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Abstract

The Amazon basin is a global center of hydroclimatic variability and biodiversity, but there are only eight instrumental rain-
fall stations with continuous records longer than 80 years in the entire basin, an area nearly the size of the coterminous US.
The first long moisture-sensitive tree-ring chronology has been developed in the eastern equatorial Amazon of Brazil based
on dendrochronological analysis of Cedrela cross sections cut during sustainable logging operations near the Rio Paru. The
Rio Paru chronology dates from 1786 to 2016 and is significantly correlated with instrumental precipitation observations
from 1939 to 2016. The strength and spatial scale of the precipitation signal vary during the instrumental period, but the Rio
Paru chronology has been used to develop a preliminary reconstruction of February to November rainfall totals from 1786 to
2016. The reconstruction is related to SSTs in the Atlantic and especially the tropical Pacific, similar to the stronger pattern
of association computed for the instrumental rainfall data from the eastern Amazon. The tree-ring data estimate extended
drought and wet episodes in the mid- to late-nineteenth century, providing a valuable, long-term perspective on the moisture
changes expected to emerge over the Amazon in the coming century due to deforestation and anthropogenic climate change.
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1 Introduction Espinoza 2016). This apparent amplification of the hydro-

logic cycle over the Amazon has been hypothesized to arise

The Amazon basin is one of the largest centers of deep
atmospheric convection on earth and it plays a major role
in the general circulation of the atmosphere and the global
energy balance (Crutzen 1987; Wang and Fu 2007; Hilker
et al. 2014). The hydroclimatology of the Amazon basin may
be changing because drought and wetness extremes have
both increased in frequency over portions of the basin since
1960 (Lewis et al. 2011; Gloor et al. 2013; Marengo and
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from both natural and anthropogenic factors, including inter-
actions between deforestation and climate over the Amazon
(Gentry and Lopez-Parodi 1980; Costa et al. 2003; Callede
et al. 2004; Chagnon and Bras 2005; Khanna et al. 2017),
anthropogenic alterations to global climate (IPCC 2013;
Nobre et al. 2016), increased water vapor transport from the
warmer tropical North Atlantic (Gloor et al. 2013), decadal
sea surface temperature (SST) changes in the Pacific (Gloor
et al. 2015), or it may simply be due to the large natural vari-
ability of Amazonian hydroclimate. Just how unprecedented
these recent moisture extremes might be in the context of
natural climate variability is impossible to determine from
the short, sparse, and frequently interrupted instrumental
precipitation and streamflow records for Amazonia.

The longest continuous precipitation measurements in the
entire 7.5x 10® km? drainage basin of the Amazon River
begin in 1892 at Rio Branco in the western Amazon and in
1901 at Manaus, Brazil (based on the stations included in
the CRU TS4.00 gridded precipitation data set; Harris et al.
2014). The longest hydrological observation in the Ama-
zon is the stage height record of the Rio Negro at Manaus
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that began continuous measurements in 1903 (Richey et al.
1989). However, only eight instrumental rainfall records
longer than 80 years with less than 10% missing values are
available for the entire basin, an area nearly the size of the
coterminous US. Very high-resolution precipitation proxies
will be necessary to extend the instrumental record in the
Amazon in order to evaluate the apparent amplification of
moisture extremes in the context of natural climatic vari-
ability during the late Holocene.

Moisture sensitive tree-ring chronologies provide excel-
lent seasonal and annual proxies of precipitation in the mid-
dle latitudes (e.g., Fritts 1966; Villalba et al. 1998; Griffin
et al. 2013), but have been very difficult to develop in the
moist tropics due to the scarcity of native tree species with
clear annual growth rings that can be exactly dated to their
calendar year of formation. However, annual tree-ring chro-
nologies have recently been developed in the western Ama-
zon basin (Briuning et al. 2009; Lopez and Villalba 2011;
Paredes-Villanueva et al. 2016), and a well dated and rep-
licated tree-ring reconstruction of wet season rainfall totals
was reported by Lopez et al. (2017) for the headwaters of the
Madeira River in the southern Amazon basin. These chro-
nologies were based on the dendrochronological crossdating
of ring width time series, but Baker et al. (2015) demonstrate
that oxygen isotope measurements on the growth rings can
enhance crossdating of selected tropical species in the west-
ern Amazon. In this paper we describe the development of
the first exactly dated and well-replicated ring-width chro-
nology in the eastern equatorial Amazon basin of Brazil. We
document the precipitation signal in this tree-ring chronol-
ogy, use the chronology to estimate precipitation variability
over the eastern Amazon for the past 231 years, and examine
the large-scale climate dynamics involved in the inter-annual
variability of instrumental and reconstructed precipitation
over this sector of Amazonia.

2 Background to the tree ring collections

An estimated 16,000 tree species may be native to the low-
land forests of the Amazon (ter Steege et al. 2013), but only
6727 have been described taxonomically (Cardoso et al.
2017). A small fraction of the known tree species (227) are
actually found widely across the basin and represent +50%
of the 390 billion individual trees estimated to be present in
the lowland Amazon (ter Steege et al. 2013). This includes
Cedrela odorata, which has been found in 96 of the study
plots tabulated by ter Steege et al. (2016). A few of these
“hyperdominant” species form annual growth rings (Schon-
gart et al. 2017) and may be suitable for the development of
a geographic network of climate sensitive tree-ring chro-
nologies as has been possible in the mid-to high-latitudes
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of the Northern and Southern Hemisphere (e.g., Meko et al.
1993; Cook et al. 1999; Villalba et al. 2012).

We have collaborated with logging companies and Norte
Energia, the large energy conglomerate responsible for the
construction of the Belo Monte hydroelectric project on the
Rio Xingu to obtain cross-sections for tree ring analysis
(Fig. 1). These companies have legal authority for sustain-
able forestry or full deforestation in construction zones. With
the cooperation of the owners of these firms, their managers,
and employees we were able to cut full and partial cross-sec-
tions from recently felled trees. As part of this collaboration,
all tree-ring specimens collected under the auspices of Norte
Energia, CEMAL, and other firms have been cataloged and
permanently stored in the archives of the Tree Ring Labora-
tories at the Federal University of Lavras and the National
Institute for Amazonian Research (INPA) where they are
available for further scientific research.

Chainsaw operators employed by our collaborating firms
cut all of these research cross sections. To facilitate these
collections we developed a guide in Portuguese to explain
the procedures for cutting specimens for tree-ring analysis.
This guide is illustrated in Fig. 2 and highlights where the
samples should be cut on the felled trees. Some specimens
were obtained in the forest where the trees were actually
felled, but many were collected at log yards (pdtios) where
recently cut logs were stored prior to shipment (Fig. 3). Only
general provenience (+ 10 km) is known for the specimens
obtained from the pdtios.

Our target species were Bertholletia excelsa (Lecythi-
daceae), Cedrela fissilis and Cedrela odorata (Meliaceae),
and Macrolobium acaciifolium (Fabaceae), all of which have
wide distributions in the Amazon. Bertholletia excelsa, the
Brazil nut tree, is a protected and socioeconomically impor-
tant tree species that is not harvested by our collaborating
logging companies. However, hundreds of Bertholletia had
to be cut during the construction of the Belo Monte project.
We collected cross-sections from 212 B. excelsa trees from
the Rio Xingu region, which is believed to be the largest
collection of Bertholletia cross sections currently available.
Macrolobium acaciifolium is a dominant floodplain species
with low economic value and thus far we have collected
cores and cross-sections from over 200 Macrolobium trees
the eastern Amazon on the Rio Tapaj6s and Rio Xingu.

Cedprela fissilis and C. odorata are both native in the east-
ern Amazon and in some cases these species have clear and
unambiguous annual rings useful for tree-ring dating else-
where in the basin (Diinisch et al. 2002; Brienen et al. 2012).
Cross-sections from 47 legally harvested Cedrela sp. were
obtained from an old growth State-owned forest near the
Rio Paru (Fig. 1) that has been recently opened to sustain-
able timber production and 45 were collected from the Belo
Monte project on the Rio Xingu. It is not possible to identify
the species of Cedrela from the wood anatomy alone, but we
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Fig.1 The tree-ring collection sites on the Rio Paru and Rio Xingu
are located on this terrain map of the eastern Amazon River basin.
The Cedrela specimens were collected just west of the Rio Paru and

believe that C. odorata dominates our collections from the
Rio Paru because it is the only species of Cedrela cited in
the forest inventory of CEMAL, the operator of the forest
concession on the Rio Paru. The analyses reported below
are all based on Cedrela from the Rio Paru in the eastern
equatorial Amazon.

3 Data and methods
3.1 Sample preparation and tree-ring analysis

Cross-sections were dried and highly polished to reveal the
minute cellular anatomy of the annual rings. Most tropi-
cal hardwoods have complex xylem anatomy, but previ-
ous research has proven that annual rings can be formed in
Cedrela (Brienen and Zuidema 2005; Paredes-Villanueva
et al. 2016). In some Cedrela stands, the symmetry of the
concentric growth rings can be distorted by competition
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near the southern escarpment of the Guiana Highlands at 200 m ele-
vation. The locations of the weather recording stations included in
these analyses are also indicated (red symbols)

among trees for light, insect attack (Diinisch et al. 2002), and
senescence (Lopez and Villalba 2016). But the well-formed
concentric growth rings in the Cedrela sections from the Rio
Paru site are exceptionally clear (Fig. 4) and the time series
patterns were easily matched among trees.

The annual growth rings of the Rio Paru Cedrela were
crossdated using skeleton plots and visual dating under the
microscope (Douglass 1941; Stokes and Smiley 1996). The
dated ring widths were measured to a precision of 0.001 mm
and the derived time series were submitted to dating and
measurement quality control with the computer program
COFECHA (Holmes 1983). The correctly dated series
were carefully detrended and standardized by fitting cubic
smoothing splines to remove non-synchronous and likely
non-climatic multi-decadal to centennial growth trends using
the program ARSTAN (Cook 1985; Cook and Krusic 2005).
The derived tree-ring indices were computed by dividing the
measured ring-width value for each year by the value of the
fitted curve for the same year (ratios). The final robust mean
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ESTUDO DOS ANEIS DE ARVORES

: RECONSTRUINDO O CLIMA

1 O QUE CORTAR?

Amostras do tronco de arvores de CEDRO

(Cedrela odorata e Cedrela fissilis).

Para cada sitio (area com um raio de 10 km),
s80 necessarias em torno de 100 amostras.

GUIA DE AMOSTRAGEM

/
Se na area a espécie for abundante, dar
preferéncia para as maiores e mais
velhas, mas também algumas menores.
*proporgdo de aproximadamente 80%
grandes e 20% médias)

7

2 COMO CORTAR?

Corte uma seg3o transversal
no final da primeira tora
* ndo na base/toco

ndo

.

sim

.

/ 7z
.
/// ou

>

Y S

“CORTE PIZZA”
(1/4 - 1/8 disco)
* INCLUIR A MEDULA E CASCA

Tentar incluir o anel central, albumoe
ultimo anel formado abaixo da casca

: “CORTE DISCO”
: (disco completo)

“CORTE RADIAL"J

corte retangular

i O CORTE IDEAL

: Primeira e melhor
: opgdo :
%

\3 ONDE CORTAR A AMOSTRA?

1. Selecione regido de forma a
evitar cicatrizes, canais de

(nem sempre possivel)

resinas, crescimento andmalo

y,

Tentar cortar duas faces paralelas:
v’ Espessura das amostras: 5-6 cm
v' Largura do corte radial: 20-25 cm
v’ Cortes de pizza e radial: mais de uma
amostra, preferencialmente.

20—-25cm

Identificar a amostra:

- Codigo de identificacdo da empresa

- Data de abate da arvore

- Se aarvore ja esta morta, indicar “morta”

- Cddigo da espécie (CEOD, CEFl ou CESP*) /

* CEOD: C. odorata CEFI: C. fissilis CESP: Cedrela sp.

' |
) 4 COMO GUARDAR? Y,
Armazenar as amostras dispostas
verticalmente em local seco e ventilado

(para evitar empenamento).

/

Deixar espaco para circulagdo do ar entre

2. Se amedula ndo estiver no
centro, selecione regido de
maior crescimento

as amostras.

F

oco podem ser amostradas

3. Arvores sélidas ou com pouco

| 4, Arvores muito ocas n3o
devem ser amostradas.

L7 1Upn %PA

NSTITUTO NACIONAL DE
PESQUISAS DA AMAZONIA
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«Fig. 2 This is the Portuguese language guide to the collection of thin
cross-sections from tropical trees felled during construction projects
or under legal and sustainable logging concessions

index standard chronology was obtained by averaging all
ring width index series on a year-by-year basis (Cook 1985;
Cook and Krusic 2005). These detrending and standardi-
zation procedures were designed to maximize the high- to
medium-frequency (e.g., interannual to decadal) coherence
between the tree-ring time series because the lower fre-
quency variance in these relatively short records does not
strongly synchronize among trees and may arise primarily
from age trend and stand dynamics in these closed forest
environments. A series of statistics were computed with the
ARSTAN program to describe the internal consistency of
the individual ring width series and of the derived stand-
ard chronology [e.g., mean sensitivity, mean correlation
among all series (RBAR; Cook and Pederson 2011), and
the expressed population signal (EPS; Wigley et al. 1984)].
Note that the “Schulman Shift” was not applied to the dat-
ing of the Rio Paru chronology. This means that tree growth
occurring in the 2016 calendar year was assigned to 2016
and not 2015 as it would have been using the “shift” which
has been the Southern Hemisphere standard since Schul-
man’s pioneering tree-ring research in the 1950s (Schulman
1956). Based on limited observations and informant infor-
mation, most annual radial growth in Cedrela trees at Rio
Paru appears to take place during the wet season (February-
July; see also Wagner et al. 2014), so it seems reasonable to
assign annual dating to the rings during the year in which
they are largely formed in these near equatorial forests.

3.2 Growth-climate analyses

The Rio Paru Cedrela chronology was correlated spatially
with monthly precipitation totals in the Climatic Research
Unit (CRU) TS4.00 0.5° gridded data set from 1900 to 2015
(Harris et al. 2014) and in the Global Precipitation Clima-
tology Centre (GPCC) V7 0.5° data set from 1901-present
(Becker et al. 2013; Schneider et al. 2017), maximum and
minimum temperatures (HadCRUTS4.01; Harris et al.
2014), and the Palmer Drought Severity Index (CRUscP-
DSI3.25; van der Schrier et al. 2013) to identify the strong-
est monthly or seasonal climate signals. An experimental
reconstruction of February—November precipitation totals
was developed using the point-by-point regression (PPR)
method of Cook et al. (1999, 2010) to calibrate the stand-
ardized ring width chronology from the Rio Paru with a
four-station average of instrumental precipitation data from
the eastern Amazon extracted from the CRU TS4.00 data
set (i.e., Porto de Moz, Santarem, Manaus, and Boa Vista).
The tree-ring chronology was calibrated from 1939 to 1970
with normalized February—November total precipitation

using a bivariate regression model. The derived recon-
struction was then validated against just a 20-year period
1971-1990 because the data available for Porto de Moz
and Santarem in the CRU TS4.00 compilation end in 1990.
To estimate the uncertainty of the tree-ring estimates each
year, semi-parametric 90% prediction intervals described by
Cook et al. (2013) and based on both standard least squares
theory (Seber and Lee 2003; Olive 2007) and the maximum
entropy bootstrap method (Vinod 2006) used to randomly
rearrange the predictor and predictand were computed for
each year of the reconstruction. Additional climate analyses
were performed using station precipitation data for Maripa-
soula, French Guiana (CRU TS4.00, Harris et al. 2014), the
COBE Sea Surface Temperature data set (Ishii et al. 2005),
and NCEP/NCAR reanalysis data (Kalnay et al. 1996).
These analyses were computed using the unfiltered instru-
mental and reconstructed time series, and with filtered ver-
sions emphasizing interannual to subdecadal and decadal to
multidecadal components of the rainfall series isolated with
a nine-point binomial filter.

4 Results

We analyzed the annual growth rings on cross sections from
47 trees cut near the Rio Paru with dendrochronology. A
total of 56 dated and measured radii from 27 separate trees
were used to construct a fully replicated chronology that
dates from 1786 to 2016 (RBAR 0.246; Fig. 5). Many of
the trees that were not included in the chronology are in
fact datable with dendrochronology, but they were either
young trees with short time series or suffered other irregu-
larities in growth and were excluded from these analyses. A
second chronology was also developed from a subset of the
10 oldest and most highly cross-correlated trees (27 total
radii; RBAR 0.319; Fig. 5). Both dated tree ring data sets
are highly correlated (r=0.91 from 1786 to 2016, r=0.90
from 1901 to 2016), but the most internally coherent chro-
nology from the ten best trees has a stronger correlation with
monthly precipitation values and is used in all subsequent
climate comparisons and reconstructions.

Exploratory analyses using both the CRU and GPCC
gridded precipitation data sets indicated that the Rio Paru
Cedrela ring-width chronology is positively correlated with
monthly instrumental precipitation observations available
from the eastern Amazon during most months of the calen-
dar year for the period 1939-2015 when the observations
are most complete. However, the strength and spatial scale
of the correlations seem to have shifted over this interval
(Fig. 6a—d). The period with the strongest and most wide-
spread precipitation signal is 1939-1970 when the chro-
nology was correlated with February—November rainfall
over the eastern equatorial Amazon and into Venezuela and
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Fig.3 A typical collection of tropical hardwood logs felled dur-
ing construction of the Belo Monte hydroelectric project on the Rio
Xingu. All felled trees were cataloged, identified to species and pre-
pared for sale. Hundreds of hardwood cross-sections were obtained
from these logs with the assistance of Norte Energia, and are pre-
served in the Tree-Ring Laboratory at the Federal University of
Lavras, Brazil

Fig.4 This polished cross-section illustrates the clear annual growth
rings on a Cedrela sp. cross-section cut during a legal operation near
the Rio Paru (this portion of the specimen dates from 1785 (pith) to
1856, decades noted with white marks). The annual growth rings of
this species are readily distinguished by semi-ring porosity and mar-
ginal parenchyma. The micro ring at 1833 is locally absent and dif-
ficult to see in this image

Columbia (Fig. 6a). From 1971 to 2015 the area of signifi-
cant positive precipitation correlation is restricted to the
extreme eastern Amazon and Guiana Highlands (Fig. 6b).
The near-annual February—November precipitation totals
appear to be most highly correlated with the tree-ring chro-
nology (Fig. 6a, b), but the chronology is also significantly
correlated with March—May rainfall totals during the heart
of the wet season in the vicinity of the Rio Paru during both
subperiods of the instrumental era (Fig. 6¢, d). The Rio Paru
chronology was also correlated with gridded temperature
and PDSI for the Amazon basin, but the results were much
weaker than for precipitation, likely due in part to the very
limited number of long temperature records from the region.
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Fig.5 a The 56 tree-ring dated and measured radii from 27 Cedrela
trees obtained from the Rio Paru are plotted as detrended, standard-
ized and autoregressively modeled white noise residuals (gray time
series). The mean index residual chronology is also plotted (black),
both for the fully replicated set of 56 radii and b a subset of the 27
radii from 10 trees that are longest and most strongly correlated
among all component radii (i.e., RBAR 0.246 and 0.319, respec-
tively). Both data sets pass the 0.85 EPS threshold test for all 50-year
subperiods (overlapping 25 years). The changing sample size of dated
radii is plotted below each panel

The Rio Paru site is located less than one degree south
of the equator where it may be affected by the two leading
modes of rainfall variability in northeastern South America.
Empirical orthogonal function (eof) analysis of GPCC wet
season (MAM) precipitation totals from 1939 to 2013 iden-
tifies a dipole in rainfall variability north and south of the
equator that represents 23.8% of the precipitation variance
(eofl, Fig. 7a; see also Torralba et al. 2015). The second
mode of variance (eof2) highlights variability largely con-
fined to the eastern and central equatorial Amazon River
sector, which is the mode that would tend to be represented
by the four-station precipitation average that straddles the
equator (i.e., Porto de Moz, Santarem, Manaus, and Boa
Vista; Figs. 1, 7b). The changes in the spatial pattern of cor-
relation between the tree-ring data and rainfall (Fig. 6) might
be due in part to temporal variations in the influence of these
modes of rainfall variability (e.g., Torralba et al. 2015).

In spite of the changes in strength and spatial pattern
of precipitation correlation (Fig. 6), rainfall variability
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Fig.6 The spatial pattern of correlation computed between the stand-
ard chronology from the Rio Paru and CRU TS 4.00 0.5° gridded
February-November total precipitation is illustrated for 1939-1970
(a), and 1971-1990 (b). The Rio Paru chronology (black dot) is also
correlated with CRU 3-month precipitation totals during the heart

appears to be the primary climate signal reflected by the
coherent ring width variability in the Rio Paru chronology.
This is supported by the significant positive correlations in
Fig. 6a—d, by the correlation with select wet season rainfall
totals [e.g., MAM at Maripasoula, French Guiana (r=0.37;
p<0.01, 1961-2016)], and by the significant positive cor-
relation between the Rio Paru chronology and annual maxi-
mum river levels for the Rio Negro at Manaus during the full
common interval of 1903-2015 (r=0.25; p<0.01). It is also
possible to calibrate and validate the Rio Paru chronology
with February—November precipitation totals observed in
the eastern equatorial Amazon during the 1939-1990 period.

To define the optimal season and region for this prelimi-
nary tree-ring reconstruction of precipitation, a regional
average of the four longest monthly precipitation stations
in the eastern Amazon was computed using Porto de Moz,
Santarem, Manaus, and Boa Vista, which are largely com-
plete from 1939 to 1990 (a few missing monthly values were
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(d) Paru vs. CRU Mar-May PPT, 1971-2015
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G k(((
¥

2N =0,
S5W  SOW 45w

of the wet season (March-May) for both subperiods, 1939-1970 (c)
and 1971-2015 (d; significant positive correlations shaded orange,
negative in blue, p <0.10). A data void area is located near 10°S and
55°W

replaced in the station observations with monthly means).
The Rio Paru tree-ring chronology is positively correlated
with precipitation during most months of the year concurrent
with growth (Fig. 8). The highest correlations were calcu-
lated for February and March, which is the beginning of
the wet season (generally February to July) in this region of
the eastern Amazon (e.g., Torralba et al. 2015). The driest
months of the year generally include August and September,
but the tree-ring chronology remains positively correlated
with monthly totals for the 10-month extending from Febru-
ary through November (Fig. 8).

The correlation of the tree-ring chronology with
10-month total precipitation (February-November) for the
four-station average from 1939 to 1990 is strong enough to
develop an experimental tree-ring reconstruction of precipi-
tation for the equatorial Amazon (note that the regional pre-
cipitation average was computed from the normalized station
totals). The chronology explains 37% of the instrumental

@ Springer



1864

D. Granato-Souza et al.

12N1 §

(a) eof-1 Mar-May PPT
1939-2013
GPCC V7

23.8%

12S 4

158

12N1 @

(b) eof-2 Mar-May PPT
1939-2013
GPCC v7

7.7%

9N 1

6N -

951 O " 20 o
DA 7 \ S g
0 — /S5 : &
Z 3 " =y
155 76w 65W 60W 55W 50W 45w 40W 35w

sd anomalies
- T T T e
08 -04 04 08

Fig.7 The spatial anomaly patterns associated with the two leading
modes of precipitation variability in northeastern South America are
mapped [eof] (a) and eof2 (b)] based on GPCC March—-May precipi-
tation totals, 1939-2013 (similar results were observed for 10-month
February—November precipitation totals and using the CRU TS4.00
precipitation data). The percent variance represented by each mode is
listed and the location of the Rio Paru tree-ring chronology is noted
on both maps (black dot). The eofs were computed using the KNMI
Climate Explorer (https://climexp.knmi.nl)

precipitation variance during the 1939-1970 calibration
period (adjusted R?=0.375; no lead or lag versions of the
tree-ring chronology were selected as predictors; Fig. 9), and
the cross validation reduction of error computed for the same
interval is CVRE =0.356. The reconstruction compares rea-
sonably well with the independent instrumental precipitation
data during the short 1971-1990 validation interval. For the
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Fig.8 The monthly values for the four-station regional precipitation
average were correlated with the Rio Paru standard chronology from
1939 to 1990 to identify the monthly precipitation totals most impor-
tant to the radial growth of Cedrela from the Rio Paru for a 24-month
period including 6 months prior to (— 1) and following (+ 1) the year
concurrent with growth. Significant correlations are noted with aster-
isks (*p<0.05, **p<0.01; the highest single monthly correlation is
February, r=0.49)
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Fig.9 The instrumental (gray) and reconstructed (black) February-
November precipitation totals for the eastern equatorial Amazon are
plotted together from 1939 to 1990. The tree-ring chronology was
calibrated with instrumental precipitation from 1939 to 1970 (RSQ-
adj=0.375) and validated from 1971 to 1990 (Pearson R2=0.275)

period 1971-1990, the Pearson R?is 0.275, the RE is 0.288,
and the coefficient of efficiency (CE) is 0.273 (Cook et al.
1999). The two worst 4-year droughts in the instrumental
record occurred from 1957 to 1960 and 1980-1983 and
were also the worst 4-year periods of tree growth/inferred
precipitation during the instrumental period from 1939 to
1990 (Fig. 9).

The full reconstruction is plotted from 1786 to 2016
(Fig. 10) and estimates interesting moisture variability
over the eastern equatorial Amazon for the past 230 years.
The reconstruction is dominated by interannual and sub-
decadal variability, not unlike the instrumental precipita-
tion totals for the eastern Amazon study area (Fig. 9). But
the reconstruction also provides preliminary evidence for a
decade-long regime of dryness in the mid-nineteenth century
(Fig. 10). The worst single year in the entire reconstruction
was for 1865, which occurred during seven straight years
of reconstructed dryness (1864—1970), part of an 18-year
period (1864—1881) of prolonged dryness when only 2 years
were above average. This apparent drought regime predates
the continuous instrumental measurements of precipita-
tion and streamflow in Amazonia, but earlier discontinuous
hydroclimate measurements and documentary information
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Fig. 10 The tree-ring esti-
mated February—November
precipitation totals are plotted
from 1786 to 2016 along with
0.05 and 0.95 semi-parametric
prediction intervals. Note the
7-year episode of below mean
estimates in the 1980s, six of
which were below average in
the instrumental data (Fig. 9).
A more prolonged dry interval
is estimated to have persisted
over the Rio Paru sector in the
mid-nineteenth Century
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Feb-Nov Precipitation, Rio Paru, Brazil
1786-2016
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might be found from the mid-nineteenth century to provide
some historical validation of this reconstructed dry interval
(e.g., monthly precipitation totals for Manaus are available
from 1870 to 1874 in CRU TS4.00).

Two extended wet episodes are also indicated in the
new reconstruction. The mid-twentieth century wet period
extended in the reconstruction from 1942 to 1956 and was
interrupted by only two dry years (Figs. 9, 10). Rainfall
was also above average during this interval in the four-
station regional average (Fig. 9). A second regime of ele-
vated rainfall was estimated for the late nineteenth century
(1882-1903; Fig. 10) and historical information would again
be valuable for testing the validity of this pluvial.

When the observed and proxy rainfall data (Febru-
ary—November) for the eastern Amazon are regressed on
gridded sea surface temperatures (averaged for Febru-
ary—April), similar global scale patterns associated with
the El Nifio/Southern Oscillation (ENSO) are identified
in both time series during the 1939-1990 common period
(Fig. 11). A 9-point binomial filter was used to remove dec-
adal and longer variability from both the instrumental and
reconstructed time series prior to regression with the SST
data. The SST patterns associated with the reconstruction
are weaker than those observed for the instrumental rainfall
data, but both time series are related with cold conditions
in the eastern equatorial Pacific and with a gradient of SST
anomalies in the South Atlantic (Fig. 11). A very similar
pattern of SST association is observed when the regres-
sion is based on instrumental precipitation data averaged
only for February—April during the heart of the wet season
(1939-1990).

The similarity of SST signals in the observed and recon-
structed rainfall data provides further support for the proxy
climate value of the Cedrela chronology from the Rio Paru.
The Pacific SST signal in the reconstruction does weaken
during the 1991-2016 period, and the signal in the tropical

T
1900
Year

North Atlantic strengthens (not shown). But a regression of
the rainfall reconstruction on the COBE SSTs from 1881 to
2016 is very similar to the global SST patterns illustrated
in Fig. 11b.

5 Discussion and conclusions

The Rio Paru Cedrela collections have provided one of the
longest equatorial (+5° N-S) tree-ring chronologies in the
world, based on tree-ring data that have been contributed
to the NOAA Paleoclimatology Program. These outstand-
ing Cedrela trees have well formed concentric growth rings
that are obvious and are among the best we have yet found
in tropical rainforests. The master dating chronology devel-
oped from the Rio Paru has very good chronology statistics
reflecting strong internal coherence among the component
trees and radii. We are confident that every annual ring on
all trees has been exactly dated to the true calendar year of
formation. However, this hypothesis can be tested with every
new Cedrela tree-ring sample dated in the eastern Amazon
climate province. Because of the excellent time control pro-
vided by the Rio Paru chronology, and the clear definition of
the annual growth rings in Cedrela from this area, develop-
ment of additional Cedrela chronologies and testing of the
hypothesis of exact dating control will now be much easier
and perhaps even possible with 12 mm diameter increment
cores that can be extracted non-destructively in large num-
bers from living Cedrela in protected forests.

The Rio Paru Cedrela chronology is correlated with
precipitation, especially February and March rainfall
totals at the beginning of the wet season. The ring width
correlation with monthly rainfall totals appears to extend
to the end of the dry season, which is rarely completely
dry in this region. These late dry season correlations
improve the overall correlation of Rio Paru tree growth

@ Springer
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Fig. 11 The instrumental (a)
and the reconstructed February—

(a) Instrumental 4-Station PPT (Feb-Nov), 1939-1990

November precipitation totals

(b) for the four-station average 60N
from the eastern Amazon were
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with precipitation, and if real they may be the combined
result of soil moisture recharge, lower evapotranspiration
demand, or autocorrelation in monthly precipitation totals.

The changes in the strength, spatial scale, and possibly
the seasonality of the tree-ring correlation with rainfall are
difficult to explain and may be related to some unknown
non-climatic factors affecting tree growth at our moist
closed-canopy collection site, the lack of long nearby
rainfall recording stations, or to spatial and temporal dis-
continuities in the instrumental precipitation data. For
example, the Porto de Moz and Santarem records included
in the CRU TS4.00 data set both end in 1990, and several
precipitation stations begin observations in Brazil, French
Guiana, and Surinam after 1960 (e.g., Maripasoula, French
Guiana). In fact, none of the eight Brazilian stations in the
CRU TS4.00 data set that have at least 80 years of observa-
tions are located in the eastern Amazon Basin (Manaus is
the closest long rainfall station to the Rio Paru site, and
they are separated by 800 km).

@ Springer

The apparent changes in the tree growth-climate signal
might also arise in part from differences in the regional and
large-scale climate influences on tree growth at the Rio Paru.
Changes in the two leading modes of precipitation variabil-
ity, including variability in the position of the Inter-tropical
Convergence Zone (ITCZ), may have impacted the recon-
structed rainfall record from the Rio Paru. Torralba et al.
(2015) demonstrate that the leading mode of rainfall vari-
ability in northeast South America (eofl) and the position
of the ITCZ are associated with the inter-hemispheric SST
gradient in the tropical Atlantic and with tropical Pacific
SSTs, but that the combined influence of these SST patterns
on the dipole in wet season rainfall totals increased after
1970. An increase in the SST gradient from the tropical to
subpolar North Atlantic has also been hypothesized due to
SST warming in the tropics and SST cooling in the north
due to ice melt, and may have led to a northward shift in the
ITCZ resulting in a drier southeastern Amazon (e.g., Malhi
et al. 2008; Hilker et al. 2014). The weakening of the climate
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signal in the tree-ring data after 1990 might also arise simply
from random variability, and the only long term solution will
be the development of a well-replicated network of tree-
ring chronologies in the eastern Amazon, something that is
now much more likely given the high-quality crossdating
observed in the new master chronology from the Rio Paru.

In spite of changes in strength and spatial scale, the
Rio Paru chronology is significantly correlated with rain-
fall throughout the instrumental era (1939-2016), and the
derived reconstruction is correlated with SSTs in the Pacific
and Atlantic similar to the instrumental rainfall data from the
eastern Amazon. The preliminary rainfall reconstruction is
dominated by notable inter-annual to sub-decadal drought
and wet episodes. The reconstruction indicates a decadal
dry spell in the mid-nineteenth century and long wet epi-
sodes in the late 19th and mid-twentieth century, in spite of
the detrending applied to the relatively short forest interior
tree-ring time series. The reconstructed mid-nineteenth cen-
tury drought appears to be as persistent and prolonged as
any recorded over the eastern equatorial Amazon during the
instrumental era. The implications of this apparent mid-nine-
teenth century drought are important because it occurred
prior to major anthropogenic climate forcing at the regional
and global scale, and droughts of the last 20 years are known
to have severely impacted forest productivity in Amazonia,
resulting in the transient release of carbon dioxide to the
atmosphere (Hilker et al. 2014). The true magnitude and
persistence of the mid-nineteenth century drought and other
decadal precipitation regimes inferred from the Cedrela
chronology need to be tested with additional historical and
proxy data. The Rio Paru chronology and the recently devel-
oped Centrolobium chronologies from the southern Amazon
Basin (Lépez et al. 2017) both demonstrate that ring-width
chronologies from selected native tree species can be used
to reconstruct inter-annual and decadal variability of rainfall
and provide a valuable perspective on the limited instrumen-
tal observations in Amazonia.
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