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Summary: Variations of  stable oxygen isotopes in tree-ring cellulose are a widely used proxy to reconstruct hydro-climate 
variability in tropical and subtropical regions. We present the first δ18O chronology from annual tree rings in tropical Cedrela 
montana trees growing in the mountain rain forest of  the Podocarpus National Park (PNP) in southern Ecuador. The more 
than a century long data record (1885–2011) comes from up to 15 individual trees (1980–2005) and represents the best-
replicated isotope tree-ring chronology from the tropics. In comparison with tree-ring width, stable isotope variations show 
considerably higher correlations between individuals and thus represent a more reliable climate proxy in this very humid 
environment. High teleconnections to other stable isotope chronologies from the Amazon lowland indicate a high degree of  
consistency of  regional hydro-climate variations. The PNP δ18O record is correlated with seasonal precipitation (January to 
April, CRU TS 3.21), frequency of  wet days, and cloud cover over the Andean Cordillera Real. Spatial correlations indicate 
that the El Niño-Southern Oscillation (ENSO) has strong impact on tree-ring δ18O variations. Sea Surface Temperatures 
(SSTs) of  the Niño 3.4 region and Niño 4 region, and the Oceanic Niño Index (ONI) show strong positive correlations with 
Cedrela oxygen isotope ratios, whereas the ENSO precipitation index correlates negatively. The Niño 3.4 and 4 SST influ-
ence is stronger after 1960 than before, indicating a shift in the influence of  the Pacific Ocean on moisture variations in the 
Ecuadorian Andes. In the same period, the positive correlation with oxygen isotope signals from Andean glacier ice cores 
(r=0.2; p<0.05, 1894–1993) increased strongly (r=0.51; p<0.01, 1960–1993). In conclusion, stable oxygen isotope series from 
tropical tree species can help reconstruct variations in the hydroclimate of  the Andean mountains and their surrounding areas.

Zusammenfassung: Für die Rekonstruktion hydrologischer Klimavariabilität in den Tropen und Subtropen sind stabile Sau-
erstoffisotope in der Zellulose von Jahrringen ein weit verbreiteter Klima-Proxy. Wir präsentieren die erste jährlich aufgelöste 
δ18O-Chronologie aus Jahrringen der tropischen Baumart Cedrela montana aus dem feuchten Bergregenwald Süd-Ecuadors 
(Podocarpus-Nationalpark (PNP)). Die vorliegende Zeitreihe umfasst eine Zeitspanne von 126 Jahren (1885–2011) und ba-
siert auf  bis zu 15 Einzelbäumen (1980–2005). Sie stellt damit die momentan besten belegte δ18O-Jahrring-Zeitreihe aus den 
immerfeuchten Tropen dar. Im Vergleich zur Jahrringbreite zeigen die stabilen Sauerstoffisotope deutlich höhere Zusammen-
hänge zwischen den einzelnen Individuen und stellen somit einen sehr zuverlässigen Klima-Proxy in tropisch-humiden Klim-
abedingungen dar. Hohe Telekonnektionen zu anderen regionalen δ18O-Chronologien (z.B. aus dem Amazonas-Tiefland) 
zeigen eine signifikante Ähnlichkeit und belegen eine hohe räumliche Repräsentativität. Die PNP δ18O Messreihen korrelieren 
hoch signifikant mit verschiedenen Niederschlags-Monatsmitteln und saisonal gemittelten Niederschlagsreihen (z.B. für CRU 
TS 3.21 Januar bis April), der Frequenz von Feuchttagen und dem Bewölkungsgrad über der Cordillera Real der tropischen 
Anden. Räumliche Korrelationen zeigen einen hoch signifikanten negativen Zusammenhang zwischen dem El-Niño-Sou-
thern Oscillation Niederschlag-Index (ENSO prec.) und den δ18O Jahrring-Werten. Die Meeresoberflächentemperaturen der 
Niño 3.4 und 4 Regionen und der Oceanic Niño Index (ONI) zeigen dagegen hohe positive Korrelationen mit den Cedrela-
Sauerstoffisotopen-Verhältnissen. Allerdings nimmt der Einfluss der Meeresoberflächentemperaturen der Niño 3.4 und 4 
Regionen ab 1960 stark zu, was auf  einen höheren Einfluss des Pazifik auf  das Feuchtigkeitsregime in den ecuadorianischen 
Anden deutet. Gleichzeitig nahm die signifikant positive Korrelation mit δ18O Werten in andinen Eisbohrkernen von r=0.2 
(p<0.05, 1894–1993) auf  r=0.51 (p<0.01, 1960–1993) zu. Zeitreihen stabiler Sauerstoffisotope in Jahresringen tropischer 
Bäume können dazu beitragen, Schwankungen im Hydroklima der Andenregion zu entschlüsseln.
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1 Introduction

The perhumid ecosystem ‘lower tropical moun-
tain forest’ in southern Ecuador is characterized by 
a high number of vascular plant species and belongs 
to the “hottest” hotspots of global biodiversity 

(richter et al. 2013). Among the more than 280 na-
tive tree species, the broad-leaved deciduous species 
Cedrela montana is particularly well suited for den-
droclimatological studies due to its distinct annually 
formed tree-rings that can be synchronized between 
individuals to calculate tree-ring chronologies 
(Bräuning et al. 2009; updated chronology unpub-
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lished). During recent years, numerous studies have 
documented the formation of annual tree rings in 
neotropical tree species (e.g. schöngart et al. 2002; 
worBes 2002; Bräuning et al. 2009; rozendaal 
et al. 2010; stahl et al. 2010; Volland-Voigt et 
al. 2011; Brienen et al. 2012; soliz-gamBoa et al. 
2012), using the wood parameters tree-ring width, 
and the variations of stable oxygen and carbon iso-
topes in wood (δ18O and δ13C). Thus, tree-ring series 
with their high temporal resolution and dating accu-
racy have gained increasing importance as archives 
for (paleo-) climate investigations in tropical South 
America.

The availability of climate data for the Andean 
Cordillera Real is rather poor in spatial resolution 
and length of data series, thereby limiting our un-
derstanding of regional past climate variability. 
These circumstances underline the need of reliable 
paleoclimate proxies to reconstruct past climate 
variability and to better understand stable isotope 
fractionation processes in different archives, such 
as stable oxygen isotope ratios in precipitation 
(Villacis et al. 2008), soil water (goller et al. 
2005), and ice cores (thomPson et al. 2000; Vimeux 
et al. 2009). The first two types of records are often 
short-term and incomplete. In contrast, ice core data 
are sometimes very long, but current data is often 
missing (thomPson et al. 2013). Therefore, tree-ring 
oxygen isotope values are a promising tool for high 
resolution (annual) climate reconstructions for past 
centuries (zuidema et al. 2013). For tropical South 
America, Ballantyne et al. (2011) and Brienen 
et al. (2012) presented the first studies about long-
term and large-scale atmospheric processes and pre-
cipitation variability derived from tree-ring oxygen 
isotopes.

The variation of tree-ring δ18O is determined 
(i) by the amount and isotopic composition of pre-
cipitation, (ii) by the enrichment of leaf water 18O 
caused by transpiration, and (iii) by the 18O frac-
tionation processes during the biosynthesis of car-
bonyl oxygen and the post-photosynthetic isotope 
exchange during the formation of tree-ring cellu-
lose (sternBerger and de niro 1983; sternBerger 
et al. 1986; mccaroll and loader 2004; liu et 
al. 2014; gessler et al. 2014; treydte et al. 2014). 
Precipitation has a strong influence on tree-ring 
δ18O. Amount and isotopic composition of precipi-
tation in the Andean mountains is in turn influenced 
by the origin of the moist air mass and by landscape 
topography (sturm et al. 2007). Precipitation inflow 
from the Amazon Basin dominates the isotopic sig-
nal in ice cores from the South American Andes 

(hoFFmann et al. 2003), while Pacific sea surface 
temperature anomalies (Vuille et al. 2003), and the 
El Niño-Southern Oscillation (ENSO) phenom-
enon (Bradley et al. 2003) also influence the sig-
nal. During the air-mass-transport over land, heavy 
isotopes condense faster (dansgaard 1964) and 
hence an air mass travelling further inland becomes 
increasingly depleted. The degree of depletion de-
pends on increasing altitude, distance to the origin 
source, and intensive rainfall events (the so called 
“amount effect”). More depleted water vapour (more 
negative δ18O) occurs during wetter years compared 
to drier years, resulting in inter-annual variations of 
the isotope signal in high-resolution proxies.

Numerous studies have successfully recon-
structed regional precipitation signals from tree-ring 
δ18O series, e.g. in Thailand (Poussart and schrag 
2005) and Indonesia (schollean et al. 2013). A 
number of studies also detected signals of El Niño-
Southern Oscillation (ENSO) variability in tree-ring 
δ18O series, e.g. in South-East Asia (liu et al. 2014; 
xu et al. 2011, 2013a, 2013b; sano et al. 2012; zhu 
et al. 2012) or South America (Brienen et al. 2012).

So far, however, no study has yet been con-
ducted in the humid (annual precipitation > 2000 
mm) mountain forest of the tropical Andes. In the 
present study we present the first results on climate 
signals derived from tree-ring oxygen isotopes in 
Ecuadorian Cedro (Cedrela montana). We hypoth-
esized that tree-ring δ18O series share a strong com-
mon signal between tree individuals, and therefore 
provide a strong environmental signal in a tree pop-
ulation. We tested if tree-ring δ18O is correlated to 
climate parameters and other stable isotope proxies, 
including meteoric precipitation, sea surface tem-
peratures, different ENSO indices, as well as δ18O 
ice core records from the Andes, which share the 
same origin of moisture as our study area. 

2 Study site, local climate and species

The study site “Reserva Biológica San Francisco” 
(RBSF 1800–3180 m a.s.l., 3.58°S, 79.04°W, Fig. 1) is 
located in the Rio San Francisco valley at the north-
ern slope of the Podocarpus National Park (PNP) 
in southern Ecuador. The local vegetation can be 
classified as an evergreen montane forest (BalselV 
and Øllgaard 2002) or as lower montane rainforest 
(homeier 2004).

Local climate data within a distance of 1 km 
from the sampling sites has been collected since 1998. 
In this data mean annual air temperature is 15.3 °C 
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and mean annual relative humidity amounts to 83 %. 
Annual precipitation amounts circa 2000 mm and 
varies between 1600–2100 mm (emck 2007; Bendix 
et al. 2008; rollenBeck and Bendix 2011). The re-
gion is characterized by slight seasonal variations in 
precipitation (Fig. 2), allowing a distinction of three 
hydrological seasons: (i) During January to April hu-
mid air masses from NE directions blow over the 
Amazon lowland with a ~65 % frequency. Southerly 
winds bring ca. 30 % of precipitation during this sea-
son, in which average precipitation ranges between 
500–700mm (rollenBeck and Bendix 2011). (ii) 
Between May and August wind directions from NE 
prevail with up to 95 % frequency. Rainfall amounts 
to as much as 1000 mm. (iii) From September to 
December average precipitation ranges between 250–
420 mm. Furthermore, the highest temperatures of 
the year are reached during October and November. 
This short warm and drier period is called ‘Veranillo 
del Niño’ and is caused by the increasing influence of 
wind directions from S (~50 % frequency) and de-
creasing wind from NE (~45 % frequency), leading 
to a reduced cloud cover and to more drier days with 
high irradiation (Bendix et al. 2008; richter et al. 
2009; rollenBeck and Bendix 2011).

The study species Cedrela montana (Moritz ex 
Turcz) is a rather shade tolerant and deciduous trop-
ical broad-leaved tree species, commonly growing 

in altitudes between 1700–3000 m a.s.l. in Ecuador, 
Peru, Venezuela, and Colombia (smith 1960; rnJB 
2008). C. montana (Meliaceae) belongs to the mid-
successional group of trees, reaches up to 30 m in 
height and produces a very hard and durable wood 
(nieto and rodriguez 2003; Bräuning et al. 2009; 
günter et al. 2009; kuPtz et al. 2010).

3 Sample collection and preparation, cross-
dating, cellulose extraction and isotope 
analysis

Wood samples of C. montana were collected as 
increment cores (5 mm diameter) at the RBSF (Fig. 
1) at an elevation of ca. 2000 m a.s.l. A first version 
of the Cedrela ring width chronology (Bräuning 
et al. 2009) was extended and updated (unpub-
lished) and now covers the time period 1840–2011. 
Ring width measurements were carried out us-
ing a LINTAB 5 measurement device (Rinntech, 
Germany) with a precision of 0.01 mm.

Tree cores for oxygen isotope analysis were se-
lected with the following criteria: (i) occurrence of 
no or only few missing or false rings, (ii) annual 
rings with straight borders to enable precise separa-
tion of annual rings with a razor blade under a bin-
ocular microscope and (iii) the ring-width curves 
of the sampled trees show high correlations to 
the master chronology, ensuring correct dating of 
each individual ring. Hence, the selected trees give 
a good representation of the total sample popula-
tion. In total, 15 trees, aged up to 120 years, were 
selected.

To avoid a possible influence of wood chemicals 
on the oxygen isotope signal we extracted cellulose 
from the whole tree rings following the chemi-
cal treatment described by wieloch et al. (2011). 
Afterwards, we homogenized the cellulose with an 
ultrasonic unit and ca. 300 µg of the freeze-dried 
material was loaded into silver capsules (laumer 
et al. 2009). The tree-ring cellulose was pyrolized 
in an high temperature oven (Hekatech, Germany) 
and subsequently transferred to an IRMS (Isotope-
ratio mass spectrometer, Delta V Advantage, 
Thermo Scientific) to detect the 18O/16O ratio. The 
δ18O values are expressed relative to the VSMOW 
(Vienna Standard Mean Ocean Water) standard and 
have an analytic precision of 0.05 ‰ (IAEA 601) 
and 0.14 ‰ (IAEA 602) and 0.1 ‰ for the cellulose 
standard (Aldrich). The oxygen isotope values are 
presented in the δ notification as per mil (‰) and 
were calculated as δ18OPNP = (Rsample/Rstandard -1).

Fig. 1: Locations of  the Podocarpus National Park (PNP) in 
southern Ecuador with study region Reserva Biológica de 
San Francisco (RBSF), and GNIP (Global Network of  Iso-
topes in Precipitation) station Izobamba
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4 Datasets and data analysis

Since the local climate data available were too 
short for statistical calibration of the tree-ring 
data, we used monthly climate data from Climate 
Research Unit (CRU) time-series (TS) Version 3.21 
(harris et al. 2014) from the region 3.75°S, 79.25°W 
(Cordillera Real). Monthly values of the El Niño-
Southern Oscillation precipitation Index (ENSO 
prec., 1979–2009), sea surface temperatures (SSTs) 
from the El Niño 3.4 (5°S–5°N, 170°–120°W) and 
4 (5°S-5°N, 160°E-150°W) regions (1870–2011), and 
the 3-month running mean of the Oceanic Nino 
Index (ONI) are from the National Oceanic and 
Atmospheric Administration (noaa1; hörling et 
al. 2001; rayner et al. 2003). The ONI is an indi-
cator for El Niño events and reflects Pacific Ocean 
conditions at the equator, where positive/negative 
values indicate warm/cold temperatures, respec-
tively. Isotope values in precipitation δ18Oprec from 
Izobamba (0.37°S, 78.55°W) were taken from the 
Global Network of Isotopes in Precipitation (iaea/
wmo 2015) and were downloaded from Water 
Isotope System for Data Analysis, Visualization 
and Electronic Retrieval (wiser). Oxygen isotope 
data from Peruvian glacier ice cores of Huascarán 
and Quelccaya were taken from Paleoclimatology 
Datasets from thomPson et al. (1995, 2013, down-
loaded via NOAA2). 

We calculated all Pearson correlation coeffi-
cients with IBM SPSS Statistics 22. Because of the 
lack of normal distribution in the interval-scaled data 
we also calculated Spearman rank correlation coeffi-
cients. However, since all results for Spearman ś cor-
relations were confirmed by Pearson correlations, we 
do not show Spearman’s rank correlations in the fol-

lowing results. Linear regressions between δ18Oprec 
and δ18OPNP were carried out with Origin 9.1G. To 
minimize errors, only years without lacking monthly 
values in the δ18Oprec were considered. For calculat-
ing annual means of δ18Oprec for years missing less 
than 33 % of values, we filled the gaps by averag-
ing the monthly values before and after the missing 
month (Brienen et al. 2012).

Raw ring width curves were transferred into di-
mensionless tree-ring index series to remove age-
related growth trends. The transformation of raw 
ring width curves into detrended (spline with 50-year 
bandwidth to preserve multi-decadal variability in the 
resulting index curves) dimensionless tree-ring in-
dex series and the expressed population signal (EPS) 
was computed with R package ‘dplR’ (Bunn 2008). 
Detrending followed by the “classic nonlinear model 
of biological growth” described by Bunn and korPela 
(2014, 6). As indicator for inter-series correlation be-
tween individual tree-ring d18O series included in the 
final chronology, and for chronology reliability, the 
mean correlation between all isotope series (Rbar) 
and the expressed population signal (EPS), which is a 
measure of chronology reliability (wigley et al. 1984), 
were computed for running 20-year windows.

5 Results

5.1 Characteristics of  the stable isotope chronology

The oldest C. montana tree displayed rings as 
far back as 1885; however, a replication of at least 
three individuals in the final δ18OPNP chronology 
was reached from 1905. The arithmetic mean of the 
δ18OPNP chronology for the period 1905–2011(tree in-
dividuals) is 26.03 ‰; with values for individual years 
ranging from 23.8 ‰ to 27.9 ‰ (Fig. 3). The long-
term δ18OPNP trend showed a very weak increase of 
0.25 ‰ over the whole study period. Our tree-ring 
oxygen isotope chronology showed significant inter-
series correlations between the single tree isotope 
series and a robust chronology signal indicated by 
Rbar statistics (0.18–0.63 from 1938–2011) and EPS 
(0.85–0.92 from 1938–2011, Fig. 3). Due to low sam-
ple replication, values of Rbar and EPS of the chro-
nology are rather low before 1938; hence the chronol-
ogy prior to 1938 would be improved by finding more 
old trees. We also tested the individual δ18O tree-ring 
series chronology for trends related to tree age (esPer 
et al. 2010), but no trend related to tree aging was 
found, making us confident that detected variations 
of the stable isotope chronology are related to envi-
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ronmental changes. Therefore, the final tree-ring iso-
tope chronology can be considered to provide robust 
estimates of local as well as regional environmental 
changes since 1938.

5.2 Correlations between tree-ring isotopes and 
climate parameters

We found no significant correlation between the 
variation in tree-ring δ18OPNP and annual or seasonal 
mean of precipitation (r=-0.13), relative humid-
ity (r=-0.29), temperature (r=-0.38), or irradiation 
(r=-0.2) related to the local climate station data for 
the period 1998–2011 (detailed results not shown). 
However, when using CRU TS 3.21 (region 3.75°S, 
79.25°W) gridded climate data, the amount of pre-
cipitation, cloud cover and wet day frequency are sig-
nificantly related to δ18OPNP (Tab. 1).

The months of the main growth period of C. 
montana ( January to April) showed the strongest 
negative correlations. All correlation coefficients in-
creased when the recent time period (1960–2011) was 
used as compared to the whole century time period 
(1901–2011): e. g. January to April wet day frequency 
from r=-0.28 to r=-0.42 (both p<0.01). For cloud 
cover, data showed for the long period (1901–2011) a 
significant January to April r=-0.26 (p<0.01) correla-

tion. We also tested for the time period 1901–1959 
but no significant correlations between δ18OPNP and 
climate parameters were found. After a peak around 
1980, the δ18OPNP values decreased while cloud cover 
simultaneously increased (Fig. 5) until the strong La 
Niña event 1999–2000. Cloudiness dropped until 
2005 and slightly increased again, showing opposite 
trends to the δ18OPNP chronology.

5.3 Teleconnection to other stable isotope re-
cords and ENSO

Tree-ring width and δ18OPNP chronologies of the 
studied trees were slightly negatively correlated (r=-
0.17; p<0.06; n=124), indicating different climatic 
forces on the two wood parameters. Since tree roots 
take up soil water without fractionation of soil water 
δ18O, mccarroll and loader (2004) nominate pre-
cipitation δ18O as a dominant environmental signal 
in tree-ring δ18O. The location of our study trees on 
a steep slope with a good drainage and hence without 
influence of stagnant ground water, gave us reason to 
hypothesize that tree-rings reflect variations in pre-
cipitation δ18O. To test this, we correlated monthly 
and annual data of the δ18OPNP with δ18Oprec from 
Izobamba (1973–2008, not continuous, ca. 29 % data 
missing; Tab. 2).
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We found a significant positive relationship 
for precipitation of the annual mean and for the 
drier season month November (‘Veranillo del 
Niño’; richter et al. 2009; Tab. 2; Fig. 4). During 
the less humid period the major inf luence of 
δ18Oprec is verifiable, while in the other months 
no significant correlations occur. To verify the 
detected relationship, we tested the correlations 
between δ18Oprec from Izobamba and ENSO pa-
rameters (Tab. 3).

We compared our results with other available 
hydroclimate archives located around the Amazon 
Basin, including δ18O from high-elevation ice 
cores from the central Andean glaciers Quelccaya 
(13.56°S, 70.50°W; 5670 m a.s.l. ) and Huascarán 
(9.06°S, 77.36°W; 6048 m a.s.l.) (thomPson et al. 
1995, 2013). We found positive correlations be-
tween δ18OPNP and the Huascarán ice cap, which 
is located closer to our study site but in higher 
elevation than Quelccaya. Both glaciers receive 

Tab. 1: Pearson correlation coefficients between δ18OPNP and CRU TS 3.21 data (region 3.75°S, 79.25° W) for wet day frequen-
cy, cloud cover, and precipitation

wet day frequency (days) cloud cover ( %) precipitation (mm)
1901–2011 1960–2011 1901–2011 1901–2011 1960–2011

previous September -0.16 -0.25 -0.19* -0.14 -0.11

previous November -0.19* -0.35* -0.10 -0.17 -0.29*

previous December -0.18 -0.23 -0.08 -0.14 -0.15

previous annual mean -0.23* -0.41** -0.11 -0.15 -0.23

January -0.27** -0.37** -0.22* -0.19 -0.21

February -0.31** -0.42** -0.17 -0.26** -0.42**

March -0.26** -0.35* -0.22* -0.20* -0.35*

April 0.08 -0.04 -0.21* 0.10 0.01

May -0.14 -0.09 -0.22* -0.02 0.03

June -0.06 -0.16 -0.15 -0.09 -0.29*

September -0.11 -0.09 -0.12 -0.19* -0.18

October -0.05 0.00 -0.20* -0.03 0.09

current annual mean -0.25** -0.33* -0.24* -0.20* -0.31*

January to April -0.28** -0.42** -0.26** -0.17 -0.32*
May to August -0.13 -0.16 -0.19* -0.07 -0.19

**p<0.01, *p<0.05

Tab. 2: Pearson correlation coefficients between Izobamba δ18Oprec and δ18OPNP (1973–2008)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual Mean

0.44 0.38 0.00 0.21 0.33 0.06 0.01 -0.22 0.18 0.28 0.70** 0.30 0.57**

**p<0.01

rNov=0.7, n=20, slope=0.26
ran mean=0.6, n=26, slope=0.36

δ18Oprec [‰]
-16 -14 -12 -10 -8 -6

δ1
8 O

PN
P [

‰
]

28
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Fig. 4: Relationship (p<0.001) between δ18OPNP(‰) and 
δ18Oprec(‰) in Izobamba precipitation during November 
and for the entire year
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moisture from the Amazon basin (thomPson 
et al. 2013) and are therefore impacted by the 
same dominant wind direction as our study site 
in southern Ecuador. Correlations are stronger 
for the period after 1960 than for the whole pe-
riod 1885–2009 covered by our 18O-chronology 
(Tab. 4).

The main factors of inter-annual variation of 
precipitation in the study area are the humid air 
masses from the Amazon basin transported by 
the tropical easterlies (rollenBeck and Bendix 
2011). In turn, the moisture conditions in the 
Amazon basin are inf luenced by ENSO (Brienen 

et al. 2012). For the period after 1960, we found 
a positive correlation between δ18OPNP and SSTs 
in the El Niño 3.4 and 4 regions in the equatorial 
Pacific (Tab. 5). Weak and non-significant corre-
lations occur for the time period 1885–2011 for 
both El Niño 3.4 and 4 regions. The strongest 
impact on δ18OPNP occurs during austral summer 
from previous October to February, when corre-
lations ranged between 0.28 (p<0.05, February El 
Niño 3.4, 1960–2011) to 0.48 (p<0.01, February 
El Niño 4, 1975–2011) (Tab. 5). The ONI (1950–
2011) also showed a strong positive correlation 
during previous December to recent February. 
Contrary, the ENSO precipitation index showed 
strong negative correlations with the oxygen iso-
tope chronology for the time period 1979–2011. 
Moreover, strong La Niña events like 1973–1976, 
1999–2000, and 2010–2011 are traceable in the 
δ18OPNP chronology by lower δ18O values related 
to the higher amounts of precipitation in the 
Andean mountains (Fig. 5).

Tab. 3: Pearson correlation coefficients between Izobamba 
δ18Oprec and ENSO (1979–2008)

ENSO prec. 
Index El Niño 3.4 El Niño 4

δ18Oprec -0.49* 0.45 0.49*

*p<0.05

Tab. 4: Pearson correlation coefficients between δ18OPNP and oxygen isotopes from ice cores of  Andean glaciers in Peru

Quelccaya Huascarán 1 Huascarán 2 Mean Huascarán

1885–2009 1960–2009 1894–1993 1960–1993 1894–1993 1960–1993 1894–1993 1960–1993

δ18OPNP 0.19* 0.40* 0.16 0.49** 0.21* 0.51** 0.20* 0.53**

**p<0.01, *p<0.05

Tab. 5: Pearson correlation coefficients between δ18OPNP and sea surface temperatures in El Niño 3.4 and 4 regions, ENSO 
precipitation Index and Oceanic Niño Index (ONI)

El Niño 3.41 El Niño 41 ENSO prec.2 ONI³
1885–
2011

1960–
2011

1975–
2011

1885–
2011

1960–
2011

1975–
2011

1979–2011 1950–
2011

previous September

previous October 0.32* 0.28* 0.33*

previous November 0.34* 0.28* 0.36*
previous December 0.31* 0.38* 0.34* 0.41* 0.26*

January 0.31* 0.38* 0.35* 0.45** -0.39* 0.26*

February 0.28* 0.37* 0.35** 0.48** -0.34* 0.26*

March 0.45** -0.49**

April 0.37* -0.40*

January to April 0.11 0.28* 0.34* 0.17 0.34* 0.46** -0.47**

**p<0.01, *p<0.05
1 Sea Surface Temperature
2 El Niño – Southern Oscillation precipitation Index
³ Oceanic Nino Index
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Fig. 5: From top to down: time series of  the δ18OPNP chronology, data from Quelccaya and 
Huascarán1 and 2 as well as the mean of  δ18Oice values, precipitation and cloud cover from 
CRU TS 3.21 and January to April mean of  ENSO precipitation Index as well as El Niño 4 
SST. Bold lines show smoothed data series with a 10-year FFT filter
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6 Discussion

The δ18O values of the 15 studied C. montana 
trees significantly correlated between each other and 
showed a strong common signal (Fig. 3). The high-
est EPS occurred after 1930, with minimum values 
round 1960. This could be a result of dating errors 
of some individual rings during the juvenile growth 
phase and hence a misdating of measured oxygen 
isotopes. Compared to other studies, the strength 
of our common δ18O signal (mean EPS=0.86 1938–
2011) is slightly higher than reported for trees from 
Cameroon (mean EPS=0.74 1930–2010; Van der 
sleen et al. 2015) and Laos (mean EPS=0.8 1951–
2001; xu et al. 2011), but marginally lower than for 
trees from Bolivia (mean EPS=0.93 1900–2001; 
Brienen et al. 2012) or Indonesia (mean EPS=0.9 
1900–2007; schollean et al. 2013). A possible ex-
planation is the lower climate variability at our study 
site, which has continuously high precipitation and 
a relatively low interannual variability of δ18OPNP in 
comparison to other studies (Poussart and schrag 
2005).

The long-term δ18OPNP increasing trend of 
0.25 ‰ from 1885 to 2011 (Fig. 5) is weaker than 
trends reported from Bolivia (Brienen et al. 2012), 
Cameroon (Van der sleen et al. 2015), Thailand 
(Poussart and schrag 2005), Laos (xu et al. 2011), 
and Vietnam (sano et al. 2012). In South East Asia, 
the stronger increase is in line with a weakening of 
the Asian Monsoon (Poussart and schrag 2005; 
xu et al. 2011). In Africa, the great Sahel drought 
from 1970 to 1990 influenced the long-term trend in 
tree-ring δ18O (Van der sleen et al. 2015). For South 
America, a positive trend of δ18O in climate proxies 
is reported by thomPson et al. (2013) for δ18O in ice 
cores and for trees in the Amazon basin (Brienen 
et al. 2012). This may point to an overall increasing 
temperature (3K relative to the average of 1980–
1999) trend together with a slight increase in rainfall 
(+ 8 %) and cloud cover (+4 %) over the Andes in 
southern Ecuador (meehl et al. 2007; gloor et al. 
2013; Peters et al. 2013).

We did not find any influence of biological tree 
age on δ18OPNP, as it was reported in other studies 
(e.g. kahmen et al. 2011; BarBour 2007; esPer et al. 
2010). A possible explanation may be the low vari-
ability of measured relative humidity and tempera-
ture, and the resulting small vapor pressure deficit 
experienced by trees at the study site. Age-effects 
strongly depend on site conditions and species (Van 
der sleen et al. 2015). No age-related long-term 
trend in 18OPNP was found (Fig. 3), which is consis-

tent with numerous other studies (e.g. Van der sleen 
et al. 2015; Brienen et al. 2012; zhu et al. 2012; sano 
et al. 2012; xu et al. 2013b).

To quantify the effects of leaf transpiration on 
the δ18O variation in tree-rings, we tested the correla-
tions of local amounts of precipitation, irradiation, 
temperature, relative humidity, and vapor pressure 
deficit with tree-ring oxygen isotopes (1998–2011). 
The detected relationships were not statistically sig-
nificant; hence we conclude that the influence of 
meteoric precipitation composition is higher for our 
studied trees than the local climate. Van der sleen 
et al. (2015) also did not find strong correlations be-
tween local climate signals (e.g. precipitation, tem-
perature) and tree-ring δ18O in Entandrophragma utile 
in Cameroon. These trends indicate a strong influ-
ence of global circulation and regional climate on 
δ18O variation in tropical tree-rings.

The significant correlations with the gridded 
CRU TS 3.21 data suggested that under the local per 
humid conditions, trees store the regional 18O pre-
cipitation signal in their cellulose (Tab. 1). The trees 
rather reflect the water-vapor-transport over the 
Andes than the stationary precipitation amount at 
the site, as found by other studies (Van der sleen et 
al. 2015; Brienen et al. 2012; Poussart and schrag 
2005; xu et al. 2011, 2013a, b; sano et al. 2012). Low 
correlation coefficients with wet day frequency and 
precipitation may partly also be a result of poor qual-
ity and spatial resolution of meteorological data prior 
to 1960. The findings, that tree-ring oxygen isotopes 
are controlled by humidity (correlations to CRU TS 
3.21 precipitation) suggested that the amount of pre-
cipitation during January to April and the entire year 
influenced δ18OPNP very strongly. Periods of less rain-
fall and higher irradiation go hand in hand with high-
er δ18OPNP values, for instance during 1950s and the 
1980s. The decreasing trend of δ18OPNP since 1980 
is in line with an increasing precipitation rate and 
cloud cover in the region. However, the declining 
trend reversed in 2000, values reached a maximum 
2005 and thereafter, moisture conditions within the 
atmosphere increased again.

goller et al. (2005) investigated δ18O in pre-
cipitation within the RBSF from September 2000 to 
August 2001. The annual RBSF δ18Oprec values range 
between -8 ‰ and -16 ‰. During January to April, 
δ18Oprec values decrease from -8 ‰ to -16 ‰, then in-
crease continually to -8 ‰ (August, with main wind 
direction NE from the Amazon Basin) and thereaf-
ter decrease slightly to -10 ‰/-9 ‰ in November/
December. This observed annual cycle is also shown 
by the annual variation of the Izobamba δ18Oprec val-
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ues (Fig. 4, Tab. 3). In fact, the meteoric δ18O values 
are related to different air-masses brought into the 
study area by a seasonal change of dominant wind 
directions (rollenBeck and Bendix 2011). Inflows 
between September and April are balanced between 
southerly and northerly directions, whereas from 
May to August, northerly wind directions dominate. 
Westerly and easterly winds deliver equal portions of 
precipitation (rollenBeck and Bendix 2011). Hence, 
it appears that δ18O in precipitation from westerly 
winds (Pacific) more reflected in tree ring δ18Oprec ra-
tios, especially in the drier season.

The δ18Oice variations from the Andean glaciers 
demonstrate the dominant inflow of Amazon air 
masses at the 500 and 850 hPa level throughout the 
year. The ice core oxygen isotope records show strong 
year-to-year fluctuations in comparison to δ18OPNP 
(Fig. 5, Tab. 4). This is caused by the ascending air 
masses on the Andean mountain chain and the fol-
lowing δ18O rainout process (thomPson et al. 2000; 
Vuille et al. 2003). The observed high correlations 
between δ18OPNP and δ18Oice demonstrate the intense 
influence of Amazon moisture on the trees within the 
lower montane rainforest. Also decadal variations of 
δ18Oice from Quelccaya records are traceable within 
the tree ring oxygen isotopes (thomPson et al. 2013).

Moreover, we found stationary correlations to El 
Niño 4 SST, e.g. for 1955–1985 (Tab. 5), which co-
incided with the shift of the Pacific Ocean climate 
regime (mantua and hare 2002). The δ18OPNP is 
also influenced by the “Pacific moisture”, as dis-
cussed in the comparison with meteoric precipitation 
δ18O from Izobamba. The detected effect of rainfall 
amount and composition on the isotopic composi-
tion is in accordance with the investigations of sturm 
et al. (2007) and Vuille et al. (2005). Vuille et al. 
(2005) pointed out that both, tropical Pacific and 
tropical Atlantic atmospheric circulations affect pre-
cipitation and δ18O variability over the Andes. The 
influence from the lower to the upper troposphere 
increases. Spatial and temporal variations of δ18Oprec 
strongly differ between seasons. During austral sum-
mer, isotope variations in the Andes are controlled by 
air-mass-transport from the Amazon basin (sturm et 
al. 2007). Vimeux et al. (2009) reported enriched δ18O 
values during El Niño events and depleted δ18O val-
ues during La Niñas in ice core records of the Andean 
glaciers. This is reflected in the tree-ring oxygen iso-
tope values, however, with varying strength.

Correlations of the δ18OPNP in the Cordillera 
Real and the ENSO precipitation Index as well as the 
SSTs of El Niño 3.4 and 4 regions and the ONI in-
dicate (Tab. 5) a large-scale atmospheric circulation 

control of the regional climatic conditions. In dif-
ferent tropical regions around the globe, an ENSO 
effect on oxygen isotope variations in tree-rings was 
found (Poussart and schrag 2005; anchukaitis et 
al. 2008; xu et al. 2011, 2013a, b; Brienen et al. 2012; 
sano et al. 2012; zhu et al. 2012). The ENSO influ-
ence on our isotope records was especially strong in 
the 1960s, whereas during the first half of the 20th 
century the influence was weak or not significant. A 
reason could be the lower variance of ENSO in the 
CRU TS data, because data before 1961 are recon-
structed from the 1961–1990 ‘normal values’. In ad-
dition, the positive relationship between δ18OPNP and 
Pacific SSTs (Tab. 5) points to an effect on the aus-
tral summer season climate in RBSF by the Pacific 
westerlies. However, our results indicated that tree-
ring δ18OPNP can be used to reconstruct single ENSO 
(SSTs) events during the season January to April.

While El Niño events did not stand out in the 
isotope chronologies, La Niña events were repre-
sented by pronounced δ18OPNP minima, which is in 
line with studies in Laos (xu et al. 2011, 2013b) and 
Cambodia (zhu et al. 2012). The strong La Niña 
event 1973–1976 represents the minimum value in 
the whole chronology (Fig. 5). Different authors de-
scribed this event as a shift in the climate regime 
of the Pacific Ocean (deser et al. 2004; zhu et al. 
2012) from a “warm” Pacific Decadal Oscillation 
(PDO) starting 1976/77 and lasting until the strong 
La Niña 1999/2000 (mantua and hare 2002). The 
“warm” PDO was related to a wetter, warmer, and 
cloudier period over the Andes.

7 Conclusions and perspectives

In this paper, we presented a new tree-ring oxy-
gen isotope record composed of fifteen individual 
C. montana trees from the Cordillera Real in the 
Andes. The δ18OPNP record correlated to precipita-
tion and moisture conditions during the last century 
at regional and continental scales. This connection 
is established by the following proxies: SSTs of the 
tropical Pacific, ENSO precipitation Index and 
PDO. Considering that C. montana forms annuals 
rings, has both the potential for long life and a wide 
geographic distribution, makes it a useful species 
to reconstruct climate in the Andes. The isotopic 
signal suggested that rather than local climatic ef-
fects, water-vapor transport from the Amazon ba-
sin into the Andes on the one hand, and the Pacific 
circulation on the other hand, control stable isotope 
variations in mountain rainforest trees. The oxygen 
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isotope ratios in tree-rings documented the aver-
aged isotopic composition of the meteoric rainfall 
for the year of growth and showed significant cor-
relations with Andean glacier ice core records. One 
of the most important results is the large-scale con-
trol of δ18OPNP by ENSO, with an increasing influ-
ence during the last decades, suggesting changing 
atmospheric circulation processes over the Andes. 
The last “warm” PDO period is detectable within 
the δ18OPNP chronology. However, the oxygen iso-
tope trend increased slightly (0.25 ‰) during the 
studied period from 1885–2011. A higher temporal 
resolution of intra-annual δ18O variability in tree-
rings (e.g. Poussart and schrag 2005; anchukaitis 
et al. 2008) is a possible tool to gain better insight 
into changing seasonal regional circulation patterns.

Thus, we encourage the establishment of an 
ENSO-sensitive tree-ring network within the Andes 
to improve our understanding of spatial and tempo-
ral teleconnections of ENSO variability over equato-
rial South America. 
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