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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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of condensation temperature and the isotopic fractionation
related to the vapor–liquid phase change [Gonfiantini et al.,
2001], although in practice a simpler Rayleigh model
(d18Owva = d18Osw $ 8) also gives nearly identical results.
Evans [2007] derived stomatal conductance (Gs) as a
function of vapor pressure deficit (Ds) calculated from
monthly air and derived leaf temperature and observed
relative humidity. This allows stomatal conductance (Gs),
and therefore transpiration (E), to vary temporally in response
to environmental conditions [Jarvis and McNaughton, 1986],

E ¼ GsDs=Patm ð4Þ

where Patm atm is monthly mean atmospheric pressure,
which absent local observations is assumed constant. The
d18O of water at the site of photosynthesis in the leaves is
calculated as a change in source water d18O as a function of

kinetic and equilibrium diffusive fractionation, leaf tem-
perature, water vapor d18O and the vapor pressure gradient
between the leaf and atmosphere (equation (3)). Two
additional parameters provide the coefficients for the model
relating precipitation to d18O of meteoric waters (see
below).
[25] Precipitation and temperature data are available from

the Campbell ((1540 m) weather station [Pounds et al.,
1999] for the period 1977 to 2005, and from the Monte-
verde Institute [Rhodes et al., 2006] from 2004 through
2006 (1420 m). We calculated the monthly source water
d18O as a function of the observed relationship between
rainfall amount and the d18O composition of rainfall (the
amount effect) from Rhodes et al. [2006]. We regressed the
d18O on rainfall amounts for those data with aggregate
collection periods of two weeks to two months. Single-
storm events and shorter collection periods showed a higher
variability which likely reflected the time of sampling and
the trajectory and history of individual weather systems,
while longer periods excessively smoothed monthly differ-
ences related to the timing and onset of precipitation
seasonality. Three samples which were observed by Rhodes
et al. [2006] to have algae growing on the collection
container were excluded from the regression model. Source
water d18O values were then calculated based on monthly
total precipitation values from the Campbell data set:

d18Osw%00 ¼ $0:0155) P mm=monthð Þ $ 1:2614 ð5Þ

[26] The regression model accounts for 56% of the
variance in the observed data set and is significant at p <
0.01 with 14 effective degrees of freedom.
[27] The Rhodes et al. [2006] data also includes relative

humidity for July 2005 through the end of 2006. In order to
develop modeled synthetic chronologies that spanned the
full timescale of our oxygen isotope chronologies from the
O. tenera experimental plots, we derived a relative humidity
time series to use with the model by regressing the daily
relative humidity measurement from Rhodes et al. [2006] on
the maximum daily temperature and daily precipitation
values for the same station. This model was then applied
to create a daily relative humidity time series spanning the
full length of the Campbell [Pounds et al., 1999] daily
temperature and precipitation record:

RH% ¼ $1:0191) Tmax Cð Þð Þ þ 0:2459) P mmð Þð Þ
$ 105:1180

ð6Þ

[28] The regression model accounted for 43% of the
variance, and was significant at p < 0.01. Relative humidity
values were then adjusted so that the long-term seasonal
mean and variance matched those from the observations by
Rhodes et al. [2006]. This relationship necessarily reflects
relative humidity condition in the lower cloud forest tran-
sition zone, where both the experimental plots and the
Rhodes et al. [2006] meteorological station are found. Daily
values for temperatures, precipitation, and relative humidity
were then combined to form monthly means and total
precipitation for model input (Figure 3). We also extracted
a time series of monthly relative humidity from the NCEP
Reanalysis II gridded data [Kanamitsu et al., 2002] for the

Figure 3. Meteorological data from Monteverde used as
input for the forward model of tree a-cellulose d18O.
(a) Temperature (!C) and (b) precipitation from the Campbell
meteorological station [Pounds et al., 1999] and (c) relative
humidity derived from the Campbell data and from the NCEP
Reanalysis 2 [Kanamitsu et al., 2002]. The NCEP relative
humidity has been scaled to give it the same mean as that
observed in Rhodes et al. [2006], but allowed to retain its
variance. The horizonal lines of the same color show the
original overall mean value. Sensitivity to the choice of
relative humidity data is 0.20% per month per percent mean
relative humidity.
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latitude, longitude, and atmospheric pressure level (850 mb)
that most closely corresponds to the Monteverde Cloud
Forest, in order to test the sensitivity of our results to the
choice of available relative humidity data.
[29] Evans [2007] used the forward model to reconstruct

the patterns of interannual variability in d18O cycles in
tropical trees from La Selva Biological Station in Costa
Rica. In those simulations, the mean and variance of the
simulation were adjusted to that of the observed d18O time
series. Here however, we use a simple single-component
soil mixing model in place of the variance adjustment to
capture the influence of the temporal smoothing of individual
monthly water d18O as a result of soil water residence times.

4. Results
4.1. Ocotea tenera d18O
[30] d18O from all four O. tenera cores show regular

isotope cycles as large as 9% (Figure 4). Based on our
conceptual model (Figure 1), we assigned the local maxima
of each peak to the month of April of each year. Age models
were developed individually for each tree (Figure 5), and
confirmed based on the sampling date and incremental
growth measurements over the last two decades [Wheelwright
and Logan, 2004]. We were able to detect missing years
primarily using these growth observations, and secondarily
through identification of apparently truncated cycles in the raw

d18O record, a rudimentary crossdating [Fritts, 1976] between
the four cores, and the results of the forward model simu-
lations. These missing years are not obviously associated with
any climatic cause, however, nor are they common among the
four cores from the experimental plots. Replicated records
from different trees enable the identification of growth hia-
tuses, but unlike traditional dendrochronological techniques
potential age model errors need to be estimated as such
replication is still comparatively low.
[31] Annual radial growth increments calculated from the

age modeled d18O chronologies match those from the basal
diameter measurements [Wheelwright and Logan, 2004].
The mean of the radial growth rate from sample NWT01A
is 4.5 mm year$1, while the estimate from basal diameter
measurements is 5.4 mm year$1. The overall mean growth
rate from tree NWT02 is 4.3 mm year$1 from the age
modeled isotope time series, and approximately 4.4 mm
year$1 from the repeated diameter measurements. Tree
NWH03A from the Hoges plot has a d18O derived mean
growth rate of 4.6 mm year$1 and 4.4 mm year$1 from
observations. The mean interseries correlation [cf. Fritts,
1976] between the monthly d18O series for the three trees is
0.75, and 0.68 when the amplitudes of the annual cycles are
compared. The samples from the Trostles plot are better
correlated with one another than with the single core from
the Hoges plot, almost entirely because NWH03A does not
show the reduction in growth rate and d18O amplitude after

Figure 4. Isotope ratios as a function of sampling depth for the four O. tenera from the Trostles and
Hoges plots. Individual samples are indicated by dots. In NWT02B and NWH03A, samples across or
close to the pith can be seen in the d18O plateau near the center of the tree.
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1999 observed in the older trees from the Trostles plot (see
below).
[32] There are some notable features in the d18O series as

a function of depth. Cores NWT02A and NWT02B,
although from the same trees, show different mean growth
rates, although in combination their average growth rate is
very similar to observations. At least two cores show
evidence of a reduced cycle amplitude near the center of
the tree, with NWH03A showing a clear plateau in d18O
and a subsequent resumption of regular cycles. Both the
variance reduction and plateau are likely related to either
passing through the pith, or as a result of sampling
tangential to the growth radius near the center of the tree.
At least three out of the four cores (NWT01, NWT02A,
and NWT02B) also show growth reductions in the outer-
most 10 mm of growth. This is also consistent with the
basal growth observations from Wheelwright and Logan
[2004], which show a clearly reduced growth rate (as small
as 2.2 mm year$1 in NWT01A) after 1997. A suppression
of the amplitude of the annual d18O cycle is also observed in
the most recent xylem growth.
[33] The mean annual d18O cycle from each of the

individual trees has the same amplitude within the instru-
mental precision of measurements (Figure 6a). The seasonal
maximum is set by the age model to April, while the annual
mean minimum is in September for NWT01A and

NWH03A, and in October for NWT02. These correspond
to the peak of the climatological dry and wet seasons,
respectively. The composite mean time series formed from
the overlapping portions (1991–2001) of the time series of
each core shows an average annual cycle of 5.72%. The
d18O chronology shows patterns of interannual variability
as anomalous amplitude in the annual cycles, ranging from
2.40% to 7.55% and a standard deviation of 1.45%
(Figure 6b).
[34] The interannual variability in annual cycle amplitude

is driven primarily by a combination of year-to-year
changes in the annual minimum value (s = 0.95%) and a
declining trend in the value of the annual cycle maximum,
most clearly influenced by a decrease after 1996 (Figure 6c),
which accounts for the majority of the variance in the annual
maxima. Interannual variability in d18O is most clearly
linked to precipitation (Figure 6d), with wet season precipitation
anomalies showing a clear association with linearly detrended
amplitude anomalies and a significant relationship that
explains more than 50% of the variance, despite the small
degrees of freedom (r = 0.74, R2 = 0.56, p < 0.01). The
declining trend in maximum annual d18O values mirrors
somewhat the declining trends in Monteverde maximum
temperature [Pounds et al., 2006]. The decline in maximum
d18O after 1996 (Figure 6c) in the composite O. tenera time
series may also reflect the slight increase seen in the relative

Figure 5. Isotope ratios as a function of time for the four O. tenera from the Trostles and Hoges plots.
‘‘Missing’’ years in the age model chronologies reflect both known growth hiatuses from the annual
diameter measurements [Wheelwright and Logan, 2004] and their confirmation with rudimentary cross-
dating between cores and is supported by the results of forward modeling. The top panel shows the mean
chronology from all trees (in black) with the individual isotope series in gray.
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humidity corresponding to the location of Monteverde from
the NCEP II reanalysis (Figure 3). However, the individual
d18O series maxima at the calibration site do not in turn
mirror the large interannual dry season anomalies seen in
the temperature and relative humidity data in, for example,
1992 and 1998 (Figure 3).

4.2. Forest Canopy Trees

[35] Whereas all four O. tenera samples showed distinct,
large magnitude changes in d18O associated with annual
changes in precipitation, pilot samples from forest trees
showed a range of temporal stable oxygen isotope patterns,
most without consistent annual isotope cycles. Of the nine
pilot forest trees examined here, five (MV03, MV05,
MV12, MV14, and MV15) showed periodic indications of
annual cyclicity in d18O than could be used for chronology.
[36] Quercus might have been an excellent candidate

genus for tropical isotope dendroclimatology, because it is
relatively common, is straightforward to identify in the
field, and is a long-lived mature canopy tree. However,
neither of the two samples from Quercus, one at 1540 m and
the other higher in d18O the cloud forest at 1660 meters,

shows consistent cycles in that could be used for chrono-
logical control. The lower forest Quercus sample (MV05)
shows periods of identifiable cyclicity, but much longer
periods with no coherent temporal pattern for chronology.
The upper cloud forest oak (MV11) shows no detectable
d18O cycles at all. Similarly, our pilot sample (MV14B)
from Podocarpus shows short periods of coherent large
magnitude changes comparable to those from the experi-
mental plot calibration set, but sustained periods with no
detectable cycles in d18O. Samples from a Sideroxylon
(MV23A, Sapotaceae) from (1500 m showed no apparent
coherent d18O cycles in pilot isotopic measurements. A
individual Lauraceae (MV03) had cycles which could be
detected for approximately 12 years. However, the tree
appears to have experienced extremely suppressed growth
in the most recent period (0 to 18 mm depth), making it
impossible to tie the chronology to the meteorological
record and develop an absolute chronology. Moreover, an
individual Lauraceae of the same species growing at the
same location (MV02) showed no obvious signs of annual
d18O cycles. The most promising evidence of species with
regular, coherent cycles were from the genus Pouteria in the

Figure 6. Composite isotope time series for the Trostles/Hoges calibration set. (a) Mean d18O annual
cycle (‘‘climatology’’) for the three trees and the mean of all trees. The amplitude and seasonal patterns
are indistinguishable within measurement precision, with temporal age model differences of
approximately 1 month. (b) Composite time series mean of the three trees (four cores), showing
variability (1s) around the overall mean. (c) Annual maxima, minima, and mean values from the
composite mean site chronology. Most of the interannual variability is related to the minima, while the
trend in the mean is a result of patterns observed in the annual maxima. (d) The amplitude of the mean
annual d18O cycle, which shows a clear relationship to interannual patterns in the wet season rainfall
(R2 = 0.56, p < 0.01, df = 10).
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Sapotacae family. Samples from this tree (MV12A and
MV15C) showed coherent annual cycles over their entire
length.
[37] There is a distinct and statistically significant pattern

(R2 = 0.99, p < 0.01, n = 5) associated with elevation in the
mean amplitude of the annual cycle in trees (MV05,
MV14B, MV03, MV12A, and MV15C) in those instances
where it could be detected (Figure 7a). Annual mean d18O
amplitude ranges from 5.72% for the experimental plots at
approximately 1410 m to 1.79% for sample MV15C at
approximately 1580 meters. The lower forest oak (MV05)
appears to have cycles of, on average, 1.72%. Both of the

oak samples (MV05 and MV11) show lower overall mean
d18O values and MV05 has a suppressed annual cycle
amplitude compared with those at similar elevations. There
is also an increasing but statistically insignificant trend in
total mean d18O value with increasing altitude in the
Monteverde Cloud Forest (Figure 7b). The two oak trees
both show lower average d18O with respect to elevation, and
overall, than any of the experimental plot or forest trees.
The ratio of the standard deviation of the annual amplitude
to the mean annual d18O cycle increases with elevation,
indicating that as the annual cycle is reduced with increas-
ing elevation, the magnitude of the year-to-year variability
(anomalies) with respect to the annual cycle increases and a
greater proportion of the total variability is in the interan-
nual or longer timescales (Figure 7c).

4.3. Forward d18O Modeling

[38] Simulations using our forward model produce annual
cycles similar to those seen in the measured d18O from the
O. tenera trees (Figures 8a–8b). The best match between
overall variance in the simulated and actual isotope chro-
nologies for the experimental plot trees is achieved using a
soil water mixing ratio of approximately 30:70 (30% new
precipitation mixing with 70% of the previous month’s soil
water), although the patterns of interannual isotopic vari-
ability are largely insensitive by this choice. Using the
Campbell meteorological data, including the derived rela-
tive humidity series, the observed and modeled chronologies
are significantly correlated (r = 0.73, R2 = 0.52, p < 0.01),
taking into account the high degree of serial autocorrelation
(ar(1, 2)obs = [0.83, 0.45], ar(1, 2)model = [0.77, 0.46]) in both
series [Ebisuzaki, 1997]. Simulations using the NCEP Re-
analysis II relative humidity (Figure 8) for the grid cell
associated with Monteverde are similarly correlated
(r = 0.74, R2 = 0.55, p < 0.01), but are not significantly
different. This is largely because the correlation between the
simulations and the observed d18O time series reflects the
large proportion of the total variance in the annual cycle,
which is predominantly controlled by the seasonal amount
effect reflected in all O. tenera. Overall, there is no
statistically significant (two-tailed t- and F-test, a = 0.05)
difference in the means or variances of the residuals
(observed $ modeled) using either NCEP or Campbell-
derived relative humidity.
[39] The observed and modeled annual amplitude show

similar patterns, but are weakly correlated at this scale
(NCEP %RH: r[model,obs] = 0.55, p = 0.08; Campbell
%RH: r[model,obs] = 0.51, p = 0.11), largely influenced in
both cases by the mismatch between the measured and
simulated values for 1991 (Figure 8b). The modeled isotope
amplitude is significantly correlated over the same period
with wet season precipitation anomalies (model using
NCEP %RH: r[model,precip] = 0.71, p < 0.01; model using
Campbell %RH: r[model,precip] = 0.91, p < 0.01), with a
substantially stronger correlation between precipitation
anomalies and the simulation using the lower amplitude
Campbell derived RH record. A downward trend in the
annual maximum d18O values similar to that observed in
our isotope chronology is also seen for model simulations,
irrespective of the relative humidity input used, and which
appears to result from a combination of increased wet
season precipitation and decreased dry season temperatures.

Figure 7. Observed relationships between elevation, d18O
mean, and the amplitude of the annual d18O cycle.
(a) Amplitude of the annual cycle (including data from
MV03, MV05, MV12, MV14, and MV15; see text for
details) and (b) overall mean d18O versus elevation. (c) The
ratio of the interannual amplitude variance to the mean
isotope climatology increases with elevation, showing
greater year-to-year climate variability above the orographic
cloud bank (indicated by the horizontal line in (a–c),
although the actual position will vary at timescales from
hours to millennia and longer). Data from Quercus (MV05
and MV11) are shown in gray.
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The NCEP data results in a slightly better match to the
actual, observed isotope time series, particularly the annual
maxima d18O values. The simulated chronology that results
from using this data set, however, has larger positive
excursions in maximum annual d18O that are not seen in

the actual chronology (1992, 1994), and results in a overall
mean value approximately 1.35% enriched above that of
the simulation using the Campbell derived relative humidity
if the simulations are not adjusted to the observed mean.
These differences indicate a model sensitivity of approxi-

Figure 8. Comparison between observed composite mean O. tenera isotope time series and forward
model simulation [Barbour et al., 2004; Evans, 2007]. Input to the model was observed precipitation and
temperature from Monteverde [Pounds et al., 1999], and the mean monthly relative humidity from the
NCEP/NCAR reanalysis [Kanamitsu et al., 2002]. (a) The simulated isotope time series is significantly
correlated with the observed d18O from the experimental plot trees (r = 0.74, R2 = 0.55, p < 0.01).
(b) Observed and modeled chronologies are correlated with wet season precipitation anomalies (robs = 0.75,
p < 0.01; rmodel = 0.71, p < 0.01). (c) The source water model and actual source water produce annual cycle
of similar magnitude, and the magnitude of the modeled annual cycle is similar irrespective of the relative
humidity data set. (d) The seasonal patterns and isotope climatology of the mean adjusted oxygen isotope
climatology are also similar, with an estimated age model error of 1 month.
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mately $0.20% for every percent increase in relative
humidity.
[40] When compared over the limited period for which

both climate data and volume-weighted seasonal d18O of
meteoric waters at Monteverde are available, the forward
model simulations using calculated and observed source
water isotope ratios show similar seasonal patterns and
amplitudes (Figure 8c). The amount effect model (equation 5)
reproduces the seasonal pattern of observed meteoric water
d18O on which it was based, with a slight loss of variance
at the annual maxima and minima (Figure 8c). The
modeled a-cellulose d18O cycle amplitude is also similar
whether observed or modeled source water is used, and
irrespective of the relative humidity data set. However,
uncertainties in model parameters can result in a confi-
dence interval up to 1.5% wide, particularly at the local
maxima and minima of the simulated annual d18O cycles.
The seasonal pattern and mean annual isotope cycle in
both simulated and observed O. tenera are quite similar,
with an apparent age model bias of ±1 month (Figure 8d).
Some of this phase offset could be due to the necessary but
probably simplistic assumption that growth rates are constant
over the course of a year. In the absence of more frequent
basal measurements, however, this assumption is reasonable
and moreover does not influence our climatic interpretations.

5. Discussion
5.1. Annual Oxygen Isotope Cycles

[41] Annual d18O cycles are clearly present in our set of
O. tenera trees, and are sufficiently large and well defined
that they are easily distinguished from the occasional
smaller positive excursions at the time of the annual
minima, which are probably the result of the existence
and magnitude of the Central American midsummer (July
and August) drought, which can be seen in some years (i.e.,
1993) in both the observed and modeled a-cellulose d18O
time series. The similarity between the measured radial
growth rates from long-term monitoring and those derived
from the age modeled isotope time series, and supported by
the forward model simulations, demonstrates conclusively
that the proxy d18O chronology can be securely established
using these cycles. Even given the potential uncertainties
associated with both individual repeated basal growth
measurements [Sheil, 2003; McLaughlin et al., 2003] and
the increment estimates from age modeled d18O, the con-
sistency between the two data sets indicates the age model
(1 cycle = 1 year) is particularly robust. There is no
indication from the isotope time series that the Ocotea
tenera have a significant regular growth hiatus during the
year, which is supported by comparison to our forward
modeling results.
[42] Unlike traditional dendroclimatological approaches

using tree ring widths or density, where massive sample
replication and robust crossdating result in an overall
composite age model error that is effectively negligible
[Fritts, 1976], the smaller sample depth and limited oppor-
tunity for crossdating in our experimental plot d18O chro-
nology leaves open the possibility of error in assigning the
isotope time series to calendar years. This is exacerbated
here by the short length of the chronologies developed from
our calibration set. Even in our O. tenera calibration

samples, development of the age model is complicated by
years where individual trees did not have appreciable basal
growth, the reduced growth rates since (1997, and gaps in
the annual observational data. This latter factor is particu-
larly important between 1997 and 2002, because sometime
between 2001 and 2004 all basal growth in several trees in
Trostles plot had ceased or slowed to imperceptible incre-
ments. For our O. tenera chronology, we estimate an age
model error no larger than ±2 years, based on the basal
growth measurements and comparison with the forward
model simulations. In unmonitored trees and particularly
in trees growing at average rates less than 2 mm year$1, age
model error might be determined by the range of possible
realistic age models, and may be complemented by high-
resolution radiocarbon assays on the period since A.D. 1955
[Worbes and Junk, 1989]. Unfortunately, while the O. tenera
in the experimental plots allow us to test and calibrate our
proposed age model and detect the imprint of climate
variability on the d18O cycles, this early successional
species is unlikely to provide the material for long isotope
chronologies.
[43] There are several factors which could potentially

complicate identification of annual isotope cycles. Long
residence times for meteoric waters in the soil would result
in temporal mixing of different seasonal water sources,
which would both smooth and dampen the amplitude of
the annual signal we seek for chronological control. Like-
wise, trees which access primarily deeper sources of
groundwater would be relatively insensitive to the intra-
annual change in the d18O of available moisture [cf. Evans
and Schrag, 2004]. However, shallow rooting depths for
cloud forest trees [Matelson et al., 1995] in response to soil
nutrient availability should mean that shallow soil water is
their primary moisture source and they do not have access,
or need to access, deeper groundwaters. However, one
alternative hypothesis for the lack of annual cycles in some
of the forest trees analyzed here is that they are indeed able
to access deeper groundwater or well-mixed stream waters,
and are relatively insensitive to the seasonal d18O cycle of
meteoric waters.
[44] At the sampling resolution used in this study and

given requirements for minimum a-cellulose yield, growth
rates had to be sufficiently rapid, (2 mm per year, to allow
for enough samples per year in order to sufficiently resolve
the annual cycle and its amplitude, but not so rapid as to limit
the ultimate length of the reconstruction. Slower growth rates
make it difficult to resolve the full amplitude of the annual
cycle given current analytical constraints. This can be par-
tially addressed by using larger-diameter increment borers,
whole cross-sections, or improved analytical procedures that
require less cellulose for a precise measurement. Already,
improvements in the techniques and technologies described
and used here have reduced the amount of a-cellulose
required for precise d18O measurements [Evans, 2008].
[45] There is an upward trend in the mean oxygen isotope

ratio with elevation for all the trees (experimental plots and
forest trees), when Quercus is excluded. While the trend is
not statistically significant, it suggests that higher elevation
trees may on average use more 18O-enriched cloud water,
which would be consistent with their position progressively
closer to the continental divide and within the region of
persistent cloud. Quercus appears to be a different case,
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with overall mean d18O values substantially lower than
other species, and a smaller average amplitude in MV05.
Collectively, these data suggest that our Quercus preferen-
tially sample soil water with a more negative d18O. This
could arise if the trees did not add basal growth during part
of the transition or dry season, when d18O values are higher.
If Quercus ceased growth during part of the dry season,
both the mean isotopic value and the annual cycle, where
present, would preferentially reflect the more negative d18O
during the rainy season. Alternatively, this species may have
access to some deeper soil water sources, which would also
explain the suppressed amplitude of the mean annual cycle.
Finally, if transpiration were more restricted in Quercus,
potentially through particular physiological characteristics
or structure of the leaves, enrichment of the source water in
the leaves would be limited and the resultant cellulose
would have a more negative d18O value. In general, though
there are several possible reasons why some of the forest
trees studied here do not display annual cycles, the simplest
cause may be that our sampling interval of 200 mm failed to
adequately resolve the annual cycle in very slow growing
trees.
[46] Two robust features characterize the annual cycles in

the forest trees considered here. The amplitude of the annual
cycle decreases with elevation, and the ratio of the variance
in the interannual amplitude to the mean annual cycle
amplitude increases. The reduction in the amplitude of the
annual cycle is likely related to longer soil water residence
times and increased mixing of seasonal water sources,
which in turn is probably a result of lower temperatures,
increased cloud cover, and reduced solar irradiance at higher
elevations within the orographic cloud bank. The increase in
the ratio of the interannual cycle anomaly to the annual
amplitude indicates that the higher elevation trees may be
more sensitive to year-to-year variability than trees from the
lower premontane forest. There are indications that this is
related in some trees to larger interannual variations in the
annual cycle maxima.

5.2. Climate Analysis

[47] Interannual anomalies in the amplitude of the O.
tenera d18O cycles are dominated by variability in the
annual minima value, which in agreement with our concep-
tual model (Figure 1) is primarily controlled by the amount
of rainfall received during the wet season (Figure 6d). There
is little year-to-year variance in the annual maxima in the
composite mean d18O series from the experimental plots,
with a small downward trend related primarily to a slight
step change between 1996 and 1997. This downward trend
might be related to increases in relative humidity or
decreases in maximum temperatures [Pounds et al., 2006]
over the common period, but missing from the d18O
maxima are distinct large positive anomalies which could
be related to interannual temperature or relative humidity
anomalies associated with El Niño events.
[48] The most likely reason for the lack of a clear dry

season d18O anomaly signal in the O. tenera series is the
elevational position of our pilot calibration site at (1410 m
in the transitional region between premontane wet and cloud
forest. At this lower elevation, the persistent cloud immer-
sion that characterizes forests along the continental divide
above 1500 m is considerably reduced, although mist can

still be an important moisture source for vegetation. Trees in
the premontane wet forest and below the mean lifting
condensation level would be relatively insensitive to
changes in orographic cloud base height and relative hu-
midity since the magnitude of the local hydroclimatic
alterations to fluctuations would therefore be relatively
small. At higher elevations above the mean lifting conden-
sation level, where forests are on average consistently
within or at the margin of the prevailing orographic cloud
bank, fluctuations between cloud and cloud-free conditions
would be accompanied by rather large local changes in
temperature, relative humidity, water vapor, and solar irra-
diance. Support for this interpretation comes from analysis
of the canopy trees in which annual cycles were detected. In
3 out of the 5 forest trees with annual cycles, variance in
annual maxima is greater than the annual minima.
[49] Additional complicating factors may arise from the

heterogeneous nature of cloud cover [Clark et al., 2000;
Haber, 2000; Guswa et al., 2007]. Gaps in the cordillera can
allow orographic clouds to pass to lower elevations on the
leeward side, often along stream courses. Likewise, topog-
raphy may dictate the extent to which individual trees are
exposed to direct tradewind moisture advection, and soil
type and depth may influence the amount of source water
buffering and soil water mixing that determines the baseline
amplitude for the formation of annual d18O cycles.
[50] There are indications that higher elevation trees show

a greater sensitivity to year-to-year variability, particularly
to dry season climate likely related to the influence of
orographic clouds. This suggests that optimal sampling
locations for reconstructing both cloudiness and the regional
scale forcing associated with changes in cloud coverage and
moisture advection will be at those elevations where the
annual cycle is coherent and of a sufficient magnitude to be
differentiated from short term fluctuations, but where high-
frequency variance suggests sensitivity to these changes.
Based on our pilot samples from forest canopy trees,
Sapotaceae from the high elevation cloud forest may hold
the most promise for the development of long paleoclimate
records.

5.3. Forward Modeling

[51] The 14 environmental parameters from the model of
Barbour et al. [2004] are assumed to be temporally stable
[Evans, 2007], and therefore changes in the parameter set
are predominantly reflected by changes in the overall mean
of the series, and secondarily in the amplitude of the isotope
time series. For instance, a change in the constrained
effective length parameter (L, which controls the Peclet
number 8) of 1 mm can change both the mean and variance
of the resulting isotope time series by approximately 0.4%;
however, even large changes in this parameter [Barbour et
al., 2004] do not significantly change the pattern of year-to-
year variability nor the seasonal cycle. Therefore while both
the mean and variance of the simulated d18O chronology
can be influenced by uncertainty in model parameters, the
seasonal and interannual patterns are predominately driven
by the meteorological data themselves. The results from
Figure 8c demonstrate that the interannual difference in the
annual amplitude of the d18O cycle imparted by uncertain-
ties in the model parameter set may be as large as 1.5%, but
this is almost entirely due to an overall inflation or dilation
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of the time series variance. Additional uncertainty arises
from the derived amount effect relationship, which accounts
for only 56% of the observed isotopic variation in precip-
itation. Additional influences on precipitation d18O proba-
bly include enrichment due to re-evaporation from the land
surface [Rhodes et al., 2006] and source isotopic composi-
tion, neither of which are captured by our regression model.
In agreement with the findings of Evans [2007], however,
we find that the overall structure and mean amplitude of the
annual cycle is driven predominantly by the seasonal
change in the d18O related to changes in water sources as
controlled primarily by the amount effect and, in this case,
the additional contribution of cloud water during the dry
season. It is clear, however, from interannual differences
observed between model simulations using the two different
relative humidity data sets, that differences in the input data
can have an important influence on interannual patterns of
variability. In general, neither relative humidity data set
produces a substantially improved overall match to the
observed experimental plot d18O time series.
[52] More interesting is the disparity between the corre-

lations with each simulation and wet season anomalies.
Modeled d18O values using the NCEP relative humidity
data set show a weaker correlation with precipitation
anomalies than the d18O time series simulated from the
calculated Campbell relative humidity, although the coeffi-
cient is more similar to the relationship between the ob-
served O. tenera d18O and wet season precipitation. This
indicates that increased variability in relative humidity can
have a substantial influence on the controls on the interan-
nual patterns of variability. This suggests that samples
within or at the boundary of the orographic cloud bank
are likely to show great sensitivity to, and control by,
changes in relative humidity and leeward-slope moisture
advection than those below it. This finding, and the obser-
vations of increasing interannual variability relative to the
mean annual d18O with increases in elevation, will be used
to guide future sampling strategies for the development of
long chronologies.
[53] In Evans [2007], the Barbour et al. [2004] model

was used to construct the interannual variability in the
amplitude of the seasonal cycle, while the mean and
variance were scaled to that of the observed d18O time
series. Here using the default parameterization from Evans
[2007], even without mean adjustment, and using the
relative humidity derived from the Campbell meteorological
data [Pounds et al., 1999], the model actually reproduces
the mean of the series within the precision of the instru-
ments (!xmodel = 26.52%, !xobs = 26.27%), although this may
simply be fortuitous, since as previously discussed large
shifts in the overall mean can be the result of changing the
model and source water parameters. The use of the soil
water model in the place of variance adjustment also
produced a simulated isotope series with similar mean
amplitude and variance as the d18O from O. tenera, and
generally reproduced the visually coherent cyclicity of the
actual time series. Most encouragingly, applying the soil
water model reproduces the leading autocorrelation struc-
ture of the observed d18O chronologies, as well as the
pattern of interannual variability and the relationship be-
tween the annual amplitude anomalies and wet season
precipitation amount (Figure 8c).

[54] The monthly mixing ratio of 30:70 (precipitation to
prior soil water) implies a mean water residence time
somewhat longer than would be calculated from the turn-
over rate reported from lowland tropical rain forest soils
derived from tritium measurements by McGinnis et al.
[1969] in Panama. However, McGinnis et al. [1969] esti-
mated soil water flux for only the top 30 cm. Somewhat
deeper soil water available to plants would presumably have
a longer residence time. Additionally, reduced evapotrans-
piration due to persistent cloud cover, cooler temperatures,
and higher relative humidity would likely increase water
residence times in soils in tropical montane cloud forests.
[55] The most obvious discrepancy between the O. tenera

composite mean time series, the simulated model, and local
climate variability is the wet season minimum of 1991.
Although one possible hypothesis is that the age model is
incorrect, the 1991 negative anomaly is apparent in the d18O
from the most securely dated cores, those cores from tree
NWT02, and there is no evidence from basal growth
analysis to suggest an age adjustment of several years is
warranted nor even realistic. Zonal winds across the Costa
Rican cordillera were anomalously strong during the wet
season in 1991 [Kanamitsu et al., 2002], and high resolution
gridded monthly precipitation data for Central America
(Universidad Nacional Autónoma de México (UNAM) data
from the Centro de Ciencias de la Atmósfera, served from
http://iridl.ldeo.columbia.edu/SOURCES/.UNAM/.gridded/
.monthly/.v0705/ at the International Research Institute for
Climate and Society (IRI), Columbia University.) also
indicate that 1991 was one of the wettest rainy seasons
(July through September) over the period 1901 to 2002 for
the grid cell corresponding to Monteverde and northwestern
Costa Rica, in contrast to the Monteverde rain gauge data.

5.4. Cloud Forest Isotope Dendroclimatology

[56] Our selection of tropical cloud forests as a site for
tropical paleoclimate reconstruction parallels, in a some-
what paradoxical manner, the approach of classical dendro-
climatology in seeking out sampling locations where trees
are likely to be sensitive to relatively small changes in
annual climate. In temperate regions and for trees with
regular annual changes in morphology or wood density,
these are typically dry or cold sites at the limits of a species
range. For tropical isotope dendroclimatology, however, we
seek sites which are wet enough to allow trees to grow
throughout the year, yet are subjected to seasonal changes in
the stable oxygen isotope composition of available moisture
which provides the means of establishing annual chronology.
In cloud forest environments, the largest interannual changes
of interest are likely to be wet season rainfall and dry season
cloudiness. As such, site selection for tropical isotope
dendroclimatology is very different from that of classical
field approaches in dendrochronology in terms of climate
regimes, but the guiding principle is the same.
[57] Our approach to tropical isotope dendroclimatology

[Evans and Schrag, 2004] has a closer methodological and
procedural affinity to paleoclimate analysis using speleo-
thems or corals than to classical dendrochronology. Despite
rapid advances [Kornexl et al., 1999; Brendel et al., 2000;
Evans, 2008], the analytical requirements for sample prep-
aration and mass spectrometry still limit the number of
samples and measurement replication that can be realisti-
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cally achieved. The result is relatively large uncertainties
(several years) in the age modeled chronologies. However,
as demonstrated by McCarroll and Pawellek [1998] and
Gagen et al. [2004], stable isotope ratios in tree ring
chronologies often have a higher signal-to-noise ratio that
ring width data. As a consequence, fewer chronologies may
be required to achieve a robust common signal. For the
Monteverde O. tenera chronology, 3 trees over the common
period of overlap are sufficient to meet an Expressed
Population Signal threshold (EPS [Wigley et al., 1984]) of
0.85. Furthermore, the protocols allow for the development
of high-resolution terrestrial proxy records that bypasses
some of the extant challenges to developing tropical ring
width chronologies, and can be applied even when appro-
priate species for traditional dendrochronology cannot be
identified. Application of these techniques will necessarily
be guided by the specific research question and the ability of
complementary proxies to provide the information neces-
sary to address them. Cloud forests, given their biogeo-
graphical and hydrological importance at the regional scale,
and their sensitivity to major modes of climate such as El
Niño at the global scale [Loope and Giambelluca, 1998;
Still et al., 1999; Pounds et al., 1999; Foster, 2001; Bush,
2002; Pounds et al., 2006] represent a particular ecosystem
where the application of tropical isotope dendroclimatology
can support an improved understanding of critical environ-
mental processes across a range of spatiotemporal scales.
Until recently, the relative inaccessibility of tropical cloud
forests has spared them from the worst consequences of
indiscriminate logging, increasing the likelihood that old
trees might persist in these ecosystems throughout the
tropics, providing a potential source of long-term paleocli-
mate information.

6. Summary and Conclusions

[58] The results from our study clearly identify an annual
isotope cycle in trees growing in experimental plots at lower
cloud forest elevations that can be used to develop an
annual chronology in the absence of annual rings. Interan-
nual variability in the amplitude of the annual cycle is
associated with wet season precipitation anomalies at our
premontane wet forest calibration site. Our forward model
simulations successfully reproduce the annual pattern of
d18O observed in our O. tenera trees and demonstrate a
similar autocorrelation structure in both synthetic and actual
isotope time series. The model also reproduces quite well
the dependence of the interannual patterns of d18O ampli-
tude on the amount of wet season rainfall. Five mature
canopy trees considered here from sites ranging from 1500
to 1660 m also show an annual isotope cycle, and two of
these have d18O cycles that can be consistently detected
over their entire length. Collectively, these pilot results can
help guide the future development of long climate recon-
structions from older cloud forest trees. The results of our
calibration study at Monteverde demonstrate that annual
stable oxygen isotope cycles in tropical cloud forest trees
can be used for both chronology development and the
detection of climate variability, and can be applied to the
development of climate reconstructions and the interpretation
of recent trends in tropical montane forest hydroclimatology.
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