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Site Description. The Monteverde Cloud Forest sits astride the
continental divide in the Cordillera de Tilaran in northwestern
Costa Rica. Above 1,500 m elevation, vegetation is classified
montane wet cloud forest (1) and its hydroclimatology is charac-
terized by persistent immersion in the orographic cloud bank
formed as the northeasterly trade winds moving across the warm
waters of the Caribbean are forced to rise over the cordillera.
Higher relative humidity, increased moisture, persistent cloud
cover, and reduced temperatures support montane forests rich
in endemic organisms and important for local hydrology (2, 3).
During boreal summer (May to October), cloud forests receive
most of their rainfall as the northward movement of the Intertro-
pical Convergence Zone (ITCZ) brings convective storms to the
region. During the dry season (approximately January through
April), moisture advection and cloud water deposition are an
important component of cloud forest hydrology (4), particularly
on the leeward Pacific slope that would otherwise experience the
effects of a pronounced dry season.

Stable Isotope Analysis and Interpretation. Following standard con-
vention, oxygen isotope ratios are referenced and reported rela-
tive to the international Vienna Standard Mean Ocean Water:
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Raw isotope ratio data were corrected based on the value of
the solid standard material and measurements of monitoring gas
(CO) with a known isotope composition prior to and after every
sample. Data quality assurance was assessed based on sample
peak voltages, peak shape, background stability, and monitoring
gas measurements.

The δ18O time series from MV15 shows an abrupt change in
growth rates at approximately 121 mm depth in the core. Accom-
panying this change is a substantial increase in the amplitude of
the final eight annual oxygen isotope cycles. The rapid growth
rates which correspond with the inner portion of the core result
in an large increase in the number of individual samples per an-
nual cycle. The higher sampling rate could potentially translate
into larger amplitude δ18O cycles simply by virtue of more pre-
cisely resolving in time short-term changes in water use in the
tree. Because this could possibly bias our climatic interpretation
of the oxygen isotope time series for this earliest part of our re-
cord, for the purpose of climate analysis we statistically down-
sampled the sampling resolution to 6–10 samples per cycle to
simulate that of the outer portion of MV15. Despite this a priori
correction, however, the inner part of MV15 still has larger am-
plitude cycles than much of the outer core, and therefore we in-
terpret this earliest decade cautiously, as these years could still
contain a growth rate sampling bias.

Thus far, relatively little information exists about potential
“juvenile effects” in oxygen isotope chronologies from trees.
Treydte et al. (2006) (5) found that when trees were younger,
the δ18O of their xylem cellulose was enriched over that of older
trees growing simultaneously. In the case of MV12 andMV15, we
do not see any evidence of an enriched mean δ18O in the earliest
parts of the cores, and there is no indication that our cores
reached pith. It cannot be ruled out that the increased variance
in MV15 in the earliest part of the chronology, as discussed
above, could be related to a juvenile effect, where younger trees

with less extensive root systems use predominantly very shallow
ground water; however, our conclusions do not depend on the
interpretation of this part of the record. Much interesting work
remains to be done to understand how trees might reflect age-
related effects in the δ18O of their xylem cellulose.

Heuristic and Mechanistic Model. The origin of annual cycles in the
stable oxygen isotope composition of the wood of tropical cloud
forest trees is the differential δ18O composition of dry and wet
season moisture (6, 7). This hypothesis is not specific to any par-
ticular species (6). Annual and interannual oxygen isotope ratios
in tropical meteoric waters are primarily controlled by the
“amount effect,” the inverse relationship between the amount
of precipitation and its δ18O value (8, 9). The amount effect is
evident in surface waters from Costa Rica and Panama (10)
and in seasonal precipitation from Monteverde (11, 12). In mon-
tane forests, moisture inputs from clouds are an additional source
of water for trees, particularly in the dry season. Cloud water has
an enriched isotopic signature similar to tropical dry season rain-
fall (11, 13, 14, 15, 16). Dry season sources of moisture (the lim-
ited amount of rainfall and horizontal precipitation from
orographic clouds) provide trees with sufficient water to avoid
water stress and potentially the need for a seasonal growth hiatus,
but have a distinct isotopic signature.

In order to develop objective, biochemical hypotheses for the
mechanistic interpretation of cellulose δ18O in tropical cloud for-
est trees, we used meteorological (17) and stable isotope data (11,
12) from Monteverde to simulate the sensitivity of δ18O of cellu-
lose in cloud forest trees to climate anomalies. The major obsta-
cle to this exercise is the lack of any relative humidity, wind data,
or cloud observations from within the cloud forest itself. Anchu-
kaitis et al. (2008) (7) were able to successfully simulate annual
isotope cycles and their interannual variability in trees from below
the main cloud forest elevations using the temperature and pre-
cipitation data from the Campbell weather station (17) and the
relative humidity data modeled from a short period of meteoro-
logical observations in the premontane forest downslope from the
Cloud Forest Reserve (11). For the Pouteria trees within the cloud
forest itself in the current study, however, we have no reliable
record of either the time variability or annual climatology of re-
lative humidity.

We use the Barbour et al. (2004) (18) model of the environ-
mental controls on the stable isotope composition of wood, as
modified and adapted by Evans (2007) (19), to simulate theore-
tical monthly stable oxygen isotope climatology. The model has
previously been described in detail and deployed for temporal
simulations (19, 7). Briefly, the model simulates cellulose δ18O
as a function of temperature, precipitation, and relative humidity
data. Many model parameters (18) are only weakly constrained
by observations, particularly for tropical species and environ-
ments. Uncertainties in these parameters influence the resulting
simulation by changing both the mean and standard deviation,
and estimates of the δ18O of cellulose have uncertainties as large
as ∼1‰ if we assume 20% uncorrelated errors in each of 14 vari-
able parameters (7, 19). Nearly all of this uncertainty arises, how-
ever, from a dilation or contraction of the overall time series
variance, while year-to-year patterns of variability remain the
same (7). We estimated leaf temperature as a function of air tem-
perature (20). Atmospheric water vapor δ18O is calculated as a
function of estimated condensation temperature (21). Stomatal
conductance is calculated as a function of the vapor pressure
deficit, which is derived from the monthly air temperature, the
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derived leaf temperature, and relative humidity. The δ18O of
water at the site of photosynthesis in the leaves is calculated
as a change in the source water δ18O as a function of the kinetic
and equilibrium diffusive fractionation, leaf temperature, water
vapor δ18O, and the vapor pressure gradient between the leaf
and atmosphere.

We use this model to develop hypotheses for the sign and po-
tential magnitude of the response of δ18O to climate variability.
Daily values for temperatures and precipitation from the Camp-
bell station (17) were combined to form monthly mean and total
precipitation climatology for model input. For relatively humid-
ity, we extracted a time series of monthly values from the NCEP
Reanalysis II gridded data (22, 23) for the latitude, longitude, and
atmospheric pressure level (850 mb) which most closely corre-
sponds to the Monteverde Cloud Forest. Following Anchukaitis
et al. (2008) (7), we calculated monthly source water δ18O values
as a function of the observed relationship between rainfall
amount and the δ18O composition of rainfall from Rhodes et
al. (2006) (11). We regressed the δ18O on rainfall amounts for
those data with aggregate collection periods of two weeks to
two months. We determined that shorter collection periods
showed a higher variability that might reflect the time of sampling
and the trajectory and history of individual weather systems.
Longer sampling periods excessively smoothed monthly differ-
ences related to the timing of precipitation seasonality. Source
water δ18O values were calculated based on monthly total preci-
pitation values from the Campbell (17) dataset. Our regression
model accounts for 56% of the variance in the observed dataset
and is significant at p < 0.01 with 14 effective degrees of freedom.

We created three hypotheses to predict the response of annual
δ18O cycles to climate variability. First, we calculated an overall
mean δ18O cycle (“control”) by averaging the monthly values
from all years with available climate data. We then ran the model
with imposed monthly wet season (May-October) precipitation
and δ18O values equal to that of the observed maximum observed
rainfall for those months for all years. We also created two mean
δ18O cycles where the dry season relative humidity was replaced
by the maximum or minimum observed relative humidity for
those months for all years. The mean of the experimental model
simulation was set such that the means of the nonexperimental
season (dry or wet) was the same as that in the simulation created
using the unaltered, observed climate data. In this way the ex-
pected interannual magnitude of the model-generated anomalies
relative to the control could be isolated for each season (corre-
sponding to the maxima and minima of the annual δ18O cycle).

These process modeling experiments provide biophysical sup-
port for the existence of annual δ18O cycles in cellulose arising
from the annual wet and dry seasons that can be used for chron-
ological control (Fig. S1, compare with observed annual isotope
cycle in Fig. 2A). Model experiments demonstrate that anomalies
in this cycle of 1‰ or more can be generated by anomalous wet
season rainfall or dry season relative humidity observed over the
short instrumental or Reanalysis period. Note also that wet sea-
son rainfall anomalies carry over to the following dry season and
influence the annual cycle amplitude in this manner. Modeling
results provide quantitative support for climatic interpretation
of isotope variability to complement statistical analysis.

We emphasize that, despite uncertainties in the parameter set
for the model (7, 18, 19), these almost entirely result in changes in
the mean or standard deviation of the overall time series, but have
almost no effect on relative magnitude of the mean δ18O annual
cycle compared to the amplitude anomalies associated with the
sensitivity experiments described above. The annual cycle is domi-
nated by the existence of the amount effect in the annual cycle of
precipitation δ18O (19) and the anomalies by changes in relative
humidity and precipitation amount. This has been previously
documented in other δ18O cellulose modeling studies at monthly
resolution (7, 19). Model code in MATLAB is available via the
NOAA NCDC World Data Center, ftp://ftp.ncdc.noaa.gov/pub/
data/paleo/treering/isotope/northamerica/costarica/evans2007/
evans2007.txt. The original Microsoft Excel version of the model
(18) is available from the University of Utah, http://ecophys.
biology.utah.edu/public/Tree_Ring/.

Radiocarbon Dating. Wood and cellulose samples were selected in
order to provide high-resolution dates using the 14C signature of
atmospheric atomic weapons testing (24). Four samples were
wood that we preprocessed using an acid-base-acid (ABA) meth-
od developed for tropical trees (25, 26). Three samples had been
previously processed to α-cellulose using the Brendel method (27,
28). A replicate sample of ABA treated samples was prepared
using the Brendel technique, in order to provide a confirmation
of the radiocarbon-bias correction for Δ14C measurements on α-
cellulose extracted using the Brendel method (28). Extracted
wood and cellulose samples were combusted and the purified car-
bon dioxide reduced to an iron carbide powder over hot zinc for
Δ14C measurement by tandem accelerator mass spectrometer at
the University of Arizona AMS Facility (29, 30).
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Fig. S1. Process model sensitivity experiments. Model simulations demonstrate that anomalies in the annual δ18O cycle are generated by higher than normal
wet season rainfall (experiment with an imposed maximum observed wet season rainfall, green line) or dry season relative humidity (experiment with an
imposed maximum or minimum observed relative humidity, blue and red lines, respectively). Note that the model predicts that wet season rainfall anomalies
carry over to the following dry season and influence the annual cycle amplitude in this manner, whereas anomalies associated with changes in relative humidity
are confined to the experimentally induced season itself.
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Fig. S2. The sum of dry days during the dry season in consecutive blocks longer than a given threshold, indicated above each plot. Least-squares trends for
1973–2000 are shown by the red lines, and for 1983–2000 by the green lines. The magnitude and significance (p-values are shown for the later period) of the
trend is a function of the time period and the chosen threshold.
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Table S1. Radiocarbon summary

Sample AA74375 AA74376 AA74377 AA776775 AA74381 AA74379 AA74378

Core MV12 MV12 MV12 MV15 MV15 MV15 MV15
Depth (mm) 167 230 242 19.5 57 69 121
Initial data
Fraction modern carbon (F14C) 1.5111 1.0842 0.992 1.126 0.9859 0.9882 0.9833
Measurement precision 0.0078 0.0088 0.004 0.0048 0.0069 0.006 0.004
2σ calibrated date (A.D.) 1969–1972 1955–1957 1951–1956 1957–1961 1526 (2.7) 1556 1646 (21.0) 1710 1669 (41.1) 1780

1632 (77.1) 1894 1716 (57.5) 1890 1798 (39.0) 1893
1905 (15.6) 1954 1909 (16.9) 1954 1906 (15.2) 1944

Bayesian calibration
Posteriori 2σ range A.D. 1938–1939 1931–1932 1908–1909
% Agreement 120.8 114.9 67.5
Model agreement (threshold) 96.8 (35.4)

Radiocarbon analysis from MV12 and MV15. Calibrated dates are shown with the percentage of the probability density function associated with each
range of years. Post-bomb calibrated dates include any additional uncertainty associated with using different atmospheric Δ14C curves (31, 32). Bayesian
analysis for development of a posteriori probability functions was performed using OxCal, applying the known temporal (stratigraphic) order of the dates
and the estimated annual increment based on the δ18O chronology (33, 34). Agreement scores for the Bayesian calibration are uniformly above 60% for the
individual dates and exceeds the lower minimum threshold (∼35%) for the model as a whole (33). F14C values have been corrected for those samples
prepared with the Brendel method (28) and discussed here in the supporting text. Uncertainty due to this correction is substantially smaller than
radiocarbon measurement precision in these cases.
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