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Abstract

Climatic hazards, such as severe droughts and floods, affect extensive areas across monsoon Asia and
can have profound impacts on the populations of that region. The area surrounding Indonesia,
including large portions of the eastern Indian Ocean and Java Sea, plays a key role in the global
climate system because of the enormous heat and moisture exchange that occurs between the
ocean and atmosphere there. Here, we evaluate the influence of rainfall variability on multiple tree-
ring parameters of teak (Tectona grandis) trees growing in a lowland rain forest in Central Java
(Indonesia). We assess the potential of, annually resolved, tree-ring width, stable carbon (8"3C) and
oxygen (8'®0) isotope records to improve our understanding of the Asian monsoon variability.
Climate response analysis with regional, monthly rainfall data reveals that all three tree-ring
parameters are significantly correlated to rainfall, albeit during different monsoon seasons.
Precipitation in the beginning of the rainy season (Sep-Nov) is important for tree-ring width,
confirming previous studies. Compared to ring width, the stable isotope records possess a higher
degree of common signal, especially during portions of the peak rainy season (8"3C: Dec-May; 8'0:
Nov-Feb) and are negatively correlated to rainfall. In addition, tree-ring 8*20 also responds positively
to peak dry season rainfall, although the §'®0 rainy season signal is stronger and more time-stable.
The correlations of opposite sign reflect the distinct seasonal contrast of the 8'®0 signatures in
rainfall (**Opre) during the dry (**0-enriched rain) and rainy (‘**O-depleted rain) seasons. This
difference in 0p;e signal reflects the combination of two signals in the annual tree-ring 880 record.
Highly resolved intra-annual 80 isotope analyses suggest that the signals of dry and rainy season
can be distinguished clearly. Thereby reconstructions can improve our understanding of variations
and trends of the hydrological cycle over the Indonesian archipelago.

Highlights

e First well replicated, centennial, multi-parameter TRW, §"°C/8'0 record from teak.
e 3"Cand ™0 records reveal significant higher rainfall signals than tree-ring widths.
e Tree-ring 8'®0 responds to peak dry and rainy season rainfall.

e High-resolution 880+ values can distinguish seasonal rainfall variability.

e Reconstruction of seasonal rainfall variability over Indonesia is possible with 8"30+.



1. Introduction

The climate of Indonesia is governed by an equatorial monsoon system with distinct rainy and dry
seasons (e.g. Aldrian and Susanto, 2003; Hastenrath, 1991). Monsoon variations can cause extreme
droughts and related wildfires as well as severe flooding, hence, the monsoon has an enormous
affect on the livelihood of millions of people (e.g. Boer, 2005). The island of Java, one of the most
densely-populated places on the globe, is particularly vulnerable to extremes in rainfall.
Understanding long-term, tropical, monsoon variability is crucial since the tropics appear to impact
climate worldwide (e.g. Evans et al., 2001; Sarachik and Cane, 2010; Ummenhofer et al., 2013).
However, instrumental climate data in this area are spatially and temporally limited. High-resolution
proxy records would improve considerably our understanding of past monsoon variations.

Tree rings are one of the most important archives in palaeoclimate research because of their
precisely dated, annually resolved information, and the broad geographical distribution of trees
(Hughes, 2011). Previous studies in Asia have revealed relationships between tree-ring width and
climate parameters such as rainfall (e.g. Berlage, 1931; Pumijumnong et al., 1995; Ram et al., 2008),
sea surface temperature (e.g. D'Arrigo et al., 2006b) or monsoon related parameters like drought
frequency and intensity (e.g. Borgaonkar et al., 2010; Buckley et al., 2007). However, no land rainfall
reconstruction from tree-ring width indices exists for the Indonesian Archipelago.

Tree rings not only record growth rates as measured in ring widths, but also provide stable isotope
ratios that are directly controlled by a range of external and internal factors that are reasonably well
understood (Barbour, 2007; Farquhar et al., 1982; Helle and Schleser, 2004b; McCarroll and Loader,
2004; Roden et al., 2000). Therefore, it is reasonable to expect tree-ring stable isotope records could
provide climate information beyond that contained in ring widths.

The carbon and oxygen isotope composition in tropical tree rings contains information about
hydrological changes in the arboreal system. 8"*C has mainly been used to study changes in intrinsic
water-use efficiency of trees, as well as physiological responses to climatic changes (e.g. Brienen et
al., 2011; Cernusak et al., 2007; Fichtler et al., 2010; Gebrekirstos et al., 2009; Hietz et al., 2005; Nock
et al., 2011). "0 in tropical timber has been proven to primarily represent the isotopic composition
of rain, i.e. the source-water (e.g. Brienen et al., 2012; Evans and Schrag, 2004). Plant physiological
effects like leaf water enrichment due to transpiration (Barbour, 2007; Helle and Schleser, 2004b;
McCarroll and Loader, 2004; Roden et al., 2000) do not seem to be particularly pronounced in 30
records from tropical tree rings (e.g. Brienen et al., 2012). Variation of 520 in rainfall is determined
by several factors where the amount of rain (Araguds-Araguas et al., 1998; Dansgaard, 1964) plays a
key role in producing a strong inverse correlation (Fig. 2A).

The majority of tree-ring oxygen isotope studies from lowland tropics undertaken so far, relies on
just a few replicated samples (1-3), and mostly reveals the expected significant negative correlation
with rainfall amounts (Ballantyne et al., 2010; Evans, 2007; Evans and Schrag, 2004; Managave et al.,
2011; Poussart et al., 2004), although in one instance a positive correlation with rainfall amount was
found (Managave et al., 2010b). From tropical or sub-tropical Asia centennial, or even longer, stable
isotope records are scarce (e.g. Managave et al., 2011; Sano et al., 2012; Zhu et al., 2012). To date no
well replicated, long-term, stable isotope record exists from lowland teak trees.

In this study, we present the first well-replicated centennial stable isotope records (8*Crg and 8'20+y)
for Indonesia derived from teak. We selected a site for isotope analyses previously reported to have
a rather weak ring width climate signal (D'Arrigo et al., 2006b). The aim was to test if tree-ring stable
isotopes reveal a better relationship to rainfall than ring widths. Hence, we compared carbon and

oxygen isotopes (8"Crs, 8'®01q), as well as tree-ring width (TRW) chronologies from the same
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material to regional monthly rainfall data and seasonal sums of monthly rainfall in order to assess
isotopic variability on inter-annual scales. Finally, we use highly resolved intra-annual 80 data to
explain the transfer of the §'20 rainfall signal (8'®0pe) of dry and rainy season into the tree rings of
teak to prove potential additional value of isotope analyses for climate investigations.

2. Material and methods

2.1. Regional setting

Teak samples were collected from a lowland rain forest at an elevation of 380 m a.s.l. The study site,
named Donoloyo, is located 90 km east of the city of Yogyakarta in the eastern part of Central Java,
Indonesia (07°52’S, 111°11’E) (Fig. 1). The same site was part of an earlier investigation on teak tree-
ring width described in D'Arrigo et al. (2006a,b). This study site is a very old forest and for the last
few decades, a protected area. In former times only selected timber were taken from this forest for

the construction of palaces and mosques.
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Fig. 1. (A) Map showing the location of the study site in a lowland rain forest (380 m a.s.l.) in the
eastern part of Central Java (07°52’S, 111°11’E). (B) Photograph shows the study site (Donoloyo) with
teak (Tectona grandis) trees. (C) Microscopic image showing wood anatomical structure of a teak
cross section from the study site.

Most of the Indonesian archipelago receives rainfall throughout the year and encompasses a variety
of rainfall regimes (Braak, 1921-29). However, Central and Eastern Java are influenced by the
equatorial monsoon climate, characterized by distinct rainy and dry seasons (Fig.2A). The rainy
season begins with the arrival of the north-west monsoon in October and normally persists till May
of the following year. The dry season follows the south-east monsoon from June to September. The
peak of the rainy season is centred between December and February, when a quasi-permanent low-
pressure centre over the region develops and lower-tropospheric convergence is pronounced. More
detailed information about the meteorology of Indonesia can be found in Sukanto (1969), Hackert
and Hastenrath (1986) and McBride (1999).

The isotopic composition of rainfall over Java shows distinct seasonal changes linked to rainfall
amount. Rainfall during the dry season (~200 mm on average (Jun-Sep), 1900-2002) is generally
enriched in 0 (less negative 8'®0p. values). This is a consequence of reduced condensation
processes that leads to a “heavy” isotope composition in rainfall. Relative to the dry season, rain
during the rainy season ( ~1700 mm on average (Oct-May), 1900-2002) is generally much more
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depleted in ®0 (more negative 3'®0p. values) due to extended, cumulative, rainout processes
(Araguds-Araguds et al., 2000; Dansgaard, 1964; Gat, 1996). Data on the 80 of rain water is
available from the “Global Network of Isotopes in Precipitation (GNIP)” maintained by the
International Atomic Energy Agency (IAEA), Vienna. The closest GNIP station to our study site is ca
500 km away, near Jakarta. It provides data from 1962 to 1998. The seasonal rainfall pattern and
amount recorded at this station are similar to that at Donoloyo (Fig. 2A, grey line).
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Fig. 2. (A) Mean monthly rainfall and temperature at the study site derived from a regional mean
(REG) of different stations for rainfall (1900-2002; see Supplementary Table A/Fig. A) and gridded
climate data for temperature (CRU3.0 1901-2002; Mitchell and Jones, 2005). Grey line indicates the
monthly mean 80 values in rainfall (80 for Jakarta/Indonesia (1962-1998; GNIP: http://www-
naweb.iaea.org). The growing season (grey shadow) of teak extends approximately from October to
May. At rainfall levels above 100 mm the axis scale is shortened (Walter and Breckle, 1991). (B)
Regional rainfall for rainy (October to May) and dry (June to September) season and annual sum
(REG, 1900-2002). 20-year cubic-smoothing splines (thick black lines) and linear trend lines (black
lines) show long-term fluctuations and trends.

The amount of rainfall in the region of our study site shows a declining long-term trend (1900-2002)
in the annual rainfall sum (-2.7 mm per year), with the dry season showing a very high and almost
linear decrease (-1.7 mm per year) over the 20th century (Fig. 2B). The rainy season is characterized
by rather stable rainfall conditions from 1900 to 1940, a drastic decline during the 1940s, followed by
increasing rainfall from 1950 to 1974. Since the late 1970s, total annual rainfall has decreased with
higher year-to-year variability then previously recorded. The severe decline from 1945 to 1950 may
be due to the drastic decrease in the number of reporting meteorological stations during the
Indonesian National Revolution that occurred at the same time (see Supplementary Fig. B). Overall,
since 1900, there has been a general trend towards drier conditions in Central/Eastern Java.

The vegetation period (growing season) for teak in Central and Eastern Java generally lasts from the
beginning of October to the end of May (Coster, 1927, 1928; Geiger, 1915). From about mid-June to
September (dry season) the trees are leafless and produce no wood as they are in a state of cambial
dormancy (Coster, 1927, 1928). Bud burst and cambial activity start with the onset of the monsoon
rains and flowering occurs towards the end of the rainy season. Thus teak is showing distinct annual
growth rings, mainly due to the seasonality of rainfall in their habitat.



2.2. Ring-width chronology

The ring-width (TRW) chronology for this study site was developed from 32 wood cores of 16 teak
trees (2 cores per tree, 5 mm diameter). Eight of the 16 trees were collected during a field campaign
in November 2008 and another eight drawn from a collection used in a previous study by D'Arrigo
and co-workers (D'Arrigo et al., 2006b). All pre-treatment of the collected samples was carried out in
the laboratory following standard procedures outlined in Stokes and Smiley (1968) and
Schweingruber (1983). To improve the visibility of the tree-ring structure the surface of the core
samples was cut with a microtome (WSL core microtome, Switzerland) and fine chalk was rubbed
into the pores to increase ring contrast. For dating purposes, we followed the convention for the
southern hemisphere, which assigns to each tree ring the year in which radial growth begins
(Schulman, 1956). Subsequently, ring widths were measured and synchronized with the program
TSAPWin (Rinn, 2005) using statistical tests (Gleichldufigkeit, t-test). Visual crossdating (Fritts, 1976)
was performed by skeleton plots (Douglass, 1935) and verified using COFECHA software (Holmes,
1983). We used the program ARSTAN (Cook et al., 2012) for standardization and chronology
construction. The individual raw ring-width series were standardized by fitting a cubic smoothing
spline (Cook and Peters, 1981) with a 50% frequency response cut-off at 67% of the series length to
each TRW series to remove age trends. Indices were calculated as ratios between the measured ring-
widths and spline values. The resulting standardized index values were prewhitened using an
autoregressive model, then averaged across all series using a be-weight robust mean to reduce the
influence of outliers (Cook and Kairiukstis, 1990).

2.3. 613Crr and 6807k chronologies

For dendroclimatic isotope studies four to six trees are considered sufficient (e.g. Leavitt, 2010). In
this experiment we used seven different trees chosen according to the following criteria: (i) correct
dating and highly correlated measurements with the master reference curve developed from all trees
in the study (indicated by statistical parameters such as Gleichlaufigkeit-values) (Cropper, 1979;
Riemer, 1994; Schweingruber et al., 1990) and Pearson’s correlation coefficient (Briffa and Jones,
1990; Wigley et al., 1984), (ii) distinct and straight tree-ring borders and (iii) fewest number of
problematic zones containing such features as false, narrow or missing rings. We analysed 108 years
(1900-2007), a period long enough to provide sufficient calibration and verification with instrumental
climate data, and reveal potential trends over the 20th century. The tree rings from all cores were
separated individually with a scalpel and ground to assure homogeneity. Extractives, such as wood
resins and oils, but also glue, pencil and chalk remains were removed from the wood with boiling de-
ionized water and ethanol in a multiple sample isolation system for solids (Wieloch et al., 2011).
Recent research has shown that the cellulose extraction is not as crucial as previously thought 30-40
years ago (Borella et al., 1998; McCarroll and Loader, 2004; Taylor et al., 2008; Verheyden et al.,
2005). Hence, resin extracted wood material was used instead of cellulose due to some very narrow
rings which would not have provided sufficient amounts of cellulose for conventional online Isotope
Ratio Mass Spectrometer (IRMS) determination of 8C and &'0. Carbon isotope ratios were
measured by combustion (at 1080°C) using an elemental analyser (Model NA 1500; Carlo Erba, Milan,
Italy) coupled online to an IRMS (Isoprime Ltd. Cheadle Hulme, United Kingdom). Oxygen isotope
ratios were measured using a high temperature TC/EA pyrolysis furnace (at 1340°C) coupled online
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to an IRMS (Delta V Advantage, Thermo Scientific, Bremen, Germany). Sample replication resulted in
a reproducibility of better than £0.1%o for 8Crg values and +0.25%o for 880+ values. The isotope
ratios are given in the conventional delta (3) notation, relative to the standards VPDB for &'*C and
VSMOW for §'®0 (Craig, 1957).

The carbon isotope record was corrected for anthropogenic changes in atmospheric CO, induced by
fossil fuel burning and deforestation since industrialization (1850). A decline in the atmospheric §*C
source was removed from the raw 8"3Cyy series by subtracting for each tree-ring stable isotope value
the annual changes in 8"3C of atmospheric CO, obtained from ice cores and direct measurements
(Leuenberger, 2007) resulting in a corrected 8*3C record (8"C..1). To take account of changes in plant
response potentially from increasing atmospheric CO, concentrations (pCO,), a further correction
was applied. Since this plant physiological effect is under debate, we show a range of published pCO,
effects on 8Crg (Feng and Epstein, 1995; Kirschner et al., 1996; Schubert and Jahren, 2012). For
further data analysis we chose a moderate correction for pCO, effects on carbon isotope
discrimination of 0.73%o per 100 ppm (8"Ccorz; Kiirschner et al., 1996; Schubert and Jahren, 2012).
No corrections are required for the oxygen isotope data.

2.4. High-resolution intra-annual sampling of tree rings

High-resolution intra-annual sampling was performed by using an UV-Laser microdissection
microscope (LMD7000, LEICA Microsystems, Wetzlar, Germany). First, cross-sections from the wood
cores (5 mm diameter) were cut with a core microtome (Gartner and Nievergelt, 2010). Second, the
cross-sections (approximately 500 um thickness) were fixed in special metal frame slides and
mounted on the object holder of the microdissection microscope. The annual rings were graphically
subdivided into several sub-sections in a radial direction with a pen screen. The number of sub-
sections per ring varied depending on the tree-ring width and the size of dissected wood tissue.
Every sub-section defined on the pen screen was dissected with the UV-laser beam and collected in a
single silver capsule standing in a collection holder. The capsules were sealed and put onto an
autosampler of a high temperature pyrolysis furnace coupled online to an IRMS.

2.5. Climate data and data treatment

The study site has a typical equatorial climate with rather stable temperature but notably variable
rainfall (dry/rainy season) (Fig. 2A). Hence, climate calibration was performed using rainfall data. We
screened monthly rainfall data for more than 40 meteorological stations and selected 17 stations for
calibration purposes based on the distance to the study site, number of missing values and length of
measurements (Supplementary Table A). All the selected meteorological stations (KNMI Climate
Explorer: http://climexp.knmi.nl/) show the characteristic monsoonal rainfall pattern for Central and
Eastern Java (Fig. 2A) and a regional mean of rainfall series (REG; Supplementary Fig. B) was
calculated (Jones and Hulme, 1996). The period 1900-2002 (103 years) was used for the climate
versus tree-ring correlation analyses. In order to investigate the climate-proxy relationships we
calculated Pearson’s correlation coefficients between tree-ring parameters (TRW, 8Crg, 8'%01R) and
climate data on a monthly basis. For time scale units we followed the vegetation period as opposed
to a calendar perspective. Thus a year lasts from October (start of growing season) to September of
the following calendar year.



To test the temporal stability of rainfall on the tree-ring parameters, running correlations between
the monthly climate records and the tree-ring series, over a 31 year time window, were calculated.

3. Results
3.1. Site chronologies

The TRW series from 16 trees agree reasonably well (expressed population signal (EPS) of 0.94,
GLK=63%, Table 1). The year-to-year variability changes over time with low values at the beginning of
the chronology (18th century) and greater variability over the 19th and 20th century (Fig. 3A/B). The
carbon isotope series show a low year-to-year variability (Fig. 3C/D). The mean inter-series
correlation after correcting for changing atmospheric 8>C0O, values is relatively low (r=0.27), as well
as the EPS value (EPS=0.72). However, the inter-series correlation and EPS increase after correction
for the pCO, effect (6"C.r: r=0.36, EPS=0.80, Table 1). In contrast to 8'3C, the oxygen isotopes (8'°0)
from the same seven individuals are well correlated (Fig. 3E) and show a high degree of
synchronization (r=0.55, GLK=70%, EPS=0.90, Table 1). Furthermore, the 8'®0 variance is stable
throughout the entire 20" century and the mean year-to-year variability of %0+ is higher than of
the 8"3Cg record.

Interestingly, the chronologies of all three parameters show more or less the same multi-decadal
long-term changes beginning with a declining trend during 1910-1930 followed by increasing values
(1930-1960) and an obvious rising trend towards the end of each record (1990-2007).

Table 1. Descriptive statistics for the tree-ring width (TRW), Crz and 8'®0rz chronologies. 8"Cry
series include correction for changing atmospheric 8co, (813CCO,1:Leuenberger, 2007) and for
changing plant response to increasing atmospheric CO, concentration (8"C.or: Kiirschner et al.,
1996; 8"C.: Feng and Epstein, 1995). CL: length of chronology; SD: standard deviation; GLK:
Gleichlaufigkeit (Cropper, 1979; Esper et al., 2001); Corr: series intercorrelation; EPS: expressed
population signal (Wigley et al. 1984); AC1: autocorrelation first order; Inter-series corr: mean inter-
series correlation.

Nr. of
Time-span CL ¢ mean SD GLK[%] corr EPS AC1 Inter-series corr
rees

TRW 1714-2007 294 16 1.01 0.24 63 0.48 0.94 0.31° 0.26 (8"Ceor2)
53¢

8Ceor1  1900-2007 108 -25.22 +0.34 61 0.27 0.72 0.62

8"Cer, 1900-2007 108 2494 +0.41 61 036 0.80 0.72  0.25(5"%0)

7
7
8Ceors  1900-2007 108 7 -24.46 10.61 62 0.59 091 0.88
80 1900-2007 108 7 21.17 +0.62 70 0.55 0.90 0.22 0.28 (TRW)

® Autocorrelation of Arstan standard chronology

3.2. Inter—annual tree response to rainfall



Simple linear correlation coefficients between the tree-ring series and monthly mean rainfall totals
are shown from, the start of growing season, October, to September of the following year (Fig.4 and
Table 2). The climate response between rainfall and tree-ring width (Fig. 4A) shows significant
positive correlations with the previous transitional month of May (pMay, r=0.26) and the previous
dry season (pJun to pSep), as well as with the beginning of the rainy season, where the sum of
September to November rainfall shows the highest correlation (r=0.27, p<0.01, Table 2). However,
the strength and sign of the September to November correlation is not stable for the observed time
period. The relationship falls below the significance level from 1920 to 25 and 1960 to 75, and
changes sign during the latter (right plot in Fig. 4A, Table 2).
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Fig. 3. Tree-ring series of ring width, 3°C and 80 (red lines represent the mean chronology of each
parameter). (A/B) Detrended tree-ring width series; (C/D) Corrected carbon isotope series: (C) Raw
data corrected for changing S8C of atmospheric CO, (813CCO,1, thick red line), data after (Leuenberger,
2007), (D) Carbon isotopic data (8"3Ccort, thick black line) corrected for potential plant isotopic
response to increasing atmospheric CO, concentration (8Ceora/ cor3, grey shaded area). Grey shaded
area envelopes the minimum/maximum range of pCO, correction according to literature (813Cc0,2:
Kirschner et al., 1996; 8"C..s: Feng and Epstein, 1995); (E) Oxygen isotope series. 20-year cubic-
smoothing splines (thick black lines) fitted on the chronologies are depicted to show long-term
fluctuations. Sample depths are shown as grey areas at the bottom of each graph (right axis).

The 8%Crz chronology (Fig. 4B) shows a highly significant negative relation to the current rainy
season, with December to May rainfall exhibiting the highest influence (Dec-May r=-0.41, p<0.001,
Table 2). The negative signal is stable from 1935 to 1970 (right plot in Fig. 4B, Table 2).

5801z generally shows significant positive and negative correlations with rainfall of the prior dry
season (pJun-pSep) and with the current rainy season (growing period), respectively (Fig. 4C, Table
2). In the dry season only the month of August, which is the driest month of the year, showed a
highly significant correlation (r=0.40, p<0.001, Table 2) with the 80z record. During the rainy
season it is the rainfall during the peak of rainy season (November to February) that shows the
highest significant correlation (r=-0.40, p<0.001, Table 2). This rainy season signal is stable for the
entire time period after 1920, whereas the positive signal of the peak of the dry season (August) is
significant only before 1940 and after 1975 (right plot in Fig. 4C). Seasonality, as reflected by the
difference in rainfall between August and January, as well as between the most significant months of
the prior dry season (pJun-pSep) and the peak rainy season months (Nov-Feb) reveals highly
significant correlations (r=0.4 and r=0.53, p<0.001) and are stable over the whole 20" century.
Correlations between the tree-ring 8'®0 and the annual 820, values from the GNIP station in
Jakarta (1962-1998, Fig. 2A) show significant positive values (mean r=0.45, p<0.05), where 2 out of 7
tree-ring 8'20 series indicate highly significant correlations (r=0.63, p<0.01).

Table 2. Pearson correlation coefficients between tree-ring parameters (TRW, 8Crg, 8'%01g) and
rainfall data for different time periods (*p<0.05, **p<0.01, ***p<0.001).

Tree-ring

Time period Annual® Dry season”  Wet season® Period of strongest relationship
parameter
TRW 1900-2002  0.10 0.22 -0.02 0.27** (pSep-Nov)
1900-1924 0.44 0.50* 0.14 0.58*** (pMay-pSep)
1925-1949  -0.02 0.41* -0.12 0.41* (dry season)
1950-1974 -0.17 -0.35 -0.03 -0.35 (dry season)
1975-2002 0.03 0.38* -0.11 0.44* (pJul-Nov)
§Cr 1900-2002  -0.29** -0.03 -0.32%** -0.41*** (Dec-May)
1900-1924  0.11 0.30 -0.06 0.40* (pMay-pJun)
1925-1949 -0.34 0.30 -0.45* -0.61** (Dec)
1950-1974 0.02 0.23 -0.21 -0.49* (Jan)
1975-2002 -0.41%* -0.08 -0.35 -0.44* (Dec-Jan)
50 19002002  -0.04 0.35%** 0.27%* 04077 (Nov-Febl;
0.40***(pAug)
0.53***(Diff. dry-wet season)
1900-1924  0.70*** 0.71%** 0.28 0.76*** (pJul-pAug)
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1925-1949  -0.51** 0.13 -0.54** -0.54** (wet season)
1950-1974 -0.37 -0.12 -0.43* -0.73*** (Nov-Feb)
1975-2002 -0.33 0.47* -0.50** -0.52** (Nov-Feb)

@ Annual= July to June next year.
b Dry season= pJune to pSeptember.
“Wet season= October to May.
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Fig. 4. Left: Correlations of (A) TRW, (B) 8"*Crz and (C) 8*®0rx chronologies with monthly and seasonal
rainfall (1900-2002). The climate response plots are separated into three parts by vertical lines. The
left part covers months of the previous year (previous year January to September) followed by the
current year (October to following year September). The right part depicts seasonal means. Long-
term seasonal average of rainfall is shown as blue shaded area in the background. Most significant
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correlations are indicated with grey bars, where highest correlations are highlighted in black
(**p<0.001,* p<0.01). Right: Time series of tree-ring parameters and corresponding rainfall of
periods with highest influence. Moving correlations for overlapping 31-year periods (95% confidence
levels are indicated) and 20-year cubic smoothing spline (thick blue and black lines) are shown.

3.3. Intra-annual cyclicity in high-resolution 5'°0Or records

The opposite correlations found for the tree-ring 8'®0 and monsoonal rainfall amount of dry and
rainy season, respectively, are conspicuous. Highly resolved intra-annual 807z data may help to
understand the observed relations. Figure 5B shows growing season 8'°0 profiles at various
numbers of sub-sections per year from one teak tree. Consecutive 8'®0+ values are plotted relative
to their positions within the rings formed in 1983, ‘84 and ‘86. The §'®0 profiles reveal a clear
annual cycle. Annual wood formation starts with a parenchyma band having 8'®0r values that are
similar to the 8'®0+ values at the end of the previous tree ring. Wood being formed shortly after the
parenchyma band is characterized by rapidly rising 8'®0+x values up to the ring maximum early in the
growing season. After the maximum is reached, 580+ values decline to a seasonal minimum
typically in the 2nd third of each tree ring before 80+ slightly rises again in the last third of the
growing season. The pattern described here was found rather consistent in spite of the different
numbers of intra-annual data points, i.e. sub-sections per year. However, this shows that the number
of intra-ring data points can affect the variance of intra-annual 8'®0 and complicates the climatic
interpretation of such data.

4. Discussion

4.1. Tree-ring parameters and their rainfall signals

Climate correlation tests showed that all three tree-ring parameters are significantly influenced by
seasonal rainfall amounts. The correlations of stable isotope records with rainfall were mostly
significant and constant over time. The 300-year long TRW chronology produced similar correlation
patterns with rainfall as found in previous Javanese teak studies (Berlage, 1931; D'Arrigo et al., 1994;
DeBoer, 1951; Jacoby and D'Arrigo, 1990; Murphy et al., 1989). However, the TRW chronology did
not reveal stable correlations with regional rainfall data sets. Previous authors concluded that teak
growth is positively correlated with rainfall in the prior dry season (around May to September), but
mainly controlled by the transitional months of the corresponding monsoons, May/June and
October/November. Teak studies from Thailand (Buckley et al., 2007; Pumijumnong et al., 1995)
likewise note that rainfall at the beginning of the wet monsoon is the most significant climate factor
controlling tree-ring growth, whereas Indian studies reveal significant positive relationships with
rainfall over the whole Indian Summer Monsoon season (Borgaonkar et al., 2010; Shah et al., 2007)
and annual total rainfall (Ram et al., 2008).

The negative relationship found between 8"3Crz and the main rainy season (Dec-May) is well in line
with the theories of carbon isotope discrimination during photosynthesis and seasonal changes in
post-photosynthetic signal transfer from the leaf level into the developing wood tissue (e.g.
McCarroll and Loader, 2004). Contrary to the TRW data, 83Crrreveals no significant correlation with
the very early growing season. Why? At the very beginning of the growing season, i.e. rainy season,
early wood formation relies on assimilates from previous years, accumulated as starch reserves.

Previous year’s starch is not necessarily isotopically labelled by the climate signal of its formation
12



period. It rather exhibits a general enrichment of 3C as compared to less polymerized assimilates.
Consequently, the incorporation of starch derived >C masks a potential early growing season climate
signal of tree-ring 8"3C (e.g. Helle and Schleser, 2004a) and could not be found in this study. With the
progressing growing season, developing leaves subsequently provide new assimilates for wood
growth, which carries the signal of the current growing season in their §>Cz. As the temperatures at
our study site are quite stable over the entire year it is likely that stomatal conductance driven by
varying stomatal aperture in response to moisture supply is controlling the c¢/c, ratio and finally
resulting in the observed significant negative correlation between tree-ring 8"3C and the rainfall of
the Dec-May period (main rainy season). However, too much rain during this period of the year may
weaken the relationship as revealed by decreased correlations during wet phases around 1920-30
and 1970-80 (Fig. 4B, Fig. 2B).

The 801z record shows stable inverse relation with the November to February interval of the rainy
season, i.e. the wettest period of the year, and a notable significant positive correlation with the
rainfall of prior driest month August. Interestingly, the correlation of tree-ring 50 with rainfall is
significant during those months of the year that are generally characterized by both the highest and
the lowest 80 values in rainfall (Fig. 2A). This is because the source water signal of the soil is
dominated by the seasonally changing 520 signature in rainfall that is highest during the peak of the
dry season (August) and lowest during the peak of the rainy season (January). Any influence of
groundwater due to uptake from deeper soil reservoirs during the vegetation period seems unlikely
since the volcanic soil substrate at the site is well-drained and teak has a shallow root system. Thus,
tree-ring 8'0 in teak provides rainy and dry season signal of 820 in rainfall. This is emphasized by
the significant positive correlation found between the tree-ring '®0 and the annual §'®0p values
from the GNIP station in Jakarta. The finding suggests that the 80 signal may be coherent over
larger areas. During the first 25 years of the 20™ century our 80z has the highest (positive)
correlation with dry season rainfall in contrast to the high negative correlation with the main rainy
season (Nov-Feb) during the remaining part of the 20™ century (Fig. 4C, Table 2). This may result
from the wetter conditions particularly prevailing during the dry seasons of the first 25 years of the
20" century (Fig. 2B), which strengthens the dry season signal in the tree-ring §'%0. Such shifts in
intra-annual tree-ring proxy response to changing rainfall conditions cannot be detected or
confirmed without independent proxy or instrumental data sets. However, intra-annual stable
isotope data from tree rings can help to disentangle contrasting isotopic effects of dry and rainy
season rainfall amount.

4.2. Rainfall signals in tree-ring 50 asa function of the hydrological seasonal cycle

High-resolution intra-ring 8'0-records (Fig. 5B) give more detailed insight into the seasonal
hydrological cycle and its effects on tree-ring 8'®0. Our observations largely corroborate those
outlined by Evans and Schrag (2004) for evergreen tropical species without distinct tree rings. Lower
intra-annual 80+ values correspond to periods of higher rainfall with lower evapotranspiration and
vice versa. However, how can a dry season influence the tree-ring 8'0 of a deciduous species that is
leafless and does not grow at all during this period of the year? To explain this we adapted in Fig. 5A
a conceptual oxygen isotope model to the hydrological conditions at our study site for comparison.
During the dry season no leaf transpiration and photosynthesis occurs, and no wood is formed.
Consequently, no direct impact of the prevailing hydrological conditions can be expected. However,
the rain water that is potentially seeping into the soil is enriched in **0 due to reduced condensation
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processes (Jun—Sep, long-term mean 1900-2002: 200 mm, range: 0-628 mm, 8'®0pe= -3.8%0) and
possibly high soil water evaporation rates promoted by direct insolation. This leads to *0-
enrichment in soil water that culminates shortly before the beginning of the growing period.
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Fig. 5. (A) A conceptional model of oxygen isotope fractionation and the seasonal cycle of rainfall in
the tropics. The values given for the meteoric water source (8"80pre) and the amount of rainfall are
taken from the isotopic composition of GNIP-station Jakarta and regional climate data sets. “+” and
“-“indicate the relative strength and direction of isotopic shifts for relevant processes. (B) Intra-
annual 820 variations from a teak tree as a function of time of the growing season (Oct-May). The
number of sub-sections per ring varied depending on the tree-ring width and the size of dissected
wood tissue.
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With the beginning of the rainy season increasing rainfall amounts with subsequently lower §'*0
values begin to dilute and lower the initially high 8'%0 signal of the soil water (Fig. 5A (2)). At the
same time, trees’ cambial activity and leaf photosynthesis start (October/November). Altogether, at
the beginning of the growing season the uptake of *®0-enriched soil water, in conjunction with
enhanced *®0-enrichment of leaf water (driven by transpiration), result in high 880+ values for the
first third of each tree ring (Fig. 5B (Max)). However, for a short time at the very beginning of the
growing season '®0-enrichment of leaf water may not be a contributing factor as long as young
leaves are not fully developed and their stomata are not fully operational. Hence, the initial
parenchyma band of teak tree rings is probably not affected by dry season rainfall conditions but
from a physiological connection to the previous year growth. If the parenchyma is formed prior to
bud burst then its formation relies on stored assimilates carrying the 8'®0r signature of the previous
growing season. Towards the maximum of rainy season (January-March), enhanced condensation
processes lead to a progressive depletion in heavy 20 isotopes of rain water, which results in an **0-
depleted soil water signal reaching its lowest 8'20 signature during the peak of the rainy season (Jan-
Feb) (Fig. 5A (3)). Soil water evaporation and its related *®0-enrichment are strongly reduced as the
soil is shaded from direct insolation by the canopy of the trees. Likewise, the impact of leaf water
¥0-enrichment is decreased to a minimum at this time of lowest vapour pressure deficit and highest
relative air humidity conditions. This combination of conditions coincides with the low 580+ values
found in the middle section of each tree ring (Fig. 5B (Min)). At the end of the rainy season, i.e.
growing period, intra-annual tree-ring 8'®0 tends to increase again following mainly the isotope
trend of the rain water with some modification by '20-enrichment in leaf water due to
evapotranspiration rates that vary with vapour pressure deficit.

The high resolution intra-annual tree-ring 8*%0 data indicate that high 50 values in dry season are
well reflected in the high §'®0r values found in the first third of each tree ring (Fig. 5A (2), Fig. 5B
(Max)), whereas minimum 5'80p, values of the major rainy season are reflected by low 80+ values
for the middle part of a tree ring (Fig. 5A (3), Fig. 5B (Min)).

Rainfall amount during the rainy season normally is several times higher than during the dry season
and the rainfall signal of rainy season is largely imprinted in the §'®0 of two thirds of a tree ring.
Thus, the signal of the rainy season should be stronger than the signal of the dry season. However,
respective correlations are opposite in sign but of similar magnitude (Fig. 4C). Hence, rainfall
conditions persisting during the dry season seem to imply stronger isotopic effects in the tree rings.
To verify this hypothesis we analysed the influence of seasonal extremes in rainfall on the annual
80+ values.

4.3. Seasonal extremes in rainfall and their isotopic footprint on 6°Ors data

A dry season with above average rainfall has a particularly strong influence on tree-ring '0 when
the following rainy season is rather dry (R’=0.64, Fig. 6A). Even when followed by a rainy season with
rainfall above average the signal of a rather moist dry season is not completely diminished in the
annual tree-ring 8'®0 (R*=0.07, Fig. 6B). On the other hand, dry season rainfall variability below
average is not reflected in tree-ring 5'0, no matter if the following rainy season is likewise “dry” (Fig.
6C) or “wet” (Fig. 6D). Consequently, the signal of the rainy season is well expressed when the
preceding dry season was rather dry (Fig. 6E). Interestingly, a dry season with above average rainfall
apparently strengthens the signal of a rainy season with below average rainfall in tree-ring 80
(R?=0.63, Fig. 6F). In general, a dry season with enhanced *®0-enriched rainfall sets a high initial '%0-
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source level. Hence, a following rainy period with reduced rain, and a less than normal **0-depleted
signature, is only partly diluting the **0-enrichment signal of dry season's rain. The extent to which a
“wet” dry season signal is overwritten depends on the rainfall amount during the rainy season. This
leads us to the conclusion that the annual "0+ record cannot give unambiguous information about
rainfall conditions during individual seasons (dry and rainy season). However, the seasonality, the
difference between dry and rainy season rainfall amount, does show a high correlation (r=0.53; Fig.
AC). The rainfall signal from dry or rainy season is damped in the tree-ring 8'®0 values due to
seasonally alternating isotope signatures in 8®Op. Only high-resolution §'®0 records seem to
provide detailed information about both, the dry and rainy season rainfall variability.
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Fig. 6. Comparison of the influence of different rainfall conditions during dry and rainy season on the
tree-ring 80 values. “+” and represent below or above average rainfall amount for
corresponding season. A dry season with above average rainfall has a strong influence on 80
when the following rainy season is rather dry (A), but is weakly reflected when the following rainy
season has above average rainfall (B). A dry season with below average rainfall is not reflected in
5801k, no matter if the following rainy season is likewise drier (C) or wetter (D) than average. The
signal of the rainy season is well expressed when the preceding dry season was rather dry (E).
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Interestingly, a dry season with above average rainfall apparently strengthens the signal of a rainy
with below average rainfall §'®0+ (F). See text for further details.

Previous 8'°0 teak studies from Indonesia on two cores showed a common climate influence on
inter-annual scale for time period 1950-1980 (Poussart et al., 2004). Poussart et al.’s intra-annual
580 analyses for the same time span showed a similar pattern as we found with a maximum early in
the growing season, followed by a gradual decrease and often a sharp increase towards the end of
the growing season. However, in their study a correlation with local or regional rainfall pattern was
not tested in detail. 5'®0 studies on teak from India (Managave et al., 2010a; Managave et al., 2011)
found both negative and positive correlations with the amount of rainy season rainfall at inter- and
intra-annual scale. Studies in tropical regions of South-America have likewise reported negative
correlation with the rainfall amount during rainy season (Ballantyne et al., 2010; Brienen et al.,
2012), as have isotope studies in Southeast Asia (Sano et al., 2012; Xu et al., 2011; Zhu et al., 2012).
However, none reported correlations with dry and rainy season rainfall as revealed here for
Indonesian teak.

5. Conclusions and perspectives

We tested the dendroclimatological potential of multiple, centennial, tree-ring records (ring width,
8%Crg and 8180TR) of Tectona grandis in Central Java. All three tree-ring records revealed a seasonal
rainfall signal, but for different time intervals and with different stability in time. As shown in
previous studies tree-ring widths correlate positively with transitional months of the monsoon (e.g.
D'Arrigo et al., 1994). Newly developed stable isotope records show a higher degree of common
forcing and display a significant negative correlation with rainy season precipitation. In addition, our
5'®01g revealed a positive correlation with dry season rainfall. These relationships of opposite signs
reflect a distinct seasonal contrast of the 6180pre signature of Central Java rainfall variability. Thus the
formation of tree-ring 820 is related to dry and rainy season pattern, whereas the main rainy season
signal is dominant and stable in time. However, the dry season has a weakening effect on the main
rainy season 8'®0p. signal depending on the respective seasonal rainfall conditions. High-resolution
5'80+g records permit to disentangle the seasonal cycle of '20 in rainfall.

We have shown that stable isotope records from Indonesian teak offer additional information to
climate investigations. However, to distinguish seasonal rainfall variability across the tropical Indo-
Pacific region further studies need to focus on high-resolution stable isotope studies. Long-term
reconstruction of annual rainfall variability (rainy and dry season rainfall), including unusual rainfall
anomalies such as during ENSO events, may be possible with tree-ring "0 and could improve our
understanding of the Asian monsoon system. Such studies will be promoted by novel methods like
UV-Laser micro-dissection sampling that enable sample preparation with the highest precision able
to accommodate tree-ring samples with large variations in ring-width and irregular shape of tree-ring
boundaries.
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Appendix A. Supplementary data

Fig. A. Map of Central/Eastern Java indicating
rainfall data (black dots).

the study site (red triangle) and climate stations with

4500 A

m
IS
]
o
o

3500

3000 -

2500 -

2000

Annual Precipitation [mm]

1500

1000

==
Eﬂ‘:-_

Precipitation (normalised)

1900 1910 1920 1930 1940

1950

Station data
Regicnal mean (REG)

T —

P
.

—

I

L H’

i "||
i

climate stations

1960 1970 1980 1890 2000

Fig. B. Annual (July to June) rainfall data from climate stations (Table S1); (A) rainfall means; (B) data

normalized over individual series lengths,
contributing to the mean.

mean of this series (REG) and number of series

24



Table A. Climate stations with rainfall data used for calculating of regional rainfall mean (REG).

Climate station

Nr.

Coordinates

Altitude (m)

Time period

Distance to study

site (km)
Purwantoro 1 -7.85N, 111.27E 500 1905-1975 10
Sungkur 2 -7.85N, 111.38E 95 1920-1975 20
Batuwarno 3 -7.98N, 110.01E 380 1944-1996 20
Wuryantoro 4 -7.90N, 110.87E 180 1920-1975 35
Giritontro 5 -8.08N, 110.86E 280 1944-2002 40
Pracimantoro 6 -8.05N, 110.81E 450 1944-2002 45
Mojo 7 -7.43N, 110.05E 85 1926-1975 50
Bendo 8 -8.15N, 111.68E 120 1900-1975 60
Delanggu 9 -7.62N, 110.70E 130 1900-1975 60
Tumpakmergo 10 -8.23N, 111.82E 88 1926-1975 70
Ngranti 11 -8.15N, 110.63E 300 1920-1971 70
Tanjungtirto 12 -7.80N, 110.47E 115 1900-1975 80
Randublatung 13 -7.20N, 111.38E 55 1915-1975 80
Nglangon 14 -7.15N, 111.15E 80 1900-1975 85
Karangasem 15 -7.00N, 111.10E 158 1900-1975 100
Kerek 16 -6.90N, 111.88E 110 1900-1975 130
Semarang 17 -7.00N, 110.40E 3 1957-2003 130
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