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X-2 ANCHUKAITIS ET AL.: CLOUD FORESTS DENDROCLIMATOLOGY

Abstract.  Tropical montane cloud forests are ecosystems intrirlgiiaked

to a narrow range of geographic and meteorological conmditionaking them
potentially sensitive to small changes in precipitatiorteanperature. We inves-
tigate the potential application of stable isotope analysicloud forest dendro-
climatology at Monteverde in Costa Rica, in order to be ablextract both chrono-
logical and paleoclimate information from trees withouhaal growth rings.
High-resolutiond'®0 measurements are used to identify regular cycles in wood
of up to 9L, which are associated with seasonal changes in precipitatid
moisture sources. The calculated annual growth ratesetkfrom the isotope
time series match those observed from long-term basal groveasurements.
Interannual variability in the oxygen isotope ratio of lawerest trees is pri-
marily related to interannual changes in wet season ptatipm. Forward mod-
eling independently supports our detection of both annbedrlogy and a cli-
mate signal. The confirmation of annual chronology and seitgito interan-

nual climate anomalies suggests that tropical cloud fatestroclimatology can

be used to investigate local and regional hydroclimaticadality and change.
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ANCHUKAITIS ET AL.: CLOUD FORESTS DENDROCLIMATOLOGY X-3

1. Introduction

In the absence of long instrumental records, scientistssiinyating the causes and conse-
guences of climate variability and change depend on proggrds, which can be used to
reconstruct past ocean-atmosphere conditions. In tengpkltiudes, extensive networks of
tree-ring width and density time series (‘chronologies\ypde a high-resolution proxy record
of past climate state and variability. Relatively few sutinanologies, however, have been de-
veloped in tropical regions. Despite some notable excepfjio.f. Worbes 2002;Fichtler et al,
2004;Brienen and Zuidem&005;D’Arrigo et al., 2006; Therrell et al, 2006], tropical trees
often fail to develop reliable annual rings whose variapitionsistently reflects the influence
of climate and can be used to reconstruct past temperatugggadpitation. Even when they
appear to form annual increment bands, patterns of ringhwidtiability may be incoherent
between individual trees, making both chronology develephand climate signal detection
difficult [Worbes and JunkL989;February and Stock1998;Dinisch et al. 2002;Robertson
et al, 2004;Bauch et al. 2006]. As a consequence, high-resolution, long teriedgbrioxy
climate records from the tropics remain sparse, compareghiperate regions.

Tropical montane cloud forests cover as much as 50 milliatenes worldwide$tadtniiller,
1987; Hamilton et al, 1995], about half of which is found in Latin Americ8fown and
Kappelle 2001]. These forests have high rates of endemism and arertamp in regional
hydrology, because they intercept and capture cloud nreistud nutrients, increasing available
water and influencing biogeochemistry within catchmentsiarareas downstrearBfuijnzee)
1991;van Dijk and Bruijnzeel2001;Bruijnzee| 2004]. Tropical cloud forests are ecosystems

found within a relatively narrow set of both geographic areteorological conditions, and as a
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X-4 ANCHUKAITIS ET AL.: CLOUD FORESTS DENDROCLIMATOLOGY

consequence, they are particularly sensitive to climatéegh [oope and Giambelluga 998;
Foster, 2001;Bush 2002].

Rising tropical surface and sea surface temperature agsdcwith anthropogenic global
climate change may be fundamentally altering the suite wf@nmental conditions that create
and maintain unique cloud forest ecosystems. At Montevendée mountains of Costa Rica,
the extinction of the endemic Golden Tod&lfo perigleneksin 1987 and subsequent additional
reptile and anuran declines have been linked to apparergaiezs in cloud cover and moisture
availability and related to rising temperatur®s{inds et al.1999]. Indeed, higher temperatures
in montane regions throughout the tropics have been linkaddespread species extinction and
alterations to cloud forest biogeograpl®plinds et al.2006]. Arise in tropical air temperatures
above 1000 meters has been observed since 19ia2 pnd Graham1996]. Climate change
appears to be exposing plant and animal communities toaeeteenvironmental stress, which
may exacerbate other proximal threats, including diseadehabitat destructiorjoot et al,
2003;Pounds et a].2006].

Limited long-term instrumental climate records from thepics, and in particular tropical
montane regionsHradley et al, 2006], impede efforts to better understand both globaiate
variability and its influence on local hydroclimatology aewblogy. Without a historical baseline
and the context provided by long-term climate records, difcult to attribute the observed
changes in climate and ecological systems at Monteverdeted tropical mountain forests
to anthropogenic climate forcingsfill et al,, 1999;Pounds et al.2006], mesoscale influences
including land clearancé_pwton et al, 2001;Nair et al,, 2003], or natural variability in tropical
and extratropical climate. Limited observational datatiedack of high resolution proxies from

these ecosystems also restrict any opportunity to vali@&® predictions for future change
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ANCHUKAITIS ET AL.: CLOUD FORESTS DENDROCLIMATOLOGY X-5

[Foster, 2001]. Both observed and potential future changes, andhiipothesized ecological
conseqguences, need to be placed in the context of low-fnegyedecadal to centennial) climate
variability and trends over the recent past. Climate rettangons from tropical montane cloud
forests would provide the necessary context for the ingtgpion of the limited instrumental
climate record, and allow the identification of variabildytrends that are outside of the range
of natural variability.

We hypothesize that the unique hydroclimatic conditios®amted with cloud forests creates
an annual climate signal in the oxygen isotope radi§@) in tree xylem cellulose that can
be used to develop a proxy record of climate variability frsopical montane regions. High-
resolution oxygen isotope measurements can be used fochathological control and climatic
interpretation and reconstruction. Our study focuses erMbnteverde Cloud Forest in Costa
Rica where environmental and meteorological datadkarni and Wheelwrigh2000], available
over the last 20 years, provides the data necessary to tatlida hypothesis. Our ultimate goal
is to develop the basis for proxy reconstructions of inteteshtropical climate variability using

stable oxygen isotope series from cloud forest trees witapoaual rings.

2. A stableisotope approach to cloud forest dendroclimatology

Tropical montane cloud forests are ecosystems charaetieby frequent or persistent oro-
graphic cloud immersionBruijnzeel and Veneklaad998]. During the dry season, water
stripped from the cloud bank by vegetation provides suffics®il moisture such that trees may
experience no effective water deficBiuijnzeel and Proctar1995;Kapos and Tannerl985;
Holder, 2004]. Precipitation, which provides the bulk of avaiblater during the rainy season,
and cloud water, which is the primary moisture source dutiregdry season, are isotopically

distinct Ingraham 1998]. Phase transitions between liquid and vapor resutaictionation
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X-6 ANCHUKAITIS ET AL.: CLOUD FORESTS DENDROCLIMATOLOGY

effects, which create isotopic differences between thesewater sources. Condensation of
clouds by orographic uplift results in liquid water whichsheelatively heavy$'0 values as
compared to rainfall, which has a lowd0O value due to progressive Rayleigh distillation
[Ingraham 1998]. Similarly, the limited amount of rainfall receivedring the dry season has
a relatively heavyp*®O signature. This is related primarily to the ‘amount effeathere the
3180 of precipitation is negatively correlated to the quanttyd is one of the primary causes of
intra-annual patterns in the isotopic composition of ralirthroughout the tropicsGat, 1996].
The amount effect is evident in the stable isotopic compmsibf Costa Rican surface waters
[Lachniet and Pattersqr2002].

Data from both Monteverdégild and Dawson1998] and other fog-dependent environments
[Ingraham and Matthewsl 990, 1995Dawson 1998] indicate that differences of at leasiE4 1
to 6 210 exist between cloud water and rainfaRhodes et al[2006] andGuswa et al.
[2007] also report differences between dry (boreal wintar)l wet (boreal summer) season
volume-weighted precipitatiod'®0 as great as 8._The waters available to plants in cloud
forest ecosystems are therefore distinctly different leetwseasong:-eild and Dawsorj1998]
confirmed that the xylem water of canopy trees at Monteveattkthe isotopic signature of
rainfall during the wet season. Cloud water should be thegny source water available to trees
during the dry season [clDawson 1998].

The seasonal changes in the isotopic composition of thegpyimwater sources for trees in
cloud forests should produce a seasonal cycle in the oxygyoge ratio of cellulose in the
secondary radial growth of these trees. Fine-scale asabyssotope ratios of cellulose along
the growth radius of a tree’s main trunk will yield a time ssrof water use by the trees. The

seasonal cycle can be used to identify the growth incremnemt &n individual year (with 1 cycle
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= 1 calendar year), even in the absence of visible annualibgrilvans and Schrad004].
Significant departures from the regular isotope cycle shoesult from local hydroclimatic
alterations, including precipitation anomalies and clegnigp cloudiness, moisture advection,
relative humidity, and temperature (Figure 1).

The relationship between the local hydroclimatology optcal montane cloud forests and
the resultingd*®0 value of cellulose in trees can be understood using the améstic model

developed byRoden et al[2000]:

618Ocellulose = fo‘(élsowx + @ + (l - fo)‘(518owl + @ (1)

whered'®O.eui0se IS the oxygen isotope ratio of tree-ring cellulo€0,, is that of the portion
of xylem water that does not experience evaporative enmctirim the leaves)*®Q,, is the
oxygen isotope ratio of leaf water at the sites of photosgsithf, is the fraction of oxygen
in stem water that does not exchange with the enriched seithas results from transpiration
in the leaf, andglis the fractionation that results from the synthesis ofuteie. The model
shows thati-cellulosed*®O is influenced primarily by thé'0 of the source water taken up
by the plant, and by the amount of isotopic enrichment of dter that subsequently occurs
in the leaf, and whose signature is inherited by the sucrsed in the eventual biosynthesis of
cellulose. As detailed above, source water differenceindcforests will be a function of the
seasonal regimes of rainfall and cloud water. Lower redgtivmidity levels during the peak of
the dry season should result in higher evapotranspiradites mnd enrichment of tdéO value
of leaf water and the resultant cellulose.

Barbour et al.[2004] modified the model oRoden et al[2000] to include the potential

influence of the Peclet effect, a diffusion of isotopicatigriched water away from the sites
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of transpiration in the leaves back into the unenriched s®wvater, which results in lower
5180 value for bulk leaf water than would be predicted from a sengalculation based on

evapotranspiration in the leaBfrbour et al, 2000]:

Ac = A(1 — pxPex) (2)

For our purposeg). is the enrichment of the cellulo$é®O above that of the original source
water,/\ reflects the enrichment of the source water signal in thedetfe sites of photosyn-
thesis, as a function of leaf temperature, the vapor prestitference within the leaf, th&0O

of atmospheric water vapor, the fractionation from theitiguapor phase change, and the Peclet
Effect. pex is the proportion of oxygen atoms exchanged during the faonaf cellulose from
sucrose, equivalent tf from Equation (1).px is the proportion of unenriched water at the site
of cellulose formation. For large trees and for celluloserfation in the xylem, it is believed
thatpy approaches 1, as the site of cellulose synthesis is sutfigidistal from the diffusion of
enriched leaf water into unaltered source water that itirmgrily those waters that provide the
exchangeable oxygen during cellulose biosynth&askour et al, 2002]. In this cas€ixpex iS
equivalent taf, from Equation (1) and represents the mixing between erdidH® signatures
from the leaf and*2O from the original source water.

We hypothesize (Figure 1) that the isotopic difference leetwwet season precipitation and dry
season rainfall and cloud water is sufficient to generataalsotope cycles in the xylem of cloud
forest trees. We rely on the seasonal shift in primary watarce to drive concomitant changes
in cellulose, enabling identification of annual cycles ahtbaology development. Interannual
variability should be manifested as enhancement or sugipresf the amplitude of the mean

annual isotope cycle through changes in precipitationptgature, and relative humidity. Year-
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to-year differences in annual maximum values are expeotbd telated to temperature, relative
humidity, cloudiness, and moisture advection during thesdrason. Anomalies in the annual

minima are likely related primarily to wet season precifita amounts.

3. Methodsand Materials

We test our hypotheses using samples and data collectedtieiMonteverde Cloud Forest
Reserve in Costa Rica. Long-term vegetation monitoring @ty climate recordsHounds
et al, 1999;Clark et al, 2000;Nadkarni and Wheelwrigh2000;Rhodes et al2006] from the
Reserve are used to calibrate, model, and interpret'fi@ content of tree cellulose, making
the site an ideal location in which to establish if the neagsshronological control and climate
signal exist. Establishing both of these is a necessargguesite for the development of robust

climate reconstructions.

3.1. Sitedescription

The Monteverde Cloud Forest (10N 85.3%W, 1500m) is draped over the Cordillera de
Tilaran in northwestern Costa Rica. The cloud forest extends frd®00 m on the Pacific
slope upward to the continental divide, and down the windwéfantic slope as low as 1300 m
[Haber, 2000]. Below the cloud forest and downslope to 700m elewatn the leeward Pacific
slope the vegetation is predominantly evergreen tropiahpntane wet forests with a distinct
dry season. Between 1400 and 1500m, the premontane faesitions to lower montane wet
forests with greater orographic cloud influenéaper, 2000]. The cloud forest above 1500m
receives an average of 2500mm of precipitation in a year asciimean annual temperature of
18.8C [Figure 2; Pounds et al.1999;Clark et al, 2000]. These forests are characterized by the

presence of tradewind-driven orographic clouds in thesiteomal (November through January)
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and dry (February through April) seasons. During the wes@egdMay through October), the
precipitation regime is dominated by the position of thettropical Convergence Zone (ITCZ)
and characterized by strong convective rainfall and thtstdems Clark et al, 2000;Rhodes

et al, 2006]. A midsummer ‘drought’veranillo), common to the Pacific Coast of tropical
Central Americallagaha et al, 1999], is present in July and August (Figure 2). The cloud
forest receives the majority of its rainfall during the weason, but the annual moisture regime
has substantial and seasonally important inputs from apdge cloud water between November
and April. Whereas the Atlantic slope is perpetually weg keward slope depends on the
northeasterly trade wind-driven moisture over the comiiakdivide as a critical dry season
water source.Clark et al.[1998] found that at Monteverde these moisture inputs atsal
for perhaps 22% of the annual hydrological budget. Howesstimates of the contribution
from cloud water at an array of tropical montane cloud fosésts vary from<1% up to 74%.
[Bruijnzeel and Proctgr1995; Bruijnzee] 2001]. Cloud water inputs are consistently more
important during the dry season, accounting for up to 75% @l seasonal moisture inputs in

some forestsBruijnzee) 2001].

3.2. Field and laboratory sampling

We take advantage of two stands of monito@btea tenerdlLauraceae) from experimental
plots in the transitional zone between lower montane anaiddorest Wheelwright and Logan
2004] in order to calibrate and confirm our hypothesized ageehand precisely evaluate
potential climate signal€. tenerais a deciduous, dioecious understory tree which is endemic
to Costa Rica\Vheelwright and Bruneaul992]. It is reproductively mature at 5 years, at
which time it can have a diameter as small as 1.5 cm. The langéiwiduals may grow up

to 30cm diameter. Increment cores fr@n tenerawere collected in February 2004 from the
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Trostles (NWT-) and Hoges (NWH-) experimental plots. Theleds were established in 1981
and 1984, respectively, and are situated in shaded segofwdast with emergent canopy trees
[Wheelwright and Logar2004]. Three cores were obtained from the Trostles pldt) o
collected from a single tree (NWTO02A/B), and one from a safgmindividual (NWTO1A).

A fourth core was collected from the Hoges plot (NWHO03A). §sampling approach was
designed to evaluate the fidelity and consistency of thendiogical and climatic signal both
within and between trees, and amongst sites. Annual diametasurements made at a height
of 1 meter with calipers in February or March are availabledibthree trees since 1988 [see
Wheelwright and Logar2004].

In addition to the trees from the experimental plots, ninditt@hal cores or entire cross-
sectional discs were also opportunistically collectechid around the Monteverde Cloud Forest
Reserve (1500-1660m) from mature unmonitored canopy treay which had been felled
in a December 2003 windstorm. This group included individdeom the genusQuercus
(tropical oaks) as well as from the cosmopolitan Sapotaaadé_auraceae families. The forest
trees were sampled along a rudimentary transect up the daldfie toward the continental
divide. This strategy was intended to accomplish two complatary goals: First, it permits
discovery of sites or species that have maximum sensitteitipoth annual and interannual
changes in climate. Second, the comparisod'®® values from both below and within the
cloud bank should allow us to estimate the relative impaaacross the landscape of changes

in precipitation, temperature, and relative humidity tedcellulosed*®O of cloud forest trees.

3.3. Samplepreparation
The cores were subsampled in the laboratory on a rotary toimm at 20um increments.

Ten slices were then aggregated into a single sample for alsadepth resolution of 200
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pm. Our subsampling interval resulted in approximately 700360ug of wood per sample,
depending on wood density, structure, and moisture conRadial subsections approximating
the diameter of the cores (5mm) were cut from the large felinstliscs using a bandsaw prior
to microtoming.

Raw wood was then extracted éncellulose using the standard Brendel technidBiedel
et al., 2000;Anchukaitis et al.2007] as modified for small samplesjans and Schra@004].
The Brendel procedure uses a hot 10:1 acetic:nitric acigymiétation extraction that also
removes most hemicelluloses and mobile resins, followegrbgressive solvent washes and
sample drying in distilled water, ethanol, and acetdBeaphs and Schrag2004; Anchukaitis
et al, 2007]. Followinga-cellulose extraction, samples were dried in a warm ovefAG5h0
and then overnight under vacuum. Use of the Brendel teclkratjaws for single-day chemical
preprocessing of samples and, most critically, permitaideeof very small € 1 mg) samples
with a sufficient final sample yielddvans and Schrg@004] for replicate isotopic measurements.
The Brendel technique results ircellulose which is not significantly different in its isqiic
composition compared to traditional methods/gns and Schrag2004; Anchukaitis et al.

2007].

3.4. Isotopic analysis

100 to 150ug of a-cellulose of each sample from tke teneracores were wrapped in silver
capsules and converted to CO in a ThermoFinnigan Thermale€sion/Elemental Analyzer
(TC/EA) at 1450°C. The oxygen isotope composition of the CO gas was analyaedTher-
moFinnigan Delta XL continuous flow mass spectrometer avatdrUniversity. Measurement

precision for several hundred Balercellulose standards was 0.45 1
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For the analysis of pilot samples from canopy trees in thethmarde Cloud Forest Preserve,
300 to 350ug of a-cellulose were loaded in silver capsules and convertesh@nd CO in a
Costech High Temperature Generator/Elemental CombuSistem (HTG/ECS) system with
a quartz outer reactor and molybdenum crucible packed wéphite Evans et al.2007]. Our
HTG pyrolysis system at The University of Arizona is a 1LMHdi@afrequency induction heater
which quickly brings the molybdenum susceptor inside theetar assembly ta>1500C, at
which time the sample is introduced to the crucible and gg®d under a continuous flow of
pure helium. Use of the HTG peripheral reduces laboratonsemables, simplifies reactor
maintenance and replacement, and results in an efficiehtteigperature conversion of the
sample to CO Evans et al. 2007]. This study is the first application of this techngldg
paleoenvironmental research using oxygen isotopes. Tdiepi ratio of the CO gas was
measured on a ThermoFinnigan Delta+XP. Precision on ddwamdred Sigma Alpha Cellulose
(SAC) solid standard material was 0.BZAll 580 results from both instruments are reported

with respect to the international Vienna Standard Mean ©bt¥ater (VSMOW).

3.5. Forward modeling

We use theéBarbour et al.[2004] model of the environmental controls on the stabl¢oige
composition of wood, as modified and adapted for time serggdigtion in tropical environments
by Evans[2007], to simulate a theoretical stable oxygen isotopestsaries based on local
meteorological data. Synthetic isotope time series amet¢benpared with our actual measured
5180 chronology fronD. tenerao independently test the age model and climate signal tietec
The model takes as input monthly temperature, precipitatiad relative humidity data. There
are 6 parameters in the model, many of which are only weakhgitained by observations,

particularly for tropical species and environments. Reitgy Evans[2007], we parameterized
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leaf temperature as a function of air temperatliiadcre, 1964] and atmospheric water vapor
3180 as a function of condensation temperature and the fraattmmrelated to the vapor-liquid
phase changdevang2007] derived stomatal conductance as a function of vapsqure deficit
calculated from leaf and air temperature and relative hitynidhis allows stomatal conductance,
and therefore transpiration, to vary temporally in resgotesenvironmental conditions. The
5180 of water at the site of photosynthesis in the leaves is Gatledi as a change in source water
3180 as a function of kinetic and equilibrium diffusive fractition, leaf temperature, water
vapord!80 and the vapor pressure gradient between the leaf and ateresfvans 2007].
Two additional parameters provide the coefficients for tloeleh relating precipitation t8*0O

of meteoric waters (see below).

Precipitation and temperature data are available from trmapgbell (1540m) weather station
[Pounds et al.1999] for the period 1977 to 2005, and from the Monteverditute Rhodes
et al, 2006] from 2004 through 2006 (1420m). We calculated mgnsialurce wated*®O
as a function of the observed relationship between raiafalbunt and th&*®¥O composition
of rainfall (the amount effect) fronRhodes et al[2006]. We regressed th&2O on rainfall
amounts for those data with aggregate collection period&ofveeks to two months. Single-
storm events and shorter collection periods showed a higdrébility which likely reflected
the time of sampling and the trajectory and history of indidal weather systems, while longer
periods excessively smoothed monthly differences relattde timing and onset of precipitation
seasonality. Three samples which were observeldtmdes et a[2006] to have algae growing
on the collection container were excluded from the regoessiodel. Source watétéO values

were then calculated based on monthly total precipitatadnes from the Campbell data set:
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5180,y [=1-0.0155 x P (mm/month) — 1.2614 (3)

The regression model accounts for 56% of the variance indberved dataset and is significant
atp < 0.01 with 14 effective degrees of freedom.

The Rhodes et al[2006] data also includes relative humidity for July 200Botigh the end
of 2006. In order to develop modeled synthetic chronolotiias spanned the full timescale of
our oxygen isotope chronologies from tfe teneraexperimental plots, we derived a relative
humidity time series to use with the model by regressing #ilg celative humidity measurement
from Rhodes et al[2006] on the maximum daily temperature and daily precijutavalues for
the same station. This model was then applied to create ya mdative humidity time series
spanning the full length of the Campbdidunds et a].1999] daily temperature and precipitation

record:

RH% = (~1.0191 x Tmax(C)) + (0.2459 x P (mm)) — 105.1180 (4)

The regression model accounted for 43% of the variance, asdsignificant ap < 0.01.
Relative humidity values were then adjusted so that the-teng seasonal mean and variance
matched those from the observationsRigodes et al[2006]. This relationship necessarily
reflects relative humidity condition in the lower cloud fstdransition zone, where both the
experimental plots and tHehodes et al[2006] meteorological station are found. Daily values
from all three variables were then combined to form monthganms and total precipitation for
model input. We also extracted a time series of monthly ikdatumidity from the NCEP

Reanalysis Il gridded dat&pnamitsu et al.2002] for the latitude, longitude, and atmospheric
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pressure level (850mb) which most closely corresponds éoMbnteverde Cloud Forest, in
order to test the sensitivity of our results to the choicewaiilable relative humidity data.
Evans[2007] used the forward model to reconstruct the patternstefannual variability in
5180 cyclesintropical trees from La Selva Biological Statioi€iosta Rica. Inthose simulations,
the mean and variance of the simulation were adjusted twflihe observed!®O time series.
Here, however, we use a simple single-component soil mixiogel in place of the variance
adjustment to capture the influence of the temporal smogtbfnindividual monthly water
3180 as a result of soil water residence times. Followivgins[2007], we use a Monte Carlo
procedure (1000 simulations) and randomized adjustmept$o 20%) of the 6 model and 2
source water coefficients to estimate the sensitivity ofitiberannual patterns of variability to

the selection of the parameter values.

4. Resaults

4.1. Ocoteatenera 3180

5180 from all fourO. teneracores show regular isotope cycles as large BBitjure 4). Based
on our conceptual model (Figure 1), we assigned the localmearf each peak to the month
of April of each year. Age models were developed individp&tir each tree (Figure 5), and
confirmed based on the sampling date and incremental groe#sumements over the last two
decades\\Vheelwright and Logar2004]. We were able to detect missing years primarily using
these growth observations, and secondarily through ifigation of apparently truncated cycles
in the rawd*®0 record, a rudimentary crossdatirfgifts, 1976] between the four cores, and the
results of the forward model simulations. These missings/age not obviously associated with
any climatic cause, however, nor are they common among#itineores from the experimental

plots.
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Annual radial growth increments calculated from the age etetb'8O chronologies match
those from the basal diameter measuremeitsegelwright and Loggrn2004]. The mean of
the radial growth rate from sample NWTO1A is thin year !, while the estimate from basal
diameter measurements is Bd year—1. The overall mean growth rate from tree NWTO02 is
4.3mm year~! from the age modeled isotope time series, and approximatdigm year—*
from the repeated diameter measurements. Tree NWHO3A frenHbges plot has &€0
derived mean growth rate of 416n year—! and 4.4nm year~! from observations. The mean
interseries correlation [c.Fritts, 1976] between the monthB/2O series for the three trees is
0.75, and 0.68 when the amplitudes of the annual cycles anpaed. The samples from the
Trostles plot are better correlated with one another thah thie single core from the Hoges
plot, almost entirely because NWHO3A does not show the ramiuin growth rate and*®0O
amplitude after 1999 observed in the older trees from thetles plot (see below).

There are some notable features in 8H0 series as a function of depth. Cores NWT02A
and NWTO02B, although from the same trees, show differentrnggawth rates, although in
combination their average growth rate is very similar toavbations. At least two cores show
evidence of areduced cycle amplitude near the center ofgbewith NWHO3A showing a clear
plateau inb'80 and a subsequent resumption of regular cycles. Both thenvar reduction and
plateau are likely related to either passing through theqtithe tree, or as a result of sampling
tangential to the growth radius near the center of the tredeast three out of the four cores
(NWTO01, NWTO02A, and NWT02B) also show growth reductions lie butermost 10mm of
growth. This is also consistent with the basal growth oketgras fromWheelwright and Logan

[2004], which show a clearly reduced growth rate (as sm&l2mm year—! in NWTO1A) after
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1997. A suppression of the amplitude of the anrit&D cycle is also observed in the most
recent xylem growth.

The mean annuaf®O cycle from each of the individual trees has the same anaitvithin
the instrumental precision of measurements (Figure 6ag.s€asonal maximum is set by the age
model to April, while the annual mean minimum is in SeptenfoeNWTO01A and NWHO3A,
and in October for NWT02. These correspond to the peak of lihatological dry and wet
seasons, respectively. The composite mean time seriegdoimom the overlapping portions
(1990 to 2001) of the time series of each core shows an avarageal cycle of 5.72._The
5180 chronology shows patterns of interannual variabilitymsmaalous amplitude in the annual
cycles, ranging from 2.40ta ¥.55[antl a standard deviation of = 1.45(Fibure 6b).

The interannual variability in annual cycle amplitude iszeln primarily by a combination of
year-to-year changes in the annual minimum vatwe=(0.95 [) aid a declining trend in the
value of the annual cycle maximum, most clearly influenced dgcrease after 1996 (Figure 6¢),
which accounts for the majority of the variance in the anmuakima. Interannual variability in
5180 is most clearly linked to precipitation (Figure 6d), wite¥geason precipitation anomalies
showing a clear association with detrended amplitude ahesnand a significant relationship
that explains more than 50% of the variance, despite thel siegiees of freedonr (= 0.74,

R? = 0.56, p < 0.01). The declining trend in maximum annu&fO values mirrors somewhat
the declining trends in Monteverde maximum temperatBoeipds et al.2006] and dry season
relative humidity over the same period. The decline in maximd'20 after 1996 (Figure 6c)
in the compositeD. teneratime series is also seen in the relative humidity correspmntb
the location of Monteverde from the NCEP Il reanalysis. Hesvethe individuab!®O series

maxima at the calibration site do not in turn mirror the laimgerannual wet season anomalies

DRAFT October 3, 2007, 4:37pm DRAFT



361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

ANCHUKAITIS ET AL.: CLOUD FORESTS DENDROCLIMATOLOGY X-19

seen in both the temperature and relative humidity dataomexXample, 1992 and 1998 (Figure

3).

4.2. Forest canopy trees

Whereas all foulO. tenerasamples showed distinct, large magnitude changed®@ as-
sociated with annual changes in precipitation, pilot sa®fitom forest trees showed a range
of temporal stable oxygen isotope patterns, most withonsistent annual isotope cycles. Of
the nine pilot forest trees examined here, only five (MV03,08YMV12, MV14, and MV15)
showed periodic indications of annual cyclicitydO than could be used for chronology.

Quercusmight have been an excellent candidate genus for tropieipe dendroclimatology,
because it is relatively common, is straightforward to tdgnn the field, and is a long-lived
mature canopy tree. However, neither of the two samples farercus one at 1540m and
the other higher in the cloud forest at 1660 meters, showsistamt cycles B8O that could
be used for chronological control. The lower for€siercussample (MV05) shows periods of
identifiable cyclicity, but much longer periods with no coéat temporal pattern for chronology.
The upper cloud forest oak (MV11) shows no detecta®f® cycles at all. Similarly, our
pilot sample (MV14B) fromPodocarpusshows short periods of coherent large magnitude
changes comparable to those from the experimental pldirasibn set, but sustained periods
with no detectable cycles 0. Samples from &ideroxylon(MV23A, Sapotaceae) from
~1500m showed no apparent cohe®A0O cycles in pilot isotopic measurements. A individual
Lauraceae (MV03) had cycles which could be detected foraapprately 12 years. However,
the tree appears to have experienced extremely suppresssthgn the most recent period
(0 to 18mm depth), making it impossible to tie the chronolégythe meteorological record

and develop an absolute chronology. Moreover, an individlaaraceae of the same species
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growing at the same location (MV02) showed no obvious sigasiouald*®O cycles. The most
promising evidence of species with regular, coherent syalere from the genuBouteriain
the Sapotacae family. Samples from this tree (MV12A and M¥)1&howed coherent annual
cycles over their entire length.

There is a distinct and statistically significant patté®d & 0.99, p < 0.01, n = 5) associated
with elevation in the mean amplitude of the annual cycle ee$r (MV05, MV14B, MV03,
MV12A, and MV15C) in those instances where it could be dei@¢Figure 7a). Annual mean
5180 amplitude ranges from 5. A2farkhe experimental plots at approximately 1410m to .79 1
for sample MV15C at approximately 1580 meters. The loweesboak (MV05) appears to
have cycles of, on average, 1.F2Z Bbth of the oak samples (MV05 and MV11) show lower
overall meand*®O values and MVO05 has a suppressed annual cycle amplitudparech to
those at similar elevations. There is also an increasingtatistically insignificant trend in
total meard'®0 value with increasing altitude in the Monteverde CloudgSo(Figure 7b). The
two oak trees both show lower avera@€O with respect to elevation, and overall, than any of
the experimental plot or forest trees. The ratio of the meanal 520 cycle to the standard
deviation of the annual amplitude decreases with elevatimhicating that as the annual cycle
is reduced with increasing elevation, the magnitude of #eryo-year variability (anomalies)
with respect to the annual cycle increases and a greateoiap of the total variability is in

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

4.3. Forward 580 modeling
Simulations using our forward model produce annual cydhedar to those seen in the mea-
suredd*®O from theO. teneratrees (Figure 8a-b). The best match between overall vagiamc

the simulated and actual isotope chronologies for the @xygertal plot trees is achieved using a
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soil water mixing ratio of approximately 30:70 (30% new ppéation mixing with 70% of the
previous month’s soil water). Using the Campbell meteqiwal data, including the derived
relative humidity series, the observed and modeled chogies are significantly correlated
(r = 0.73,R? = 0.52,p < 0.01), taking into account the high degree of serial autocoticra
(ar(l, 2)ops = [0.83,0.45], ar(1, 2)moder = [0.77,0.46]) in both serieskEbisuzaki1997]. Simu-
lations using the NCEP Reanalysis Il relative humidity (F&8) for the grid cell associated with
Monteverde are similarly correlated € 0.74, R? = 0.55, p < 0.01), but are not significantly
different. This is largely because the correlation betwt#ensimulations and the observed
5180 time series reflects the large proportion of the total vaxéain the annual cycle, which
is predominantly controlled by the seasonal amount efieftécted in allO. tenera Overall,
there is no statistically significant (two-tailed t- anddst,a = 0.05) difference in the means
or variances of the residualshéerved — modeled) using either NCEP or Campbell-derived
relative humidity.

The observed and modeled annual amplitude show similarnpattbut are weakly correlated
at this scale (NCEP %RHmoder,ons) = 0.55, p = 0.08; Campbell %RH:r|moder,obs) = 0.51,
p = 0.11), largely influenced in both cases by the mismatch betweem#asured and simulated
values for 1991 (Figure 8c). The modeled amplitude is sigauifily correlated over the same
period with the wet season precipitation anomalies (NCEP%{R.odel precip) = 0.71,p < 0.01;
Campbell %RH:rmodelprecipy = 0.91, p < 0.01), with a substantially stronger correlation
between precipitation anomalies and the simulation usiadpwer amplitude Campbell derived
RH record. A downward trend in the annual maximd/fO values is seen for model simulations,
irrespective of the relative humidity input used, althoulga NCEP data results in a slightly

better match to the actual, observed isotope time serigscylarly the annual maxima'O
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values (Figure 8d). The simulated chronology that resutts fusing this dataset, however, has
larger positive excursions in maximum annd&lO that are not seen in the actual chronology
(1992,1994), and results in a overall megfO value approximately 1.36_entiched above
that of the simulation using the Campbell derived relativenidity if the simulations are not
adjusted to the observed mean. These differences indicatelal sensitivity of approximately
0.20 farlevery percent relative humidity.

When compared over the limited period for which both climdéta and volume-weighted
seasonad!®O of meteoric waters at Monteverde are available, simulatitsing calculated and
observed source water isotope ratios show similar seapattatns and amplitudes (Figure 8c).
The amount effect model (Equation 3) reproduces the sehpattarn of observed meteoric
water 380 on which it was based, with a slight loss of variance at theuahmaxima and
minima (Figure 8c). The modeleatcellulosed*®O cycle amplitude is also similar whether
observed or modeled source water is used, and irrespedtitree gelative humidity dataset.
However, uncertainties in model parameters result in a denéie interval up to 1.5 widle,

particularly at the local maxima and minima of the simuladeduald*®O cycles.

5. Discussion

5.1. Annual oxygen isotope cycles

Annual §'80 cycles are clearly present in our set®f teneratrees, and are sufficiently
large and well-defined that they are easily distinguishethfthe occasional smaller positive
excursions at the time of the annual minima, which are prigbtde result of the existence
and magnitude of the Central American midsummer (July anduAt) drought, which can
be seen in some years (i.e. 1993) in both the observed andledamieellulosed®O time

series. The similarity between the measured radial groafisrfrom long-term monitoring
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and those derived from the age modeled isotope time semessapported by the forward
model simulations, demonstrates conclusively that theyd*O chronology can be securely
established using these cycles. Even given the potent@@rtainties associated with both
individual repeated basal growth measureme8teejl 2003;McLaughlin et al, 2003] and the
increment estimates from age modedétD, the consistency between the two datasets indicates
the age model (1 cycle = 1 year) is particularly robust. There indication from the isotope
time series that th®cotea teneréhave a significant growth hiatus during the year, which is
supported by comparison to our forward modeling resultsigdnsistent with their evergreen
phenology.

Unlike traditional dendroclimatological approaches gdiree-ring widths or density, where
massive sample replication and robust crossdating resaitt overall composite age model error
that is effectively negligibleHritts, 1976], the smaller sample depth and limited opportunity
for crossdating in our experimental pld¥O chronology leaves open the possibility of error
in assigning the isotope time series to calendar years. i$hegacerbated here by the short
length of the chronologies developed from our calibratiein Even in oulO. teneracalibration
samples, development of the age model is complicated by ydaere individual trees did not
have appreciable basal growth, the reduced growth ratee 5iri997, and gaps in the annual
observational data. This latter factor is particularly ortant between 1997 and 2002, because
sometime between 2001 and 2004 all basal growth in sevees in Trostles plot had ceased or
slowed to imperceptible increments. For @urtenerachronology, we estimate an age model
error no larger thas: 2 years, based on the basal growth measurements and coompaitis the
forward model simulations. In unmonitored trees and paldity in trees growing at average

rates less than@m year—!, age model error might be determined by the range of possible
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realistic age models, and may be complemented by highu#solradiocarbon assays on the
period since A.D. 1955Worbes and Junkl989]. Unfortunately, while th®©. tenerain the
experimental plots allow us to test and calibrate our pred@ge model and detect the imprint
of climate variability on thé*®O cycles, this early successional species is unlikely teigeo
the material for long isotope chronologies.

There are several factors which could potentially compdicgdentification of annual isotope
cycles. Long residence times for meteoric waters in thewgoilld result in temporal mixing
of different seasonal water sources, which would both smaod dampen the amplitude of
the annual signal we seek for chronological control. Lils®yitrees which access primarily
deeper sources of ground water would be relatively inseedit the intra-annual change in the
3180 of available moisture [c.Evans and Schra004]. However, shallow rooting depths for
cloud forest treesNlatelson et al. 1995] in response to soil nutrient availability should mea
that shallow soil water is their primary moisture source #rely do not have access, or need
to access, deeper groundwaters. However, one alternatp@thesis for the lack of annual
cycles in some of the forest trees analyzed here is that tteeindeed able to access deeper
groundwater or well-mixed stream waters, and are relatiiredensitive to the season&O
cycle of meteoric waters.

At our current sampling resolution and given requirementsd-cellulose yield, growth
rates must be sufficiently rapidy2mm per year, to allow for enough samples per year in
order to sufficiently resolve the annual cycle and its araght but not so rapid as to limit the
ultimate length of the reconstruction. Slower growth ratesild currently make it difficult

to resolve the full amplitude of the annual cycle given caotranalytical constraints. This
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can be partially addressed by using larger-diameter inenéfoorers, whole cross-sections, or
improved analytical procedures that require less celtufosa precise measurement.

There is an upward trend in the mean oxygen isotope ratio @éhation for all the trees
(experimental plots and forest trees), wi@nercuss excluded. While the trend is not statisti-
cally significant, it suggests that higher elevation tre@y 1wn average use motO-enriched
cloud water, which would be consistent with their positioogressively closer to the continental
divide and within the region of persistent clouQuercusappears to be a different case, with
overall mead80 values substantially lower than other species, and asnaairage amplitude
in MVO05. Collectively, these data suggest that Quercuspreferentially sample soil water
with a more negativé*®O. This could arise if the trees did not add basal growth dupiart
of the transition or dry season, wh&#0O values are higher. Quercusceased growth during
part of the dry season, both the mean isotopic value and tingadnycle, where present, would
preferentially reflect the more negat®&€0O during the rainy season. Alternatively, this species
may have access to some deeper soil water sources, whick aisol explain the suppressed
amplitude of the mean annual cycle. Finally, if transpoativere more restricted iQuercus
potentially through particular physiological characiéds or structure of the leaves, enrichment
of the source water in the leaves would be limited and thdtas#icellulose would have a more
negatived*®O value. In general, though there are several possiblemsaginy some of the forest
trees studied here do not display annual cycles, the sitngdese may be that our sampling
interval of 200um failed to adequately resolve the annual cycle in very slaawgng trees.

Two robust features characterize the annual cycles in ttestfdrees considered here. The
amplitude of the annual cycle decreases with elevation,thadatio of the variance in the

interannual amplitude to the mean annual cycle amplitudecases. The reduction in the
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amplitude of the annual cycle is likely related to longet s@iter residence times and increased
mixing of seasonal water sources, which in turn is probabtgsalt of lower temperatures,
increased cloud cover, and reduced solar irradiance aehggjbvations within the orographic
cloud bank. The increase in the ratio of the interannualecgolomaly to the annual amplitude
indicates that the higher elevation trees may be more sengit year-to-year variability than
trees from the lower premontane forest. There are indieatibat this is related in some trees

to larger interannual variations in the annual cycle maxima

5.2. Climateanalysis

Interannual anomalies in the amplitude of thetenerad'®O cycles are dominated by vari-
ability in the annual minima value, which in agreement witint oonceptual model (Figure 1) is
primarily controlled by the amount of rainfall received thg the wet season (Figure 6d). There
is little year-to-year variance in the annual maxima in toenposite mean®O series from
the experimental plots, with a small downward trend relgtecharily to a slight step change
between 1996 and 1997. This downward trend might be relatéeldreases in relative humidity
or maximum temperature®punds et al. 2006] over the common period, but missing from
the 80 maxima are distinct large positive anomalies which cowdddated to interannual
temperature or relative humidity anomalies associated ®liNifio events.

The most likely reason for the lack of a clear dry sea88@ anomaly signal in th®. tenera
series is the elevational position of our pilot calibratsite at~1410m in the transitional region
between premontane wet and cloud forest. Atthis lower é@vahe persistent cloud immersion
that characterizes forests along the continental dividev@ld500m is considerably reduced,
although mist can still be an important moisture source émetation. Trees in the premontane

wet forest and below the mean lifting condensation level ldidae relatively insensitive to
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changes in orographic cloud base height and relative htyrsafice the magnitude of the local
hydroclimatic alterations to fluctuations would therefoeaelatively small. At higher elevations
above the mean lifting condensation level, where foregaraverage consistently within or
at the margin of the prevailing orographic cloud bank, flattans between cloud and cloud-
free conditions would be accompanied by rather large lobahges in temperature, relative
humidity, water vapor, and solar irradiance. Support fes thterpretation comes from analysis
of the canopy trees in which annual cycles were detected. dat®f the 5 forest trees with

annual cycles, variance in annual maxima is greater thaartheal minima.

Additional complicating factors may arise from the hetenogous nature of cloud coveélprk
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, @fii@my stream courses. Likewise,
topography may dictate the extent to which individual traes exposed to direct tradewind
moisture advection, and soil type and depth may influencart@unt of source water buffering
and soil water mixing that determines the baseline ampifod the formation of annuaf®O
cycles.

There are indications that higher elevation trees show atg@resensitivity to year-to-year
variability, particularly to dry season climate likely adéd to the influence of orographic clouds.
This suggests that optimal sampling locations for recaoesitrg both cloudiness and the regional-
scale forcing associated with changes in cloud coveragenmigture advection will be at those
elevations where the annual cycle is coherent and of a srifiohagnitude to be differentiated
from short term fluctuations, but where high-frequency alace suggests sensitivity to these
changes. Based on out pilot samples from forest canopy 8apstaceae from the high elevation

cloud forest may hold the most promise for the developmefdrgf paleoclimate records.
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5.3. Forward modeling

The six environmental parameters from the mod@afbour et al.[2004] are assumed to be
temporally stablefvans 2007], and therefore changes in the parameter set arerpneaiatly
reflected in changes in the overall mean of the series, aggenbndarily in the annual maximum
and minimum value and in the overall amplitude of the sedstytde. The results from Figure
8c demonstrate that the interannual difference in the dramojalitude of theéd'80 cycle imparted
by uncertainties in the model parameter set may be as largebds I agreement with the
findings of Evans[2007], however, we find that the overall structure and meapldude of
the annual cycle is driven predominantly by the seasonalgdhin thed*®O related to changes
in water sources as driven primarily by the amount effect amthis case, the contribution of
cloud water during the dry season. It is clear, however, frot@annual differences observed
between model simulations using the two different relativenidity data sets, that differences
in the input data can have an important influence on interainpatterns of variability. In
general, neither relative humidity dataset produces aantially improved overall match to the
observed experimental pldt0 time series.

More interesting is the disparity between the correlatioitls each simulation and wet season
anomalies. Modeled*®O values using the NCEP relative humidity dataset show a ereak
correlation with precipitation anomalies than 180 time series simulated from the calculated
Campbell relative humidity, although the coefficient is meimmilar to the relationship between
the observe®. tenera*20 and wet season precipitation. Thisindicates thatineceariability
in relative humidity can have a substantial influence on ti@rols on the interannual patterns
of variability. This suggests that samples within or at tleeitdary of the orographic cloud

bank are likely to show great sensitivity to, and control tlyanges in relative humidity and
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leeward-slope moisture advection than those below it. Tih@ing, and the observations of
increasing interannual variability relative to the meanwad 3180 with increases in elevation,
will be used to guide future sampling strategies for the tigmaent of long chronologies.

In Evans[2007], theBarbour et al.[2004] model was used to construct the interannual
variability in the amplitude of the seasonal cycle, while thean and variance were scaled to that
of the observed*®O time series. Here, using the default parameterizatiom fwans[2007],
even without mean adjustment, and using the relative hiyndbrived from the Campbell
meteorological dataHounds et al.1999], the model actually reproduces the mean of the series
within the precision of the instruments {,qe1 = 26.52 [ X)s = 26.27 [),_although this may
simply be fortuitous, since large shifts in the overall mean be the result of changing the
model and source water parameters (see below). The use siithveater model in the place of
variance adjustment also produced a simulated isotopesseiih similar mean amplitude and
variance as th&*0O from O. tenera and generally reproduced the visually coherent cyclicity
of the actual time series. Most encouragingly, applyinggbik water model reproduces the
leading autocorrelation structure of the obserd&tD chronologies, as well as the pattern of
interannual variability and the relationship between thaual amplitude anomalies and wet
season precipitation amount (Figure 8c).

The monthly mixing ratio of 30:70 (precipitation to prioriswater) implies a mean water
residence time somewhat longer than would be calculated fin@ turnover rate reported from
lowland tropical rainforest soils derived from tritium nsegements byicGinnis et al.[1969]
in Panama. HoweveNcGinnis et al.[1969] estimated soil water flux for only the top 30cm.
Somewhat deeper soil water available to plants would prablymave a longer residence time.

Additionally, reduced evapotranspiration due to persistéoud cover, cooler temperatures, and
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higher relative humidity would likely increase water reside times in soils in tropical montane
cloud forests.

The most obvious discrepancy between @theeneracomposite mean time series, the sim-
ulated model, and local climate variability is the wet seasonimum of 1991. Although one
possible hypothesis is that the age model is incorrect, 894 hegative anomaly is apparent
in the 380 from the most securely dated cores, those cores from treE0\and there is no
evidence from basal growth analysis to suggest an age atgasbf several years is warranted
nor even realistic. Zonal winds across the Costa Rican beraiwere anomalously strong
during the wet season in 199Kdnamitsu et al.2002], and high resolution gridded monthly
precipitation data for Central Ameritalso indicate that 1991 was one of the wettest rainy
seasons (July through September) over the period 1901 ®0the grid cell corresponding

to Monteverde and northwestern Costa Rica, in contrasietd/kbnteverde rain gauge data.

5.4. Cloud forest isotope dendroclimatology

Our selection of tropical cloud forests as a site for trolgpedeoclimate reconstruction paral-
lels, in a somewhat paradoxical manner, the approach aficiEslendroclimatology in seeking
out sampling locations where trees are likely to be sersitivelatively small changes in annual
climate. In temperate regions and for trees with regulauahchanges in morphology or wood
density, these are typically dry or cold sites at the limfta species range. For tropical isotope
dendroclimatology, however, we seek sites which are waignto allow trees to grow through-
out the year, yet are subjected to seasonal changes in tile siygen isotope composition of
available moisture which provides the means of establgsaimual chronology. In cloud forest
environments, the largest interannual changes of intamestikely to be wet season rainfall

and dry season cloudiness. As such, site selection forcambotope dendroclimatology is

DRAFT October 3, 2007, 4:37pm DRAFT



629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

ANCHUKAITIS ET AL.: CLOUD FORESTS DENDROCLIMATOLOGY X-31

very different from that of classical field approaches indtechronology in terms of climate
regimes, but the guiding principle is the same.

Our approach to tropical isotope dendroclimatoloBydns and Schra?004] has a closer
methodological and procedural affinity to paleoclimatelysia using speleothems or corals
than to classical dendrochronology. Despite rapid advajiaenexl et al, 1999;Brendel et al.
2000], the analytical requirements for sample preparaimhmass spectrometry still limit the
number of samples and measurement replication that carabstically achieved. The result
is relatively large uncertainties (several years) in the ampdeled chronologies. However, as
demonstrated biyicCarroll and Pawelle§1998] andGagen et al[2004], stable isotope ratios
in tree-ring chronologies often have a higher signal-ts@aatio that ring width data. As a
consequence, fewer chronologies may be required to achieseust common signal. For the
MonteverdeO. tenerachronology, 3 trees over the common period of overlap arcgarit to
meet an Expressed Population Signal threshold [BFig]ey et al, 1984] of 0.85. Furthermore,
the protocols allow for the development of high-resolutiemestrial proxy records that bypasses
some of the extant challenges to developing ring width obliagies in tropics, and can be
applied even when appropriate species for traditional derionology cannot be identified.
Application of these techniques will necessarily be guibgdhe specific research question
and the ability of complementary proxies to provide the infation necessary to address them.
Cloud forests, given their biogeographical and hydrolagimportance at the regional scale,
and their sensitivity to broad-scale mode of climate at tbbaj-scale Loope and Giambelluga
1998; Still et al., 1999; Pounds et al. 1999; Foster, 2001;Bush 2002;Pounds et al.2006]
represent a particular ecosystem where the applicatioropical isotope dendroclimatology

can support an improved understanding of critical envirental processes across a range of
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spatiotemporal scales. Until recently, the relative imsstility of tropical cloud forests has
spared them from the worst consequences of indiscrimingigrg, increasing the likelihood
that old trees might persist in these ecosystems througheutropics, providing a potential

source of long-term paleoclimate information.

6. Summary and Conclusions

The results from our study clearly identify an annual isetayycle in trees growing in
experimental plots at lower cloud forest elevations that ba used to develop an annual
chronology in the absence of annual rings. Interannuabbdity in the amplitude of the
annual cycle is associated with wet season precipitatiomaties at our premontane wet forest
calibration site. Our forward model simulations succdbgieproduce the annual pattern of
3180 observed in ouO. teneratrees, and using the soil water mixing model demonstrate a
similar leading autocorrelation structure in both synthahd actual isotope time series. The
model also reproduces quite well the dependence of theaimteral patterns df*®O amplitude
on the amount of wet season rainfall. Five mature canopys tceasidered here from sites
ranging from 1500 to 1660m also show an annual isotope cgolé two of these hav&'®O
cycles that can be consistently detected over their emitgth. Collectively, these pilot results
can help guide the future development of long climate reftaosons from older cloud forest
trees. The results of our calibration study at Monteverdeatestrate that annual stable oxygen
isotope cycles in tropical cloud forest trees can be uselldtir chronology development and the
detection of climate variability, and can be applied to teealopment of climate reconstructions

and the interpretation of recent trends in tropical monfanest hydroclimatology.
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Warmer Temperatures
| Reduced Cloud/Precipitation
Reduced Moisture Advection

DRY SEASON
Fog, Reduced
Precipitation
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Humidity

WET SEASON
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Humidity
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Figure 1. Conceptual model of climatic controls on the annual andrameual patterns of
stable oxygen isotope ratios in tlecellulose of cloud forest tree radial growth. The annual
cycle is generated primarily by the seasonal change id‘fl@ of rainfall, the use of cloud water
by trees in the dry season, and the isotopic enrichment oteomater by evapotranspiration
during the dry season. Interannual variability in annuakimaim values is expected to be
related to temperature, relative humidity, cloudinessl amisture advection during the dry
season. Anomalies in the annual minima are likely relate@damily to wet season precipitation

amounts.
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Monteverde, 10.3N, 84.8W, 1540m
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Figure 2. Patterns of mean annual temperature and precipitation fanté¥erde from the
Campbell weather station and derived relative humidityy@2000,10.2N, 85.35°W, 1540m,

Pounds et al[1999].

DRAFT October 3, 2007, 4:37pm DRAFT



Precipitation (mm)

ANCHUKAITIS ET AL.: CLOUD FORESTS DENDROCLIMATOLOGY

1000 [

800

600 |

400t

200

121

120

1980

1985 1990 1995
Year

119

117

18

16

— 70
2000

Temperature (C)

% Relative Humidity

Figure 3. Meteorological data from Monteverde used as input for tlredod model of tree

a-cellulosed®0. (a) Temperatur€C) and (b) Precipitation from the Campbell meteorological

station Pounds et a].1999], and (c) relative humidity derived from the Camplblalia and from

the NCEP Reanalysis Kanamitsu et a].2002]. The NCEP relative humidity has been scaled to

give it the same mean as that observeRItodes et a[2006], but allowed to retain its variance.

The horizonal lines of the same color show the original dvenaan value. Sensitivity to the

choice of relative humidity data is 0.Z0pel month per percent mean relative humidity.
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Isotope ratios as a function of sampling depth for the fOuotea tenerdrom the

Trostles and Hoges plots. Individual samples are indidayeatbts. In NWT02B and NWHO03A,

samples across or close to the pith can be seen i'#@eplateau near the center of the tree.
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Figure5. Isotope ratios as a function of time for the faDcotea tenerdrom the Trostles and
Hoges plots. ‘Missing’ years in the age model chronologédiect both known growth hiatuses
from the annual diameter measuremeklihgelwright and Logar2004] and their confirmation

with rudimentary crossdating between cores, and is supgost the results of forward modeling
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Figure 6. Composite isotope timeseries for the Trostles/Hoges redidn set. (a) Mead'®O
annual cycle (‘climatology’) for the three trees and the meéaall trees. The amplitude and
seasonal patterns are indistinguishable within measurepnecision, with temporal age model
differences of approximately 1 month. (b) Composite timesemean of the three trees (four
cores), showing variability @) around the overall mean. (c) Annual maxima, minima, and
mean values from the composite mean site chronology. Mateointerannual variability (is
related to the minima, while the trend in the mean is a redylatterns observed in the annual
maxima. (d) The amplitude of the mean annif8D cycle, which shows a clear relationship to

interannual patterns in the wet season rainfafl € 0.56, p < 0.01,d.f. = 10)
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Figure 7. Observed relationships between elevati®¥0O mean, and the amplitude of the
annuald'®0 cycle. (a) Amplitude of the annual cycle (including datanfr MV03, MVO05,
MV12, MV14, and MV15; see text for details), and (b) overakamd'8O versus elevation.
(c) The ratio of the interannual amplitude variance to thamisotope climatology increases
with elevation, showing greater year-to-year climateafaitity above the orographic cloud bank

(indicated by the horizontal line in (a-c). Data from Quex¢MV05 and MV11) are shown in

gray.
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Figure 8. Comparison between observed composite nf@ateneraisotope timeseries and
forward model simulationBarbour et al, 2004;Evans 2007]. Input to the model was observed
precipitation and temperature from Montever@eynds et al.1999], and the mean monthly
relative humidity from the NCEP/NCAR Reanalysignamitsu et al.2002]. (a) The simulated
isotope time series is significantly correlated with theestaedd'2O from the experimental plot
trees ¢ = 0.74, R? = 0.55,p < 0.01). (b) Observed and modeled chronologies are correlated
with wet season precipitation anomali€g,{ = 0.75, p < 0.01; rmeger = 0.71, p < 0.01). (c)

The source water model and actual source water produce lacyala of similar magnitude,
and the magnitude of the modeled annual cycle is similaspeetive of the relative humidity
data set. (d) The seasonal patterns and isotope climatofagg mean adjusted oxygen isotope

climatology are also similar, with an estimated age modelreaf 1 month.
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