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Abstract The seasonally varying moisture balance in a montane forest of Southeast Asia is
reconstructed for the 20th century from the oxygen isotopic composition (δ18O) of sub-
annual tree cellulose samples of Pinus kesiya growing at 1,500 m elevation on Doi Chiang
Dao in northern Thailand. The cellulose δ18O values exhibit a distinctive annual cycle with
amplitude of up to 12 ‰, which we interpret to represent primarily the seasonal cycle of
precipitation δ18O. The annual mean δ18O values correlate significantly with the amount of
summer monsoon precipitation, and suggest a temporal weakening relationship between the
South Asian monsoon and El Niño-Southern Oscillation over the late 20th century. The
cellulose δ18O annual maxima values, which reflect the dry season moisture status, have
declined progressively over the 20th century by about 3.5 ‰. We interpret this to indicate a
change in the contribution of the isotopically distinct fog water to the dry season soil
moisture in response to rising temperature as well as deforestation.

1 Introduction

In Southeast Asia, montane forests operate as a modulator of the seasonal hydrological
imbalance, maintaining regular stream flows by absorbing rainwater during the wet season
and releasing stored moisture during the dry season. At higher elevations these forests have
the ability to capture fog/cloud condensate through the canopy, which ameliorates plant
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moisture stress particularly during the dry season (Bubb et al. 2004; Bruijnzeel 2002).
Moreover, tropical montane cloud forests host a vast array of animal species and marked
endemism (Foster 2001). Therefore, changes to the regional climate may impose stress to the
ecology of the local forests as well as the agricultural network that lies downstream. For
example, the severe drought in 2010 in Thailand and Vietnam that accompanied El Niño led
to a significant drop in rice production. Climate extremes have consequences for the growing
population in Southeast Asia and thus, understanding how the climate and particularly the
frequency and severity of El Niño-induced drought may change in the future is of utmost
importance.

Some Global Climate Model simulations project an intensified summer monsoon with an
enhanced moisture cycle in the tropics under future warming scenarios (Ueda et al. 2006;
May 2004). In addition, more moisture in the atmosphere could decrease the adiabatic lapse
rate, thus amplifying the tropospheric warming at higher altitudes (Diaz and Graham 1996).
Importantly, this would raise the lifting condensation level, and inhibit orographic cloud/fog
formation over the tropical mountains (Pounds et al. 1999; Still et al. 1999). A higher cloud
base may also result from deforestation, due to a reduction in overall evapotranspiration and
decreased moisture content of the air (Ray et al. 2006; Lawton et al. 2001). A reduction in
fog/cloud cover is especially critical in the montane forests of Southeast Asia during the dry
season, when rainfall is minimal and fog water could be an important source of soil moisture.

Trees growing in tropical montane forests are potential archives of hydroclimate vari-
ability as has been demonstrated by Buckley et al. (2010) and Sano et al. (2009), who used
cross-dated ring widths of trees to reconstruct hydroclimate for southern and northern
Vietnam, respectively, extending back hundreds of years. Stable isotope analyses of tree
ring cellulose may provide additional, sub-annual information about climate. For example,
in the tropical monsoon environment of Southeast Asia, soil moisture is isotopically depleted
during the wet season due to the “amount effect” and is enriched during the dry season
(Araguas-Araguas et al. 1998). By analyzing the δ18O of cellulose taken at subannual
resolution from individual rings these isotopic differences can be used to fingerprint how
the seasonal hydroclimate has varied in the past.

Here we investigate how the moisture balance in the montane forests of Southeast Asia
has responded to the 20th century warming by analyzing cellulose δ18O of evergreen trees
from northern Thailand. With high-resolution, subannual sampling and measurements of
cellulose from individual tree rings we are able to reconstruct the soil moisture and other
environmental conditions for both the monsoon rainy season and the dry season. We then
calibrate the isotope measurements with instrumental climate records and interpret the
results in terms of moisture availability in this montane forest during different seasons.

2 Materials and methods

We collected tree cores from Khasi pine (Pinus kesiya Royal ex. Gordon) growing at about
1,500 m altitude on the mountain of Doi Chiang Dao (19°24′N, 98°54′E; Online Resource 1a)
in northern Thailand. The climate of northern Thailand is monsoonal. November to February is
the cool dry season, while March and April are also dry but are the hottest months of the year.
The month of May typically marks the onset of the monsoon rainy season (Cook and Buckley
2009), which lasts until October. During the summer rainy season, there are typically two
periods of high rainfall, a smaller peak in May, and a larger peak in August to mid-October
(Online Resource 1b), which are the expression of the south–north movement of the Inter-
tropical Convergence Zone (ITCZ) (Singhrattna et al. 2005).
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The growth pattern of P. kesiya is closely related to the moisture availability. By
monitoring the cambial activity on a monthly basis for a year in northern Thailand,
Pumijumnong and Wanyaphet (2006) found that these trees grew rapidly during the rainy
season May to October, whereas the cambial activity declined gradually as the dry season
commenced in November, and became dormant until March-April. This growth pattern
causes a formation of a sharp ring boundary during the dormant season, which is different
from most tropical trees that do not develop visible ring structures and makes this species a
better choice for dendrochronology studies.

All tree cores were cross-dated at the Lamont-Doherty Earth Observatory’s Tree Ring
Lab. Subannual samples were sliced parallel to the ring boundaries and were extracted for α-
cellulose and then analyzed for δ18O. The δ18O of tree cellulose is primarily influenced by
the δ18O of the soil water taken up by tree roots and the humidity of the ambient
environment during the growth season (Roden et al. 2000; Sternberg 2009) (details of
sample processing and cellulose oxygen isotope model are given in Online Resources 2
and 3). The trees used in this study grow on highly permeable limestone ridges with thin
soils with little or no storage capacity. Consequently, these trees utilize mostly precipitation
instead of groundwater. The δ18O of cellulose from these trees is therefore indicative of the
seasonal hydrological variability.

3 Results

The subannual δ18O values of cellulose from six tree cores for the period AD 1922 to 2000
are illustrated in Fig. 1. Each annual ring is characterized by a distinct δ18O maximum near
the ring boundary, where the growth stops as the dry season begins, and a δ18O minimum in
the middle portion of the ring. The intraannual isotope values vary by up to 12 ‰, with an
average annual cycle of ~5 ‰. Larger amplitudes of the annual cycle, i.e. higher δ18O
maxima and lower δ18O minima, are observed prior to the mid-1930s and in the mid- to late
1950s, although the interval after 1980 needs to be viewed with caution, because the rings
were too narrow to yield a large number of subannual samples. The δ18O from different
cores are similar. Cores DCK12A and DCK08A have the longest chronologies and
were growing approximately 1 km apart. Their annually averaged δ18O are correlated
at 0.45 (p<0.001).

To evaluate what causes the large seasonal cycle in the cellulose δ18O we compared the
cellulose record to precipitation δ18O data from an isotope-enabled atmospheric model
simulation IsoGSM (Yoshimura et al. 2008). Each subannual cellulose δ18O value was
converted to subannual anomaly by calculating the difference between an individual value
and the annual mean δ18O for each annual ring. These data are presented as a scatter plot in
Fig. 2. The monthly IsoGSM precipitation δ18O values for the nearest grid point were also
converted to sub-annual anomalies for comparison. The most depleted precipitation δ18O
occurs around August-September, whereas the dry season from November to April is
characterized by the most isotopically enriched precipitation. The amplitude of the precip-
itation δ18O variation for the growth season from May at the beginning of the wet season to
November, the beginning of the dry season, is ~5 ‰.

Although relative humidity is another major factor that can influence the δ18O of
cellulose, there are no measurements of relative humidity available for our montane forest
site. Meteorological stations are usually located in urban areas, and are not representative of
the actual forest environment. A study at another montane forest location in northern
Thailand showed that at an elevation of about 1,500 m the relative humidity remains above
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90 % for most of the year, and is frequently 100 % if there is cloud contact (Wolseley and
AguirreHudson 1997). Based on the cellulose isotope model (Roden et al. 2000), the
sensitivity of cellulose δ18O to relative humidity is about −0.2 ‰/%. If we assume the
humidity difference throughout a growth season can induce an additional ~2‰ of variability
to the annual cellulose δ18O cycle, the combined effect of both precipitation δ18O and
relative humidity would lead to a ~7 ‰ average annual cycle. This is larger than the
~5 ‰ observed in the cellulose δ18O measurements and possibly suggests the seasonal
variations in relative humidity are typically smaller than this. There may also be some
mixing in the soil moisture that contributes to the smaller average amplitude of the
cellulose δ18O annual cycle.

The annual mean, maxima, and minima cellulose δ18O values of each core are calculated
and averaged to derive annual time series (Fig. 3). These δ18O indices do not correlate well
with ring widths, as they are governed by different mechanisms. The cellulose δ18O annual
mean values, which represent the cellulose isotopic composition integrated over the whole
growth season, exhibit no long term trend but do document smaller amplitude of interannual
variations during the 1940s and the 1950s relative to other decades. The timeseries of
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Fig. 1 a Subannual cellulose δ18O measurements from six different tree cores. b A close-up of the
seasonal cycle
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cellulose δ18O annual mean correlates negatively with local and regional rainfall amounts
(Online Resource 4). The strongest correlations are found with August to October (ASO)
rainfall over Mainland Southeast Asia (R0−0.44, p<0.001) and with July to September
(JAS) All India Rainfall (AIR) (R0−0.46, p<0.001). This is indicative of the negative
relationship between precipitation δ18O and rainfall amount, the so-called “amount effect”.
The annual mean cellulose δ18O values also correlate significantly with September to
November Niño4 index (R00.47, p<0.001), and field correlations with SSTs and sea level
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Fig. 2 a A scatter plot of the cellulose δ18O seasonal cycle from all the annual rings of all cores. Horizontal
axis represents the fractional distance from the previous ring boundary. Anomalies are taken by subtracting
annual means from the raw δ18O values to get rid of the interannual variation. A third order polynomial fit
shows the average annual cycle is ~5‰. b A scatter plot of the monthly IsoGSM precipitation δ18O anomalies
for the nearest grid point (20 °N, 99.375 °E). The anomalies are taken in the same fashion as in a
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Fig. 3 The cellulose δ18O annual maxima values near tree ring boundaries are singled out and averaged
among all the cores to construct an annual timeseries. Annual minima and annual mean are constructed in
similar fashion
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pressures also show the El Niño-Southern Oscillation (ENSO)-like pattern (Fig. 4).
Warm-phase ENSO events are typically characterized by rainfall deficit in the South Asian
summer monsoon region, resulting in enriched isotopic composition of soil moisture, which
is transmitted to the tree cellulose, and vice versa. A weakening of ENSO in the 1940s and
1950s might explain the smaller interannual variability of the cellulose δ18O during this time
(Quinn et al. 2006).

The interannual variability of the cellulose δ18O annual minima mimics that of the
annual mean, with a correlation coefficient of 0.7 between the two. This high degree of
correlation is interpreted to reflect the fact that the isotopic composition of the soil
moisture integrated over an entire growth season is largely determined by the amount of
precipitation that falls during the rainiest months, which corresponds to the most
depleted δ18O values. The annual maxima δ18O values do however, exhibit a distinct
interannual variability compared to the annual mean and the annual minima (Fig. 3).
There is no correlation between the δ18O annual maxima and instrumental precipitation,
temperature or humidity. In the following section we consider the possibility that the
cellulose δ18O annual maxima values are indicative of local environmental conditions
during the dry season, and their interannual variability is likely related to changes in
fog/cloud moisture deposition in the dry season as recognized in other tropical montane
forests as well.
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4 Discussion

4.1 Comparison with an earlier study

In another study of tree cellulose oxygen isotopes at Pangmapa in northern Thailand
(~100 km to the west of Doi Chiang Dao), Poussart and Schrag (2005) documented intra-
annual cycles that are smaller than those at our site on Doi Chiang Dao. The interannual
δ18O variability at Pangmapa is also different, and their δ18O values are generally more
enriched than ours at Doi Chiang Dao. These differences could possibly be attributed to
differing physiological responses or to lower resolution samples in the Pangmapa trees. The
Pangmapa trees are broadleaf species Quercus kerrii and Meliusa velutina with no visible
rings, whereas trees in the current study are evergreen pines with clear ring structures. Local
influences such as relative humidity may also contribute to the differences. Our trees are
from a montane forest at relatively high elevation, where the high humidity inhibits the
isotopic enrichment associated with leaf water evapotranspiration and the forest floor
evaporation, which could explain the more depleted δ18O values at Doi Chiang Dao.
Moreover, the elevation difference might simply have affected the precipitation δ18O,
causing our montane forest site more isotopically depleted.

4.2 Cellulose δ18O as a proxy for regional rainfall

The stable oxygen isotopic composition of monsoon precipitation is characterized by the
amount effect. In particular, the amount of rainout that has occurred along the transit from
the moisture source region to the precipitation site determines the precipitation δ18O at one
location (Yuan et al. 2004; Joswiak et al. 2010; Vuille et al. 2005; Pausata et al. 2011). In the
first stage of the rainy season, June to August (JJA), the intense heating of the land surface
causes the ITCZ to shift north, pulling the southwesterly monsoon flow across the continent
to as far north as China. This draws moisture from the tropical Indian Ocean towards the
Indian subcontinent, the Bay of Bengal and then to Mainland Southeast Asia (Fig. 5a).
Along the pathway the air masses undergo significant rainout and loss of heavier isotopes.
Consequently, the δ18O of precipitation decreases towards northern Thailand, and the
precipitation δ18O during these months in northern Thailand should be inversely related to
the upstream rainfall amount over the Indian subcontinent and the Bay of Bengal.

In the latter part of the rainy season, from September to October (SO), the ITCZ shifts
southward and the southwest monsoon winds retreat and are replaced by easterlies over
Mainland Southeast Asia (Fig. 5b). The easterly winds draw moisture from the western
Pacific Ocean and South China Sea (Yoshimura et al. 2004), and account for the second
rainfall peak during SO (Online Resource 1b). Again, because these easterly air masses
travel across much of Mainland Southeast Asia, they too undergo considerable rainout
before arriving in northern Thailand. The precipitation δ18O over northern Thailand during
these months should be negatively correlated with the rainfall in the southeastern portion of
Mainland Southeast Asia.

The seasonal variation in moisture source and isotope behavior outlined above is repro-
duced by the IsoGSM model. We select the precipitation δ18O at the nearest grid box to
represent Doi Chiang Dao, and it correlates negatively with the amount of upstream rainfall
over southern India and the Bay of Bengal in JJA, and similarly with the rainfall occurring
over the southeast part of Mainland Southeast Asia in SO (Fig. 5).

From the above discussion, it is evident that the wind trajectories and moisture sources
have a dominant influence on the δ18O of rainwater over northern Thailand and this δ18O
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signal is transmitted to the tree ring cellulose. However, it is difficult to separate the cellulose
δ18O signals associated with each of the two rainy periods within an individual tree ring.
Nevertheless, both rainy periods contribute to the isotopic signature of the soil moisture
during the growth season, which is ultimately recorded in the annual tree ring. The
correlations of the cellulose δ18O annual mean with JAS AIR and with ASO rainfall over
Mainland Southeast Asia are good expressions of the relationships described above. These
results demonstrate how tree cellulose δ18O can be used to reconstruct the history of
monsoon rainfall. With these results we find no evidence of a long term trend in monsoon
rainfall amount during the 20th century, consistent with the findings of Parthasarathy et al.
(1994), despite some model projections that have simulated enhanced monsoon precipitation
in response to global warming (Ueda et al. 2006; May 2004).

4.3 ENSO-monsoon relationship reflected in the cellulose δ18O

ENSO has been known to exert great influence on the South Asian summer monsoon.
Typically, cold ENSO events correspond with stronger monsoons and warm ENSO events
with suppressed monsoons (Webster 1995). However, this relationship was reported to have
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weakened in recent decades (Kumar et al. 1999). This weakening has also been recognized
in another tree ring cellulose δ18O record from South Asia (Sano et al. 2010). It appears that
a similar relationship is present in our Thailand tree cellulose δ18O record as well. A 21-year
moving window correlation analysis between Doi Chiang Dao cellulose δ18O annual mean
and September to November Southern Oscillation Index (SOI) indicates a substantial
weakening since 1980 (Fig. 6).

In order to better elucidate this time-varying relationship, we carry out an Empirical
Orthogonal Function (EOF) analysis with the CPC Merged Analysis of Precipitation (CMAP)
within the Indo-Pacific region. The first EOF mode explains 15 % of the total variance and the
corresponding first principle component correlates strongly with ENSO (Fig. 7). We therefore
interpret this first mode as the ENSO influence on the amount of precipitation over this region.
The CMAP dataset starts in 1979, about the same time the ENSO-monsoon relationship
weakened. The first EOF mode indeed shows that the precipitation in Indian subcontinent and
most of Mainland Southeast Asia exhibits only weak/no ENSO influence during the past three
decades, whereas this mode is strong over the eastern tropical Indian Ocean-Maritime Continent
regions. This is in agreement with previous reports that during the El Niño events in recent three
decades, the descending limb of the Walker circulation shifted southeastward compared to
previous decades, and as a result, the region marked by rainfall deficits in the event of El Niño
has moved southeastward away from India (Kumar et al. 1999; Singhrattna et al. 2005).

4.4 Hydrological balance of the winter dry season

In the subannual cellulose δ18O record, the annual maxima values occur near the ring
boundaries and are believed to be formed during the onset of the dry season. Although the
entire dry season from November to April might not be fully represented in the growth of
tree ring, the cellulose δ18O annual maxima could provide a glimpse of the moisture
conditions during the beginning of the dry season. A progressive decreasing trend is detected
in the cellulose δ18O maxima values (Fig. 3). Here we propose several possible explanations.
On the one hand, if we assume that there is no significant change in the seasonal pattern of
precipitation δ18O through time, the declining cellulose δ18O maxima through time suggest a
shortening in the growth season so that less and less isotopic signature of the dry season is
incorporated in the cellulose, but we found no evidence to support this argument. On the
other hand, if the assumption is made that the seasonal growth pattern of these trees has been
stable, there are a few other possibilities which we consider.

One possible explanation for the decreasing δ18Omaxima could be that as trees grow old their
roots tap water from deeper soil layer. Soil water δ18O decreases with depth due to the
evaporative enrichment near the surface (Gazis and Feng 2004). However, the cellulose δ18O
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annual mean or annual minima do not exhibit a consistent decreasing trend for the rainy season,
ruling out this possibility. An increase in dry season humidity through time could also account for
the decreasing trend in the cellulose δ18O maxima, but neither the instrumental record of relative
humidity at a nearby meteorological station nor the Parmer Drought Severity Index for this area
shows a positive trend (Online Resource 5). Moreover, the humidity in the local forest environ-
ment might have decreased due to less cloud contact and deforestation as will be discussed
below. Overall, these interpretations seem implausible. In the following, we focus on another
possible explanation that involves an additional moisture source during the dry season.

With little rainfall during the dry months, fog/cloud interception can be an important source
of soil moisture in montane forests (Bubb et al. 2004). Studies from a wide range of forest types
around the world show a net input of fog deposition in the range of 19.5–64.5 mm/month
(Bruijnzeel et al. 2005), whereas the dry season rainfall near our site is only 22±33 mm/month.
Another study in Xishuangbanna of southwest China, a forest site ~350 km to the northeast of
Doi Chiang Dao, also indicated comparable amounts of fog drip vs. rainfall during the dry
season (Liu et al. 2007). Fog/cloud water has a δ18O signature that is typically 4–6 ‰ more
enriched than rain water (Liu et al. 2007; Ingraham andMatthews 1990; Anchukaitis and Evans
2010; Gonfiantini and Longinelli 1962), and this isotopic difference has been used to trace the
contribution of fog input to the moisture that trees utilize by analyzing the δ18O of tree cellulose
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(Roden et al. 2009). In our cellulose record the δ18O annual maxima exhibit a progressive
decrease of ~3.5 ‰ since the 1920s. We suspect this trend reflects decreasing amounts of
fog/cloud water input at our tree site during the dry season.

Mountain fog/cloud results from orographic lifting. Its occurrence and height are deter-
mined by the temperature as well as the moisture content of the air. In tropical montane forests
orographic cloud formation generally starts above ~1,200 m (Santisuk 1988; Bruijnzeel
2002). Model simulations suggest there is amplified warming at higher altitudes with rising
cloud base as a consequence (Still et al. 1999). Deforestation can reduce evapotranspiration
and decrease the moisture content of the air, which also inhibits orographic cloud formation
(Lawton et al. 2001). Both atmospheric warming and deforestation can therefore contribute to
an upward shift of the fog/cloud cover by tens to hundreds of meters in tropical montane
forests (Still et al. 1999; Diaz and Graham 1996; Ray et al. 2006), which has significant
impacts on the moisture availability for montane trees during the dry season.

An atmospheric warming trend is evident in Mainland Southeast Asia throughout the 20th
century (Online Resource 6). During this same period the highlands in northern Thailand
have been increasingly deforested to make way for agriculture and logging (Delang 2002).
We surmise that at ~1,500 m, our site in the montane forest of Doi Chiang Dao has
experienced a progressive reduction in fog/cloud moisture due to the combined effects of
warming and deforestation. On the other hand, no long-term trend is evident in dry season
rainfall amounts. This transition from a fog-dominated dry season soil moisture status to a
condition that primarily relies on rainfall could account for the observed decreasing trend in
dry season δ18O we observe in the cellulose record. The fog/cloud base has risen to higher
elevations and this has left the montane forests depleted in moisture during the dry season.

5 Summary

The subannual oxygen isotopic composition of tree ring cellulose has been analyzed for
Pinus kesiya from the tropical montane forest of Doi Chiang Dao spanning from 1922 to
2000. The δ18O values exhibit regular annual cycles, which we interpret to reflect primarily
the seasonal differences in the isotopic composition of soil moisture. Maximum δ18O values
occurring near ring boundaries and minimum δ18O values in the middle of the rings
correspond to the winter dry season and the summer rainy season, respectively.

We demonstrate the use of our cellulose δ18O annual mean to infer monsoon strength, as
it correlates significantly with rainfall amount in both India and Mainland Southeast Asia
during different rainy months. There is no long-term trend, in either instrumental precipita-
tion measurements or our cellulose record, to show an increase of monsoon strength with
warming in the 20th century as projected by some climate models. Our cellulose record
indicates a weakening relationship between monsoon and ENSO since 1980.

The cellulose δ18O annual maxima reflect the soil moisture conditions in the beginning of
the winter dry season. Their progressive decreasing trend is tentatively attributed to a decreasing
fog/cloud water input in the montane forest, a possible consequence of atmospheric warming as
well as deforestation. This implies a drying water budget in the winter dry season, with possible
negative effects on the stream flows originating from the highlands of northern Thailand.
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