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We present a unique proxy for the reconstruction of variation in
precipitation over the Amazon: oxygen isotope ratios in annual rings
in tropical cedar (Cedrela odorata). A century-long record from
northern Bolivia shows that tree rings preserve the signal of oxygen
isotopes in precipitation during the wet season, with weaker influ-
ences of temperature and vapor pressure. Tree ring 5’20 correlates
strongly with §'30 in precipitation from distant stations in the center
and west of the basin, and with Andean ice core §'0 showing that
the signal is coherent over large areas. The signal correlates most
strongly with basin-wide precipitation and Amazon river discharge.
We attribute the strength of this (negative) correlation mainly to the
cumulative rainout processes of oxygen isotopes (Rayleigh distilla-
tion) in air parcels during westward transport across the basin. We
further find a clear signature of the El Nifio-Southern Oscillation
(ENSO) in the record, with strong ENSO influences over recent dec-
ades, but weaker influence from 1925 to 1975 indicating decadal
scale variation in the controls on the hydrological cycle. The record
exhibits a significant increase in '80 over the 20th century consis-
tent with increases in Andean §'20 ice core and lake records, which
we tentatively attribute to increased water vapor transport into the
basin. Taking these data together, our record reveals a fresh path to
diagnose and improve our understanding of variation and trends of
the hydrological cycle of the world’s largest river catchment.

climate change | dendrochronology | plant physiology

he Amazon basin is a major center of atmospheric convection

and precipitation (1), and at the same time the world’s largest
drainage basin. The Amazon’s river discharge accounts for ~17%
of the annual global discharge to the oceans (2); its hydrological
cycle is tightly linked with the carbon cycle of the Amazon rain-
forest (3), which itself is one of the largest terrestrial biomass
carbon pools. Changes in the hydrological cycle of the Amazon
may therefore significantly affect atmospheric dynamics and global
climate by changing atmospheric CO, concentration. Two partic-
ularly severe droughts occurred within the last decade (4), and
long-term river records of the Amazon show a steady increase in
discharge over the last century (5), indicating that the system may
start to undergo some changes. It has been suggested that these
changes are a result of anthropogenic warming, but they may also
be part of longer-term, natural climatic variability. To clarify such
a globally important issue, long-term, accurate records of the hy-
drological cycle of the Amazon basin are needed. However, me-
teorological data are only reliable for the last 50-60 y (6), and
annually resolved long-term proxies for the hydrological cycle from
within the Amazon basin itself are very scarce (7).

A commonly used diagnostic for strength and functioning of the
water cycle is the isotopic composition of precipitation. Although
variation of oxygen isotope ratios in precipitation in temperate to
arctic regions is determined among other factors by the condensa-
tion temperature (8), the dominant contributing factors over tropical
land are rather Rayleigh distillation [because of changes in the
isotopic water vapor content of air when traveling inland caused
by precipitation (9, 10)], recycling of rainwater (11), and local
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precipitation intensity (cf. “amount effect,” refs. 8, 12, and 13).
Observations of the isotopic composition of meteoric precipitation
over South America show that isotopic composition is indeed closely
associated with the amount of precipitation along the air parcel path
(10), which suggests that oxygen isotopes in precipitation are pre-
dominantly a proxy for the large-scale atmospheric component of the
basin-wide hydrological cycle (9, 14). However, the interpretation of
results from paleoclimatic studies of oxygen isotopes in ice cores (15—
17), lake sediments (18), and speleothems (19, 20) remains disputed,
and proxies have been interpreted variously as indicators of tem-
perature (17), basin-wide rainfall (18-21), or a combination of both
(22). Despite numerous oxygen paleorecords from the Andes, there
are no such proxies from within the Amazon basin itself.

A promising new method for the reconstruction of Amazon
precipitation is oxygen isotopes in tree-ring cellulose (5'%0y).
However, the conditions and degree to which tropical tree rings
record variation in oxygen isotopes in precipitation, and thus indeed
contain information about the hydrological cycle, remains poorly
known (23). Oxygen isotopic values in tree rings are believed to
mainly reflect isotopic composition of soil water and plant physio-
logical effects, like leaf-water enrichment and oxygen isotope ex-
change reactions of photosynthates with water (24, 25). The degree
to which these factors influence the signal of oxygen isotopes in tree
rings may vary between sites and species (24). In the tropics, the
number of oxygen isotope studies is small, although recently has
been increasing. The few studies undertaken so far show that oxygen
isotope signals in wood of lowland tropical trees are often domi-
nated by a negative influence of precipitation amount (7, 23, 26), but
correlations are often weak (7). Positive correlations with rainfall
amount have also been found (26). Still, the number of long tree-
ring isotope chronologies is small, and the factors controlling vari-
ation in tree-ring oxygen isotope ratios in lowland tropics remain
poorly understood.

In this study, a unique annually resolved isotope record from
well-dated tree rings of Cedrela odorata from the Amazon basin is
presented. These trees are a prime candidate to record variation in
precipitation §'®0 because C. odorata has a relatively superficial
root-system and relies strongly on water from the topsoil layer (27).
We first analyze the relation between variation in tree-ring oxygen
isotopes and isotopic composition of soil water using records of
oxygen isotopes in meteoric rainwater and from Andean glaciers.
We then quantify the effect of climate on interannual variation in
tree-ring oxygen isotopes by relating our records to local and basin-
wide climate variables and to discharge data of the Amazon River
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at Obidos. Finally, we explore the influence of the associated large-
scale climate drivers for the Amazon [e.g., influence of El Nifios
and Atlantic sea-surface temperatures (SSTs)], and discuss the
wider importance of our findings.

Results and Discussion

What Controls Oxygen Isotopes in Cedrela Tree Rings? As tree roots
take-up soil water without fractionation of the heavier H,'*O (24,
25), atleast part of the ISO'[OPIC signature in tree rings should reflect
Varlatlon in precipitation 8'%0. To test this hypothesis, we corre-
lated §'%0,, with isotopic ratios in meteoric precipitation (data;
Global Network of Isotopes in Precipitation; see SI Appendix),
which shows indeed significant relations with various stations
across the Amazon Basin (Fig. 1). Among the station records, the
correlation is strongest with annual values of oxygen isotopes in
precipitation (8'*0prec) from Manaus (r = 0.86,n = 15? Generally
variation in 8'80,, correlated most strongly with 80 in pre-
cipitation during the wet season (December—May), which corre-
sponds to the main period of growth for this drought-deciduous
species (SI Appendix, Fig. S3) (28).

Additional support for a dominant influence of the soil-water
signal on 5'0,, comes from a comparison of the tree-ring record
with 5'®0 from Andean glaciers (15 17), which have primarily
been interpreted as indicators of 5'%0 in atmospheric water va-
por from the Amazon basin (21). We find a relatively strong
correlation with the Quelccaya and Huascaran ice core records
(Quelccaya, 1963-1984, r = 0.77; Huascaran, 1963-1992, r =
0.68), and somewhat lower correlation with the Sajama ice core
record (1963-1997, r = 0.44).

Plant physmloglcal models using 50 predict that tree-ring
cellulose is not only influenced by soil water but also by evapo-
rative enrichment of transpiring leaves (25). To explore to what
degree the interannual variation 1n 8'®0 in Cedrela tree rings
contains such signals, we related 8'®0,, to locally recorded cli-
mate variables and found statistically significant relationships of
local precipitation, temperature, and vapor pressure (SI Appen-
dix, Table S2). The effect of interannual variation in isotopic
composition of precipitation is bigger however (correlations in

Fig. 1). Although we do not have additional ecophysiological data
(e.g., daily leaf temperature and stomatal conductance) to detect
the plant physiological influences, overall results indicate that
plant physiological controls are relatively small (see SI Appendix
for further details). This finding differs from Kahmen et al. (29),
showmg that leaf-to-air vapor pressure was the main control of
plant 50 along an altitudinal gradient. For our spemes at this
site, the dominant control of interannual variation in §'80,, seems
to be interannual varlatlon in the isotopic composition of mete-
oric precipitation (6 Oprec)

Climatic Signals in Tree-Ring Oxygen Isotopes at Interannual to
Decadal Time Scales. Our record provides an annually resolved re-
construction of oxygen isotopes for the last 100y, and thus allows for
an analysis of climatic controls on oxygen isotopes in tree rings, and
thereby precipitation over the Amazon. We find that the amount of
precipitation over the entire Amazon basin has the strongest cor-
relations with 8'%0,, (Fig. 2). There are also significant correlations
with temperature and vapor pressure, but these are weaker and
decrease or disappear entirely when controlling for the influence of
(basin-wide, wet season) precipitation (SI Appendix, Table S3). This
finding suggests that the amount of basin-wide prec1p1tat10n during
the wet season exerts the strongest influence on 5'%0,,. Conse-
quently, we also find a remarkably strong correlation with the Am-

azon discharge measured at Obidos at interannual to decadal scales
(Fig. 2). The correlations with river discharge, calculated for dif-
ferent time periods over the 20th century, remained relatively high
for the entire record (varying between —0.80 over recent decades to
—0.53 at the start of the century) (SI Appendix, Table S4), but the
strength of the correlation with the precipitation record decreased
more strongly (i.e., from —0.85 to —0.33) (SI Appendix, Table S3).
This finding indicates that the influence of the amount of basin-wide
precipitation on oxygen isotopic composition is stationary over
longer time scales and that decreasing correlations with pre-
cipitation data further back in time are likely because of poor quality
and low spatial resolution of the precipitation dataset at the start of
the century (6). Known extreme dry years are clearly visible in the
oxygen isotope record (Fig. 2). Notably, the driest year over the last
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Fig. 1. Map of the Amazon indicating the study
site (red dot), stations with records of 5’0 in me-
teoric precipitation (black dots), Andean glaciers
with records of §'%0 (triangles), and the location of
the Amazon River discharge records at Obidos (blue
square). The shaded area shows the area of the
catchment of the Amazon River that discharges at
Obidos, an area encompassing 77% of the entire
basin, or 4.68 million km? (5). The broken line
indicates area from which climate data for the
whole basin were extracted. Values next to the
station names and glaciers indicate the correlation
coefficients between §'80;, and §'30 measured in
precipitation or ice cores at those sites. For details
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on data sources for 8'80 records, see S/ Appendix.
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Fig. 2. Time series of 5'0 in tree ring cellulose of
C. odorata (Purissima, Bolivia), wet season pre-
cipitation over the Amazon basin (2.5°N-15.0°S,
50°-77.5°W, Climatic Research Unit TS3.1, broken
part of line indicate less reliable records < 1963),
15 Obidos river discharge (5), wet season Nifio3.4 SST
anomalies, and mean ice core §'20 [i.e., arithmetic
mean of Huascaran, Quelccaya (17),and Sajama
glaciers (15)]. Broken vertical lines indicate the 5y
(1925-1926, 1911-1912, 1991-1992, 1963-1964, and
1916-1917) with the lowest Obidos river discharge
of the 1901-2001 period, a good indicator of severe
droughts over the Amazon Basin. A low-pass, But-
terworth filter was applied to each of these time
series to visualize decadal scale variation (see
Methods). Values indicate the Pearson correlation
coefficients between the §'80;, and other records
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century, the El Nifio-Southern Oscillation (ENSO) related drought
of 1925-1926 (30), also shows the highest excursion in the entire
5'%0,, record. The finding that 580, is primarily related to in-
terannual changes in wet season precipitation, agrees also with
findings in tree rings from Costa Rican cloud forests (31) and
northern Laos (32).

The observed influence of precipitation on the oxygen signal is in
line with climate-model results (9, 14), and with observations on
the relationship between fSlSOprec and (amount of) precipitation in
the Amazon (10, 14). Our results thus support the idea that glacier
and other oxygen isotope records in the Andes or subtropical
Brazil (33) should primarily be interpreted as a precipitation re-
cord (18, 20, 21), and are much less a proxy for temperature. The
strong similarity between our record and those from Andean ice
cores (Fig. 2) shows that a large portion of variation in ice core
880 can be attributed to variation in %0 from the Amazon basin,
but with greater variation in the Andean ice cores because of
orographic lift of air over the Andes, resulting in further rainout
processes (17, 34). Given the similar controls of these records, it is
thus tempting to argue that the observed low isotope values in
Andean ice cores during the last glacial maximum (LGM, ca. 18-21
ka ago) indicate that the Amazon was wetter during the LGM than
it is today. This finding would be consistent with independent
inferences of wetter conditions during the LGM based on lake
records in the Altiplano (35), but inconsistent with pollen evidence
(36) or Amazon river outflow reconstructions based on a marine
foraminifera 8'%0 record (37), indicating that the Amazon was
drier than today. A scenario of a drier Amazon seems difficult to
reconcile with wetter Andes indicated by ice core records during
the LGM. However, factors other than precipitation may play

Brienen et al.

1990 2000

for the full period shown (for all P < 0.001). Note
that the y axis for the 8'®0 series and the Nifo3.4
SST are reversed.

a role for 5'®0 in precipitation. For example, a greater fraction of
run-off from total water vapor available within the basin, because
of changes in forest type or larger extent of savannah during the
LGM (36), leads to decreases in 8'°0 at the end of the water vapor
trajectory (22). Similarly, large-scale circulation changes associ-
ated, e.g., with shifts in orbital forcing may have changed the
moisture transport trajectory to the Andes (33).

Large-Scale Drivers of Interannual to Decadal Variation in Tree-Ring
Oxygen Isotopes. A major driver behind interannual variation in
precipitation in the tropics and the Amazon basin is the ENSO (1,
3, 38, 39). El Nifio-years are associated with decreased convection
over the Amazon basin (3). We find indeed a positive correlation
between §'%0,, and SST in the central equatorial pacific (the
Nino3.4 region) (Figs. 2 and 3). This Pacific influence is strongest
during the austral summer (i.e., peak of the rainy season) (SI/
Appendix, Table S5). Besides this well-known Pacific influence,
precipitation over the Amazon is also influenced by tropical At-
lantic SST, but mainly during the dry season (38). This finding
probably explains the lack of high correlations between 850,
and Atlantic SSTs at interannual scales, as §'80, records 6180prec
during the rainy season and not the dry season (S Appendix, Fig.
S3). However, tropical north Atlantic SST anomalies do show
strong parallels with our record at decadal and longer time scales,
both exhibiting positive trends over time (SI Appendix, Fig. S6).

Interestingly, although the effect of ENSO on precipitation
(amount) at the study site itself is relatively weak (SI.Appendix, Table
S1), the correlation of 5'%0,, with ENSO is strong. These results and
observations of ENSO signals in Andean ice core records (16) in-
dicate that it is the large-scale atmospheric circulation that controls

PNAS Early Edition | 3 of 6

ENVIRONMENTAL

EARTH, ATMOSPHERIC,
AND PLANETARY SCIENCES

SCIENCES


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1205977109/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1205977109/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1205977109/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1205977109/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1205977109/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1205977109/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1205977109/-/DCSupplemental/sapp.pdf

z

1\

‘
-

1900-1924

1950-1974

e §°

60N

30N

Fig. 3. Correlations between 5'20,, and gridded global S5Ts (data:HadISST1) during the wet season (i.e., October to April) for different time periods of the last century.
Values on the color scale correspond to correlation coefficients (P < 0.01). The square in the Pacific Ocean indicates the Nifio3.4 region (5°S-5°N, 120°W-170°W).

the 8'%0 signal in the Amazon basin, and not a local amount effect
(i.e., a negative correlation between the rate of precipitation and
880 in local precipitation) (12, 13), consistent with model pre-
dictions (14). Similar controls of ENSO on the isotopic signature in
tree rings were observed in Costa Rica (40) and Asia (32, 41), and
negative correlations were observed along the west coast of Peru,
where warm-phase ENSO events result in increased precipitation
and thus negative excursions in 8'%0 (23). These tree-ring isotope
studies show that ENSO affects interannual variation in plant §'*0
over large areas in the tropics. As the tropics are also regions with
very high net primary productivity, this pan-tropically coherent
ENSO signal in plant water §'®0 is passed on to oxygen isotope
ratios in atmospheric CO, through biosphere-atmosphere gas ex-
change, and leads to higher §'®0 in atmospheric CO, several
months after El Nifio’s occurred (42). In all, our results confirm
the potential of tree ring 5'%0 to elucidate historical influences of
ENSO on precipitation in the tropics.

The influence of ENSO is not always equally dominant, show-
ing a weaker influence on our isotope record during the middle of
the century and stronger influence during the beginning and end
of the last century (Fig. 3). The reduced influence of ENSO during
the middle of the century coincides with periods of lower variance
in the Southern Oscillation Index (the atmospheric branch of
El Nifio) (43), weaker correlations between ENSO and pre-
cipitation in the Amazon (1), and lower interannual variation in
precipitation and Obidos records (5, 39) during 1920-1960. At
decadal scales the oxygen isotope record also shows a big shift in
the oxygen isotope record around the 1970s, probably related to
an abrupt warming of the tropical Pacific and change in sign of the
Pacific Decadal Oscillation (1).

Possible Mechanisms Underlying the Strong Precipitation Signal in
8'®0,,. It is quite remarkable that oxygen isotopes in tree rings of
just eight trees from one single site are such a good proxy of pre-
cipitation in the whole Amazon catchment basin of approximately
5 million km?. What are the underlying mechanisms for this strong
coherence? Variation in the isotope signal in precipitation is
a mixture of local effects (e.g., local precipitation intensity) and
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large-scale influences (e.g., changes in isotopic signature during
water vapor transport into the basin). The lack of strong correla-
tions of §'%0,, with local climate records and the strong decrease in
correlations after controlling for the effect of basin-wide pre-
cipitation (SI Appendix, Table S3), suggest that the isotopic sig-
nature in precipitation at our site reflects primarily what happens
during water-vapor transport to the site rather than local pre-
cipitation amount. During air-parcel transport, two processes af-
fect the isotopic composition of its water-vapor content. First,
heavy isotopes tend to condense more readily, and thus water va-
por gets gradually more depleted during transport over land [i.e.,
water vapor loses relatively more of the heavier isotopes (H,'*0)
because of the classic Rayleigh distillation (8)]. The degree of total
“rainout” of heavy isotopes depends on the fraction of water that is
removed from a particular air parcel, and is thus generally larger
during years with high amounts of precipitation along the air-
parcel trajectory than during years with low precipitation. There-
fore, this mechanism leads to more depleted water vapor (more
negative 5'°0) at the end of the trajectory during wet years com-
pared with dry years. A second process that may affect the isotopic
composition of water vapor is recycling of rainwater by vegetation
(11). Tropical rainforest transpires large amounts of water through
transpiration by stomata and direct evaporation of water from leaf
surfaces during the day; it is estimated that up to 60% of the yearly
precipitation is returned into the atmosphere, much of which will
eventually condense again (11, 44). As evapotranspiration is ap-
proximately a nonfractionating process with respect to oxygen iso-
topes (i.e., water vapor leaving the leaf has the same isotopic
signature as stem water), once a transpirational steady-state has been
reached in the leaf (45), large amounts of water vapor with an isotopic
signal similar to that of soil water are returned to the atmosphere.
The isotopic signature of this recycled water from vegetation into the
atmosphere will be relatively lighter (i.e., has a lower §'®0) during
years with high precipitation, as the precipitation from which the
vapor originates is lighter because of the amount effect (12, 13).
Continuous recycling of water along the trajectory thus adds more
and more water vapor to the airstream traveling westward, which
carries an isotopic “memory” of the local amount effect. Because

Brienen et al.
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recycling may contribute to more than half of the precipitation in the
western part of the basin (estimates vary between 50% and 88%) (46,
47), isotopic signatures in these parts of the Amazon are therefore
also expected to be partly a reflection of the accumulated local
amount effects. We expect that these two mechanisms will enhance
the differences in the isotopic signal between dry and wet years along
the water-vapor trajectory, and thus exacerbate difference in isotopic
signal in the western and eastern part of the basin.

We do find some evidence for this in our data as our tree-ring
record correlated better with observational data of 8'%0 in the
western and center of the Amazon basin and with Andean ice
cores, than with ESISOPrcc records at the east (see, for example,
correlation coefficients in Fig. 1). This finding seems to confirm
that the isotopic imprint in water vapor indeed changes from east
to west. The specific location of our study site means that each
air parcel has traveled at least 2,500 km from its origin in the
tropical north Atlantic to the southwest of the basin (SI Ap-
pendix, Fig. S5), which probably played a major role in making
the signal so particularly strong.

Long-Term Trends in Tree-Ring Oxygen Isotopes. In contrast to the
ti%;ht correlation at interannual time scales, we find that the trends of
8"°0Oy; and Amazon precipitation diverge over longer time scales.
Obidos river discharge (5) and the Global Precipitation Climatology
Centre precipitation dataset both show increases over the last cen-
tury, but not Climatic Research Unit precipitation (SI Appendix, Fig.
S7). If the §'®0y records would have followed directly this river
discharge and precipitation trend over the last century, we would
expect a decrease in long-term 5'%0,,, but instead we find a signifi-
cant increase of 0.5%o in 8'%0y, over the last century (SI Appendix,
Fig. S2). A comparison with Andean ice core records (Fig. 2) (48),
Andean lake sediments (18), and speleothems at the Andean foot-
hills (20) reveal parallel increases in §'®0 since approximately 1850.
We interpret this long-term increase in 8'30, therefore as a result of
increasing 8'®0 in precipitation over the basin rather than because of
plant physiological changes during ontogeny. Studies that specifically
looked at physiological 5'%0 trends in tree rings found a negative
trend with age (49). Although this study was performed in a sub-
stantial different climatic zone, we argue that a strong ontogenetic
(i.e., age- or size-related) -positive 'O trend is not very likely.
Previous studies have interpreted these recent increases in 50
differently. Thompson et al. (48) attributed the increases since 1850
to increases in air temperature, in line with interpretation of mid and
high latitude 5'%0,r. data (50). Although the magnitude of increases
in temperature over the Amazon basin (0.77 °C over 100 y) may
explain the increase of 0.5%o in our record, support for a tempera-
ture effect at tropical latitudes is scarce. In contrast, Bird et al. (18)
explain recent increases in their lake record as an indication of
a general weakening of South American wet season precipitation,
but such a weakening of South American wet season precipitation is
at odds with the observed (upward) trends in Obidos river discharge
and precipitation over the last century. We briefly explore other
mechanisms that may explain these long-term trends. One possible
mechanism is related to a change in the water balance of the basin,
such as changes in the net amount of water vapor transported into
the basin. The observed increases in river run-off and satellite
observations on water-vapor transport (51) indicate that water im-
port into the basin may have increased. If such increases in influx of
water vapor exceed the increase in rainout and loss via river run-off,
the isotope ratios would increase. This is because for this scenario
a lower fraction of the total water vapor traveling into the basin is
rained out before reaching our site, and thus water vapor export out
of the basin would have to increase as well. The strong, recent
increases in summer precipitation and run-off in the La Plata basin
(south west of Brazil) (52) indicates that export of water vapor to-
ward the south of the Amazon Basin did indeed increase over the last
decades (53). Other possible mechanisms that affect the isotope
signal include changes in cloud cover and convection (54) and
decreases in evapotranspiration rates because of increases in atmo-
spheric CO; (55) and deforestation. Decreases in evapotranspiration
do affect the isotope signal, but would rather lead to a decrease in
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880 over time at the west-end of the basin (56), and thus the op-
posite of what we observe. Although, we are not yet in a position to
explain the observed trend, our results show that the upward trend in
5'%0 is not because of drying of the Amazon (18), and that a tem-
perature effect (48) also seems unlikely.

Outlook. Our proxy record shows that 8'%0 in the Amazon is pre-
dominantly governed by large-scale variation in precipitation, but
the relative importance of the different mechanisms that influence
the signal remain elusive. One way of improving our understanding
is by expanding the spatial and temporal coverage of 5'%0 in tree
rings or other proxies within the Amazon. Although our 880,
record covered only 100-150 y, Cedrela can become substantially
older (i.e., > 300y old) (28) and has a large geographic distribution
(i.e., from 25°N to 25°S). Comparison of long-term trends at dif-
ferent extremes, or across different gradients in the Amazon basin
could potentially reveal important insights as to what drives the
long-term trends. For example, differences in long-term §'%0
trends along an east-west gradient may be indicative of long-term
changes in water recycling, but differences in the north-south
gradients may indicate changes in meridional positioning of the
Intertropical Convergence Zone. An extension of the record in
time may significantly improve our understanding of drivers over
longer time scales, and allow testing of whether extreme events,
like the droughts in 2005 and 2010, are increasing over time and are
related to natural cycles or linked to global warming.

The coherence over large spatial scales of the isotopic signal in
precipitation allows also, in theory, for a precise cross-dating of
chronologies over long distances. For example, the interannual var-
iation in oxygen isotopes in our site was similar to that of stations as
far as 1300-1500 km to the north east and west of the basin (Fig. 1).
Thus, as long as the trees use precipitation water in a similar way as
Cedrela, and do not excessively use deeper groundwater, our iso-
tope chronology could help assist the development of oxygen iso-
tope chronologies from other sites and species, allowing more
extensive sampling of the basin’s hydrological history in time and
space. Advantages of tree ring-based proxies are that records do
not need to be limited to the Andes or location of caves, and that
the records provide a much better resolution than, for example,
speleothems or valve records.

Conclusions

We demonstrated that oxygen isotope ratios in tree rings in
tropical Cedrela accurately record the isotopic composition of
meteoric precipitation during the wet season (SISOPreC) and show
only weak controls by plant physiology. Isotope ratios in tree rings
provide a very strong proxy for annual to decadal scale variation in
the amount of precipitation over the entire Amazon basin and for
basin-wide river discharge, and are only weakly correlated with
temperature, vapor pressure, or local precipitation. The record
shows significant correlations with 8'30 in precipitation in the
central and western Amazon and ice cores in the Andes, in-
dicating that the interannual variation in 8'%0 of precipitation
contains a spatially coherent signal over large parts of the Basin,
consistent with model predictions. The most dominant large-scale
control of variation in tree ring 8'%0 at interannual scales is the
ENSO, with a particularly strong influence over recent decades
and a weakened influence during the middle of the last century.
At longer time scales, the tree-ring oxygen isotope series showed
a significantly increasing trend. These trends were previously
interpreted as being a result of global warming or drying of the
basin, but the true cause remains disputed. Our study shows that
tree-ring oxygen isotopes can be used as a tracer for changes in
meteoric %0 and is thus a highly promising tool for detecting
long-term changes in the hydrological cycle of the basin.

Methods

Complete discs were collected from the bases of approximately 60 logged trees of
C. odorata from undisturbed tropical moist lowland forest from Purissima,
northern Bolivia (11°24'S, 68°43'W) (Fig. 1) in October 2002. Tree rings were
measured and successfully cross-dated (28). For this study, we selected eight large
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Material and M ethods

Study site, species and climate —The vegetation of the study site,
Purissima, northern Bolivia (11°24'S, 68° 43'W, cf. Fig. 1) can be
classified as a tropical lowland moist forest with a canopy height
of 25-35 m. high, abasal areaof ca. 25 m? ha’, and a stem density
of ca. 540 trees per hectare. Total annual precipitation in the study
region is 1760 mm, and shows a strong seasona pattern with a
distinct dry season between June and August with a mean monthly
precipitation of less than 100 mm per month (cf. Fig. Slb). The
influence of ENSO on precipitation in the study site is relative
weak (cf. Table S1; low correlations with SST Nifio3.4), but
ENSO does exhibit a small influence on local temperature.

The study species, Cedrela odorata (Meliaceag), is a
drought deciduous, relatively light demanding species (1) that
loses its leaves during the dry season (between July and
September), and forms distinctly visible tree rings marked by a
termina parenchyma band (2). The annua nature of its rings has
been proven by severa studies using cambial markings (3) and
correlations with climate (2, 4), and is induced by cambial
dormancy during the dry season (4)

Sample collection — Entire stem discs were collected from the
bases of ca. 60 logged trees of Cedrela odorata (> 60 cm in
diameter) with a chainsaw after selective logging in October 2002
from a height between 0.3 and 2.5 meter above the ground. All
samples were polished mechanically with sandpaper up to grit
600, and rings were marked and counted in 2-4 radii of each disc
and successfully crossdated between trees. Details are described
in ref. (2). For this analysis, we selected eight large trees (>60cm)
and isolated wood from each individual ring along a single radius
using sharp knives and razor blades. Wood was isolated equally
from across the entire width of the ring. A few rings were too
narrow to isolate sufficient wood material for cellulose extraction.
Alpha cellulose was extracted according to (5), and homogenized
with an ultasonic device (6). Cellulose samples were weighed and
packed into silver capsules, and pyrolized at 1.080°C in an
element analyzer (Carlo Erba, Milan, Italy) coupled to an isotope
spectrometer  (OPTIMA, Micromass Ltd, Manchester, UK).
Values are expressed relative to V-SMOW and have an analytic
precision of 0.3%.. The eight trees showed a very high degree of
synchronization in oxygen isotope ratios with good internal
crossdating between trees (Fig. S1; mean inter-tree correlation for
1900-2001= 0.63) and very high “Expressed Population Signal”
(EPS; ref. 7) of 0.97, indicating its suitability for palaeoclimatic
studies. In al analysis we used the arithmetic mean isotope ratios
of the different trees (5%0y,).
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Datasets— Monthly climate data used in this study are from CRU
3.1 climate datasets (precipitation, temperature anomalies, vapour
pressure)(8) and from GPCC V5 rain gauge precipitation dataset
(9). Data for the local study site came from region 12.5°-10.0°S,
67.5°-70.05°W, and Amazon basin wide data from the area
encompassed roughly within 2.5°N to 15.0°S and 50°W to 77.5°W
(see main manuscript Fig. 1 for exact boundaries). Monthly data
for the Southern Oscillation Index (SOI) are from CRU
http://www.cru.uea.ac.uk/cru/data/soi.htm), and all sea surface
temperature data from HadISST1
(http://www.metoffice.gov.uk/hadobs/hadisst/ ). We used the
climate explorer (http://climexp.knmi.nl/; (10)) to download al
climate data, and to perform correlations between 5%0, and
spatial fields of Amazon precipitation and SST-anomalies.

Isotope data in precipitation came from the Global
Network of Isotopes in Precipitation (GNIP, (11)), accessed
through the Water Isotope System for Data Analysis, Visualization
and Electronic Retrieval (WISER;
http://nds121.iaea.org/wiser/index.php). Oxygen isotope data from
ice cores of Huascaran and Quelccaya glaciers were obtained from
Thompson et a. 2000
(12)http://www.ncdc.noaa.gov/paleo/icecore/trop/ ) and Sagama
net accumulation weighted 8*°0,., records from (13), Fig. 9 in

(13)).

Discharge data for Obidos are from HYBAM (ww.ore-
hybam.org). Data over the periods 1901 — 1927 and 1947-1968 are
reconstructed based on Rio Negro river levels at Manaus and data
from other tributaries (14).

Data analysis — All Pearson correlations were performed using
SPSS (IBM, SPSS datistics, 19.0.0). To disentangle effects the
effects of the oxygen isotope composition of rain water on 820,
from climate effects (cf. Table S2), and disentangle the different
climatic effects (i.e., rainfall vs. temperature and vapour pressure,
cf. Table S3), we dso performed partial correlations. A partial
correlation is the relationship between two variables while
controlling for a third variable. To do this, the variance from the
controlling variable is removed using a linear relationship. So, the
partia correlation is the correlation between residuals of a linear
regression of each of the two target variables with the controlling
variable.

For the calculations of the dopes of the regression
between tree ring isotopes ratios (8%0,) and isotopes ratios
observed in meteoric precipitation (5°Ope), We used the
procedure outlined by ref. (15), explicitly taking errors in both
3"®Oprec and the 3'%0y into account as the magnitude of errors in
each of these affects the calculation of the steepness of slopesin a
regression (15). Standard (X,Y) regression techniques assume that
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al the errors occur in the dependent variable (Y), and these
procedure thus minimizes the sum of sguares in the Y residuals.
However, if there are errors in both variables, which can
reasonably well be estimated, the best possible estimate for the
slope of the regression is the one that minimizes the sum for both
errors. We did this using eq. 7 from York (1966). Errors for 820,
were estimated as the (annual) standard deviation of the different
trees included in the analysis. For 6180prec for years with lacking
monthly 580 values, we filled in those lacking months using the
monthly means only if data were recorded for at least 4 of the 6
months during the wet season. We estimated the errors in slsop,ec
as the standard deviation of those monthly slgoprec records that
were filled in using the monthly mean §'®Op.. This least square
fitting procedure was programmed using the R statistical platform
(16).

To visualize the decada scale trends in the climate and
oxygen isotope date, we used a low-pass, Butterworth filter (17)
with a cut-off frequency of 1/5 (removing all variation at 5 yearly
time-scales), and an order of 2. We used Matlab v7.8 (The
Mathworks) to calculate this low-pass time series.

Calculation of back trajectories —To get a sense of the origin of
water vapour at the study site we used the OFFLINE Lagrangian
trajectory model (18) to calculate daly kinematic back-
trajectories, arriving at 0OUT. Trajectory paths were calculated by
integration of velocity fields taken from operational analyses of
the European Centre for Medium-range Weather Forecasts
(ECMWF). The fidds at the Lagrangian particle positions are
obtained from the analysis fields by cubic Lagrange interpolation
in the vertical followed by bilinear interpolation in the horizontal
and linear interpolation in time. Trajectories were initialised on a
hybrid sigma-pressure coordinate of 0.99, just above the surface.
Ten-day back-trgjectories were produced, with position output
every 6 hours. We produced these trgjectories for each day
between 1% of October 2001 and 30" of April 2002, thus covering
one full rainy season that had atotal wet season precipitation close
to the long-term average over 1901-2001.
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Plant physiological controls — To study till which degree inter-
annual variation in 8"%0 in Cedrela tree rings is influenced by
plant physiological controls (e.g., evaporative enrichment of
transpiring leaves (19)), we related 80, to locally recorded
climate variables. This showed statistically significant influences
of local precipitation, temperature and vapour pressure (Table S2).
However, as these correlations may not be due to evaporative
enrichment alone, but also to a possible local climate signal in
source/soil water (3"*Ope), We statistically removed this source
water signal from 8'°0,, using partial correlations. Unfortunately,
we do not have data on 50 in local precipitation, and thus used
instead as proxies isotope records of precipitation in Manaus
(5180p,ec) as well as records from the Andean glaciers (8"0ice
Quelccaya and Huascaran records, ref. 12). 5180p,ec records from
Manaus showed better correlations with 60, and are probably a
better measure for 3'*Oyy. @t the study site, but are only very short
and discontinuous. In contrast, the Andean glacier records form a
continuous, longer record, but may be influenced by additional
local (high-altitude) effects. For both records, we used the time
window since 1963, as this period has the best spatial coverage of
climate stations (cf. Fig. 2 in ref. 20), and as collection of data on
meteoric 520 started roughly around this period (i.e., most IAEA
data for Amazon station start in 1965). Although neither of these
records is an optimal measure for the variation in local source
water 80, the analysis shows that local influences of temperature
strongly decrease or disappear (Table S2). Some effect of loca
precipitation amount and water vapour pressure on 3180y may
exist, but controls of both 5180p,eC of Manaus (r=0.86) and of the
Andean ice core records (r=0.77) are stronger.

Some additional support for a weak influence of plant
physiological controls on inter-annual variation in 30 comes
from the correlations with local vs. basin-wide variation in
climate. As shown in Table S3, basin-wide climate exhibits much
stronger correlations, and correlations with local climate disappear
nearly completely when controlling for the influence of basin wide
wet season precipitation (i.e.,, when using a partial correlations,
see section “Dataanaysis’, cf. last column table S3).
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Table S1 Pearson correlation coefficients between Sea Surface Temperatures (STT’s) in the Nifio3.4 region (5°S-5°N,
120°W-170°W) and local and basin wide climate, and Obidos River discharge.

Period Annual® Dry 2 wet®
Basin wide Precipitation  1901-2001 -0.57%** -0.33%** -0.53%**
1975-2001 -0.65%** -0.33 -0.59%**
1950-1974 -0.48** -0.44* -0.45*
1925-1949 -0.52%* -0.16 -0.49**
1900-1924 -0.62%** -0.61%** -0.59%**
Temperature 1901-2001 0.54%** 0.25%* 0.65%**
1975-2001 0.49%** 0.19 0.60%**
1950-1974 0.70%*** 0.42* 0.79***
1925-1949 0.33 0.05 0.50**
1900-1924 0.68%** 0.37 0.74%**
Local Precipitation  1925-2001 -0.03 0.24%* -0.10
1975-2001 -0.21 0.41* -0.33
1950-1974 0.02 0.07 -0.04
1925-1949 0.35 0.19 0.45*
Temperature  1925-2001 0.24 0.13 0.31**
1975-2001 0.34* 0.22 0.36*
1950-1974 0.17 0.03 0.33
1925-1949 -0.02 -0.14 0.12
Mean Max Min
Obidos River discharge 1902-2001 -0.44%** -0.46%** -0.30%*
1975-2001 -0.64%** -0.53** -0.44*
1950-1974 -0.33 -0.35% -0.34%*
1925-1949 -0.57** -0.65%** -0.26
1902-1924 -0.34* -0.49** -0.09

***¥p<0.001, **P<0.01, *P<0.05.
! Annual= May to April next year
2 Dry season= May to September
? Wet season= October to April next year

Table S2. Pearson correlation coefficients and [partial correlations] between 5180"and (wet season) local and basin
wide climate for the period 1963-2001. Wet season was defined as those months with mean precipitation > 100 mm;
i.e., October to April next year. Italic values, in brackets, indicate the outcome of partial correlations in which we
controlled for the effect of oxygen isotope composition of source water on slgot,, using oxygen records from ice cores
from Andean glaciers (8180i5e=mean of Huascaran and Quelccaya, (12)) or isotope records in precipitation from Manaus
(8180prec =annual, precipitation weighted 5180) as proxies for inter-annual variation in source water-5'°0.

local Controlled for basin wide Controlled for
5180ice 518oprec
618Oice 618Oprec
Precipitation -0.50** [-0.41* -0.59%] -0.83*** [-0.79*%**  -0.68%]
Temperature 0.39%* [0.31 0.04] 0.60%** [0.59*%* 0.37]
Vapour pressure 0.51** [0.42% 0.43] 0.44** [0.47** 0.37]

***p<0.001, **P<0.01, *P<0.05.

Brienen et al. PNAS (SI Appendix) | 3



Table S3. Pearson correlation coefficients and [partial correlations] between 5180tr and local and basin wide climate

variables for the entire year, dry season, and wet season. Italic values, in brackets, indicate the outcome of partial

correlations, in which we controlled for the effect of wet season, basin-wide precipitation.

3

3

Period Annual® Dry Wet Wet
Basin wide Precipitation  1901-2001 -0.50%** -0.16 -0.53%** [Controlled for effect
1975-2001 -0.80%** 017 -0.85%** of rainy season basin
wide precipitation]
1950-1974 -0.58** -0.21 -0.63***
1925-1949 -0.12 -0.12 -0.19
1901-1924 -0.31 -0.14 -0.33
Temperature 1901-2001 0.37** 0.22 0.48** [0.26%%]
1975-2001 0.42* 0.07 0.63*** [-0.04]
1950-1974 0.44* 0.36* 0.47* [0.15]
1925-1949 0.24 0.43* 0.34 [0.34]
1901-1924 0.28 0.40 0.42* [0.25]
Vapour pressure  1901-2001 0.36*** 0.16 0.42%** [0.25%]
1975-2001 0.35* 0.07 0.46* [0.01]
1950-1974 0.39* 0.27 0.37* [0.09]
1925-1949 0.30 0.19 0.42 [0.38]
1901-1924 0.31 0.05 0.42* [0.30]
Local Precipitation  1925-2001 -0.29** -0.02 -0.33** [0.01]
1975-2001 -0.32 0.25 -0.40%* [0.17]
1950-1974 -0.45%* -0.26 -0.45% [0.03]
1925-1949 0.17 -0.06 0.10 [0.30]
Temperature 1925-2001 0.14 0.11 0.22** [0.17]
1975-2001 0.29 0.09 0.27 [-0.04]
1950-1974 0.28 0.27 0.26 [0.2]
1925-1949 -0.01 0.01 -0.01 [0.16]
Vapour pressure 1925-2001 0.24* 0.11 0.27*** [0.19]
1975-2001 0.46* -0.04 0.55** [0.07]
1950-1974 0.41* 0.37* 0.34 [0.29]
1925-1949 0.07 -0.02 0.14 [0.26]

***¥p<0.001, **P<0.01, *P<0.05.
! Annual= May to April next year
z Dry season= May to September

? Wet season= October to April next year
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Table S4 Pearson correlation coefficients between 6'°0,, and Obidos river discharge (ref. 14) for different time periods.

Mean Max Min
1902-2001 -0.58*** -0.61*** -0.25**
1975-2001 -0.80*** -0.81*** -0.46*
1950-1974 -0.72%** -0.83*** -0.28
1925-1949 -0.57** -0.60*** -0.29
1902-1924 -0.53** -0.55** -0.06

***p<0.001, **P<0.01, *P<0.05.

Table S5. Pearson correlation coefficients between §'°0,, and Southern oscillation Index (SOl) and Sea Surface
Temperatures (STT’s) in the Nifio3.4 region (5°S-5°N, 120°W-170°W) and the tropical north Atlantic (6°N-22°N, 15°-
80°W, CRU, HadISST1).

Annual® Dry 2 Wet®
Southern Oscillation Index 1901-2001 -0.50* -0.31%** -0.52%**
1975-2001 -0.68** -0.49%* -0.68%**
1950-1974 -0.38* -0.21 -0.47**
1925-1949 -0.28 -0.21 -0.24
1900-1924 -0.47** -0.20 -0.57**
SST Nifo3.4 1901-2001 0.50*** 0.36*** 0.53***
1975-2001 0.70%** 0.57** 0.72***
1950-1974 0.35* 0.31 0.35*
1925-1949 0.37* 0.28 0.39*
1900-1924 0.56** 0.34 0.60***
SST Tropical North Atlantic 1901-2001 0.20* -0.05 0.28*
1975-2001 -0.02 -0.47** 0.15
1950-1974 0.01 -0.06 0.01
1925-1949 -0.09 -0.36* 0.10
1900-1924 0.47** 0.04 0.59%***

***¥p<0.001, **P<0.01, *P<0.05.
! Annual= May to April next year
2 Dry season= May to September
? Wet season= October to April next year
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Fig S1. Diagrams of monthly precipitation and oxygen isotopes in precipitation (6180prec) for a) Manaus (Brazil) and b) a
composite from the south-western part of the Amazon. Bars indicate monthly precipitation and the lines are the
average of 5'%0 in meteoric precipitation, obtained from Global Network of Isotopes in Precipitation (ref. 11). The
6180,[,rec data for Manaus cover 1965-1990 (not continuous) and the 60 data for South-western Amazon are a
composite of discontinuous records between 1963 and 1985 from Porto Vehlo and Rio Branco (Brazil), and

Rurrenabaque and Trinidad (Bolivia). Precipitation for the south-western Amazon is from nearest climate station, Cobija
(Bolivia, 11.0°S, 68.8°W ). Error bars are the minimum and maximum values observed.
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Fig S2. a) Pattern of inter-annual variation in 5'%0 in tree ring cellulose in 8 trees Cedrela odorata, Bolivia. The mean
inter-tree correlation for the period 1900-2001 was 0.63 and the EPS, Expressed Population signal was 0.93, and was
calculated according to Wigley et al. (ref. 7). The lower line indicates the number of samples (trees). Note that some
years in some trees were not sampled due to lack of sufficient sample materials for extremely narrow rings. b) The long-
term, mean trend in 6180tr for 1863 to 2001. The Slsot,series showed a significant increase over time (F=7.47, p=0.007).
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Fig S3. a) Relationship between 5'%0,, and wet season, weighted éSlBOprec from Manaus. Slope of the regression (0.76)
was calculated as described in the methods. Oxygen isotope data are from Global Network of Isotopes in Precipitation
(11) from the period 1965-1990 (not continuous). b) Correlations between weighted 6180p,ecfrom Manaus averaged over
a 3-monthly periods and 6180“. For example, the correlation coefficient for “m” (March) is that of the weighted 5%0 in
precipitation during February-April with 6180“. Correlations run from previous growing season (March) to the middle of
the next dry season (next August). Significant correlations (P<0.05) are indicated by the black bars.
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Fig S4. Spatial correlation patterns between 6'*0, and (gridded) wet season precipitation (from October to March next
year, dataset CRU TS 3.1) between 1975-2001. Only correlations P<0.05 are shown (i.e., white grids do not show
significant correlations with rainfall). Map was created using the climate explorer (http://climexp.knmi.nl/; ref. (10)).
Location of the study site is indicated by the red dot.
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Fig S5. Ten day back-trajectories arriving at the study site (orange dot) during one wet season (i.e., for every day
between 1% of October 2001 and 30™ of April 2002). See methods for more details.
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Fig S6. Time series of 50 in tree ring cellulose of Cedrela odorata (Purissima, Bolivia) and wet season Sea Surface
Temperature over the tropical north Atlantic region (6°N-22°N, 15°-80°W, CRU, HadISST1 ). Boundaries for this region
are based on ref. (21). The long-term increase in SST in the tropical north Atlantic is significant (P <0.005).
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Fig S7. Time series of wet season Amazon precipitation in the CRU data set (8) and GPCC data (9). Only the GPCC
dataset showed significant increases over time (F=6.87, P< 0.05).
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