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[1] Tropical montane cloud forests are ecosystems intrinsically linked to a narrow range
of geographic and meteorological conditions, making them potentially sensitive to
small changes in precipitation or temperature. We investigate the potential application of
stable isotope analysis to cloud forest dendroclimatology at Monteverde in Costa Rica
in order to be able to extract both chronological and paleoclimate information from trees
without annual growth rings. High-resolution d18O measurements are used to identify
regular cycles in wood of up to 9%, which are associated with seasonal changes in
precipitation and moisture sources. The calculated annual growth rates derived from the
isotope time series match those observed from long-term basal growth measurements.
Interannual variability in the oxygen isotope ratio of lower forest trees is primarily related
to interannual changes in wet season precipitation. Forward modeling independently
supports our detection of both annual chronology and a climate signal. The confirmation
of annual chronology and sensitivity to interannual climate anomalies suggests that
tropical cloud forest dendroclimatology can be used to investigate local and regional
hydroclimatic variability and change.
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1. Introduction

[2] In the absence of long instrumental records, scientists
investigating the causes and consequences of climate vari-
ability and change depend on proxy records, which can be
used to reconstruct past ocean–atmosphere conditions. In
temperate latitudes, extensive networks of tree ring width
and density time series (‘‘chronologies’’) provide a high-
resolution proxy record of past climate state and variability.
Relatively few such chronologies, however, have been
developed in tropical regions. Despite some notable excep-
tions [cf. Worbes, 2002; Brienen and Zuidema, 2005;
D’Arrigo et al., 2006; Therrell et al., 2006; Buckley et al.,
2007], tropical trees often fail to develop reliable annual
rings whose variability consistently reflects the influence of
climate and can be used to reconstruct past temperatures or
precipitation. Even when they appear to form annual incre-
ment bands, patterns of ring width variability may be
incoherent between individual trees, making both chronol-
ogy development and climate signal detection difficult

[Worbes and Junk, 1989; February and Stock, 1998;
Dünisch et al., 2002; Robertson et al., 2004; Bauch et al.,
2006]. As a consequence, high-resolution, long terrestrial
proxy climate records from the tropics remain sparse
compared with temperate regions.
[3] Tropical montane cloud forests cover as much as

50 million hectares worldwide [Stadtmüller, 1987; Hamilton
et al., 1995], about half of which is found in Latin America
[Brown and Kappelle, 2001]. These forests have high rates
of endemism and are important in regional hydrology,
because they intercept and capture cloud moisture and
nutrients, increasing available water and influencing bio-
geochemistry within catchments and in areas downstream
[Bruijnzeel, 1991, 2004; van Dijk and Bruijnzeel, 2001].
Tropical cloud forests are ecosystems found within a relatively
narrow set of both geographic and meteorological conditions,
and as a consequence, they are particularly sensitive to
climate change [Loope and Giambelluca, 1998; Foster,
2001; Bush, 2002].
[4] Rising tropical air and sea surface temperature asso-

ciated with anthropogenic global climate change may be
fundamentally altering the suite of environmental conditions
that create and maintain unique cloud forest ecosystems. At
Monteverde, in the mountains of Costa Rica, the extinction
of the endemic Golden Toad (Bufo periglenes) in 1987 and
subsequent additional reptile and anuran declines have been
linked to apparent decreases in cloud cover and moisture
availability and related to changing temperatures [Pounds et
al., 1999]. Indeed, temperature trends in montane regions
throughout the tropics have been linked to widespread
disease-linked species extinction and alterations to cloud
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forest biogeography [Pounds et al., 2006]. A rise in tropical
air temperatures above 1000 meters has been observed since
1970 [Diaz and Graham, 1996]. Climate change appears to
be exposing plant and animal communities to increased
environmental stress, which may exacerbate other proximal
threats, including disease and habitat destruction [Root et
al., 2003; Pounds et al., 2006].
[5] Limited long-term instrumental climate records from

the tropics, and in particular tropical montane regions
[Bradley et al., 2006], impede efforts to better understand
both global climate variability and its influence on local
hydroclimatology and ecology. Without a historical baseline
and the context provided by long-term climate records, it is
difficult to attribute the observed changes in climate and
ecological systems at Monteverde and other tropical moun-
tain forests to anthropogenic climate forcing [Still et al.,
1999; Pounds et al., 2006], mesoscale influences including
land clearance [Lawton et al., 2001; Nair et al., 2003], or
natural variability in tropical and extratropical climate.
Limited observational data and the lack of high resolution
proxies from these ecosystems also restrict any opportunity
to validate GCM predictions for future change [Foster,
2001]. Both observed and potential future changes, and
their hypothesized ecological consequences, need to be
placed in the context of low-frequency (decadal to centen-
nial) climate variability and trends over the recent past.
Climate reconstructions from tropical montane cloud forests
would provide the necessary context for the interpretation of
the limited instrumental climate record, and allow the
identification of variability or trends that are outside of
the range of natural variability.
[6] We hypothesize that the unique hydroclimatic con-

ditions associated with cloud forests creates an annual
climate signal in the oxygen isotope ratio (d18O) in tree
xylem cellulose that can be used to develop a proxy record
of climate variability from tropical montane regions. High-
resolution oxygen isotope measurements can be used for
both chronological control and climatic interpretation and
reconstruction. Our study focuses on the Monteverde Cloud
Forest in Costa Rica where environmental and meteorolog-
ical data [Nadkarni and Wheelwright, 2000], available over
the last 20 years, provides the data necessary to validate this
hypothesis. Our ultimate goal is to develop the necessary
basis for proxy reconstructions of interannual tropical
climate variability using stable oxygen isotope series from
cloud forest trees without annual rings.

2. A Stable Isotope Approach to Cloud Forest
Dendroclimatology

[7] Tropical montane cloud forests are ecosystems char-
acterized by frequent or persistent orographic cloud immer-
sion [Bruijnzeel and Veneklaas, 1998]. During the dry
season, water stripped from the cloud bank by vegetation
provides sufficient soil moisture such that trees may expe-
rience no effective water deficit [Bruijnzeel and Proctor,
1995; Kapos and Tanner, 1985; Holder, 2004]. Precipita-
tion, which provides the bulk of available water during the
rainy season, and cloud water, which is the primary mois-
ture source during the dry season, are isotopically distinct
[Ingraham, 1998]. Phase transitions between liquid and
vapor result in fractionation effects, which create isotopic

differences between these two water sources. Condensation
of clouds by orographic uplift results in liquid water which
has relatively heavy d18O values as compared with rainfall,
which has a lower d18O value due to progressive Rayleigh
distillation [Ingraham, 1998]. Similarly, the limited amount
of rainfall received during the dry season has a relatively
heavy d18O signature. This is related primarily to the
‘‘amount effect’’, where the d18O of precipitation is nega-
tively correlated to the quantity, and is one of the primary
causes of intra-annual patterns in the isotopic composition
of rainfall throughout the tropics [Gat, 1996]. The amount
effect is evident in the stable isotopic composition of Costa
Rican surface waters [Lachniet and Patterson, 2002].
[8] Data from both Monteverde [Feild and Dawson,

1998] and other fog-dependent environments [Ingraham
and Matthews, 1990, 1995; Dawson, 1998; Fischer and
Still, 2007; Scholl et al., 2007] indicate that differences of at
least 4% to 6% may exist between cloud water and rainfall.
Rhodes et al. [2006] and Guswa et al. [2007] also report
differences between dry (boreal winter) and wet (boreal
summer) season volume-weighted precipitation and
throughfall d18O from Monteverde as great as 9%. The
waters available to plants in cloud forest ecosystems are
therefore distinctly different between seasons. Feild and
Dawson [1998] confirmed that the xylem water of canopy
trees at Monteverde had the isotopic signature of rainfall
during the wet season. Cloud water should be one of the
primary water sources available to trees during the dry
season [cf. Dawson, 1998]. However, at Monteverde dry
season precipitation and cloud water have overlapping d18O
signatures [Schmid, 2004; Scholl et al., 2007], so that trees
may draw from a mixed moisture source but with an overall
enriched oxygen isotope composition compared with that of
wet season rainfall [Guswa et al., 2007].
[9] These seasonal changes in the isotopic composition of

the primary water sources for trees in cloud forests should
produce a seasonal cycle in the oxygen isotope ratio of
cellulose in the secondary radial growth of these trees. Fine-
scale analysis of isotope ratios of cellulose along the growth
radius of a tree’s main trunk will yield a time series of water
use by the trees. The seasonal cycle can be used to identify
the growth increment from an individual year (with 1 cycle =
1 calendar year), even in the absence of visible annual
banding [Evans and Schrag, 2004]. Significant departures
from the regular isotope cycle should result from local
hydroclimatic alterations, including precipitation anomalies
and changes in cloudiness, moisture advection, relative
humidity, and temperature (Figure 1).
[10] The relationship between the local hydroclimatology

of tropical montane cloud forests and the resulting d18O
value of cellulose in trees can be understood using the
mechanistic model developed by Roden et al. [2000]:

d18Ocellulose ¼ fo� d18Owx þ �o
� �

þ 1� foð Þ� d18Owl þ �o
� �

ð1Þ

where d18Ocellulose is the oxygen isotope ratio of tree ring
cellulose, d18Owx is the oxygen isotope ratio of unenriched
xylem water in the stem, d18Owl is the oxygen isotope ratio
of leaf water at the sites of photosynthesis, fo is the fraction
of oxygen in stem water that does not exchange with the
enriched sucrose that results from transpiration in the leaf,
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and �o is the fractionation that results from the synthesis of
cellulose. This model shows that a-cellulose d18O is
influenced primarily by the d18O of the source water taken
up by the plant, and by the amount of isotopic enrichment of
that water that subsequently occurs in the leaf, and whose
signature is inherited by the sucrose used in the eventual
biosynthesis of cellulose. As detailed above, source water
differences in cloud forests will be a function of the
seasonal regimes of rainfall and cloud water. Lower relative
humidity levels during the peak of the dry season should
result in higher evapotranspiration rates and enrichment of
the d18O value of leaf water and the resultant cellulose.
[11] Barbour et al. [2004] modified the model of Roden et

al. [2000] to include the potential influence of the Peclet
effect, a diffusion of isotopically enriched water away from
the sites of transpiration in the leaves back into the unen-
riched source water, which results in lower d18O value for
bulk leaf water than would be predicted from a simple
calculation based on evapotranspiration in the leaf [Barbour
et al., 2000]:

Dc ¼ Dl 1� pxpexð Þ ð2Þ

For our purposes, Dc is the enrichment of the cellulose d18O
above that of the original source water, and Dl reflects the

enrichment of the source water signal in the leaf at the sites
of photosynthesis, as a function of leaf temperature, the
vapor pressure difference within the leaf, the d18O of
atmospheric water vapor, the fractionation associated with
the liquid–vapor phase change, and the Peclet effect:

Dl ¼ 1þ ��ð Þ 1þ �k þ Dwva � �kð Þ es
ei

� �
� 1

� �
1� e�8

8

� �

ð3Þ

where �* and �k are the temperature-dependent equilibrium
and kinetic liquid–vapor fractionation factors, Dwva is the
isotopic composition of the atmospheric water vapor, and es
and ei are the leaf surface and interstitial water vapor
pressure. The Peclet number 8 is calculated from the
effective evaporative pathway length (L), the evaporation
rate (E), the molar density of water, and the diffusivity of
H2
18O in water [Barbour et al., 2004].
[12] pex is the proportion of oxygen atoms exchanged

during the formation of cellulose from sucrose, equivalent
to f0 from equation (1). px is the proportion of unenriched
water at the site of cellulose formation. In large trees,
cellulose formation in the xylem, px should approach 1, as
the site of cellulose synthesis is sufficiently distal from the
diffusion of enriched leaf water into unaltered source water
that it is primarily those waters that provide the exchange-
able oxygen during cellulose biosynthesis [Barbour et al.,
2002]. In this case, pxpex is equivalent to f0 from equation
(1) and represents the mixing between enriched d18O
signatures from the leaf and d18O from the original source
water. The derivation, parameterization, and interpretation
of these modeled relationships between climate and wood
cellulose are described in detail by Barbour et al. [2004]
and Evans [2007].
[13] We hypothesize (Figure 1) that the isotopic differ-

ence between wet season precipitation and dry season
rainfall and cloud water is sufficient to generate annual
isotope cycles in the xylem of cloud forest trees. We rely on
the seasonal shift in primary water source to drive concom-
itant changes in cellulose, enabling identification of annual
cycles and chronology development. Interannual variability
should be manifested as enhancement or suppression of the
amplitude of the mean annual isotope cycle through changes
in precipitation, temperature, and relative humidity. Year-to-
year differences in annual maximum values are expected to
be related to temperature, relative humidity, cloudiness, and
moisture advection during the dry season. Anomalies in the
annual minima are likely related primarily to wet season
precipitation amounts.

3. Methods and Materials

[14] We test our hypotheses using samples and data
collected from the Monteverde Cloud Forest Reserve in
Costa Rica. Long-term vegetation monitoring and daily
climate records [Pounds et al., 1999; Clark et al., 2000;
Nadkarni and Wheelwright, 2000; Rhodes et al., 2006] from
the Reserve are used to calibrate, model, and interpret the
d18O content of tree cellulose, making the site an ideal
location in which to establish if the necessary chronological
control and climate signal exist. Establishing both of these

Figure 1. Conceptual model of climatic controls on the
annual and interannual patterns of stable oxygen isotope
ratios in the of cloud forest tree radial growth. The annual
cycle is generated primarily by the seasonal change in the
d18O of rainfall, the use of cloud water by trees in the dry
season, and the isotopic enrichment of source water by
evapotranspiration during the dry season. Interannual
variability in annual maximum values is expected to be
related to temperature, relative humidity, cloudiness, and
moisture advection during the dry season. Anomalies in the
annual minima are likely related primarily to wet season
precipitation amounts.
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is a necessary prerequisite for the development of robust
climate reconstructions.

3.1. Site Description

[15] The Monteverde Cloud Forest (10.2�N, 85.35�W,
1500 m) is draped over the Cordillera de Tilarán in
northwestern Costa Rica. The cloud forest extends from
�1500 m on the Pacific slope upward to the continental
divide, and down the windward Atlantic slope as low as
1300 m [Haber, 2000]. Below the cloud forest and down-
slope to 700 m elevation on the leeward Pacific slope the
vegetation is predominantly evergreen tropical premontane
wet forests with a distinct dry season. Between 1400 and
1500 m, the premontane forest transitions to lower montane
wet forests with greater orographic cloud influence [Haber,
2000]. The cloud forest above 1500 m receives an average
of 2500 mm of precipitation in a year and has a mean annual
temperature of 18.5�C [Figure 2; Pounds et al., 1999; Clark
et al., 2000]. These forests are characterized by the presence
of tradewind-driven orographic clouds in the transitional
(November through January) and dry (February through
April) seasons. During the wet season (May through
October), the precipitation regime is dominated by the
position of the Intertropical Convergence Zone (ITCZ) and
characterized by strong convective rainfall and thunderstorms
[Clark et al., 2000; Rhodes et al., 2006]. A midsummer
‘‘drought’’ (veranillo), common to the Pacific Coast of
tropical Central America [Magaña et al., 1999], is present

in July and August (Figure 2). The cloud forest receives the
majority of its rainfall during the wet season, but the annual
moisture regime has substantial and seasonally important
inputs from orographic cloud water between November and
April. Whereas the Atlantic slope is perpetually wet, the
leeward slope depends on the northeasterly trade wind-driven
moisture over the continental divide as a critical dry season
water source. Clark et al. [1998] found that at Monteverde
these moisture inputs accounted for perhaps 22% of the
annual hydrological budget. However, estimates of the con-
tribution from cloud water at an array of tropical montane
cloud forest sites vary from <1% up to 74%. [Bruijnzeel and
Proctor, 1995; Bruijnzeel, 2001]. Cloud water inputs are
consistently more important during the dry season, account-
ing for up to 75% of total seasonal moisture inputs in some
forests [Bruijnzeel, 2001].

3.2. Field and Laboratory Sampling

[16] We take advantage of two stands of monitored
Ocotea tenera (Lauraceae) from experimental plots in the
transitional zone between lower montane and cloud forest
[Wheelwright and Logan, 2004] in order to calibrate and
confirm our hypothesized age model and precisely evaluate
potential climate signals. O. tenera is a deciduous, dioe-
cious understory tree which is endemic to Costa Rica
[Wheelwright and Bruneau, 1992]. It is reproductively
mature at 5 years, at which time it can have a diameter as
small as 1.5 cm. The largest individuals may grow up to

Figure 2. Patterns of mean annual temperature and precipitation for Monteverde from the Campbell
weather station and derived relative humidity (1979–2000, 10.2�N, 85.35�W, 1540 m [Pounds et al.,
1999]).
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30 cm diameter. Increment cores from O. tenera were
collected in February 2004 from the Trostles (NWT-) and
Hoges (NWH-) experimental plots. These plots were
established in 1981 and 1984, respectively, and are
situated in shaded secondary forest with emergent canopy
trees [Wheelwright and Logan, 2004]. Three cores were
obtained from the Trostles plot, with two collected from a
single tree (NWT02A/B), and one from a separate indi-
vidual (NWT01A). A fourth core was collected from the
Hoges plot (NWH03A). This sampling approach was
designed to evaluate the fidelity and consistency of the
chronological and climatic signal both within and be-
tween trees, and among sites. Annual diameter measure-
ments made at a height of 1 m with calipers in February
or March are available for all three trees since 1988 [see
Wheelwright and Logan, 2004].
[17] In addition, to the trees from the experimental plots,

nine additional cores or entire cross-sectional discs were
also opportunistically collected in and around the Monte-
verde Cloud Forest Reserve (1500–1660 m) from mature
unmonitored canopy trees, many which had been felled in a
December 2003 windstorm. This group included individuals
from the genus Quercus (oaks) as well as from the cosmo-
politan Sapotaceae and Lauraceae families. The forest trees
were sampled along a rudimentary transect up the Pacific
slope toward the continental divide. This strategy was
intended to accomplish two complementary goals. First, it
permits discovery of sites or species that have maximum
sensitivity to both annual and interannual changes in cli-
mate. Second, the comparison of d18O values from both
below and within the cloud bank should allow us to estimate
the relative importance across the landscape of changes in
precipitation, temperature, and relative humidity to the a-
cellulose d18O of cloud forest trees.

3.3. Sample Preparation

[18] The cores were subsampled in the laboratory on a
rotary microtome at 20 mm increments. Ten slices were then
aggregated into a single sample for a sampling depth
resolution of 200 mm. Our subsampling interval resulted
in approximately 700 to 1500 mg of wood per sample,
depending on wood density, structure, and moisture content.
Radial subsections approximating the diameter of the cores
(5 mm) were cut from the large full stem discs using a
bandsaw prior to microtoming.
[19] Raw wood was then extracted to a-cellulose using

the standard Brendel technique [Brendel et al., 2000;
Anchukaitis et al., 2008] as modified for small samples
[Evans and Schrag, 2004]. The Brendel procedure uses a
hot 10:1 acetic/nitric acid delignification extraction that also
removes most hemicelluloses and mobile resins, followed
by progressive solvent washes and sample drying in dis-
tilled water, ethanol, and acetone [Evans and Schrag, 2004;
Anchukaitis et al., 2008]. Following extraction, samples
were dried in a warm oven (50�C), and then overnight under
vacuum. Use of the Brendel technique allows for single-day
chemical preprocessing of samples and, most critically,
permits the use of very small (<1 mg) samples with a
sufficient final sample yield [Evans and Schrag, 2004] for
replicate isotopic measurements. The Brendel technique
results in a-cellulose that is not significantly different in

its isotopic composition compared with traditional methods
[Evans and Schrag, 2004; Anchukaitis et al., 2008].

3.4. Isotopic Analysis

[20] 100 to 150 mg of a-cellulose of each sample from the
O. tenera cores were wrapped in silver capsules and
converted to CO in a ThermoFinnigan Thermal Conver-
sion/Elemental Analyzer (TC/EA) at 1450�C. The oxygen
isotope composition of the CO gas was analyzed on a
ThermoFinnigan Delta XL continuous flow mass spectrom-
eter at Harvard University. Measurement precision for
several hundred Baker a-cellulose standards was 0.45%.
[21] For the analysis of pilot samples from canopy trees in

the Monteverde Cloud Forest Preserve, 300 to 350 mg of a-
cellulose were loaded in silver capsules and converted
online to CO in a Costech High Temperature Generator/
Elemental Combustion System (HTG/ECS) system with a
quartz outer reactor and molybdenum crucible packed with
graphite [Evans, 2008]. Our HTG pyrolysis system at The
University of Arizona is a 1 MHz radio frequency induction
heater which quickly brings the molybdenum susceptor
inside the reactor assembly to >1500�C, at which time the
sample is introduced to the crucible and pyrolysed under a
continuous flow of pure helium. Use of the HTG peripheral
reduces laboratory consumables, simplifies reactor mainte-
nance and replacement, and results in an efficient high-
temperature conversion of the sample to CO [Evans, 2008].
Our study here is the first application of this technology to
paleoenvironmental research using oxygen isotopes. The
isotopic ratio of the CO gas was measured on a Thermo-
Finnigan Delta + XP. Precision on several hundred Sigma
Alpha Cellulose (SAC) solid standard material was 0.32%.
All d18O results from both instruments are reported with
respect to the international Vienna Standard Mean Ocean
Water (VSMOW).

3.5. Forward Modeling

[22] We use the Barbour et al. [2004] model (described
above) of the environmental controls on the stable isotope
composition of wood, as modified and adapted for time
series prediction in tropical environments by Evans [2007],
to simulate a theoretical monthly stable oxygen isotope time
series based on local meteorological data. Synthetic isotope
time series are then compared with our actual measured
d18O chronology from O. tenera to independently test the
age model and climate signal detection.
[23] The model takes as input monthly temperature,

precipitation, and relative humidity data [Evans, 2007].
There are 14 parameters in the model (7 from the original
Barbour et al. [2004] model, 7 from the extension of the
model to time series simulation), which are described in
detail by Barbour et al. [2004] and Evans [2007]. Many of
these are only weakly constrained by observations, partic-
ularly for tropical species and environments. Therefore as in
Evans [2007], we use a Monte Carlo procedure (1000
simulations) and randomized adjustments (up to 20%) of
the default model parameters from Barbour et al. [2004] to
estimate the sensitivity of the interannual patterns of vari-
ability to the selection of the parameter values.
[24] Following Evans [2007], we parameterized leaf tem-

perature as a function of air temperature [Linacre, 1964].
Atmospheric water vapor d18O was calculated as a function
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