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Over recent decades the Amazon region has been exposed to large-scale land-use changes and
global warming. How these changes affect Amazonia’s hydrological cycle remains unclear as
meteorological data are scarce. We use tree ring oxygen isotope records to confirm that the Amazon
hydrological cycle has intensified since 1980. Diverging isotopic trends from terra firme and floodplain
trees from distinct sites (approximately 1000 km apart) in Western Amazon indicate rainfall amounts
increased during the wet season and decreased during the dry season at large-scale. Using the
Rayleigh distillation model, we estimate that wet season rainfall increased by 15-22%, and dry season
rainfall decreased by 8-13%. These diverging trends provide evidence, independent from existing
climate records, that the seasonality of the hydrological cycle in the Amazon is increasing.
Continuation of the observed trends will have a pervasive impact on Amazon forests and floodplain
ecosystems, and strongly affect the livelihoods of the regional riverine communities.

There is growing concern about the future of the Amazon forests with
several recent reports'” suggesting the system could be close to a ‘critical
transition’, interpreted as irreversible large-scale forest loss due to the
interactive impacts of deforestation, heat and drought on local climate.
Given Amazonia’s importance for global biodiversity’, terrestrial carbon
stocks” and livelihoods® it is important to evaluate these concerns. Large-
scale deforestation could cause reductions in precipitation® and land surface
temperature increases’ which are further affected by fossil fuel burning
induced climate change® and by reductions in precipitation recycling due to
vegetation responses to elevated atmospheric CO, concentrations™"’. Early
estimates by General Circulation Models (GCMs) studying the combined
effects of deforestation and climate indicated a severe drying of the Amazon,
resulting in widespread dieback of the Amazon forests''. While more recent
modelling predictions suggest such an extreme scenario may be unlikely,
there is still considerable variation in rainfall projections for the Amazon
varying from drying to wetting, and critical transitions could result'’.
Rainfall changes are thought to be a central component for potentially
causing an irreversible transition of Amazonia’s forests**'". Obtaining more
reliable data on changes in rainfall over recent time is thus a pre-requisite to
understand in what direction the system is heading, and to determine which
global climate model predictions are consistent with observations and thus

more likely to be realistic. Observational evidence indicates that the
hydrological cycle of the Amazon has been changing in the past few decades
with trends varying between regions and seasons. Some studies suggest that
the south of the Amazon is getting dryer'*"°, while others show wetting in
large parts of the basin'>'"*, with increased frequency of severe droughts
and floods'*”. A reliable quantification of these changes is needed to
understand contributions of anthropogenic drivers (i.e. deforestation and
climate change) versus natural climate variability and to assess risks for the
future’. However, these efforts are hampered by a lack of meteorological
data. Rain gauge stations are sparsely distributed across the basin (only one
station per 150,000 km®), their operation is often discontinuous, and
methodologies are changing over time™”. Remote sensing and data
assimilation are becoming increasingly more accurate and reliable, but time
series are relatively short and there is still disagreement between these
products'*****. River level data may offer a more reliable, long-term record,
but the varying seasonality of river levels of the many tributaries of the
Amazon River may mask the timing and strength of the changes, especially
for the dry season™. Thus, more information to evaluate the response of the
Amazon basin to climate change is needed.

New information to aid our understanding of past variability of the
hydrological cycle can be obtained from natural climate proxies. Different
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archives can be used for this purpose including ice cores™, lake sediments”,
speleothems™, and tree rings™. In forested regions, tree rings can provide
climate proxies with annual resolution, but finding suitable tropical species
that form reliable annual rings can be difficult. In addition, growth of tro-
pical trees in moist and warm climates is generally not very sensitive to inter-
annual climate variation”. An approach that partly overcomes these chal-
lenges is the analysis of stable oxygen isotopes in the cellulose of tree rings.
This approach results in excellent signal strength, thus allowing more reli-
able reconstructions with fewer samples compared to standard ring-width
chronologies™"'. Oxygen isotopes in tree rings (8'°Ory) to a large degree
reflect the §'°0 of source water (mostly rainfall)*>”, which for the Amazon
basin is controlled by the depletion of heavier isotopes in water vapor due to
rainout of heavier water molecules (H,"*O) during moisture transport over
land (i.e. Rayleigh distillation of water in the atmosphere)’*™. Due to this
mechanism, §"*Og from western locations in the Amazon have been found
to closely reflect the amount of rainfall over large regions of the Amazon
basin and provide data representative of climate variability at large
Scale30,31,37,38.
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Fig. 1 | Tree growing seasons at the seasonally flooded and the terra firme forests
match the Amazon-wide dry and wet seasons, respectively. a Map of the Amazon
basin”'""'** showing the location of the floodplain site (red) and the terra firme site
(blue). Black area corresponds to (seasonal) wetlands, rivers and seasonal flood-

plains. Color shading indicate the upwind regions of moisture transport from each
site, derived from the HYSPLIT back trajectories (see Supplementary Fig 3 and Me-
thods section). b Schematic diagram showing the seasonal phenological differences
between terra firme and floodplain environments. ¢ Seasonal variation of the local
river level at the floodplain site, rainfall for the Amazon Basin, and local rainfall at the
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Annual ring formation in tropical trees is generally triggered by the
annual cessation of cambial growth during a distinct dry season, restricting
growth to the wet season™. An exception to this is trees from Amazon
floodplains, where annually recurring multi-month floods create anoxic soil
conditions, that impede cambial activity and restrict the growth of flood-
plain trees to the terrestrial (i.e. non-flooded) phase”. For many regions in
the Amazon, the terrestrial phase of floodplain forests coincides with the
local and Amazon-wide dry season (Supplementary Fig. 1). As a result,
growth of floodplain and terra firme trees (i.e. non-flooded) are out of sync,
occurring during the dry and wet seasons respectively (Fig. 1). These dif-
ferences should allow for a seasonal reconstruction of the regional hydro-
logical cycle at large-scale. Here, we pioneer this approach to reconstruct
changes in rainfall seasonality from 1980 to 2010 by comparing tree ring
oxygen isotope series (§'*Orr) from a floodplain species (Macrolobium
acaciifolium) and terra firme species (Cedrela odorata) from the western and
south-western Amazon, with a climatic footprint that largely coincides with
the Amazon-wide region and climate (Supplementary Fig. 2 and Supple-
mentary Fig. 3).

Floodplain

Terrestrial phase

Flood phase

ﬁ S . ®. == ==

terra firme site. d Images of the annual growth rings of Macrolobium acaciifolium
and Cedrela odorata tree species used in this study, with red arrows indicating ring
boundaries. In (c), Arrows indicate the growing seasons of the trees, and vertical lines
indicate the seasonal boundaries defined by rainfall and river levels. Vertical dotted
lines extends the boundaries of the Amazon-wide seasons (bottom panel) for a visual
comparison of how they overlap with the local growing seasons at each of the sites.
Note that for calculations using rainfall data, we disregarded the shoulder months of
those seasons, i.e. the months immediately next to the black vertical lines (details in
Methods).
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Floodplain — M. acaciifolium
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Fig. 2 | §"®Org records are correlated with inter-annual variation of hydrocli-
matic variables in the Amazon Region. a-d Correlations with the §'*Og records of
the floodplain trees. e-h Correlations with the §'®*Ory records of the terra firme trees.
Bars indicate the Pearson’s r between §'*Org and 3-monthly means of rainfall or
river levels. Filled bars indicate significant correlations with 95% confidence interval.
Shaded areas show seasonal variation in precipitation in the Amazon region

c) Amazon rainfall (MSWEP) d) Amazon River level at Obidos
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(a,b,c,e,f,g) or Amazon river levels at Obidos (d,h). Dotted lines and arrows indicate
the growing season of the floodplain and terra firme trees. The x-axis spans the full
hydrological year, and therefore extends across two calendar years. Months January
to May in the three-month periods on the right-hand side of the x-axis correspond to
the year after the onset of the ring formation.

Results

Seasonal precipitation signals recorded by floodplain and terra
firme tree ring §'°0

The interannual variation of 8Oy of both species is negatively related to
the interannual variation in Amazon-wide precipitation during their
respective growing seasons (Fig. 2). Peak rainfall correlations for the
floodplain §'*Ory chronology occurred from August to November, within
the growing season for M. acaciifolium which extends from July to
November (Fig. 2a-c), while the terra firme §'*Ory chronology correlations
peak from January to May, almost entirely within the growth season for C.
odorata which extends from November to April (Fig. 2e-g). Correlations
that extend outside the trees'growing seasons are generally weaker, which
could be due to interannual variation in the growing season length of
the trees.

Climate correlations for the record of M. acaciifolium are for a shorter
seasonal window. This could reflect the short, non-flooded period during
which this species mainly grows™, or be due to differences in methodology
as we only used the middle portion of the rings for this species to avoid
interference of river water 8O and capture climate signals of the peak
growing season’. Correlations for the C. odorata record cover a longer
period coinciding with the longer growing season of this species”. The
correlations for this record lag the onset of the species’ growing season by
one month probably due to a lag between leaf flush, the start of cambial
activity and xylogenesis®.

The two 8Oy records also show close correlations with Amazon
River level records measured at Obidos (Fig. 2d, h). The periods of sig-
nificant correlations correspond very well with the months of low river levels
for M. acaciifolium, and with the months of high river levels for C. odorata.
Because of lag times between Amazon precipitation and river level”, these
correlations are ca. 3-5 months later than the rainfall-6"*Ox correlations.
All correlations with climate were very similar when we averaged rainfall
over the Amazon region or over the estimated regions of moisture transport
(Supplementary Figs. 4 and 5). This large scale climatic footprint of the
8"®Orrg records is further evidenced by spatial correlation analyses of §'* O
with gridded precipitation datasets (Supplementary Fig. 6).

Estimates of rainfall changes inferred from trends in 6'°Og

The two §'*Org chronologies show diverging long-term patterns, with a
positive trend (p <0.05) in the M. acaciifolium record and a negative
trend (p <0.1) in the C. odorata since the mid 1970s. The divergence
between the two records since mid 1970s is greater than at any other time
in the period covered (Supplementary Fig. 7). The trend in the M. aca-
ciifolium record starts a few years earlier than the trend in the C. odorata
record. To estimate the magnitude of changes in precipitation, evapo-
transpiration, or moisture influx required to explain the trends in the
80 records, we used a Rayleigh distillation model (Eq. 3, Fig. 3, see
Methods for details). For these estimates we calculate changes for the
period of 1980-2010, when there was an increase of 1.14%o in the dry
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season record for M. acaciifolium and a decrease of 0.90%o in the wet
season record of C. odorata (Fig. 3c).

In the simplest version of this model, we assumed that there were no
changes in moisture influx into the basin, or evapotranspiration along air
parcel paths, and thus attributed all observed changes in §**Oy, to changes
in precipitation along the water vapour path. This results in an estimated
increase in wet season precipitation of 5% per decade (i.e. AP/AP;, 15.5%
since 1980 C.E.) (Fig. 3¢, Supplementary Fig 8b, Table 1) and an estimated
decrease in dry season precipitation of 4.4% per decade (—13.5% from
1980-2010 C.E.) (Fig. 3d and Supplementary Fig 8a, Table 1).

These estimates however are sensitive to various assumptions. Firstly,
this model version assumes no trend in the coastal (i.e., initial) air column
water vapour content (N;). However, observed sea surface temperatures
have increased by approximately 0.5°C since 1980 C.E. over the tropical
North Atlantic, which would result in an 4% increase in air water holding
capacity according to the Clausius-Clapeyron equation for saturated vapour
pressure (i.e., 7% for each °C"). Assuming the change in mass of water in
atmospheric inflow is linearly proportional to the ratio of saturated vapor
pressures in 2010 and in 1980, accounting for this increase in water vapour
in the Rayleigh model (i.e., changing N¢ - N;, or AN, see Egs. 2, 3) results in
larger estimates for increases in wet season precipitation (i.e. 5.9% instead of
5% per decade) and weaker drying trends for the dry season (i.e., —3.6%
instead of —4.4% per decade, Case 1 in Table 1). Independent records from
ERAS5 indicate that wet season (Nov-March) water vapour inflow increased

by 8%, but show no support for dry season changes in vapour inflow
(Supplementary Fig. 3ef). Using the changes from ERA5 would result in a
larger difference between wet and dry season trends.

We further assumed there are no changes in the total evapo-
transpiration of the forest. In our estimates, we considered that evapo-
transpiration recycles 40% of total dry season rainfall and 32.5% of total
wet season rainfall”’. Deforestation or CO,-induced stomatal closure may
result in decreases in evapotranspiration®*, while warming induced
vapour pressure deficit may increase evaporative demand”. These
opposing effects may offset each other*, which could explain why no
changes in evapotranspiration are evident within a variety of dataset
types and sources for the Amazon®. While the extent of shifts in eva-
potranspiration at large-scale in the Amazon remains uncertain®, recent
evidence suggests that Amazon evapotranspiration may have decreased
by approximately 6% in the past 30 years™. The contribution of total
evapotranspiration to rainfall can influence the degree of Rayleigh dis-
tillation effect during moisture transport (Fig. 3b) and thereby add
uncertainty to our estimates (Eqs. 3 and 4). We conducted a sensitivity
analysis to assess variations in our estimates under different scenarios of
changes in evapotranspiration during the analysed period. This sensi-
tivity analysis shows that our estimates of precipitation changes are not
very sensitive to the effects of changes in evapotranspiration on the
Rayleigh distillation: the Rayleigh model shows that a 1-1.5% change in
evapotranspiration per decade has only a minor (+0.5 to 0.8% per

Table 1 | Predicted rainfall changes are sensitive to sources of uncertainty in Rayleigh model parameters

Dry season Wet season
Case Parameter change Predicted rainfall Parameter change Predicted rainfall

from 1980-2010 change (%) from 1980-2010 change (%)

Per decade Total Per decade Total

Baseline
0. No change in Rayleigh model parameters from - —4.4% -13.5% - +5.0% +15.5%
1980 to 2010°
Tropical Atlantic Sea Surface Temperature change
from 1980 to 2010 causing increase of
1. water vapor in air entering the basin caused by an +4% —3.6% -11.2% +4% +5.9% +18.3%
increase in evaporation from the sea®
2. 5"0 of moisture entering the basin due to decrease in +0.04%o —4.2% -13.0% +0.04%o +5.2% +16.1%
sea-air fractionation®
Upper atmosphere temperature change causing increase of
3. fractionation temperature +1°C —4.2% -13.1% +1°C +5.2% +16.1%
4. combined effect of 1, 2 and 3. - —-3.3% -10.3% - +6.3% +19.6%
5. Combinedl effect of Case 4 and c?ange in vegetation _5% _3.9% _12.0% _5% 15.6% 117.2%
evapotranspiration from 1980-2010

+5% —2.8% —8.6% +5% +71% +22.0%
Sensitivity of Case 4 to

-5°C -3.4% -10.4% -5°C +6.4% +19.7%
6. cloud condensation temperature

+5°C -3.3% -10.2% +5°C +6.3% +19.4%
7. continental gradient (A8'®0ony)° of 6'°0 in precipitation ~ —0.27%o —1.9% —5.8% —0.36%o +5.0% +15.5%

—-10% -3.5% -10.9% -10% +6.7% +20.7%
8. recycling ratio, rg.p in 2010°

’ +10% -3.1% —-9.7% +10% +6.0% +18.4%

Several model predictions are shown, each incorporating one or more changes to the baseline parameters (Case 0). The effects of these parameter changes are reflected in the differences between Cases
1-5 and Case 0, and between Cases 6-8 and Case 4. All predictions are reported both as percentage change per decade and as percentage change from 1980-2010, each relative to 1980 values.

“All Rayleigh model parameters kept constant between 1980 and 2010 as per best estimates, see Methods section — Eq. 3.

“Predictions assuming an increase in coastal air column water vapour (N;) between 1980 and 2010 (i.e., AN) due to increase of 0.5°C in Sea Surface Temperatures inferred from Had-ISST1%.

“Predictions assuming a decrease in sea to air fractionation due to the 0.5°C increase in SST*.

9Predicted precipitation change assuming 5% change in evapotranspiration between 1980 and 2010.
eUsing difference between 6'®00ast to 6'®Ogite predicted by the isotope enabled Hadley Centre Climate model®, instead of observations in precipitation at each of the sites and at Belém, Brazil from the GNIP

database. See Supplementary Fig. 3a-d for geographical locations of modelled §'°0.

're.p is the ratio of evaporation to precipitation, i.e. precipitation recycling. Higher recycling ratios tend to weaken the Rayleigh distillation (e.g. Fig. 3b). We used rg» present time values of 0.4 for the dry
season and 0.325 for the wet season®. In all cases, asymmetric changes in evaporation and precipitation imply that past ¢ is not the same as in the present.
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Fig. 3 | Trends in the 8'*Org records reveal contrasting changes in the amount of
rainfall during the dry and wet seasons. a Diagram of the isotopic distillation of
inland transport of atmospheric moisture over South America'**'". b Graphic
representation of the changes in the §'*O of atmospheric moisture based on a
Rayleigh distillation model (shown on top of the graph, rearranged from Eq. [1]),
with green and blue lines indicating the expected effects of increasing evapo-
transpiration (E) and precipitation (P), respectively. ¢ §'*Orr chronologies, with
blue lines showing the wet season record obtained from C. odorata trees from terra
firme forests, and red line showing the dry season record obtained from M.
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acaciifolium trees from floodplain forests. Straight lines indicate significant trends at
90% confidence interval. d, e Inferred changes in rainfall since 1980, calculated from
a Rayleigh distillation framework based on the A§"*Or trends (see methods).
Lighter vertical stippled lines indicate an evapotranspiration change scenario cor-
responding to 0% and +5% over the entire analysed period, and shading indicates
possible variations arising from uncertainties in estimates of evapotranspiration,
moisture flux and vapor §*O (see also Table 1). Note that in (c), the §"°O axis is
inverted.
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decade) effect on our estimates of precipitation changes for the two
seasons (Fig. 3, Table 1, case 5). Our analysis further shows that these
estimates are insensitive to assumed condensation temperature of water
vapour in the clouds (Table 1, case 6).

Additional smaller uncertainties in our estimates arise from possible
changes in the contribution of leaf water enrichment to §'*O-rg, evaporative
enrichment of soil water, in the isotopic composition of water vapor
entering the basin, in rainfall type or intensity, and from uncertainties
related to the magnitude of the continental difference of §"*Oqast to §"*Ogiter
and the assumed recycling ratio of evapotranspiration over precipitation,
rg.p- See Table 1 for all quantified uncertainties arising from these factors,
and supplementary materials for a full discussion of how these factors may
affect our estimates.

Discussion

Our results show that floodplain and terra firme trees record the climate for
different seasons at large-scale (Fig. 2). When analysed together these
records provide more detailed, seasonally resolved climate reconstructions
for the Amazon compared to using one single species. To the degree that
8'®Ory accurately reflects rainfall §'°0, these trends are due to long-term
changes in the rainout of heavy water (H,'*0) along the air parcel trajectory
from the tropical north Atlantic to the site of precipitation®”. Previous
analysis for C. odorata from the terra firme site has shown that the total
cumulated precipitation over the air parcel path over land is a very strong
predictor of inter-annual variation in §"*O1g’" giving confidence that the
signal is governed by Rayleigh distillation during moisture transport over
land. Analysis of atmospheric back trajectories of moisture transport for the
two study sites show that they have similar paths that cover a large portion
(60-70%) of the Amazon basin, with a climatic footprint that is highly
representative of Amazon-wide rainfall (Fig. 1, Supplementary Figs. 2-5).
This large-scale spatial footprint is further confirmed by spatial correlation
analyses of these records with gridded precipitation datasets (Supplemen-
tary Fig. 6). The diverging long-term trends in §'*Org, are therefore inter-
preted to reflect diverging seasonal trends in precipitation for the same
central region of the Amazon basin.

Taking identified uncertainties into account (see Table 1, Fig. 3, Sup-
plementary Discussion), we estimate wet season rainfall to have increased by
between 5 to 7.1% per decade (15.5-22% since 1980) and dry season rainfall
to have decreased by 1.9 to 4.4% per decade (5.8-13.5% since 1980, Fig. 3¢).
This provides evidence for increases in precipitation seasonality using a
record that is independent from current climate records, and that integrates
variability in rainfall over a large area within the Amazon basin. Our analysis
is based on a mechanistic understanding of the association between climate
and 8O and overcomes some of the limitations of spatial and temporal
scarcity of meteorological data in the Amazon™.

To what degree are tree ring estimates of Amazon precipitation
changes consistent with observations? To evaluate this question, we com-
pared our 8Oy to rainfall and river stage records for the two seasons
(Fig. 4). Interannual variation and long-term trends in §"*Org are well
correlated with variation in precipitation and with river level (see Fig. 4,
please note the inverted scale for oxygen isotopes). Our estimates from tree
ring oxygen isotopes suggest rainfall reductions in the dry season (—1.9 to
—4.4% per decade) are largely within the range of those derived from the
different gridded precipitation datasets used here (CRU: —0.3%, CHIRPS:
—6.3%, MSWEP: —1.6% per decade), but imply stronger rainfall increases
during the wet season (4 5 to +7.1% per decade) than estimated from all
three datasets (CRU: +1.6%, CHIRPS: +1.6% and MSWEP: +0.3%, per
decade). This discrepancy in the estimates of rainfall changes may possibly
be caused by differences between the footprint of the tree ring isotope series
(i.e. the region of moisture transport from coast to sampling sites, Fig. 1,
Supplementary Figs. 2 and 3) and the spatial distribution of the stations that
these climate records relied on. The difference in the estimates from dif-
ferent gridded datasets also highlight the uncertainties arising from their use
to assess long-term climate trends in the Amazon region. Despite this dif-
ference, our estimates of rainfall changes largely agree with the few

published estimates of precipitation changes in Amazonia, which consider
different datasets. Few studies report similar magnitudes to what we found
here, with a reduction of up to 4.4% per decade in the dry season and an
increase of up to 10% per decade in the wet season depending on
region'”">*", and one recent study (based on observations and reanalyses)
reports an increase of 6% per decade in rainfall seasonality, given by the
difference between maximum and minimum rainfall amounts per year,
since 1979™. Diverging seasonal trends have also been detected regionally,
with up to ~5% (per decade) dry season drying in the south and similar wet
season wetting in the north portion of the basin™*. Interestingly, these
results seem to go in the same direction of ours, even though the spatial
footprint of our records does not capture all of the southern Amazon during
the dry season. Here we cannot make any inference regarding spatial het-
erogeneity of the trends, but it is possible that to some extent our integrated
measure of the regional hydrological cycle reflects spatially heterogeneous
climate changes in the region.

In all, our tree ring trends provide strong support for a substantial
increase in the seasonality of Amazon rainfall, with the wet season becoming
wetter and the dry season drier. We find no support for previous GCM
predictions for a general drying of the Amazon basin'"***”, or for a general
wetting™. Instead, our results point to an increased seasonal cycle, as
observed before in both precipitation and river level records'"”'>>**,
These latter authors have analysed possible drivers for these trends, and find
changes are related to differences between the tropical north Atlantic and
Pacific SST anomalies, in part associated with natural variability, but a more
rapid warming in the Atlantic is likely to continue due to anthropogenic
forcing™. These large-scale changes have led to an increase in the upwelling
of the Walker cell branch over Amazonia™.

Existing tree ring records from the Amazon provide some support for
the increase in wet season precipitation suggested by our records. An
extended §'*Org record (1980 to 2020) from Cedrela odorata located in the
nearby Brazilian southwest Amazon® shows a similar upward trend in
precipitation up to 2020, despite the strong 2015 El Nifio (i.e. dry anomaly).
Tree ring-widths from south-west Amazon-Andes also capture this wetting
trend locally”, and one study from eastern Amazon points out that climate
signals in the tree rings became weaker after 1990’s”, which can be an
indication that growth limitation by rainfall is decreasing, even in the
absence of trends. Other ring-width studies from different parts of the
Amazon don’t seem to capture this change® . The reasons why tree ring-
width do not capture these changes may vary. Firstly, trees growing in
humid conditions during the wet season may not be limited by the pre-
cipitation ammounts, and thus don’t benefit from the increase in rainfall.
Secondly, tree ring studies often focus on the high-frequency variability, and
may not reproduce multidecadal trends. In addition, detecting trends in
ring-width series requires consideration of several ontogeny and other bia-
ses due to demography or field sampling strategies, which are often not
considered™**®. In comparison to tree ring widths, §"*Or records are
superior proxies for hydroclimate as the signal in these two sites arises
predominantly from variation in precipitation §"0 and is thus relatively
independent of plant physiological effects’**' and do not require detrending
to correct for ontogenetic effects.

Though the climate changes inferred from the §'*Oy chronologies
may seem large, the severity of recent climate extremes is consistent with
expected consequences of climate change™, and trends have persisted over
time. Our records only extended to 2010 and 2014, but extreme floods of the
Amazon River have continued to happen with high frequency. The four
highest flood-season river levels (2021, 2012, 2009 and 2022) and three
lowest dry-season river levels (2024, 2023, 2010) all occurred during the last
15 years”’. Of those, the most extreme levels for the entire 122-year record at
the port of Manaus were recorded in the past 3 years, indicating that the
intensification of the hydrological cycle is persistent, with increased rainfall
seasonality leading to more frequent droughts and floods"*’. As a result, the
maximum flood area of the Amazon River has extended by 26% since
19807, while intensified dry seasons have facilitated the spread of
wildfires™”. These changes cause extensive social, economic and health
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Fig. 4| §"*Org from the flooded and terra firme sites reflect interannual variation
and long-term trends in precipitation and river level during the dry and wet
seasons, respectively. Time series of (a, b) oxygen isotopes in tree rings from
floodplain and terra firme trees, respectively. (c—f) hydrological variables for the
peak of the dry season (left panels) and wet seasons (right panels) since 1975 C.E
shwing (¢, d) Amazon River levels and (e, f) Amazon-wide rainfall from CRU,
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MSWEP (scale on left axis) and CHIRPS (scale on right axis). Solid and dotted
straight lines indicate trends that are significant within confidence intervals of 95%
and 90%, respectively. The significance of trends was tested by means of linear
regression, with p values shown at each graph. The Pearson’s correlation coefficient
of the hydrological variable with oxygen isotopes from tree rings is also shown on
(d, e, r5150). Note that in (c), the §'°O axis is inverted.

impacts’, including damages to agriculture’, hydropower generation’, and
respiratory health”. For the forests, floods, droughts and fires may lead to
widespread tree mortality, both in floodplains and non-flooded areas””,
and impact on forest biodiversity”’, structure®, and resilience.

Our support for the existence of diverging long-term changes in rainfall
amounts during the wet and dry seasons has important implications for
proxy-based studies in this region. Commonly used proxy records such as
ice-cores rarely contain seasonal climate information™, while cave
speleothems™ usually integrate signals over periods of three or more years.
Such records will conceal diverging seasonal patterns as detected here, and
thus fail to provide an accurate picture of the full climate response. Tree
rings do provide information about seasonal climate variability, but in the
tropics such information is often restricted to the wet season™. The
approach we used here overcomes such limitations, and exploits differences
in growing seasons between species to permit seasonally explicit climate
reconstructions. This approach is limited only by the maximum age of

tropical trees, which may reach up to few hundred years in these
ecosystems"".

To conclude, we find diverging time trends in these two §'*Org records
since ca. 1980, with increasing §"*Ory, in the species growing during the dry
season and decreasing §'*Ory, for the species growing during the wet season.
These diverging trends are indicative of approximately 5 to 7.1% per decade
(15.5-22% since 1980) increase in wet season rainfall and by 1.9 to 4.4% per
decade (6-13.5% since 1980) decrease in dry season rainfall at large-scale in
the Amazon. Our analysis highlights that traditional climate proxies may
hide seasonally diverging trends as observed here. We find no support for a
general drying or general wetting of the Amazon basin and instead find an
increase in the seasonal cycle. Our conclusions are largely independent from
any climate data, relying only on the well-known relationship between
rainfall and the 8'°O signals in rainfall as recorded by tree rings. The results
provide a benchmark for testing the realism of climate predictions for this
region and confirm a trend in seasonality that is larger than assumed so far.
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These changes have severe and widespread implications for human liveli-
hoods and ecosystems in the Amazon.

Methods

Experimental design

To reconstruct seasonally resolved §'°0 from the Amazon basin, we used
tree ring records from Cedrela odorata from terra firme forests in the
Southwestern Amazon* (10°5’S, 66°18'W), and from Macrolobium
acaciifolium from floodplain forests in the Western Amazon® (74°05' W,
4°29' S, Fig. 1). C. odorata grows during the local wet season, defined as
the period of the year with rainfall exceeding 100 mm month™ (which is
October to April at this site)”, and the §"Orr chronology (ie. the
average of §"°0 records obtained from trees belonging to the same local
population of trees) of this species thus reflects past variability of wet
season rainfall in the Amazon. The inter-annual and decadal scale var-
iation is in close agreement with similar chronologies obtained from trees
of the same species growing at other locations in the western Amazon
basin®’. Macrolobium acaciifolium is a typical floodplain species, that
grows only during the non-flooded (terrestrial) period, which is
between July and November for this site. As this period coincides with
the Amazon-wide dry season, the chronology reflects rainfall variability
for the dry season. Though the two sites are distant from each other, the
large-scale atmospheric processes associated with Rayleigh distillation
during moisture transport result in wide spatial coherence of tree ring
80 even at distant locations™. This can be illustrated by the large
overlap of the regions of moisture transport to each of our sampling sites
(Supplementary Figs. 2 and 3).

Both chronologies consist of oxygen isotope ratios in the cellulose
extracted chemically from the tree rings using the procedure described in
ref. 83. For C. odorata, 890 rings from 9 trees were separated prior to
cellulose extraction, while for the M. acaciifolium trees we first extracted
cellulose from cross-section laths and then separated 384 rings from 6
trees™. As these species grow in tropical warm climates which favour
rapid drying of the soils and constant recharging with new rainfall™**,
long soil water residence times are generally not expected®”, and we
consider that trees use mostly recent rainfall as their main source water.
Still, for M. acaciifolium trees only the middle section (of three segments)
for each ring was used to avoid using wood produced at the start and end
of the growing season, when river water (which has longer residence
times) are close to trees’ rooting zones. After extraction, tree ring cellu-
lose samples were homogenized, freeze dried, packed into silver capsules
and pyrolyzed with an Element Analyzer coupled to a Sercon 20/20
IRMS for analysis of their stable oxygen isotope ratios, with a precision of
0.2%o. All isotope ratios are expressed relative to the Vienna Standard
Mean Ocean Water (VSMOW), in permille (%o) units. The mean §"* Oy
chronologies for each species were produced by taking the mean §"*Org
of all trees for each calendar year. The average of Pearson’s correlation
coefficients of all pairwise combinations of trees in each chronology was
0.58 for M. acaciifolium and 0.63 for C. odorata.

Estimation of precipitation changes using Rayleigh
distillation model
We use the following Rayleigh distillation model*’

6site+1o3 _fa—l — % ot =(1-= P—E ot (1)
8opust + 10° TN N N

to relate changes in the oxygen isotope values to changes in pre-
cipitation, moisture content in air entering the basin and evapotranspiration
in Amazonia. Here, 8, and J_,,, (%o) are relative deviations of isotope
ratios from a standard ratio at the site and coast respectively, P and E
(dimensions of mass per area) are the cumulated rainfall and evapo-
transpiration along an air parcel trajectory from the coast to the site,
respectively, N (mass per area) is the total amount of water of the air column
when air enters the basin, and Ny is the water mass left in the air column at

the end of the trajectory, a =1.010744 the water-vapor equilibrium frac-
tionation factor for a condensation temperature of 10 °C* corresponding
approximately to 700hPa altitude”, and f s the fraction of water vapour in
the air column at the site relative to water vapor in air entering the basin, or
‘remaining fraction’.

Our Rayleigh model assumes that (a) there have been no changes in the
type of precipitation (i.e. convective vs stratiform) and intensity of pre-
cipitation, and (b) that temperature does not affect 6O strongly at these
locations, and (c) that the isotopic ratio of vapor entering the basin does not
change over time.

Using Eq. 1, the long-term change over time in §'0 as a result of long-
term changes in precipitation, evapotranspiration and changes in water
content of air entering the basin is then given by

P, — E\\ 7V P, —E\\“ ™
851(9.f - 8sile,i = (6coasl + 103){ <1 - ((Tff>> - (1 - (T))
2

Here the subscript 1’ stands for initial and the subscript ‘f for final in time (in
our case 1980 and 2010). Equation 2 can be rewritten as a function of relative

changes AP = %, AE = %7 AN = N‘I;N‘ using the identities P; =

P P i i
(7ap77) for P and similar for E and N to obtain
b EAGD B \\@
gitet — Osite = (8c(msl + 103) (1 - ﬁf + #) - |1- w
f f (1I+AN/N)

(€)

Equation 3 permits, in principle, to determine which combinations of
relative changes in precipitation and evaporation are compatible with the
observed difference of the heavy isotope ratio in precipitation between 2010
and 1980 inferred from our tree ring records. Nonetheless, to use Eq. 3 for
this purpose we need (i) an estimate of present 8, and (ii) estimates of the
ratios ;—ff , f]—‘f and their uncertainties. We estimate the former using the
observations at Belém from Global Network of Isotopes in Precipitation
(GNIP), for which rainfall §'°O data is available for the years of 2014 and
2015. From these years, we used the months from August to October for the
peak dry season and from November to March for the peak wet season.
These periods disregard the shoulder months from the growing season of
the trees, to avoid an effect of year-to-year variability in the growing season
length on our results.

To estimate the latter we express them as functions of remaining water
vapor fraction, f, in an air parcel arriving at the site at the end of the period
=5,
lated evaporation to cumulated precipitation along the air parcel path from
the coast to the site. The ratios == , ==

NN,
P _ 1of B f-1

D R

considered (here 2010) and a recycling ratio rg.p the ratio of cumu-

expressed as functions of fand ., are

-3

. fwe estimate from observed §, . attheend

site coasf

of the period considered, inverting Eq. 1:

P E §.. —6 1/(a—1)
f:l__f+_f: (1+(slte Coast>> (4)
Nf Nf 5C03.St + 103

For our best estimate we used 75, = 0.325 for the wet season and
rg.p = 0.4 for the dry season®. To estimate 8, — 8, We used mea-
surements made at the GNIP stations Iquitos (Peru) for Jy, and Belém
(Brazil) for 6, and data for Riberalta (Bolivia), from a monitoring led by
the authors of this study (Brienen and Gloor). For details see Supplementary
Table 1 in supplemental information.

Rayleigh model uncertainty analysis

In order to obtain plausible ranges of relative changes of Prand Ef we vary
estimates of using two different estimates of 8, — J_., (one based on
observations from GNIP, and one based on a isotope enabled version of the
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Hadley Climate model HadAM3”, and by varying « over a plausible con-
densation temperature range. Separately we also vary ry., by £10%.

As we know that tropical Atlantic sea surface temperature increased by
0.5°C (80—15 W, 8—22 N, HadSST data from ref. 93) we also examined the
sensitivity of our best estimate of the attribution of the observed isotopic
time trends to these changes. We did this by varying the water vapor content
and the isotopic ratio of incoming air (see Supplementary Discussion for
details).

Statistical analyses

We related the §"Ory chronologies to large-scale precipitation obtained
from three different gridded datasets, Climate Research Unit (CRU TS
4.07)*, from CHIRPS™ and from MSWEP?’. We used CRU as it is based on
station data. CHIRPS and MSWEP are more recent products that combine
both station and satellite data and might provide better spatial representa-
tion. Large-scale rainfall was obtained by averaging rainfall over the Amazon
Basin region during the trees’ respective growing seasons (Fig. la, gray
outline”). To assess the regions of influence of trends in both chronologies,
we calculated for both sites the daily air mass trajectories using HYSPLIT***
(Supplementary Fig. 3ab) and then calculated the latitudinal range covered
by >95% of all trajectories for every 0.25 degrees longitude, using a
smoothing spline to remove noise. This provided the northern and southern
limits of the regions of moisture transport to each sampling site (Fig. 1a). We
then averaged rainfall within this region (upwind region rainfall). The
rainfall series obtained by doing so is highly correlated with the rainfall time
series obtained for the Amazon Basin region (Supplementary Fig 2).

We also correlated the §'*Org with Amazon River level recorded at
Obidos, approximately 600 km from the Amazon delta. River levels at this
location corresponds to nearly 80% of the water drained within the Basin'”,
thus providing a second measure of large-scale hydrology within the Basin.
The presence of trends in the §'*O chronologies and climate data over the
past 30 years was assessed using linear regression analyses and t-tests.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Oxygen isotopes data that support the findings of this study are available in
Figshare with the identifier https://doi.org/10.6084/m9.figshare.29070431.
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