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Abstract Soil moisture is a crucial variable mediating soil-vegetation-atmosphere water exchange. As
climate and land use change, the increased frequency and intensity of extreme weather events and disturbances
will likely alter feedbacks between ecosystem functions and soil moisture. In this study, we evaluated how
extreme drought (2015/2016) and postfire vegetation regrowth affected the seasonality of soil water content (0—
8 m depth) in a transitional forest in southeastern Amazonia. The experiment included three treatment plots: an
unburned Control, an area burned every three years (B3yr), and an area burned annually (B1yr) between 2004
and 2010. We hypothesized that (a) soil moisture at Blyr and B3yr would be higher than the Control in the first
years postfire due to lower transpiration rates, but differences between burned plots would decrease as postfire
vegetation regrew; (b) during drought years, the soil water deficit in the dry season would be significantly
greater in all plots as plants responded to greater evaporative demand; and (c) postfire recovery in the burned
plots would cause an increase in evapotranspiration over time, especially in the topsoil. Contrary to the first
expectation, the burned plots had lower volumetric water content than the Control plot. However, we found that
droughts significantly reduced soil moisture in all plots compared to non-drought years (15.6%), and this effect
was amplified in the burned plots (19%). Our results indicate that, while compounding disturbances such as
wildfires and extreme droughts alter forest dynamics, deep soil moisture is an essential water source for
vegetation recovery.

Plain Language Summary As extreme droughts and wildfires have become more common in
southeastern Amazonia, they could alter soil moisture availability, but the intensity of these compounding
effects still needs to be understood. This study investigates the impact of the extreme drought of 2015/2016,
postfire vegetation recovery, the return of water to the atmosphere, and their interacting effects on water
distribution across the soil profile in three treatment plots: an unburned Control, an area burned every three
years, and an area burned annually from 2004 to 2010. Contrary to expectations, we found that soil moisture in
the burned plots decreased in the years following the last experimental fire (2010), even as the vegetation
recovered. Drought events significantly reduced soil moisture across all plots, but this effect was amplified in
the burned plots. As land use changes increase and climate change intensifies, such drought-induced soil drying
may become more common, exacerbating the impacts of wildfires on ecosystem resilience and forest health
across much of the region.

1. Introduction

Amazon forests maintain high evapotranspiration rates, contributing to regional cooling and rainfall throughout
the year by taking up water from deep soil layers. In the southeastern Amazon, up to 50% of regional rainfall has
been attributed to forest water recycling (Aragdo, 2012; Lovejoy & Nobre, 2018; Marengo & Espinoza, 2015;
Salati et al., 1979; Spracklen et al., 2012; Staal et al., 2018). In extreme cases, the roots of Amazonian trees may
reach depths greater than 10 m, providing access to large soil water stores for evapotranspiration (ET) (Nepstad
et al., 1994). Despite the importance of this forest climatic function for biodiversity, carbon cycling, and eco-
nomic activities (e.g., food and energy production), there is growing evidence that forest degradation associated
with human disturbances is decreasing the capacity of the system to cycle water (Nobre et al., 2016; Wright
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et al., 2017). Extreme weather events (e.g., heatwaves and droughts) superimposed on human activities may
further contribute to ET reduction, especially in the southeast Amazon (Coe et al., 2017; Silvério et al., 2015).
Central to Brazil's recent agricultural production, this region is also where droughts have become increasingly
common (Brando et al., 2013).

Weakening the hydrological cycle can jeopardize both forests and agricultural production by triggering important
changes in the regional climate of the southern Amazon. Droughts often cause extreme reductions in soil water
storage and increased air dryness, as represented by vapor pressure deficit (VPD) (Solander et al., 2020).
Although many Amazonian tree species have adaptations to cope with seasonal soil water stress and high air
temperatures, these adaptations often involve reducing transpiration rates to prevent damage to hydrological
systems (Brando, 2018; Giardina et al., 2018; McDowell et al., 2020; Nepstad et al., 2007; Pfautsch, 2016;
Pittermann, 2010). Despite these strategies, many tree species have experienced increased mortality rates during
severe droughts, as reported in 2005 (Phillips et al., 2009), 2010 (Lewis et al., 2011), and 2015/2016 (Aragdo
et al., 2018). Changes in ET that occur as trees regulate water losses or experience excess mortality during these
events strongly influence soil moisture, making ET a key indicator of ecosystem stress and recovery after
disturbances.

Plant adaptations to cope with Amazon droughts often cause increased forest flammability. Tree physiological
responses to drought promote fuel accumulation on the forest floor (i.e., litter, branches, and dead trees) and
increased air dryness in the forest understory (Aragdo et al., 2018; Brando et al., 2014; De Farias et al., 2017;
Sungmin et al., 2020). In the presence of human ignition sources, surface fires can affect large tracts of these
flammable forests. During the 2000s, more than 85,000 km? of primary forests were burned in southern Amazonia
(Morton et al., 2013), mainly during the droughts of 2005, 2007, and 2010 (Brando, Paolucci, et al., 2019).
Because forest fires drastically reduce canopy cover, burned forests are expected to evapotranspire less (Brando,
Silvério, et al., 2019), especially where fires are most intense (e.g., during droughts and along forest edges).
However, it remains unclear whether reductions in forest ET are proportional to leaf area index (LAI) in burned
forests, given that complex interactions between postfire forest recovery and weather variability could either
promote or dampen ET. A study in southeast Amazonia showed that ET quickly recovered after severe degra-
dation by fire, edge effects, and a windthrow event (Brando, Silvério, et al., 2019; Brando, Paolucci, et al., 2019).
Similarly, Miller et al. (2011) found that changes in forest energy balance (including ET) caused by logging were
minor and short-lived.

The El Nifio—Southern Oscillation (ENSO) event refers to changes in atmosphere—sea interactions due to changes
in sea surface temperatures (SST) in the eastern tropical Pacific Ocean. Abnormally warm ocean temperatures in
this region are known as El Nifio (warm mode), whereas abnormally cold temperatures are known as La Nifia
(cold mode) (Solander et al., 2020; Trenberth, 1997). The 2015/16 ENSO was one of the most intense events in
recorded history (L'Heureux et al., 2017), causing widespread drought and reductions in soil moisture throughout
the Amazon (Solander et al., 2020), yet its impacts on human-disturbed forests are unclear. The drier edges of the
transitional forests between Amazonia and the Cerrado were expected to experience more intense water stress, yet
it is unclear whether the 2015-2016 drought altered soil moisture in deeper soil layers and whether it affected
primary and degraded forests similarly. Here, we quantified soil water dynamics in a forest degraded by pre-
scribed fires, a blowdown event in 2012, and multiple drought events (Figure 1). We took advantage of long-term
measurements of soil water (from 0.3 to 8.0 m) in a transitional forest (2011-2018) along the ecotone between
Amazonia and the Cerrado. We hypothesized that (a) burned plots with lower LAI would have higher soil
moisture in the years immediately following fire and blowdown events, compared to the unburned Control, but
differences between these forests would decrease over time as degraded forests recovered (Figure 1a); (b) the
extreme drought of 2015-2016 would cause unusual soil moisture reductions, and this effect would be amplified
in burned plots due to increased transpiration by rapidly growing early succession species; and (c) postfire re-
covery in the burned plots would cause an increase in ET over time, mainly in the topsoil.

Our goal was to evaluate how changes in vegetation cover affect soil moisture (Hypothesis 1) in experimental
plots burned between 2004 and 2010. Furthermore, we aimed to analyze whether the 2015-2016 extreme drought
affected soil moisture and whether this effect was greater in burned plots (Hypothesis 2) compared with an
unburned Control. Finally, we assessed whether evapotranspiration (estimated by soil moisture) was highest in
the burned plots, especially in the topsoil (Hypothesis 3). The transitional forests of the southeastern Amazon are
in a drier region that is susceptible to forest fires. Understanding how burned forests alter soil moisture and how
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Figure 1. Panel (a) Hypothetical diagram illustrating postfire recovery (LAI) and evapotranspiration (ET) with possible
impacts on soil moisture (Hypothesis 1). Panel (b) Uncertainties about drought impacts on deep soil water storage and the
intensity of reduction in volumetric water content in burned forests (Hypothesis 2).

extreme drought events can further reduce available soil water provides valuable information about the potential
for recovery of this degraded vegetation and the likelihood that forests will remain intact in the region. To achieve
these objectives, we used a unique and uninterrupted (2011-2018) time series of surface soil moisture up to 8§ m
deep in the Amazon—Cerrado transitional region.

2. Material and Methods
2.1. Study Site

The study was conducted at Tanguro Field Station (Fazenda Tanguro: Figure 2; —52.37683 and —13.07448),
located on a private farm in the municipality of Queréncia in Mato Grosso state, Brazil. The farm encompasses
~80,000 ha, with nearly 60% of the area covered by transitional forests along the ecotone between the Amazon
(forest) and Cerrado (savanna) biomes. The forest canopy averages 20 m high (Balch et al., 2008; Nagy
et al., 2015).

SILVEIRO ET AL.

3of 15

od ‘01 “¥TOT ‘1968691T

woiy

QSUDOIT suoWWo)) dANea1) dfqesrjdde oy £q pauIoA0s ore sa[ONIE Y 9N JO SA[NI 10§ AIeIqI AUIUQ AJ[IAN UO (SUONIPUOD-PUL-SULID)/WOY" KA[IM° AIRIqI[ouI[uo//:sdNy) SUONIPUO)) pue SWId T, oY) 39S *[$z07/20/01] uo Areiqr suruQ A[ip *Kisioatun ek £q [ 10800D+Z0T/6T01 01/10p/wod K[im’



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Biogeosciences 10.1029/20241G008011

Figure 2. The forest plots and their location relative to the Brazilian Amazon region and the Xingu River basin (bottom left
panel). The main panel (left) shows the location of Fazenda Tanguro. The green scale in the three plots (right) refers to the
vegetation height obtained by Lidar in 2018. Within the plots, the geometric figures show the location of 8-m soil pits
equipped with time domain reflectometry sensors. Colors indicate the locations of the soil pits in the plot burned every year
(orange circle), the plot burned every 3 years (yellow circle), and the unburned Control plot (green circles).

According to the Koppen climate classification system, the climate in this area is Aw (“A” stands for tropical zone
and “w” denotes a region with a dry winter). That is, our study site occurs in a tropical region with a dry winter
(Alvares et al., 2013), with a dry season centered on the austral winter (April through September) and a hot, rainy
season during the austral summer (October through March). Between 2011 and 2018, the majority of rainfall
(80%-97%) in our study area occurred during the rainy season, according to local observations recorded by our
meteorological station. The average annual temperature for the region ranges from 23 to 25°C, while the annual
precipitation ranges from 1,700 to 2,200 mm (Alvares et al., 2013). The elevation varies between 299 and 403 m
(mean 354 m), and the mean slope is 1.13° across the entire Fazenda Tanguro. The soils are predominantly
Latosols and can reach up to 15 m in depth without physical impediments (Balch et al., 2008). Soil bulk density
varies between 1.63 and 1.19 g/cm? for the three plots, being denser in the deep soil, while its granulometry is
more clayey, mainly in the deep soil (from 3 m deep; see Figure S1 in Supporting Information S1).

2.2. Experimental Design

The study was conducted at the site of a long-term prescribed fire experiment spanning 150 ha (1,500 X 1,000 m;
Figure 2). The experiment was divided into three subplots of 50 ha each, with three contrasting treatments:
unburned plot (Control), triennial burning (B3yr, years: 2004, 2007, and 2010), and annual burning (B1yr, years:
2004 to 2010, except 2008), as described by Brando et al. (2014). The experiment was bordered by a deforested
field with exotic grasses for cattle until 2008, when the pasture was converted to a soybean and corn field (Balch
et al., 2008).
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2.3. Data Collection and Analysis
2.3.1. Soil Moisture

We calculated soil moisture in 8-m soil pits installed in the Burned and Control plots, using the Time Domain
Reflectometry (TDR) method (Topp et al., 1980). In each pit, we placed 11 sensors at depths from O to 8 m, spaced
as follows: 0.0 m (surface), 0.3 m, and 0.5 m, followed by 1 m intervals until 8 m. The number of pits installed
varied over time and between treatments. TDR systems were installed in two pits at the beginning of sampling
(2010), one in the Control and the other in the B1lyr plot. In 2011, we added two more pits in the Control and one in
Blyr and B3yr plots. One of the pits in the Control collapsed in 2015 and was replaced the following year
(Brando, Silvério, et al., 2019; Brando, Paolucci, et al., 2019). Until 2018, we measured soil moisture in six pits,
three in the Control plot and three in the burned plots (two in Blyr and one in B3yr).

In the first 0.3 m of the soil profile, pairs of probes were arranged vertically (perpendicular to the surface). In
contrast, at the other depths (between 0.5 and 8 m), the probes were inserted horizontally (parallel to the surface)
throughout the profile, extending 0.5 m into the walls of the soil pit. We built a calibration curve before the per-
manent installation of the probes, using soil characteristics at each depth (bulk density; Figure S1 in Supporting
Information S1). Three soil samples were collected for gravimetric water content (GWC) and soil density—one
sample on the wall surface and the other two at 0.15 and 0.30 m (perpendicular to the wall), making up part of
the length where the probes were inserted. Using GWC and soil density, we calculated the volumetric water content
(VWQ) and later correlated it with permissiveness (dielectric constant) using linear regressions (see Figure S2 in
Supporting Information S1). After installing the probes, we covered the walls of the soil pits with plastic to
minimize the evaporation gradient along the soil profile (see pre-installation of probes, Figure S3 in Supporting
Information S1). More information about these soil moisture data can be found in Silveiro et al. (2024).

2.3.2. Daily Evapotranspiration Estimation

We estimated evapotranspiration during dry periods, defined as >10 consecutive rainless days (usually from May
to September), using soil moisture data from the TDR. We assumed that the change in soil moisture from one day to
the next represents a proxy for the evapotranspiration rate during these dry periods. Because soil evaporation and
stream baseflow represent a small fraction of the variation in soil moisture following extensive periods without rain
(Davidsonetal., 2011; Markewitz et al., 2010), most of the observed changes in soil moisture likely represent plant
transpiration (Brando, Silvério, etal., 2019). Although more open canopies in the burned plots could lead to higher
evaporation rates, we found evaporation rates in a nearby site (<2 km away) with bare soil to be negligible after 10
rainless days. To evaluate the maximum depth at which plants affect soil moisture, we divided the transpiration rate
into three depths: 0-2, 0-4, and 0-8 m. To do this, we grouped measurements taken from O to 2 m depth (superficial
layer), from O to 4 m (middle layer), and from O to 8 m (entire profile) and analyzed them independently.

2.3.3. Selection of Drought Years

To define the drought years between 2011 and 2018, we used the Maximum Climatological Water Deficit
(MCWD) as an index (Aragdo et al., 2007; Malhi et al., 2008), where MCWD was calculated based on the
monthly Cumulative Water Deficit within each annual cycle (Aragdo et al., 2007). The 2015/2016 interval
showed the most significant deficit in atmospheric humidity during our study period, which is consistent with the
strong El Nifio (warm SST anomaly) registered early that year in the Amazon (Yang et al., 2018). As with other
analyses, we defined the 2015/2016 drought based on the MCWD anomaly during the hydrological year, starting
in October 2015 and ending in September 2016, which was influenced by the strong El Nifio event in 2015.

2.3.4. Precipitation and Leaf Area Index (LAI)

We used LAI to characterize the vegetation structure around the TDR pits over time (2011-2016). We collected
the LAI quarterly by treatment with two LAI-2200C Plant Canopy Analyzers (LI-COR Biosciences Inc, Lincoln)
(Brando, Silvério, et al., 2019; Brando, Paolucci, et al., 2019). For comparison with the LAI around the pits, we
also show the behavior of the LAI for the entire area of the experiment (Blyr, B3yr, and Control), dividing
between the edge (up to 200 m) and the interior of the forest (2011-2017). Precipitation data were obtained from
our meteorological station, which collects continuous data (2011-2018) and is close to the study site (Balch
et al., 2008; Rocha et al., 2014).
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2.3.5. Data Analysis

We used a linear mixed model (LMM) to compare the VWC between the three treatments in the postfire periods,
the 2015/2016 drought event, and normal years (Hypothesis 1). For this analysis, we used data from the three
driest months of the year (i.e., August, September, and October). The response variable was the VWC at 8-m
depth (from O to 8 m) and two variables as predictors: (a) the plots (Control, Blyr, and B3yr) and (b) the
three different periods (postfire periods, the 2015/2016 drought event, and normal years). We added months and
individual pits (seven pits) as random effects to the model. We applied the Tukey-Krame test to compare VWC
means between treatment plots and periods. To test our model assumptions, we checked the residuals to examine
the normality and homogeneity of variance in our data (Figure S4 in Supporting Information S1). This analysis
was performed using the lmer function of the “Ime4” package (Bates et al., 2015) in R software (R Core
Team, 2023).

To analyze the effects of drought on the three treatment plots (Hypothesis 2), we subtracted the VWC (consid-
ering the entire soil water column) in the non-drought years (2011, 2012, 2013, 2014, 2017, and 2018) from the
drought year (2015/2016). We first obtained the daily average by adding the VWC of the entire soil water column
(0.3-8 m). The average VWC was then subtracted from the maximum VWC over the entire profile (Equation 1).
Finally, we subtracted the VWC measured during non-drought years from the VWC during the drought year
(Equation 2). For both metrics, we bootstrapped 2000 observations and analyzed the differences with a 95%
confidence interval. To assess evapotranspiration (Hypothesis 3), we divided the soil column as follows: 0-2 m,
0—4 m, and 0-8 m, and computed the lower and upper limits around the mean with 95% confidence. This division
of the soil column was used to analyze the extent of the effect of evapotranspiration from the vegetation.

vwe_dif = (VWCgyity —mMax(VWegyiry)) (1)
vwe_final = (VWCdifAnonfdrought - VWCdifAdmught) @)

Where VWC,;, refers to the average daily sum of the VWC at all measured depths (summarized at 6-hr time
intervals); VWCit non-drougnt T€Presents the daily average values in non-drought years; and VWCi¢ grougne r€P-
resents the daily average values in the drought year.

Equation 1 gives the degree of drying and wetting of the soil per day. To obtain the drying and wetting values, we
applied a linear regression analysis (equation = days ~ VWC anomaly) using a breakpoint analysis. The soil
drying period occurs between the wettest and driest periods of the year, and the degree of soil wetting starts from
the first recharge and reaches the wettest value, usually in the following year. Equation 2 gives the size of the
impact of drought on VWC. We applied Equations 1 and 2 for the entire soil column and for each profile section
divided by 2-m depth (0-2 m, 24 m, 4-6 m, and 6-8 m) and we show the results by days (supplementary
material) and by months.

To evaluate the combined effect of drought and fire on soil moisture thresholds, we first calculated the minimum
and maximum daily VWC values for each period from the surface to 8 m depth. Next, we summarized the VWC
by burn treatment, drought years versus normal years, and soil depth. We used the sum of the differences between
maximum and minimum VWC throughout the entire time series (Equation 3) as a proxy for plant-available water.

VWCavuilable = Z (VWCmux - VWCmin) (3)
i=depth

Where 4., denotes the soil depth interval.

3. Results
3.1. Seasonal Patterns and Treatment Effects

Opverall, soil moisture decreased during the dry season and increased during the rainy season across all study years
(Figure 3). This clear seasonal pattern of soil moisture, especially from 0 to 2 m (Figures 4a—4c), roughly matched
precipitation patterns (Figure 4d). Soil drying generally began in mid-April (end of the rainy season) in the
shallower portions of the profile, reaching deeper levels (up to 8 m) by mid-May. In most years, soil recharge in
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Figure 3. Volumetric water content in the soil profile (to 8 m deep) from
2011 to 2018 in each of three treatment plots: burned every year (Blyr),
burned every three years (B3yr), and unburned (Control).
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season); however, deep soil moisture recharge during the drought of 2015—
2016 took 2 months longer (i.e., beginning in December). In the rainfall
recorded in our study area, 2015 was the driest year, ~900 mm below the
historical average, whereas for the hydrological year 2015/2016, the differ-
ence from the historical average was —443 mm. The MCWD for the region
(100-km buffer) in 2015/2016 was —427 mm compared to —425 mm in a non-
drought year (from 2000 to 2018, except for 2007 and 2010 as they were two
years of drought) (Caioni et al., 2020). The similarity of MCWD for the re-
gion is due to the low values for the years following droughts, such as 2011,
2012, and 2017.

3.2. Effect of Postfire on VWC

For the driest months of the year, our model showed significant differences
between Blyr (other years) and Control plots (Figure 5; p-value: <0.01, p-
value: <0.001). The VWC was ~100 mm (4%) higher for the Control than for
the Blyr plot in both periods. On the other hand, there was no statistical
difference between the Control plot and B3yr (p-value: 0.94, p-value: 0.46, p-
value: 1.00, p-value: 0.94). Moreover, the postfire (2011/2012) period was
generally wetter than other years (53 mm in Blyr and Control plots, and
38 mm in B3yr) but with no clear implications for the differences between
plots. Fixed predictors of our LMM explained 30% of the variability of VWC
data up to 8 m, whereas random effect predictors explained 40% (Figure 5).
These patterns reinforce other results that emphasize the high seasonality of
soil moisture throughout the year and a steeper reduction in soil moisture for
burned plots.

3.3. Effects of the 2015/2016 Drought on VWC

During the ENSO event of 2015 and 2016, soil drying started in February—
over two months earlier than usual (typically late April; Figure 6). From the
wet-to-dry inflection point in February, it took ~235 days (~8 months, see
Figure S5 in Supporting Information S1) for the soil profile to reach the
lowest VWC values (relative to the maximum VWC) in the three experi-
mental plots, corresponding to the an average water use of 2.5 mm/day
(Figure S6 in Supporting Information S1) during the transition from wet to
dry seasons. This differed significantly (p = < 0.0001) from non-drought
years, when it took 202 days for VWC to reach minimum values (Table S1
in Supporting Information S1), with an average water use of 2.38 mm/day.
After reaching its most negative value during the drought year (Blyr:
—532.2 mm; B3yr: —545.8 mm; Control: —466.0 mm), soil moisture began to
recover in mid-September, whereas in non-drought years (Blyr: —481 mm;
B3yr: —430 mm; Control: —427 mm) recovery started in October. However,
the total recovery of soil moisture was far greater in non-drought years than in
the drought year (mean slope = 4.7 mm/day, p-value = < 0.0001). Our
analysis by section of the profile showed that the topsoil (2 m) reached po-
tential field capacity in non-drought years but not during the drought year
(Figure S7 in Supporting Information S1).

The vegetation in our experimental burned plots accessed much of the water stored in the soil profile. The dif-
ference in VWC (0-8 m) between the minimum and maximum values of our time series averaged 607 mm (Blyr:
615 mm; B3yr: 654 mm; Control: 554 mm) (Figure 7), suggesting that the total volume of soil water available to
plants was similar across the three treatments. However, in the Control, there was a detectable reduction in VWC
in the deeper soil profile (between 2 and 4 m, and from 7 to 8 m) during the drought peak (Figure 7a). As a result,
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Figure 4. Monthly volumetric water content time series averaged to three different depths of the soil profile (Panel is 0-2 m,
B is 0—4 m, and C is 0-8 m) for each fire plot: (B/yr—burned annually; B3yr—burned every 3 years; Control—unburned).
Panel (d) shows monthly precipitation in our study area from 2011 to 2018. Orange shading indicates the drought of 2015/

2016.
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Figure 5. Predicted values of volumetric water content (VWC), based on a generalized linear mixed model of the influence of
fire (Hypothesis 1). Different letters denote differences in VWC (0-8 m) between treatments (B1yr, B3yr, and Control) in

post-fire and other years. We also tested for interaction between treatments, periods of postfire and other years.
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Figure 6. Variations in the soil water anomaly over the hydrological year. We calculated the difference between the average
and maximum volumetric water content for each fire plot across the hydrological year. Pink shading denotes the dry season.
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Figure 7. Soil moisture expressed as volumetric water content (VWC) was observed in 8-m soil pits within each burn plot. (a)
Minimum and maximum VWC at each depth during the 2015/2016 drought (orange triangle), compared with all non-drought

years (blue circle). (b) Estimated total water available to plants up to 8 m in drought and non-drought years.
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Figure 8. Average daily evapotranspiration (ET) in different subsections (0-2 m, 0—4 m, and 0—8 m) of the soil column in the
three experimental plots. Bars around each mean indicate the 95% confidence interval. Note that panels (b, c) show
cumulative ET from the soil surface down to the specified depth. Panel (b) thus represents the sum of total ET from 0 to 2 m
panel (a) and total ET from 2 to 4 m, whereas panel (c) is the sum of panel (b) and the ET from 4 to 8 m.

in the Control plot, there was 17% (120 mm) less water available to plants during the drought year than in non-
drought years, while for the burned plots, it was 6% (39 mm) for B3yr and 5% (36 mm) for Blyr.

3.4. Indirect Effect of Vegetation on VWC

Dry-season evapotranspiration was supported by plant water uptake throughout the entire soil profile (Figure 8).
On average, the shallow portions of the soil profile (02 m) contributed 0.75 mm/day to dry-season ET (Blyr:
0.74 mm/day; B3yr: 0.80 mm/day; Control: 0.69 mm/day), which represented ~22% of the total ET from 2011 to
2018 (Figure S8 in Supporting Information S1). The other three sections of the soil profile contributed similarly
(24 m: 26%; 4-6 m: 26%; and 6-8 m: 25%) to dry season ET.

Considering soil water over the full 8 m profile reveals an average evapotranspiration rate of 3.31 mm/day (Blyr:
3.43 mm/day; B3yr: 3.48 mm/day; Control: 3.02 mm/day), which is consistent with average values previously
reported for the region, especially if we discount from these values average baseflow for this site (range: from 0.6
to 0.9 mm; Hayhoe et al., 2011). Although the LAI was lower in the burned plots overall (Figure S9 in Supporting
Information S1), evapotranspiration from 0 to 8 m was substantially higher at B3yr (17%) and Blyr (30%)
compared to the Control from 2011 to 2018, even when differences in LAI between the Control and burned plots
were more prominent (i.e., from 2011 to 2013, early in the postfire recovery compared to 2014 and 2018).

On an interannual scale, the highest daily ET generally occurred in 2017 (Figure 8c), except for B3yr, which
showed an increase in ET in 2018. The observed decreases in ET (in all plots) during the 2016 drought were most
pronounced in the topsoil (Figure 8a) and similar to those recorded earlier in the study period (2010 and 2011).
The lowest evapotranspiration rates occurred in 2011 for Blyr and 2012 for the Control, two years with below-
average annual precipitation that immediately followed the drought of 2010. For B3yr, the lowest evapotrans-
piration rates were observed in 2014. Moreover, we observed an interesting pattern in the deep soil (8§ m), where
daily evapotranspiration rates increased across all plots over time (39% for Control, 48% for B3yr, and 60% for
Blyr), and drought-induced decreases were observed only in the burned plots.
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4. Discussion
4.1. Effects of Post Fire and Drought on the Overall Soil Moisture Pattern

The clear seasonal pattern of drying and wetting (Figures 3 and 4) indicates the possible use of soil water by
vegetation. This pattern is consistent with other studies carried out in the Amazon (Broedel et al., 2017; Jipp
et al., 1998; Markewitz et al., 2010). However, unlike central (Broedel et al., 2017) and eastern Amazonia
(Markewitz et al., 2010), the seasonality of deep soil moisture in our study area appears to be more intense
(Figure 4c). Although this behavior may suggest root uptake throughout the soil profile (as shown in Figures 3 and
8), it may also be partly due to the high infiltration capacity of these soils and subsequent percolation (Scheffler
et al., 2011).

We hypothesized that forest degradation in southern Amazonia would increase soil moisture (VWC) due to low
ET during the early years of vegetation recovery, but this difference would decline as vegetation grew back.
Contrary to our expectations, the Control plot exhibited a higher VWC than the burned plots (Figure 5), sug-
gesting a greater use of soil water by the burned plot after the fire passed. The higher soil bulk density in plot Blyr
compared with that in the Control plot (Figure S1 in Supporting Information S1) reinforces the idea of greater use
of water by vegetation in the burned plots. This is corroborated by a sensitivity analysis (Figure S10 in Supporting
Information S1), which indicates that the reduction in soil moisture would have been even greater if plot Blyr had
the same soil density as the other plots. Furthermore, despite the lower canopy cover in the burned plots (Figure
S9 in Supporting Information S1), postfire ET values were comparable to or higher than those in the Control plot,
when considering the entire soil profile (Figure 8). Another explanation for these results may be related to the
rapid postfire recovery of canopy cover in burned plots. As early successional species became more dominant,
they likely demanded a higher ET per unit of LAI (Brando, Silvério, et al., 2019). Regardless of the mechanism,
these findings highlight the critical role of recovering forests in re-establishing ET, an essential component of the
hydrological cycle that affects precipitation patterns (Guillod et al., 2015; Spracklen et al., 2012; Staal et al., 2018)
and triggers the earlier onset of wet season rains (Wright et al., 2017).

We also hypothesized that ET would increase as vegetation recovered over time. This hypothesis received strong
support, given that ET increased faster in both burned plots than in the Control from 2010 to 2017 (Figure 7)
(B3yr =17%; Blyr = 30%). While this increase could be related to postfire recovery in the burned plots, the signal
may be confounded by the increased evaporative demand associated with recent droughts, regional warming, and
changing vegetation dynamics (Davidson et al., 2012). The increase in ET in 2017 and 2018, for example, may be
a response to above-average rainfall following the unmet water demand during the 2015-2016 drought. More-
over, ET was more variable in the first 2 m than in the deeper soil layers, as seen in the years of more significant
precipitation (2013 and 2017) and drought (2010, 2015, and 2016). Another important point was the reduction in
evapotranspiration in 2016 that occurred in all plots, which may be related to the extreme drought conditions.
During this period, there was a reduction in soil moisture up to 4 m in depth (Figures 8a and 8b). In 2011 and 2012,
we also observed important reductions in ET, probably related to the 2010-2011 drought (Brando et al., 2014).
This large variation in the upper layers may be associated with greater plant water use due to the higher density of
fine-rooted biomass (Nepstad et al., 1994; Spanner et al., 2022). This behavior suggests that deep soil water
contributes to more stable ET.

As predicted, the drought of 2015/2016 resulted in a stronger water deficit (e.g., MCWD: —427 mm) and a faster
drop in VWC than in non-drought years for all experimental plots (Figure 6). We highlight two main points
regarding the effects of this drought on VWC. First, soil drying started approximately 1 month before normal
years and reached the lowest values over the entire time range (Table S1 in Supporting Information S1). Second,
the difference in VWC between the dry and non-dry conditions was significant in the first 4 m as well as for the
entire soil column (Figure S11 in Supporting Information S1). This result reinforces our conclusion that a
combination of extreme drought events can jeopardize forest recovery from wildfires by increasing water stress.
In addition, the absence of recharge of soil water (even in the first 2 m) in the year following an extreme drought
event (Figures 4 and S7 in Supporting Information S1) suggests that surface soil depends on subsequent rainfall
for recharge after drought events in the Amazon, which can take many months to occur.

Depletion of the VWC by drought also reduces evapotranspiration and contributes to a higher surface temper-
ature. With monthly evapotranspiration averaging 70-100 mm in the dry months (Brando, Paolucci, et al., 2019;
Caioni et al., 2020), it is expected that the observed drought-induced reductions in soil moisture could hamper the
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functioning of transitional forests, increasing surface temperature (Caioni et al., 2020), especially if combined
with increased VPD, which is a critical driver of tree water stress (Novick et al., 2016). In contrast, our results
indicated that both the burned plots and the unburned Control maintained ET rates comparable to the average
values for the region during drought (Caioni et al., 2020; Lathuilliere et al., 2012; Maeda et al., 2017; Silvério
et al., 2015). This suggests that burned forests can maintain a high capacity to access and use available soil water
and that compounding fire and drought disturbances of fire and drought may not have negative feedbacks on the
water cycle.

4.2. Water Absorption in Deep Soil

Disturbances are likely to impact the capacity of trees to uptake deep soil moisture. Nepstad et al. (1994) showed
that secondary vegetation exhibits higher seasonality and lower capacity to uptake deep soil moisture compared to
primary forests. However, different disturbances may have varying impacts on this capacity. Regarding wildfires,
we speculate that fires may impact rooting depth in several ways. First, they can alter the abundance of shallow
and deep-rooted trees. Low-intensity wildfires may kill predominantly small-sized trees with shallow roots, while
high-intensity fires may kill larger trees with deeper rooting systems. Nevertheless, the relationship between tree
size and rooting depth at the species level in tropical forests remains poorly understood, complicating our un-
derstanding of how wildfires and recovery affect rooting depth distribution. Second, repeated fires may reduce the
time available for the development of deep rooting systems. Third, certain species may have specific water
demands. Shallow-rooting trees that colonize burned areas during recovery might consume more shallow water,
limiting the recharge of the deep soil profile.

4.3. Implications and Importance of Deep Soil

In our experimental forest, tapping into deep soil moisture helped plants maintain high evapotranspiration during
the dry season (Figure 8). Approximately half of the evapotranspiration during the dry season was associated with
water uptake deeper than 4 m (Figure S8 in Supporting Information S1). This result is consistent with recent work
(Miguez-Macho & Fan, 2021) showing that past precipitation stored in deep soil is the most crucial water source
during the dry season in southeastern Amazonia. Although ET declined during drought, the absolute values were
still high compared with those in other regions (Figure 8). Maintaining high ET during drought in one of the driest
Amazonian forests could help some plants prevent leaf overheating, which is associated with ecologically
relevant reductions in photosynthesis. Consistent with observations reported elsewhere in Amazonia (Davidson
et al., 2011; Jipp et al., 1998; Nepstad et al., 1994), it is reasonable to assume that trees in our experimental site
also accessed soil water below the maximum depth of our sensors. Even so, it is unlikely that all plants at our site
could access deep soil water, which could lead to increased water stress in part of the forest community. In
addition, the observed differences in soil moisture patterns between the burned and Control plots suggested that
postfire vegetation regrowth may deplete soil moisture earlier during droughts than in primary forests.

4.4. Implications of Soil Water Dynamics for the Long-Term Stability of Tropical Forests

Our findings indicate that soil water depletion during drought years may have important implications for other
seasonal tropical forests. At our site, the soil provides between 550 and 650 mm of water, which is particularly
important supplying water for plants during the dry season. This water supply is sufficient to meet forest water
demand in years with normal climatic conditions. However, an extra reduction of >150 mm in soil water during a
drought year places forests under considerable water stress, particularly during the dry season following a drought
year (Figure 6). This emphasizes the importance of water stored in deep soil for forest maintenance. This is
consistent with the results of a rainfall exclusion experiment in the northern Amazon, where the capacity of soil
moisture to buffer against vegetation stress (leaf water stress, LAI, and mortality) declined because of long-term
reductions in deep soil water storage (Brando et al., 2008; Markewitz et al., 2010; Nepstad et al., 2002, 2007).

Our results indicate that, in the short term, transitional forests can cope with severe droughts such as the ENSO
2015/2016 event. However, this and other studies have pointed out a substantial lag in soil water recharge after an
extreme drought (e.g., a year or more; Panday et al., 2015). As droughts become more frequent and intense, the
carry-over effect of droughts from one year to the next could cause more severe water stress. Under these con-
ditions, we expect plants to reduce water demand to prevent damage to their vascular systems, given that our
experimental forests are growing at the drier end of their climatic limit. It is unclear whether the ENSO of 2015/
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2016 caused sufficient vegetation stress to trigger reductions in vegetation growth and the associated carbon fluxes
or storage at our site. The forests of southeastern Amazonia are already experiencing increased water stress because
of regional climate change, including more frequent and intense droughts (Davidson etal.,2012; Fuetal., 2013). As
the region reaches its climatic limit, such changes will almost certainly increase plant water stress. As forests
become more stressed, they become more degraded and are likely to emit more carbon than they take up (Gatti
et al., 2021).

The rapid depletion of soil moisture in burned forests has two important implications for degraded forest re-
covery. First, as vegetation recovers, more soil water must be used. This greater use of surface water by
recovering vegetation can delay deep soil moisture recharge and extend the dry season. Second, changes in
rainfall patterns in the region due to large-scale deforestation (Fu et al., 2013) and the increased frequency of
extreme droughts associated with climate change (Duffy et al., 2015) could jeopardize soil moisture recharge and
the recovery of these forests, limiting only part of the deep-rooted plant community to access water (Davidson
et al., 2011; Nepstad et al., 1994). Together, the interplay between wildfire-induced soil moisture depletion and
subsequent recovery of vegetation underscores the critical role of deep soil moisture as a vital water source for
forest ecosystems in southeastern Amazonia.

5. Conclusion

The substantial changes in forest dynamics, structure, and composition after our experimental fires were also
reflected in the difference in VWC between the Control and annually burned plots (B1lyr). However, this result
was contrary to our hypothesis, with the burned plots showing lower VWC in the drier months. However, the high
fraction of ET from deep groundwater may indicate that our experimental forest is growing close to its climatic
safety margin. The ~150-mm reduction of water in the soil column during the 2015/2016 drought may indicate a
future where such extreme events are increasingly common, delaying the recharge of soil moisture in the deep
soil. The available soil moisture maintained the transitional forest during an extreme drought, but evidence
suggests that ongoing climate changes coupled with deforestation and fires will soon strongly compromise the
resilience of these transitional forests.
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