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Abstract. Tropical montane cloud forests are ecosystems intrinsically linked1

to a narrow range of geographic and meteorological conditions, making them2

potentially sensitive to small changes in precipitation ortemperature. We inves-3

tigate the potential application of stable isotope analysis to cloud forest dendro-4

climatology at Monteverde in Costa Rica, in order to be able to extract both chrono-5

logical and paleoclimate information from trees without annual growth rings.6

High-resolutionδ18O measurements are used to identify regular cycles in wood7

of up to 9h, which are associated with seasonal changes in precipitation and8

moisture sources. The calculated annual growth rates derived from the isotope9

time series match those observed from long-term basal growth measurements.10

Interannual variability in the oxygen isotope ratio of lower forest trees is pri-11

marily related to interannual changes in wet season precipitation. Forward mod-12

eling independently supports our detection of both annual chronology and a cli-13

mate signal. The confirmation of annual chronology and sensitivity to interan-14

nual climate anomalies suggests that tropical cloud forestdendroclimatology can15

be used to investigate local and regional hydroclimatic variability and change.16
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1. Introduction

In the absence of long instrumental records, scientists investigating the causes and conse-17

quences of climate variability and change depend on proxy records, which can be used to18

reconstruct past ocean-atmosphere conditions. In temperate latitudes, extensive networks of19

tree-ring width and density time series (‘chronologies’) provide a high-resolution proxy record20

of past climate state and variability. Relatively few such chronologies, however, have been de-21

veloped in tropical regions. Despite some notable exceptions [c.f.Worbes, 2002;Fichtler et al.,22

2004;Brienen and Zuidema, 2005;D’Arrigo et al., 2006;Therrell et al., 2006], tropical trees23

often fail to develop reliable annual rings whose variability consistently reflects the influence24

of climate and can be used to reconstruct past temperatures or precipitation. Even when they25

appear to form annual increment bands, patterns of ring width variability may be incoherent26

between individual trees, making both chronology development and climate signal detection27

difficult [Worbes and Junk, 1989;February and Stock, 1998;Dünisch et al., 2002;Robertson28

et al., 2004;Bauch et al., 2006]. As a consequence, high-resolution, long terrestrial proxy29

climate records from the tropics remain sparse, compared totemperate regions.30

Tropical montane cloud forests cover as much as 50 million hectares worldwide [Stadtm̈uller,31

1987; Hamilton et al., 1995], about half of which is found in Latin America [Brown and32

Kappelle, 2001]. These forests have high rates of endemism and are important in regional33

hydrology, because they intercept and capture cloud moisture and nutrients, increasing available34

water and influencing biogeochemistry within catchments and in areas downstream [Bruijnzeel,35

1991;van Dijk and Bruijnzeel, 2001;Bruijnzeel, 2004]. Tropical cloud forests are ecosystems36

found within a relatively narrow set of both geographic and meteorological conditions, and as a37
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consequence, they are particularly sensitive to climate change [Loope and Giambelluca, 1998;38

Foster, 2001;Bush, 2002].39

Rising tropical surface and sea surface temperature associated with anthropogenic global40

climate change may be fundamentally altering the suite of environmental conditions that create41

and maintain unique cloud forest ecosystems. At Monteverde, in the mountains of Costa Rica,42

the extinction of the endemic Golden Toad (Bufo periglenes) in 1987 and subsequent additional43

reptile and anuran declines have been linked to apparent decreases in cloud cover and moisture44

availability and related to rising temperatures [Pounds et al., 1999]. Indeed, higher temperatures45

in montane regions throughout the tropics have been linked to widespread species extinction and46

alterations to cloud forest biogeography [Pounds et al., 2006]. A rise in tropical air temperatures47

above 1000 meters has been observed since 1970 [Diaz and Graham, 1996]. Climate change48

appears to be exposing plant and animal communities to increased environmental stress, which49

may exacerbate other proximal threats, including disease and habitat destruction [Root et al.,50

2003;Pounds et al., 2006].51

Limited long-term instrumental climate records from the tropics, and in particular tropical52

montane regions [Bradley et al., 2006], impede efforts to better understand both global climate53

variability and its influence on local hydroclimatology andecology. Without a historical baseline54

and the context provided by long-term climate records, it isdifficult to attribute the observed55

changes in climate and ecological systems at Monteverde andother tropical mountain forests56

to anthropogenic climate forcing [Still et al., 1999;Pounds et al., 2006], mesoscale influences57

including land clearance [Lawton et al., 2001;Nair et al., 2003], or natural variability in tropical58

and extratropical climate. Limited observational data andthe lack of high resolution proxies from59

these ecosystems also restrict any opportunity to validateGCM predictions for future change60
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[Foster, 2001]. Both observed and potential future changes, and their hypothesized ecological61

consequences, need to be placed in the context of low-frequency (decadal to centennial) climate62

variability and trends over the recent past. Climate reconstructions from tropical montane cloud63

forests would provide the necessary context for the interpretation of the limited instrumental64

climate record, and allow the identification of variabilityor trends that are outside of the range65

of natural variability.66

We hypothesize that the unique hydroclimatic conditions associated with cloud forests creates67

an annual climate signal in the oxygen isotope ratio (δ18O) in tree xylem cellulose that can68

be used to develop a proxy record of climate variability fromtropical montane regions. High-69

resolution oxygen isotope measurements can be used for bothchronological control and climatic70

interpretation and reconstruction. Our study focuses on the Monteverde Cloud Forest in Costa71

Rica where environmental and meteorological data [Nadkarni and Wheelwright, 2000], available72

over the last 20 years, provides the data necessary to validate this hypothesis. Our ultimate goal73

is to develop the basis for proxy reconstructions of interannual tropical climate variability using74

stable oxygen isotope series from cloud forest trees without annual rings.75

2. A stable isotope approach to cloud forest dendroclimatology

Tropical montane cloud forests are ecosystems characterized by frequent or persistent oro-76

graphic cloud immersion [Bruijnzeel and Veneklaas, 1998]. During the dry season, water77

stripped from the cloud bank by vegetation provides sufficient soil moisture such that trees may78

experience no effective water deficit [Bruijnzeel and Proctor, 1995;Kapos and Tanner, 1985;79

Holder, 2004]. Precipitation, which provides the bulk of available water during the rainy season,80

and cloud water, which is the primary moisture source duringthe dry season, are isotopically81

distinct [Ingraham, 1998]. Phase transitions between liquid and vapor result in fractionation82
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effects, which create isotopic differences between these two water sources. Condensation of83

clouds by orographic uplift results in liquid water which has relatively heavyδ18O values as84

compared to rainfall, which has a lowerδ18O value due to progressive Rayleigh distillation85

[Ingraham, 1998]. Similarly, the limited amount of rainfall receivedduring the dry season has86

a relatively heavyδ18O signature. This is related primarily to the ‘amount effect’, where the87

δ18O of precipitation is negatively correlated to the quantity, and is one of the primary causes of88

intra-annual patterns in the isotopic composition of rainfall throughout the tropics [Gat, 1996].89

The amount effect is evident in the stable isotopic composition of Costa Rican surface waters90

[Lachniet and Patterson, 2002].91

Data from both Monteverde [Feild and Dawson, 1998] and other fog-dependent environments92

[Ingraham and Matthews, 1990, 1995;Dawson, 1998] indicate that differences of at least 4h93

to 6h δ18O exist between cloud water and rainfall.Rhodes et al.[2006] andGuswa et al.94

[2007] also report differences between dry (boreal winter)and wet (boreal summer) season95

volume-weighted precipitationδ18O as great as 9h. The waters available to plants in cloud96

forest ecosystems are therefore distinctly different between seasons.Feild and Dawson[1998]97

confirmed that the xylem water of canopy trees at Monteverde had the isotopic signature of98

rainfall during the wet season. Cloud water should be the primary source water available to trees99

during the dry season [c.f.Dawson, 1998].100

The seasonal changes in the isotopic composition of the primary water sources for trees in101

cloud forests should produce a seasonal cycle in the oxygen isotope ratio of cellulose in the102

secondary radial growth of these trees. Fine-scale analysis of isotope ratios of cellulose along103

the growth radius of a tree’s main trunk will yield a time series of water use by the trees. The104

seasonal cycle can be used to identify the growth increment from an individual year (with 1 cycle105
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= 1 calendar year), even in the absence of visible annual banding [Evans and Schrag, 2004].106

Significant departures from the regular isotope cycle should result from local hydroclimatic107

alterations, including precipitation anomalies and changes in cloudiness, moisture advection,108

relative humidity, and temperature (Figure 1).109

The relationship between the local hydroclimatology of tropical montane cloud forests and110

the resultingδ18O value of cellulose in trees can be understood using the mechanistic model111

developed byRoden et al.[2000]:112

δ18Ocellulose = fo·(δ18Owx + ǫo) + (1 − fo)·(δ18Owl + ǫo) (1)

whereδ18Ocellulose is the oxygen isotope ratio of tree-ring cellulose,δ18Owx is that of the portion113

of xylem water that does not experience evaporative enrichment in the leaves,δ18Owl is the114

oxygen isotope ratio of leaf water at the sites of photosynthesis,fo is the fraction of oxygen115

in stem water that does not exchange with the enriched sucrose that results from transpiration116

in the leaf, andǫo is the fractionation that results from the synthesis of cellulose. The model117

shows thatα-celluloseδ18O is influenced primarily by theδ18O of the source water taken up118

by the plant, and by the amount of isotopic enrichment of thatwater that subsequently occurs119

in the leaf, and whose signature is inherited by the sucrose used in the eventual biosynthesis of120

cellulose. As detailed above, source water differences in cloud forests will be a function of the121

seasonal regimes of rainfall and cloud water. Lower relative humidity levels during the peak of122

the dry season should result in higher evapotranspiration rates and enrichment of theδ18O value123

of leaf water and the resultant cellulose.124

Barbour et al.[2004] modified the model ofRoden et al.[2000] to include the potential125

influence of the Peclet effect, a diffusion of isotopically-enriched water away from the sites126
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of transpiration in the leaves back into the unenriched source water, which results in lower127

δ18O value for bulk leaf water than would be predicted from a simple calculation based on128

evapotranspiration in the leaf [Barbour et al., 2000]:129

∆c = ∆l(1 − pxpex) (2)

For our purposes,∆c is the enrichment of the celluloseδ18O above that of the original source130

water,∆l reflects the enrichment of the source water signal in the leafat the sites of photosyn-131

thesis, as a function of leaf temperature, the vapor pressure difference within the leaf, theδ18O132

of atmospheric water vapor, the fractionation from the liquid-vapor phase change, and the Peclet133

Effect. pex is the proportion of oxygen atoms exchanged during the formation of cellulose from134

sucrose, equivalent tof0 from Equation (1).px is the proportion of unenriched water at the site135

of cellulose formation. For large trees and for cellulose formation in the xylem, it is believed136

thatpx approaches 1, as the site of cellulose synthesis is sufficiently distal from the diffusion of137

enriched leaf water into unaltered source water that it is primarily those waters that provide the138

exchangeable oxygen during cellulose biosynthesis [Barbour et al., 2002]. In this case,pxpex is139

equivalent tof0 from Equation (1) and represents the mixing between enriched δ18O signatures140

from the leaf andδ18O from the original source water.141

We hypothesize (Figure 1) that the isotopic difference between wet season precipitation and dry142

season rainfall and cloud water is sufficient to generate annual isotope cycles in the xylem of cloud143

forest trees. We rely on the seasonal shift in primary water source to drive concomitant changes144

in cellulose, enabling identification of annual cycles and chronology development. Interannual145

variability should be manifested as enhancement or suppression of the amplitude of the mean146

annual isotope cycle through changes in precipitation, temperature, and relative humidity. Year-147
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to-year differences in annual maximum values are expected to be related to temperature, relative148

humidity, cloudiness, and moisture advection during the dry season. Anomalies in the annual149

minima are likely related primarily to wet season precipitation amounts.150

3. Methods and Materials

We test our hypotheses using samples and data collected fromthe Monteverde Cloud Forest151

Reserve in Costa Rica. Long-term vegetation monitoring anddaily climate records [Pounds152

et al., 1999;Clark et al., 2000;Nadkarni and Wheelwright, 2000;Rhodes et al., 2006] from the153

Reserve are used to calibrate, model, and interpret theδ18O content of tree cellulose, making154

the site an ideal location in which to establish if the necessary chronological control and climate155

signal exist. Establishing both of these is a necessary prerequisite for the development of robust156

climate reconstructions.157

3.1. Site description

The Monteverde Cloud Forest (10.2oN, 85.35oW, 1500m) is draped over the Cordillera de158

Tilarán in northwestern Costa Rica. The cloud forest extends from∼1500 m on the Pacific159

slope upward to the continental divide, and down the windward Atlantic slope as low as 1300 m160

[Haber, 2000]. Below the cloud forest and downslope to 700m elevation on the leeward Pacific161

slope the vegetation is predominantly evergreen tropical premontane wet forests with a distinct162

dry season. Between 1400 and 1500m, the premontane forest transitions to lower montane wet163

forests with greater orographic cloud influence [Haber, 2000]. The cloud forest above 1500m164

receives an average of 2500mm of precipitation in a year and has a mean annual temperature of165

18.5oC [Figure 2; Pounds et al., 1999;Clark et al., 2000]. These forests are characterized by the166

presence of tradewind-driven orographic clouds in the transitional (November through January)167
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and dry (February through April) seasons. During the wet season (May through October), the168

precipitation regime is dominated by the position of the Intertropical Convergence Zone (ITCZ)169

and characterized by strong convective rainfall and thunderstorms [Clark et al., 2000;Rhodes170

et al., 2006]. A midsummer ‘drought’ (veranillo), common to the Pacific Coast of tropical171

Central America [Magaña et al., 1999], is present in July and August (Figure 2). The cloud172

forest receives the majority of its rainfall during the wet season, but the annual moisture regime173

has substantial and seasonally important inputs from orographic cloud water between November174

and April. Whereas the Atlantic slope is perpetually wet, the leeward slope depends on the175

northeasterly trade wind-driven moisture over the continental divide as a critical dry season176

water source.Clark et al. [1998] found that at Monteverde these moisture inputs accounted177

for perhaps 22% of the annual hydrological budget. However,estimates of the contribution178

from cloud water at an array of tropical montane cloud forestsites vary from<1% up to 74%.179

[Bruijnzeel and Proctor, 1995;Bruijnzeel, 2001]. Cloud water inputs are consistently more180

important during the dry season, accounting for up to 75% of total seasonal moisture inputs in181

some forests [Bruijnzeel, 2001].182

3.2. Field and laboratory sampling

We take advantage of two stands of monitoredOcotea tenera(Lauraceae) from experimental183

plots in the transitional zone between lower montane and cloud forest [Wheelwright and Logan,184

2004] in order to calibrate and confirm our hypothesized age model and precisely evaluate185

potential climate signals.O. tenerais a deciduous, dioecious understory tree which is endemic186

to Costa Rica [Wheelwright and Bruneau, 1992]. It is reproductively mature at 5 years, at187

which time it can have a diameter as small as 1.5 cm. The largest individuals may grow up188

to 30cm diameter. Increment cores fromO. tenerawere collected in February 2004 from the189
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Trostles (NWT-) and Hoges (NWH-) experimental plots. Theseplots were established in 1981190

and 1984, respectively, and are situated in shaded secondary forest with emergent canopy trees191

[Wheelwright and Logan, 2004]. Three cores were obtained from the Trostles plot, with two192

collected from a single tree (NWT02A/B), and one from a separate individual (NWT01A).193

A fourth core was collected from the Hoges plot (NWH03A). This sampling approach was194

designed to evaluate the fidelity and consistency of the chronological and climatic signal both195

within and between trees, and amongst sites. Annual diameter measurements made at a height196

of 1 meter with calipers in February or March are available for all three trees since 1988 [see197

Wheelwright and Logan, 2004].198

In addition to the trees from the experimental plots, nine additional cores or entire cross-199

sectional discs were also opportunistically collected in and around the Monteverde Cloud Forest200

Reserve (1500-1660m) from mature unmonitored canopy tree,many which had been felled201

in a December 2003 windstorm. This group included individuals from the genusQuercus202

(tropical oaks) as well as from the cosmopolitan Sapotaceaeand Lauraceae families. The forest203

trees were sampled along a rudimentary transect up the Pacific slope toward the continental204

divide. This strategy was intended to accomplish two complementary goals: First, it permits205

discovery of sites or species that have maximum sensitivityto both annual and interannual206

changes in climate. Second, the comparison ofδ18O values from both below and within the207

cloud bank should allow us to estimate the relative importance across the landscape of changes208

in precipitation, temperature, and relative humidity to theα-celluloseδ18O of cloud forest trees.209

3.3. Sample preparation

The cores were subsampled in the laboratory on a rotary microtome at 20µm increments.210

Ten slices were then aggregated into a single sample for a sampling depth resolution of 200211
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µm. Our subsampling interval resulted in approximately 700 to1500µg of wood per sample,212

depending on wood density, structure, and moisture content. Radial subsections approximating213

the diameter of the cores (5mm) were cut from the large full stem discs using a bandsaw prior214

to microtoming.215

Raw wood was then extracted toα-cellulose using the standard Brendel technique [Brendel216

et al., 2000;Anchukaitis et al., 2007] as modified for small samples [Evans and Schrag, 2004].217

The Brendel procedure uses a hot 10:1 acetic:nitric acid delignification extraction that also218

removes most hemicelluloses and mobile resins, followed byprogressive solvent washes and219

sample drying in distilled water, ethanol, and acetone [Evans and Schrag, 2004;Anchukaitis220

et al., 2007]. Followingα-cellulose extraction, samples were dried in a warm oven (50oC) ,221

and then overnight under vacuum. Use of the Brendel technique allows for single-day chemical222

preprocessing of samples and, most critically, permits theuse of very small (< 1 mg) samples223

with a sufficient final sample yield [Evans and Schrag, 2004] for replicate isotopic measurements.224

The Brendel technique results inα-cellulose which is not significantly different in its isotopic225

composition compared to traditional methods [Evans and Schrag, 2004; Anchukaitis et al.,226

2007].227

3.4. Isotopic analysis

100 to 150µg of α-cellulose of each sample from theO. teneracores were wrapped in silver228

capsules and converted to CO in a ThermoFinnigan Thermal Conversion/Elemental Analyzer229

(TC/EA) at 1450oC. The oxygen isotope composition of the CO gas was analyzed on a Ther-230

moFinnigan Delta XL continuous flow mass spectrometer at Harvard University. Measurement231

precision for several hundred Bakerα-cellulose standards was 0.45h232
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For the analysis of pilot samples from canopy trees in the Monteverde Cloud Forest Preserve,233

300 to 350µg of α-cellulose were loaded in silver capsules and converted online to CO in a234

Costech High Temperature Generator/Elemental CombustionSystem (HTG/ECS) system with235

a quartz outer reactor and molybdenum crucible packed with graphite [Evans et al., 2007]. Our236

HTG pyrolysis system at The University of Arizona is a 1MHz radio frequency induction heater237

which quickly brings the molybdenum susceptor inside the reactor assembly to>1500oC, at238

which time the sample is introduced to the crucible and pyrolysed under a continuous flow of239

pure helium. Use of the HTG peripheral reduces laboratory consumables, simplifies reactor240

maintenance and replacement, and results in an efficient high-temperature conversion of the241

sample to CO [Evans et al., 2007]. This study is the first application of this technology to242

paleoenvironmental research using oxygen isotopes. The isotopic ratio of the CO gas was243

measured on a ThermoFinnigan Delta+XP. Precision on several hundred Sigma Alpha Cellulose244

(SAC) solid standard material was 0.32h. All δ18O results from both instruments are reported245

with respect to the international Vienna Standard Mean Ocean Water (VSMOW).246

3.5. Forward modeling

We use theBarbour et al.[2004] model of the environmental controls on the stable isotope247

composition of wood, as modified and adapted for time series prediction in tropical environments248

by Evans[2007], to simulate a theoretical stable oxygen isotope time series based on local249

meteorological data. Synthetic isotope time series are then compared with our actual measured250

δ18O chronology fromO. tenerato independently test the age model and climate signal detection.251

The model takes as input monthly temperature, precipitation, and relative humidity data. There252

are 6 parameters in the model, many of which are only weakly constrained by observations,253

particularly for tropical species and environments. Following Evans[2007], we parameterized254
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leaf temperature as a function of air temperature [Linacre, 1964] and atmospheric water vapor255

δ18O as a function of condensation temperature and the fractionation related to the vapor-liquid256

phase change.Evans[2007] derived stomatal conductance as a function of vapor pressure deficit257

calculated from leaf and air temperature and relative humidity. This allows stomatal conductance,258

and therefore transpiration, to vary temporally in response to environmental conditions. The259

δ18O of water at the site of photosynthesis in the leaves is calculated as a change in source water260

δ18O as a function of kinetic and equilibrium diffusive fractionation, leaf temperature, water261

vaporδ18O and the vapor pressure gradient between the leaf and atmosphere [Evans, 2007].262

Two additional parameters provide the coefficients for the model relating precipitation toδ18O263

of meteoric waters (see below).264

Precipitation and temperature data are available from the Campbell (1540m) weather station265

[Pounds et al., 1999] for the period 1977 to 2005, and from the Monteverde Institute [Rhodes266

et al., 2006] from 2004 through 2006 (1420m). We calculated monthly source waterδ18O267

as a function of the observed relationship between rainfallamount and theδ18O composition268

of rainfall (the amount effect) fromRhodes et al.[2006]. We regressed theδ18O on rainfall269

amounts for those data with aggregate collection periods oftwo weeks to two months. Single-270

storm events and shorter collection periods showed a highervariability which likely reflected271

the time of sampling and the trajectory and history of individual weather systems, while longer272

periods excessively smoothed monthly differences relatedto the timing and onset of precipitation273

seasonality. Three samples which were observed byRhodes et al.[2006] to have algae growing274

on the collection container were excluded from the regression model. Source waterδ18O values275

were then calculated based on monthly total precipitation values from the Campbell data set:276
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δ18Oswh = −0.0155 × P (mm/month) − 1.2614 (3)

The regression model accounts for 56% of the variance in the observed dataset and is significant277

at p < 0.01 with 14 effective degrees of freedom.278

TheRhodes et al.[2006] data also includes relative humidity for July 2005 through the end279

of 2006. In order to develop modeled synthetic chronologiesthat spanned the full timescale of280

our oxygen isotope chronologies from theO. teneraexperimental plots, we derived a relative281

humidity time series to use with the model by regressing the daily relative humidity measurement282

from Rhodes et al.[2006] on the maximum daily temperature and daily precipitation values for283

the same station. This model was then applied to create a daily relative humidity time series284

spanning the full length of the Campbell [Pounds et al., 1999] daily temperature and precipitation285

record:286

RH% = (−1.0191 × Tmax(C)) + (0.2459 × P (mm)) − 105.1180 (4)

The regression model accounted for 43% of the variance, and was significant atp < 0.01.287

Relative humidity values were then adjusted so that the long-term seasonal mean and variance288

matched those from the observations byRhodes et al.[2006]. This relationship necessarily289

reflects relative humidity condition in the lower cloud forest transition zone, where both the290

experimental plots and theRhodes et al.[2006] meteorological station are found. Daily values291

from all three variables were then combined to form monthly means and total precipitation for292

model input. We also extracted a time series of monthly relative humidity from the NCEP293

Reanalysis II gridded data [Kanamitsu et al., 2002] for the latitude, longitude, and atmospheric294
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pressure level (850mb) which most closely corresponds to the Monteverde Cloud Forest, in295

order to test the sensitivity of our results to the choice of available relative humidity data.296

Evans[2007] used the forward model to reconstruct the patterns ofinterannual variability in297

δ18O cycles in tropical trees from La Selva Biological Station in Costa Rica. In those simulations,298

the mean and variance of the simulation were adjusted to thatof the observedδ18O time series.299

Here, however, we use a simple single-component soil mixingmodel in place of the variance300

adjustment to capture the influence of the temporal smoothing of individual monthly water301

δ18O as a result of soil water residence times. FollowingEvans[2007], we use a Monte Carlo302

procedure (1000 simulations) and randomized adjustments (up to 20%) of the 6 model and 2303

source water coefficients to estimate the sensitivity of theinterannual patterns of variability to304

the selection of the parameter values.305

4. Results

4.1. Ocotea tenera δ18O

δ18O from all fourO. teneracores show regular isotope cycles as large as 9h (Figure 4). Based306

on our conceptual model (Figure 1), we assigned the local maxima of each peak to the month307

of April of each year. Age models were developed individually for each tree (Figure 5), and308

confirmed based on the sampling date and incremental growth measurements over the last two309

decades [Wheelwright and Logan, 2004]. We were able to detect missing years primarily using310

these growth observations, and secondarily through identification of apparently truncated cycles311

in the rawδ18O record, a rudimentary crossdating [Fritts, 1976] between the four cores, and the312

results of the forward model simulations. These missing years are not obviously associated with313

any climatic cause, however, nor are they common amongst thefour cores from the experimental314

plots.315
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Annual radial growth increments calculated from the age modeledδ18O chronologies match316

those from the basal diameter measurements [Wheelwright and Logan, 2004]. The mean of317

the radial growth rate from sample NWT01A is 4.5mm year−1, while the estimate from basal318

diameter measurements is 5.4mm year−1. The overall mean growth rate from tree NWT02 is319

4.3mm year−1 from the age modeled isotope time series, and approximately4.4mm year−1
320

from the repeated diameter measurements. Tree NWH03A from the Hoges plot has aδ18O321

derived mean growth rate of 4.6mm year−1 and 4.4mm year−1 from observations. The mean322

interseries correlation [c.f.Fritts, 1976] between the monthlyδ18O series for the three trees is323

0.75, and 0.68 when the amplitudes of the annual cycles are compared. The samples from the324

Trostles plot are better correlated with one another than with the single core from the Hoges325

plot, almost entirely because NWH03A does not show the reduction in growth rate andδ18O326

amplitude after 1999 observed in the older trees from the Trostles plot (see below).327

There are some notable features in theδ18O series as a function of depth. Cores NWT02A328

and NWT02B, although from the same trees, show different mean growth rates, although in329

combination their average growth rate is very similar to observations. At least two cores show330

evidence of a reduced cycle amplitude near the center of the tree, with NWH03A showing a clear331

plateau inδ18O and a subsequent resumption of regular cycles. Both the variance reduction and332

plateau are likely related to either passing through the pith of the tree, or as a result of sampling333

tangential to the growth radius near the center of the tree. At least three out of the four cores334

(NWT01, NWT02A, and NWT02B) also show growth reductions in the outermost 10mm of335

growth. This is also consistent with the basal growth observations fromWheelwright and Logan336

[2004], which show a clearly reduced growth rate (as small as2.2mm year−1 in NWT01A) after337
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1997. A suppression of the amplitude of the annualδ18O cycle is also observed in the most338

recent xylem growth.339

The mean annualδ18O cycle from each of the individual trees has the same amplitude within340

the instrumental precision of measurements (Figure 6a). The seasonal maximum is set by the age341

model to April, while the annual mean minimum is in Septemberfor NWT01A and NWH03A,342

and in October for NWT02. These correspond to the peak of the climatological dry and wet343

seasons, respectively. The composite mean time series formed from the overlapping portions344

(1990 to 2001) of the time series of each core shows an averageannual cycle of 5.72h. The345

δ18O chronology shows patterns of interannual variability as anomalous amplitude in the annual346

cycles, ranging from 2.40h to 7.55h and a standard deviation of = 1.45h (Figure 6b).347

The interannual variability in annual cycle amplitude is driven primarily by a combination of348

year-to-year changes in the annual minimum value (σ = 0.95h) and a declining trend in the349

value of the annual cycle maximum, most clearly influenced bya decrease after 1996 (Figure 6c),350

which accounts for the majority of the variance in the annualmaxima. Interannual variability in351

δ18O is most clearly linked to precipitation (Figure 6d), with wet season precipitation anomalies352

showing a clear association with detrended amplitude anomalies and a significant relationship353

that explains more than 50% of the variance, despite the small degrees of freedom (r = 0.74,354

R2 = 0.56, p < 0.01). The declining trend in maximum annualδ18O values mirrors somewhat355

the declining trends in Monteverde maximum temperature [Pounds et al., 2006] and dry season356

relative humidity over the same period. The decline in maximum δ18O after 1996 (Figure 6c)357

in the compositeO. teneratime series is also seen in the relative humidity corresponding to358

the location of Monteverde from the NCEP II reanalysis. However, the individualδ18O series359

maxima at the calibration site do not in turn mirror the largeinterannual wet season anomalies360
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seen in both the temperature and relative humidity data in, for example, 1992 and 1998 (Figure361

3).362

4.2. Forest canopy trees

Whereas all fourO. tenerasamples showed distinct, large magnitude changes inδ18O as-363

sociated with annual changes in precipitation, pilot samples from forest trees showed a range364

of temporal stable oxygen isotope patterns, most without consistent annual isotope cycles. Of365

the nine pilot forest trees examined here, only five (MV03, MV05, MV12, MV14, and MV15)366

showed periodic indications of annual cyclicity inδ18O than could be used for chronology.367

Quercusmight have been an excellent candidate genus for tropical isotope dendroclimatology,368

because it is relatively common, is straightforward to identify in the field, and is a long-lived369

mature canopy tree. However, neither of the two samples fromQuercus, one at 1540m and370

the other higher in the cloud forest at 1660 meters, shows consistent cycles inδ18O that could371

be used for chronological control. The lower forestQuercussample (MV05) shows periods of372

identifiable cyclicity, but much longer periods with no coherent temporal pattern for chronology.373

The upper cloud forest oak (MV11) shows no detectableδ18O cycles at all. Similarly, our374

pilot sample (MV14B) fromPodocarpusshows short periods of coherent large magnitude375

changes comparable to those from the experimental plot calibration set, but sustained periods376

with no detectable cycles inδ18O. Samples from aSideroxylon(MV23A, Sapotaceae) from377

∼1500m showed no apparent coherentδ18O cycles in pilot isotopic measurements. A individual378

Lauraceae (MV03) had cycles which could be detected for approximately 12 years. However,379

the tree appears to have experienced extremely suppressed growth in the most recent period380

(0 to 18mm depth), making it impossible to tie the chronologyto the meteorological record381

and develop an absolute chronology. Moreover, an individual Lauraceae of the same species382
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growing at the same location (MV02) showed no obvious signs of annualδ18O cycles. The most383

promising evidence of species with regular, coherent cycles were from the genusPouteria in384

the Sapotacae family. Samples from this tree (MV12A and MV15C) showed coherent annual385

cycles over their entire length.386

There is a distinct and statistically significant pattern (R2 = 0.99, p < 0.01, n = 5) associated387

with elevation in the mean amplitude of the annual cycle in trees (MV05, MV14B, MV03,388

MV12A, and MV15C) in those instances where it could be detected (Figure 7a). Annual mean389

δ18O amplitude ranges from 5.72h for the experimental plots at approximately 1410m to 1.79h390

for sample MV15C at approximately 1580 meters. The lower forest oak (MV05) appears to391

have cycles of, on average, 1.72h. Both of the oak samples (MV05 and MV11) show lower392

overall meanδ18O values and MV05 has a suppressed annual cycle amplitude compared to393

those at similar elevations. There is also an increasing butstatistically insignificant trend in394

total meanδ18O value with increasing altitude in the Monteverde Cloud Forest (Figure 7b). The395

two oak trees both show lower averageδ18O with respect to elevation, and overall, than any of396

the experimental plot or forest trees. The ratio of the mean annualδ18O cycle to the standard397

deviation of the annual amplitude decreases with elevation, indicating that as the annual cycle398

is reduced with increasing elevation, the magnitude of the year-to-year variability (anomalies)399

with respect to the annual cycle increases and a greater proportion of the total variability is in400

the interannual or longer time scales (Figure 7c).401

4.3. Forward δ18O modeling

Simulations using our forward model produce annual cycles similar to those seen in the mea-402

suredδ18O from theO. teneratrees (Figure 8a-b). The best match between overall variance in403

the simulated and actual isotope chronologies for the experimental plot trees is achieved using a404
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soil water mixing ratio of approximately 30:70 (30% new precipitation mixing with 70% of the405

previous month’s soil water). Using the Campbell meteorological data, including the derived406

relative humidity series, the observed and modeled chronologies are significantly correlated407

(r = 0.73, R2 = 0.52, p < 0.01), taking into account the high degree of serial autocorrelation408

(ar(1, 2)obs = [0.83, 0.45], ar(1, 2)model = [0.77, 0.46]) in both series [Ebisuzaki, 1997]. Simu-409

lations using the NCEP Reanalysis II relative humidity (Figure 8) for the grid cell associated with410

Monteverde are similarly correlated (r = 0.74, R2 = 0.55, p < 0.01), but are not significantly411

different. This is largely because the correlation betweenthe simulations and the observed412

δ18O time series reflects the large proportion of the total variance in the annual cycle, which413

is predominantly controlled by the seasonal amount effect reflected in allO. tenera. Overall,414

there is no statistically significant (two-tailed t- and F-test,α = 0.05) difference in the means415

or variances of the residuals (observed − modeled) using either NCEP or Campbell-derived416

relative humidity.417

The observed and modeled annual amplitude show similar patterns, but are weakly correlated418

at this scale (NCEP %RH:r[model,obs] = 0.55, p = 0.08; Campbell %RH:r[model,obs] = 0.51,419

p = 0.11), largely influenced in both cases by the mismatch between the measured and simulated420

values for 1991 (Figure 8c). The modeled amplitude is significantly correlated over the same421

period with the wet season precipitation anomalies (NCEP %RH: r[model,precip] = 0.71, p < 0.01;422

Campbell %RH:r[model,precip] = 0.91, p < 0.01), with a substantially stronger correlation423

between precipitation anomalies and the simulation using the lower amplitude Campbell derived424

RH record. A downward trend in the annual maximumδ18O values is seen for model simulations,425

irrespective of the relative humidity input used, althoughthe NCEP data results in a slightly426

better match to the actual, observed isotope time series, particularly the annual maximaδ18O427
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values (Figure 8d). The simulated chronology that results from using this dataset, however, has428

larger positive excursions in maximum annualδ18O that are not seen in the actual chronology429

(1992,1994), and results in a overall meanδ18O value approximately 1.35h enriched above430

that of the simulation using the Campbell derived relative humidity if the simulations are not431

adjusted to the observed mean. These differences indicate amodel sensitivity of approximately432

0.20h for every percent relative humidity.433

When compared over the limited period for which both climatedata and volume-weighted434

seasonalδ18O of meteoric waters at Monteverde are available, simulations using calculated and435

observed source water isotope ratios show similar seasonalpatterns and amplitudes (Figure 8c).436

The amount effect model (Equation 3) reproduces the seasonal pattern of observed meteoric437

water δ18O on which it was based, with a slight loss of variance at the annual maxima and438

minima (Figure 8c). The modeledα-celluloseδ18O cycle amplitude is also similar whether439

observed or modeled source water is used, and irrespective of the relative humidity dataset.440

However, uncertainties in model parameters result in a confidence interval up to 1.5h wide,441

particularly at the local maxima and minima of the simulatedannualδ18O cycles.442

5. Discussion

5.1. Annual oxygen isotope cycles

Annual δ18O cycles are clearly present in our set ofO. teneratrees, and are sufficiently443

large and well-defined that they are easily distinguished from the occasional smaller positive444

excursions at the time of the annual minima, which are probably the result of the existence445

and magnitude of the Central American midsummer (July and August) drought, which can446

be seen in some years (i.e. 1993) in both the observed and modeled α-celluloseδ18O time447

series. The similarity between the measured radial growth rates from long-term monitoring448
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and those derived from the age modeled isotope time series, and supported by the forward449

model simulations, demonstrates conclusively that the proxy δ18O chronology can be securely450

established using these cycles. Even given the potential uncertainties associated with both451

individual repeated basal growth measurements [Sheil, 2003;McLaughlin et al., 2003] and the452

increment estimates from age modeledδ18O, the consistency between the two datasets indicates453

the age model (1 cycle = 1 year) is particularly robust. Thereis no indication from the isotope454

time series that theOcotea tenerahave a significant growth hiatus during the year, which is455

supported by comparison to our forward modeling results andis consistent with their evergreen456

phenology.457

Unlike traditional dendroclimatological approaches using tree-ring widths or density, where458

massive sample replication and robust crossdating result in an overall composite age model error459

that is effectively negligible [Fritts, 1976], the smaller sample depth and limited opportunity460

for crossdating in our experimental plotδ18O chronology leaves open the possibility of error461

in assigning the isotope time series to calendar years. Thisis exacerbated here by the short462

length of the chronologies developed from our calibration set. Even in ourO. teneracalibration463

samples, development of the age model is complicated by years where individual trees did not464

have appreciable basal growth, the reduced growth rates since∼ 1997, and gaps in the annual465

observational data. This latter factor is particularly important between 1997 and 2002, because466

sometime between 2001 and 2004 all basal growth in several trees in Trostles plot had ceased or467

slowed to imperceptible increments. For ourO. tenerachronology, we estimate an age model468

error no larger than± 2 years, based on the basal growth measurements and comparison with the469

forward model simulations. In unmonitored trees and particularly in trees growing at average470

rates less than 2mm year−1, age model error might be determined by the range of possible471
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realistic age models, and may be complemented by high-resolution radiocarbon assays on the472

period since A.D. 1955 [Worbes and Junk, 1989]. Unfortunately, while theO. tenerain the473

experimental plots allow us to test and calibrate our proposed age model and detect the imprint474

of climate variability on theδ18O cycles, this early successional species is unlikely to provide475

the material for long isotope chronologies.476

There are several factors which could potentially complicate identification of annual isotope477

cycles. Long residence times for meteoric waters in the soilwould result in temporal mixing478

of different seasonal water sources, which would both smooth and dampen the amplitude of479

the annual signal we seek for chronological control. Likewise, trees which access primarily480

deeper sources of ground water would be relatively insensitive to the intra-annual change in the481

δ18O of available moisture [c.f.Evans and Schrag, 2004]. However, shallow rooting depths for482

cloud forest trees [Matelson et al., 1995] in response to soil nutrient availability should mean483

that shallow soil water is their primary moisture source andthey do not have access, or need484

to access, deeper groundwaters. However, one alternative hypothesis for the lack of annual485

cycles in some of the forest trees analyzed here is that they are indeed able to access deeper486

groundwater or well-mixed stream waters, and are relatively insensitive to the seasonalδ18O487

cycle of meteoric waters.488

At our current sampling resolution and given requirements for α-cellulose yield, growth489

rates must be sufficiently rapid,∼2mm per year, to allow for enough samples per year in490

order to sufficiently resolve the annual cycle and its amplitude, but not so rapid as to limit the491

ultimate length of the reconstruction. Slower growth rateswould currently make it difficult492

to resolve the full amplitude of the annual cycle given current analytical constraints. This493
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can be partially addressed by using larger-diameter increment borers, whole cross-sections, or494

improved analytical procedures that require less cellulose for a precise measurement.495

There is an upward trend in the mean oxygen isotope ratio withelevation for all the trees496

(experimental plots and forest trees), whenQuercusis excluded. While the trend is not statisti-497

cally significant, it suggests that higher elevation trees may on average use more18O-enriched498

cloud water, which would be consistent with their position progressively closer to the continental499

divide and within the region of persistent cloud.Quercusappears to be a different case, with500

overall meanδ18O values substantially lower than other species, and a smaller average amplitude501

in MV05. Collectively, these data suggest that ourQuercuspreferentially sample soil water502

with a more negativeδ18O. This could arise if the trees did not add basal growth during part503

of the transition or dry season, whenδ18O values are higher. IfQuercusceased growth during504

part of the dry season, both the mean isotopic value and the annual cycle, where present, would505

preferentially reflect the more negativeδ18O during the rainy season. Alternatively, this species506

may have access to some deeper soil water sources, which would also explain the suppressed507

amplitude of the mean annual cycle. Finally, if transpiration were more restricted inQuercus,508

potentially through particular physiological characteristics or structure of the leaves, enrichment509

of the source water in the leaves would be limited and the resultant cellulose would have a more510

negativeδ18O value. In general, though there are several possible reasons why some of the forest511

trees studied here do not display annual cycles, the simplest cause may be that our sampling512

interval of 200µm failed to adequately resolve the annual cycle in very slow growing trees.513

Two robust features characterize the annual cycles in the forest trees considered here. The514

amplitude of the annual cycle decreases with elevation, andthe ratio of the variance in the515

interannual amplitude to the mean annual cycle amplitude increases. The reduction in the516
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amplitude of the annual cycle is likely related to longer soil water residence times and increased517

mixing of seasonal water sources, which in turn is probably aresult of lower temperatures,518

increased cloud cover, and reduced solar irradiance at higher elevations within the orographic519

cloud bank. The increase in the ratio of the interannual cycle anomaly to the annual amplitude520

indicates that the higher elevation trees may be more sensitive to year-to-year variability than521

trees from the lower premontane forest. There are indications that this is related in some trees522

to larger interannual variations in the annual cycle maxima.523

5.2. Climate analysis

Interannual anomalies in the amplitude of theO. teneraδ18O cycles are dominated by vari-524

ability in the annual minima value, which in agreement with our conceptual model (Figure 1) is525

primarily controlled by the amount of rainfall received during the wet season (Figure 6d). There526

is little year-to-year variance in the annual maxima in the composite meanδ18O series from527

the experimental plots, with a small downward trend relatedprimarily to a slight step change528

between 1996 and 1997. This downward trend might be related to decreases in relative humidity529

or maximum temperatures [Pounds et al., 2006] over the common period, but missing from530

the δ18O maxima are distinct large positive anomalies which could be related to interannual531

temperature or relative humidity anomalies associated with El Niño events.532

The most likely reason for the lack of a clear dry seasonδ18O anomaly signal in theO. tenera533

series is the elevational position of our pilot calibrationsite at∼1410m in the transitional region534

between premontane wet and cloud forest. At this lower elevation, the persistent cloud immersion535

that characterizes forests along the continental divide above 1500m is considerably reduced,536

although mist can still be an important moisture source for vegetation. Trees in the premontane537

wet forest and below the mean lifting condensation level would be relatively insensitive to538
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changes in orographic cloud base height and relative humidity since the magnitude of the local539

hydroclimatic alterations to fluctuations would thereforebe relatively small. At higher elevations540

above the mean lifting condensation level, where forests are on average consistently within or541

at the margin of the prevailing orographic cloud bank, fluctuations between cloud and cloud-542

free conditions would be accompanied by rather large local changes in temperature, relative543

humidity, water vapor, and solar irradiance. Support for this interpretation comes from analysis544

of the canopy trees in which annual cycles were detected. In 3out of the 5 forest trees with545

annual cycles, variance in annual maxima is greater than theannual minima.546

Additional complicating factors may arise from the heterogeneous nature of cloud cover [Clark547

et al., 2000;Haber, 2000;Guswa et al., 2007]. Gaps in the cordillera can allow orographic548

clouds to pass to lower elevations on the leeward side, oftenalong stream courses. Likewise,549

topography may dictate the extent to which individual treesare exposed to direct tradewind550

moisture advection, and soil type and depth may influence theamount of source water buffering551

and soil water mixing that determines the baseline amplitude for the formation of annualδ18O552

cycles.553

There are indications that higher elevation trees show a greater sensitivity to year-to-year554

variability, particularly to dry season climate likely related to the influence of orographic clouds.555

This suggests that optimal sampling locations for reconstructing both cloudiness and the regional-556

scale forcing associated with changes in cloud coverage andmoisture advection will be at those557

elevations where the annual cycle is coherent and of a sufficient magnitude to be differentiated558

from short term fluctuations, but where high-frequency variance suggests sensitivity to these559

changes. Based on out pilot samples from forest canopy trees, Sapotaceae from the high elevation560

cloud forest may hold the most promise for the development oflong paleoclimate records.561
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5.3. Forward modeling

The six environmental parameters from the model ofBarbour et al.[2004] are assumed to be562

temporally stable [Evans, 2007], and therefore changes in the parameter set are predominantly563

reflected in changes in the overall mean of the series, and only secondarily in the annual maximum564

and minimum value and in the overall amplitude of the seasonal cycle. The results from Figure565

8c demonstrate that the interannual difference in the annual amplitude of theδ18O cycle imparted566

by uncertainties in the model parameter set may be as large as1.5h. In agreement with the567

findings ofEvans[2007], however, we find that the overall structure and mean amplitude of568

the annual cycle is driven predominantly by the seasonal change in theδ18O related to changes569

in water sources as driven primarily by the amount effect and, in this case, the contribution of570

cloud water during the dry season. It is clear, however, frominterannual differences observed571

between model simulations using the two different relativehumidity data sets, that differences572

in the input data can have an important influence on interannual patterns of variability. In573

general, neither relative humidity dataset produces a substantially improved overall match to the574

observed experimental plotδ18O time series.575

More interesting is the disparity between the correlationswith each simulation and wet season576

anomalies. Modeledδ18O values using the NCEP relative humidity dataset show a weaker577

correlation with precipitation anomalies than theδ18O time series simulated from the calculated578

Campbell relative humidity, although the coefficient is more similar to the relationship between579

the observedO. teneraδ18O and wet season precipitation. This indicates that increased variability580

in relative humidity can have a substantial influence on the controls on the interannual patterns581

of variability. This suggests that samples within or at the boundary of the orographic cloud582

bank are likely to show great sensitivity to, and control by,changes in relative humidity and583
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leeward-slope moisture advection than those below it. Thisfinding, and the observations of584

increasing interannual variability relative to the mean annualδ18O with increases in elevation,585

will be used to guide future sampling strategies for the development of long chronologies.586

In Evans[2007], theBarbour et al. [2004] model was used to construct the interannual587

variability in the amplitude of the seasonal cycle, while the mean and variance were scaled to that588

of the observedδ18O time series. Here, using the default parameterization from Evans[2007],589

even without mean adjustment, and using the relative humidity derived from the Campbell590

meteorological data [Pounds et al., 1999], the model actually reproduces the mean of the series591

within the precision of the instruments (x̄model = 26.52h, x̄obs = 26.27h), although this may592

simply be fortuitous, since large shifts in the overall meancan be the result of changing the593

model and source water parameters (see below). The use of thesoil water model in the place of594

variance adjustment also produced a simulated isotope series with similar mean amplitude and595

variance as theδ18O from O. tenera, and generally reproduced the visually coherent cyclicity596

of the actual time series. Most encouragingly, applying thesoil water model reproduces the597

leading autocorrelation structure of the observedδ18O chronologies, as well as the pattern of598

interannual variability and the relationship between the annual amplitude anomalies and wet599

season precipitation amount (Figure 8c).600

The monthly mixing ratio of 30:70 (precipitation to prior soil water) implies a mean water601

residence time somewhat longer than would be calculated from the turnover rate reported from602

lowland tropical rainforest soils derived from tritium measurements byMcGinnis et al.[1969]603

in Panama. However,McGinnis et al.[1969] estimated soil water flux for only the top 30cm.604

Somewhat deeper soil water available to plants would presumably have a longer residence time.605

Additionally, reduced evapotranspiration due to persistent cloud cover, cooler temperatures, and606
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higher relative humidity would likely increase water residence times in soils in tropical montane607

cloud forests.608

The most obvious discrepancy between theO. teneracomposite mean time series, the sim-609

ulated model, and local climate variability is the wet season minimum of 1991. Although one610

possible hypothesis is that the age model is incorrect, the 1991 negative anomaly is apparent611

in theδ18O from the most securely dated cores, those cores from tree NWT02, and there is no612

evidence from basal growth analysis to suggest an age adjustment of several years is warranted613

nor even realistic. Zonal winds across the Costa Rican cordillera were anomalously strong614

during the wet season in 1991 [Kanamitsu et al., 2002], and high resolution gridded monthly615

precipitation data for Central America1 also indicate that 1991 was one of the wettest rainy616

seasons (July through September) over the period 1901 to 2002 for the grid cell corresponding617

to Monteverde and northwestern Costa Rica, in contrast to the Monteverde rain gauge data.618

5.4. Cloud forest isotope dendroclimatology

Our selection of tropical cloud forests as a site for tropical paleoclimate reconstruction paral-619

lels, in a somewhat paradoxical manner, the approach of classical dendroclimatology in seeking620

out sampling locations where trees are likely to be sensitive to relatively small changes in annual621

climate. In temperate regions and for trees with regular annual changes in morphology or wood622

density, these are typically dry or cold sites at the limits of a species range. For tropical isotope623

dendroclimatology, however, we seek sites which are wet enough to allow trees to grow through-624

out the year, yet are subjected to seasonal changes in the stable oxygen isotope composition of625

available moisture which provides the means of establishing annual chronology. In cloud forest626

environments, the largest interannual changes of interestare likely to be wet season rainfall627

and dry season cloudiness. As such, site selection for tropical isotope dendroclimatology is628
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very different from that of classical field approaches in dendrochronology in terms of climate629

regimes, but the guiding principle is the same.630

Our approach to tropical isotope dendroclimatology [Evans and Schrag, 2004] has a closer631

methodological and procedural affinity to paleoclimate analysis using speleothems or corals632

than to classical dendrochronology. Despite rapid advances [Kornexl et al., 1999;Brendel et al.,633

2000], the analytical requirements for sample preparationand mass spectrometry still limit the634

number of samples and measurement replication that can be realistically achieved. The result635

is relatively large uncertainties (several years) in the age modeled chronologies. However, as636

demonstrated byMcCarroll and Pawellek[1998] andGagen et al.[2004], stable isotope ratios637

in tree-ring chronologies often have a higher signal-to-noise ratio that ring width data. As a638

consequence, fewer chronologies may be required to achievea robust common signal. For the639

MonteverdeO. tenerachronology, 3 trees over the common period of overlap are sufficient to640

meet an Expressed Population Signal threshold [EPS;Wigley et al., 1984] of 0.85. Furthermore,641

the protocols allow for the development of high-resolutionterrestrial proxy records that bypasses642

some of the extant challenges to developing ring width chronologies in tropics, and can be643

applied even when appropriate species for traditional dendrochronology cannot be identified.644

Application of these techniques will necessarily be guidedby the specific research question645

and the ability of complementary proxies to provide the information necessary to address them.646

Cloud forests, given their biogeographical and hydrological importance at the regional scale,647

and their sensitivity to broad-scale mode of climate at the global-scale [Loope and Giambelluca,648

1998;Still et al., 1999;Pounds et al., 1999;Foster, 2001;Bush, 2002;Pounds et al., 2006]649

represent a particular ecosystem where the application of tropical isotope dendroclimatology650

can support an improved understanding of critical environmental processes across a range of651
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spatiotemporal scales. Until recently, the relative inaccessibility of tropical cloud forests has652

spared them from the worst consequences of indiscriminate logging, increasing the likelihood653

that old trees might persist in these ecosystems throughoutthe tropics, providing a potential654

source of long-term paleoclimate information.655

6. Summary and Conclusions

The results from our study clearly identify an annual isotope cycle in trees growing in656

experimental plots at lower cloud forest elevations that can be used to develop an annual657

chronology in the absence of annual rings. Interannual variability in the amplitude of the658

annual cycle is associated with wet season precipitation anomalies at our premontane wet forest659

calibration site. Our forward model simulations successfully reproduce the annual pattern of660

δ18O observed in ourO. teneratrees, and using the soil water mixing model demonstrate a661

similar leading autocorrelation structure in both synthetic and actual isotope time series. The662

model also reproduces quite well the dependence of the interannual patterns ofδ18O amplitude663

on the amount of wet season rainfall. Five mature canopy trees considered here from sites664

ranging from 1500 to 1660m also show an annual isotope cycle,and two of these haveδ18O665

cycles that can be consistently detected over their entire length. Collectively, these pilot results666

can help guide the future development of long climate reconstructions from older cloud forest667

trees. The results of our calibration study at Monteverde demonstrate that annual stable oxygen668

isotope cycles in tropical cloud forest trees can be used forboth chronology development and the669

detection of climate variability, and can be applied to the development of climate reconstructions670

and the interpretation of recent trends in tropical montaneforest hydroclimatology.671
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Figure 1. Conceptual model of climatic controls on the annual and interannual patterns of

stable oxygen isotope ratios in theα-cellulose of cloud forest tree radial growth. The annual

cycle is generated primarily by the seasonal change in theδ18O 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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Figure 2. Patterns of mean annual temperature and precipitation for Monteverde from the

Campbell weather station and derived relative humidity (1979-2000,10.2oN, 85.35oW, 1540m,

Pounds et al.[1999].
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Figure 3. Meteorological data from Monteverde used as input for the forward model of tree

α-celluloseδ18O. (a) Temperature (oC) and (b) Precipitation from the Campbell meteorological

station [Pounds et al., 1999], and (c) relative humidity derived from the Campbelldata 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 inRhodes 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 0.20h per month per percent mean relative humidity.
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Figure 4. Isotope ratios as a function of sampling depth for the fourOcotea tenerafrom the

Trostles and Hoges plots. Individual samples are indicatedby dots. In NWT02B and NWH03A,

samples across or close to the pith can be seen in theδ18O plateau near the center of the tree.
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Figure 5. Isotope ratios as a function of time for the fourOcotea tenerafrom 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 crossdating between cores, and is supported by the results of forward modeling
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Figure 6. Composite isotope timeseries for the Trostles/Hoges calibration set. (a) Meanδ18O

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 timeseries mean of the three trees (four

cores), showing variability (1σ) around the overall mean. (c) Annual maxima, minima, and

mean values from the composite mean site chronology. Most ofthe 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 annualδ18O cycle, which shows a clear relationship to

interannual patterns in the wet season rainfall (R2 = 0.56, p < 0.01, d.f. = 10)
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Figure 7. Observed relationships between elevation,δ18O mean, and the amplitude of the

annualδ18O cycle. (a) Amplitude of the annual cycle (including data from MV03, MV05,

MV12, MV14, and MV15; see text for details), and (b) overall meanδ18O 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). Data from Quercus (MV05 and MV11) are shown in

gray.
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Figure 8. Comparison between observed composite meanO. teneraisotope timeseries 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 observedδ18O 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 climatologyof the mean adjusted oxygen isotope

climatology are also similar, with an estimated age model error of 1 month.
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