3 | Response of Photosynthetic Carbon Uptake
to Seasonal Wetness Change

In the wet season, the entire Amazon basin showed enhanced
PAR limitation due to increased precipitation under the seasonal
water surplus (Figures S5 and S7). The GPP decreases with the
decrease in PAR (r (GPP, PAR)>0) (Figure S8a) and with the
increase of precipitation (r (GPP, P)<0) (Figure 4a). The GPP
also decreases when VPD decreases (r (GPP, VPD) > 0) in almost
all the Amazon basin (Figure 4b). Therefore, as the temperature
changed at a relatively low rate and the PAR was hindered by
increased cloudiness associated with increased precipitation
(Figures S6a and S7a), the greater reduction in PAR contributed
to the greater decline in GPP during 2001-2018 (Figure 5b).

During the dry season, only the northwestern Amazon basin
showed water surplus (Figure 3b). In the water surplus regions,

the GPP decreases when precipitation increases, and VPD de-
creases like that in the wet season (Figure 4d,e), which is demon-
strated by the dominant negative correlation between GPP and
precipitation and the positive correlation between GPP and VPD
(Figure 4g,h). The decreased PAR with increased wetness con-
tributed to the reduction of GPP in the water surplus regions
(Figure 5d), where the GPP showed overall decreases with the
decreased PAR (r (GPP, PAR) > 0, Figure S8c,e).

In the dry season, the majority of the area of the Amazon
basin showed water deficit (Figure 3b), and the dominant GPP
declined in the water deficit regions between 2001 and 2018
(Figure 5c,d). In the water deficit regions, GPP decreases with
decreased precipitation (r (GPP, P) > 0), and water availability
(r (GPP, WA) > 0), and the increase of VPD (r (GPP, VPD) < 0)
(Figure 4d-i). The above results indicate that increased wet-
ness in the water surplus regions suppresses photosynthe-
sis no matter in the wet or dry seasons, while the increased
wetness in the water deficit regions can mitigate water stress
and thus be conducive to photosynthetic carbon uptake
(Figure 6).
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4 | Discussion and Conclusion

Amazon forest holds approximately 17% of the global vegeta-
tion carbon stocks (Fauset et al. 2015) and is a net carbon sink
(Brienen et al. 2015). Our study revealed a reduction of car-
bon sink in the Amazon basin since the beginning of the 21st
century, and more than half of the decreases occurred in the
wet season. During the wet season, the declined GPP contrib-
utes about 82.5% to the trends of carbon sink reduction in the
wet season, and the dominated carbon sink decline is consis-
tent with GPP reduction in the western to southern Amazon
basin.

We demonstrated that excessive wetness is one of the key fac-
tors causing the decline of GPP in the wet season (Figure 6a).
The entire Amazon basin is characterized by a water surplus
with an abundant supply of precipitation in the wet season.
As precipitation further increases, excessive wetness with
increasing cloud coverage can decrease incoming radiation
and thus hinder photosynthesis (Green et al. 2020), which is
demonstrated by the negative correlation between precipita-
tion and PAR (Figure S7). Furthermore, a more humid en-
vironment in tropical forests is favorable for phytopathogen
growth and dispersal, which may increase the risk of diseases
for trees and their susceptibility to disturbances (McDowell
et al. 2018; Swinfield et al. 2012); yet, the evidence to date is
limited. The diseased trees are more likely to die off when
wind storms concur with heavy precipitation during wet
months (Aleixo et al. 2019). Besides, the increased frequency
of storms with lightning in the wet season becomes a critical
agent of mortality for some tropical tree species under climate
change (Richards et al. 2022; Yanoviak et al. 2020).

The wetting trends in the wet season are consistent with de-
creased VPD in the majority area in the Amazon basin. We
found extensive positive sensitivities of GPP to VPD in the
water surplus regions where the VPD is below around 6hPa in
both the wet and dry seasons (Figures 4b,e,h and S5c,d). The
low VPD can reduce the rate at which water is transferred from
plants to the atmosphere and thus weaken transpiration, which
is a driver for roots absorbing nutrients and water from the soil
(Cernusak et al. 2011; Fricke 2017). Furthermore, extremely low
VPD means that the moisture has a high potential to condense
on leaves, which extends the duration of leaf wetness and fa-
cilitates phytopathogen establishment on the surface of leaves
(Dawson and Goldsmith 2018). On the contrary, a drier envi-
ronment created by higher VPD in the water surplus regions
reduces the prevalence of phytopathogens and has beneficial
influences on the photosynthetic efficiency of the leaves (Green
et al. 2020).

In the dry season, we found positive correlations between PAR
and precipitation mainly occurring in the Southern Hemisphere
(Figure S7d), which might be related to the aerosol concentra-
tion induced by biomass-burning emissions. Aerosols reduce
PAR via absorption and scattering (Malavelle et al. 2019); how-
ever, the wet deposition from precipitation enhances the aerosol
removal (Ryu and Min 2022) and thus promotes the increase
in PAR. Despite the increase of PAR, decreased GPP and water
deficit are widespread in the Amazon basin during the dry sea-
son (Figure 5d).

In the dry season, sufficient water supply is a prerequisite for
positive responses of photosynthesis to PAR increase (Chen
et al. 2022; Guan et al. 2015). In the water deficit regions during
the dry season, vegetation obtains water from subsurface water
storage in addition to precipitation to meet the water require-
ments for growth (Guan et al. 2015). However, less precipitation
and subsurface water supply may not be enough to meet the dry-
season total water requirements of vegetation (Guan et al. 2015;
Lian et al. 2024). Meanwhile, plants close their stomata to avoid
excess water dissipation under high VPD; but this strategy
can also cause tissue-level carbohydrate starvation and reduce
growth (Grossiord et al. 2020). Under water stress, high evap-
orative demand is more likely to fill xylem conduits and rhizo-
sphere with air, which inhibits the water flow, dries out tissues,
and causes plant death (McDowell et al. 2008). Therefore, the in-
hibition of water stress to photosynthesis exceeds the stimulat-
ing impact of increased PAR in the water deficit regions, which
is also demonstrated by ground-based observation that water
stress induces the decrease of photosynthesis at water-limited
sites in the dry season (Restrepo-Coupe et al. 2013). In addition,
in the dry season under water limitation, plants preferentially
allocate the accessible water to the growth of new leaves instead
of carbon uptake, which hampers the photosynthetic carbon as-
similation (Lian et al. 2024).

We defined water surplus and water deficit regions based on
water availability calculated with precipitation and evapotrans-
piration. However, water availability to plants is also modulated
by soil water supply, which mainly depends on the root depth,
water table depth, and soil texture (Costa et al. 2023; Stocker
et al. 2023). In some areas with deep water tables, forests are
more likely to be in an environment with limited water access
during the dry season because of less precipitation and deeper
water tables being departed from roots (Barros et al. 2019; Costa
et al. 2023). Furthermore, soil texture influences the water
availability to plants by regulating the downward infiltration
and the upward capillary rise (Fan et al. 2017). Generally, clay-
dominated soils exhibit lower drainage capacity but stronger ca-
pacity for capillary rise compared to sandy soils (Miguez-Macho
and Fan 2012). The soil texture and soil water content determine
soil's nutrient storage capacity, which influences the hydraulic
trade-off of plants. For example, plants growing in nutrient-rich
soils prioritize rapid growth over embolism resistance and thus
tend to have low water transport capacity under water stress
(Oliveira et al. 2021). About 50% of the Amazon basin has shal-
low water table depths within five meters during the wet season
(Costa et al. 2023), and the increased precipitation contributes
additional water supply to the soils, which maintains water sur-
plus conditions for plants. During the dry season, the eastern
and northeastern Amazon basin has deep water table depths
due to low precipitation, which may increase the difficulty for
roots to access water (Costa et al. 2023; Yang et al. 2016). In addi-
tion, the soil texture mainly composed of loamy and sandy soils
in these areas (Pavao et al. 2024) promotes water loss and thus
restrains water availability for plants.

In this study, we analyzed the changes of carbon sink over the
Amazon basin during 2001-2018. We found a decreasing trend in
carbon sink of the Amazon forest even without direct anthropo-
genic disturbance, which is mainly caused by the GPP decline in the
wet season when the entire Amazon basin is under water surplus.
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Furthermore, the carbon sink decline in the wet season was more
intense in the climatically humid western and southern Amazon
basin, where precipitation has increased, and VPD has decreased
in the past two decades, which demonstrates that excessive wet-
ness with the limitation of photosynthetically active radiation sup-
pressed the GPP and thus the carbon sink. The excessive wetness
also suppressed the GPP during the dry season in the northwestern
Amazon basin under water surplus. However, the decreased GPP
and carbon sink in the water deficit regions during the dry season is
attributed to water stress aggravated by decreased precipitation and
increased VPD. Our study highlights the necessity of considering
the negative impacts of excessive wetness on carbon sinks, partic-
ularly under the “wet season get wetter” hydrological cycle pattern
due to anthropogenic and natural disturbances.
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