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ABSTRACT

Many tropical trees do not form reliable annual growth ringsking it a challenge
to develop tree-ring width chronologies for application galeoclimatology in these
regions. Here, | seek to establish high-resolution proxsnate records from trees
without rings from the Monteverde Cloud Forest in Costa Rising stable isotope
dendroclimatology. Neotropical cloud forest ecosysternesagsociated with a relatively
narrow range of geographic and hydroclimatic conditions, @e potentially sensitive to
climate variability and change at time scales from annuaktdennial and longer.

My approach takes advantage of seasonal changes iit%eof water sources used
by trees over a year, a signature that is imparted to the Irgdiavth and provides
the necessary chronological control. A rapid wood extoerctechnique is evaluated
and found to produce cellulose witiH8O values indistinguishable from conventional
approaches, although its application to radiocarbon regua statistical correction.
Analyses of plantation-grow®cotea tenerareveal coherent annuai®O cycles up
to 9%.. The width of these cycles corresponds to observed basaltiyriocrements.
Interannual variability ind*80 at this site is correlated with wet season precipitation
anomalies. At higher elevations within the orographic didank, year-to-year changes
in the amplitude of oxygen isotope cycles show a relatignaliih dry season climate.

Longer 180 chronologies from maturBouteria(Sapotacae) reveal that dry season
hydroclimatology is controlled at interannual time scdbgsvariability in the eastern
equatorial Pacific (ENSO) and the Western Hemisphere Warah @éHWP), which

are correlated with trade wind strength and local air temajpee. A change in the late
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1960s toward enhanced anng&lO amplitude may reflect low frequency changes in the
Atlantic and Pacific ocean-atmosphere system. This studypkeshes the basis for cloud
forest isotope dendroclimatology and demonstrates ttealattal climate of neotropical
cloud forests is sensitive to interannual, and perhapstigeghdal changes in important

large-scale modes of climate variability.
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CHAPTER 1

INTRODUCTION

1.1 Statement of the Problem

The tropical ocean-atmosphere system influences climade vaather at a global
scale, and variability in the system across a range of timéesaesults in anomalous
patterns of both temperature and precipitation around tbddw The result can be
the disruption or destruction of habitat, transportatiagriculture, and infrastructure,
and the concomitant economic, political, environmental] aocial costs of recovery.
Despite this, considerable uncertainty exists regardoth the potential behavior of and
controls on tropical climate system variability at timelssafrom years to centuries and
longer. This uncertainty extends to interactions betwaerPacific and Atlantic Oceans
as well as the range of potential responses to radiativenfprSubstantial uncertainties
also exist for predictions of spatiotemporal changes inore hydroclimatology due to
anthropogenic greenhouse gas emissions and the accomgattgrations to the global
energy balance [c.Douville, 2006;Douville et al, 2006;Neelin et al, 2006].
Uncertainties concerning tropical climate system statg lb@havior arise due in
part to the lack of long-term meteorological records frorasin regions. Even where
continuous climate records exist, they often cover tootohia time span to resolve
ocean-atmosphere variability or feedbacks which may haefeped timescales of
decades or longer. Paleoclimate reconstructions of ptatgn and temperature can
help alleviate the limitation of the instrumental, obsé¢ioaal record for interpreting

tropical climate dynamics and the potential range of nataeability; however, high-
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resolution paleoclimate proxies from thexrestrial tropics are thus far mostly limited to

comparatively few speleothem, ice core, and varved lakersed records.

1.2 Background

1.2.1 The Tropics

1.2.1.1 The Pacific

The El Nifo Southern Oscillation (ENSO), a coupled intémac between the ocean
and atmosphere of the tropical Pacific Ocean, is the leadwdenof global interannual
climate variability Cane 2005]. During warm ENSO events, anomalously warm waters
move toward the east along the equator into the normallyecoléiters associated with
deep ocean upwelling and a shallow thermocline. Accompanttie changes in sea
surface temperatures (SST), sea level pressures alspwitiiftiow pressure anomalies
over the eastern tropical Pacific, and anomalously highspresdescending on the
western Pacific, Indonesia, and eastern Austréti@asinusson and Wallac&983;Diaz
and Kiladis 1992].

These changes result in anomalous zonal atmosphericaticmuland wind patterns,
bringing drought to the western Pacific, and heavy rains &wlest coast of South
America. Through concurrent changes in atmospheric atimul, the effect of ENSO
are also felt around the globe. During canonical ENSO eyéhes southwestern and
southeastern United States experiences a wetter wintée thk northwest and northern
Prairies are dryiaz et al, 2001]. Canonical teleconnections, however, may conceal
more complicated seasonal to interdecadal spatiotempat&rns. On the southeastern
coast of the United States, for instance, warm ENSO eveatgsssociated not only with a

wetter winter, but also a subsequently drier sumrbgéaf et al, 2001]. In the Caribbean



16

and Central America, warm ENSO events are associated tlypiedah wetter boreal
winter dry seasons and drier summer wet seasbiez[et al, 2001], but the sign of
the correlation depends on the modulating influence of tHanfit Ocean, as well as
whether the Pacific or Caribbean side of the Central Ameramadillera is considered
[Giannini et al, 20014a].

Decadal-scale variability can be detected within the antaual behavior of the ENSO
system. Itis commonly characterized by periods of lessgreater tropical SST anomaly
(SSTA) amplitudesUrban et al, 2000;Yeh and Kirtman2005], and has a basin-wide
expressionGarreaud and Battisti1999;Tomita et al, 2001;Evans et al.2001;Newman
et al, 2003]. The wavelet-based spectral analysisTofrence and Webste1999]
identified periods of high canonical ENSO wavelength varégafitom 1875 to 1920 and
from 1960 to 1990. A period of low ENSO variance occurred fii®20 to 1960. Periods
of low and high variance in the canonical ENSO band as idedtifin Torrence and
Webster[1999] agree with those seen in evolutionary spectral amalyf reconstructed
NINO 3.4 SST records bWrban et al.[2000]. The tree-ring based reconstruction of
ENSO byStahle et al[1998] also shows decadal-scale fluctuations in the angditf
the canonical ENSO frequencies.

There have been a number of attempts to explicitly recoaistiecadal modes of both
tropical and extratropical Pacific climate variability mgihigh resolution proxied€vans
et al.[2001],Biondi et al.[2001],D’Arrigo et al. [2001] andMlacDonald and Casp005]
have used tree-ring chronologies from western North andhSAwmerica to develop
reconstructions extending back as far as AD 1000. Stabtepsoproxies from corals
have also been successfully used to identify decadal pattdrSST variability [Linsley
et al, 2000;Urban et al, 2000]. The reconstructions are not, however, identicafatt,

in many cases the independent reconstructions show latierency prior to the current
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century [Gedalof et al. 2002]. Evans et al]2002] further point out that reconstructed
(coral and tree-ring) and instrumental Pacific sea surfaogeératures show different
spectral power at low frequencies. With existing proxy resplargely extratropical tree

rings and marine corals, it is still difficult to estimate wilae magnitude and preferred
time scale of interannual to multidecadal variability ie tRacific may have been over the

last several centuries.

1.2.1.2 The Atlantic

The tropical Atlantic also displays variability over a r&gf time scales. High-frequency
interannual variations in the equatorial Atlantic are assted with the so-called Atlantic
Nifo [c.f Chang et al. 2006] and the North American Oscillation [NAGgager et aJ.
2000]. Since the NAO is related to the strength of the sultedigh pressure cell in
the Atlantic, it also has an influence on trade wind strength @STs in the subtropical
and tropical Atlantic and Caribbea®¢ager et aJ.2000]. Both the Atlantic Nino and
NAO may reflect the influence of remote Indo-Pacific tropicakting [Hoerling et al,
2001;Hoerling and Kumay2003;Chang et al.2006]. The cross-equatorial SST gradient
between northern and southern tropical Atlantic influerthegposition of the ITCZ and
tropical trade wind strength at interannual time scalesels and therefore both rainfall
and sea-air latent heat feedbacks on both SST anomaliesiaddWang and Carton
2003;Xie and Carton2004].

At multidecadal timescales, both tropical and extratrabi&tlantic variability is
prominently related to the Atlantic Multidecadal Osciitat (AMO), which is centered
on the North Atlantic and characterized by relatively rapidltidecadal shifts between
warmer and colder conditiong&ffield et al, 2001]. From approximately 1930 to 1970,
the Atlantic was in a warm phase. From 1970 to 1995, the Atahifted to a cold phase
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[Enfield et al, 2001]. The warm phase of the AMO is related to spatiotemp®&
patterns similar to those that exist during prolonged rnegahases of the NAGGrosfeld
et al, 2007].Gray et al.[2004] used tree-ring chronologies from North America, &g,
and North Africa to reconstruct the index of the AMO over tieeipd 1567 to 1990, which
demonstrated significant mulitdecadal power over neadyetftire period. Evidence for
robust multidecadal variability in the Atlantic coupledtiviong GCM simulations have
been used to suggest that the AMO is the result of periodiagd®in thermohaline
circulation and meridional overturning circulation (MO@)the North Atlantic Knight
et al,, 2005].

Interaction between the Pacific and Atlantic Oceans at dédade scales appears
to play an important role in extratropical climate as waliole et al.[2002] found that
some major North American droughts, including that of th&d% corresponded to La
Nifa (cold) conditions in the Pacific, while other droughtscluding the 1930s Dust
Bowl, were only marginally correlated with Pacific SSTs. heit analysisMcCabe
et al. [2004] used instrumental PDSI measurements to hypothekite patterns of
severe drought were related to the interaction betweerfi®aad Atlantic SST forcing,
with severe drought occurring when the Atlantic Ocean was @old (negative) phase.
Modeling studies have also suggested that Pacific SST arem@dbne are not sufficient
to force droughts with the spatial and temporal charadiesisf the Dust Bowl $chubert
et al, 2004]. The Atlantic could therefore be an important deteamt of extratropical
climate at decadal-scales or longer, in addition to posdigtmediating the canonical
teleconnections associated with ENSO. HoweMamn and EmanugR006] have shown
that the residual sea surface temperature signal fromdpe#l Atlantic after accounting
for global SST patterns does not have a robust multidecagiadlssimilar to the AMO.

This finding suggests that observed multidecadal trend$heénttopical Atlantic are
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primarily related to greenhouse gas and aerosol forcing the20th century. Whether
endogenous multidecadal tropical variability exists & &tlantic is difficult to determine
over the period of instrumental and historical observatj@mce it is inextricable linked
to global scale forcing.

It is an active research question whether variability inRaeific drives changes in the
Atlantic, or whether multidecadal variability in the Atliany perhaps arising from changes
in ocean circulation in the North Atlanti&€pight et al, 2005] can influence the amplitude
of interannual and interdecadal variability in the PacifiEor instance,Dong et al.
[2006] used a coupled ocean-atmosphere GCM with an impofadtis SSTA forcing
to mimic the AMO. In these simulations, easterly surfaceddnomalies over the central
and western Pacific forced by latent heat flux in the tropicaith Atlantic deepened
the western Pacific themocline, stabilizing the ocean-apthere coupled instability in
the tropical Pacific and reducing ENSO variance. The morencomview has been
that ENSO influences the Atlantic via atmospheric telecotioes [c.f. Latif, 2001].
Wang and Enfield2001] have shown that warm ENSO anomalies influence theaifest
Hemisphere Warm Pool via the connection of anomalous Waikeulation to changes
in the Atlantic subtropical high. SimilarlyGiannini et al.[2001b] hypothesized that
ENSO influenced the tropical Atlantic variability throudtetstabilization of the tropical
atmosphere via the propagation of the warming signal tHrtlig troposphere. These and
numerous other studies point to extant uncertainties daggithe forcing mechanisms
for the observed association between Atlantic and Pacifialviity at a variety of time

scales.
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1.2.2 Tropical climate change: phenomenology and dynamics

At least three important research questions arise out oédrgasons and modeling of
the Pacific and Atlantic ocean-atmosphere variability ussed above. First, there
are outstanding issues regarding the preferred time socalestability of decadal scale
variability in the tropical PacificCane and Evans2000; Evans et al. 2001], which
might be better resolved by an expanded network of high wéisol tropical proxy
records. Second, similar questions exist regarding tedorth Atlantic variability and
its characteristic natural and forced time scales and biditia Removing the global sea
surface temperature signal from the tropical Atlantic edse0 significant multidecadal
variance. However, aglann and EmanugR006] note, this is based on the assumption
that the tropical Atlantic signal does not project signifitg onto the global mean.
Whether this assumption is valid over longer time scales ttumsidered byann and
Emanuel2006], or even under current transient forcing, is diffidol resolve using the
instrumental record alone. Finally, understanding theramdtions and feedbacks between
the Atlantic and Pacific is critical for interpreting varibty in the paleoclimate record
and understanding potential global teleconnections &s®olcwith both the tropics and
North Atlantic. For instance, if ocean circulation in thelgkitic forces multidecadal or
longer changes in the Pacific through changes in sea sudaqgeetatures and circulation
anomalies generated in the tropics, this has substaniiildations for feedbacks between
thermohaline circulation and the Asian monsoon, and coeld bxplain how regional
signals associated with the MOC can propagate globally.relfseclear evidence that
variability across a range of time scales between the Adaartd Pacific are linked.
However, the mechanisms, stability, and directionalityhafse linkages remain unclear
and in some cases contradictongchwing et al.2003] found that North Atlantic and

North Pacific variability at decadal scales was positivarelated until the 1950s, and
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negatively correlated after that time. The stability obttasin interactions may therefore

be a function of other, low frequency components of theiralality.

1.2.3 Why tropical dendroclimatology?

Hundreds of tree-ring width and density chronologies pie\a spatially extensive data
network for high resolution paleoclimate reconstructiongemperate regions. Because
they have annual or seasonal resolution and are exactlyl,ddtese records can be
empirically calibrated against existing instrumentalediat order to develop quantitative
reconstructions of past climatic variables. Relatively feuch tree-ring chronologies,
however, have been developed in tropical regions. Despiteesotable exceptions [c.f.
Worbes2002;Fichtler et al, 2004;D’Arrigo et al., 2006], many trees in the tropics do not
develop reliably annual rings whose variability reflects ithfluence of climate variability
and can be utilized for paleoclimate reconstructions. BEwben they appear to form
annual increment bands, patterns of ring width variabiiitsty be incoherent between
individual trees, making both chronology development aticthate signal detection
difficult [Worbes and Junki989;February and Stockl998;Dunisch et al.2002;Speer
et al, 2004; Robertson et al.2004; Bauch et al. 2006]. As a consequence, high-
resolution, long terrestrial proxy climate records frora tfopics remain sparse compared

to temperate regions.

1.2.4 Neotropical montane cloud forests

Tropical montane cloud forests cover as much as 50 milliootanes worldwide
[Stadtniiller, 1987], about half of which is found in Latin AmericBjown and Kappellg
2001]. Cloud forests are characterized by frequent or gtersi ground-level clouds

and fog (horizontal or ‘occult’ precipitation) and have a Ititanopy forest laden
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with epiphytes $tadtniiller, 1987; Haber, 2000]. These forests have high rates of
endemism Brown and Kappelle2001] and are important in regional hydrology, since
they intercept cloud moisture, increasing available waerinfluencing biogeochemistry
within catchments and in areas downstream.

Tropical cloud forests are ecosystems found within a redgtinarrow set of both
geographic and meteorological conditions, and as a corsegu they are particularly
sensitive to climate chang&gope and Giambellugal998; Foster, 2001;Bush 2002].
Computer modeling of climate under doubled CO2 conditioredigt higher lifting
condensation levels and reduced cloud contact for tropicaitane cloud forests as global
temperatures riseSfill et al,, 1999]. Analysis of observational data also suggests that
warmer eastern tropical Pacific sea surface temperatugdsj%ire related to interannual
decreases in cloud cover at Montever&eynds et al.1999], but that there also exists
a longer-term trend of reduced moisture potentially relatetropical surface and sea
surface temperature increases. Increases in global tampemay fundamentally alter
the suite of climatic and biophysical conditions that maimtcloud forests environments
[Pounds et al. 1999;Still et al, 1999]. The observed and modeled sensitivity of the
hydroclimatology of tropical cloud forests to broad-scelienate variability and change
indicates that they may be optimal locations at which to tgvproxies for paleoclimate

reconstructions.

1.2.5 The stable isotope approach to tropical dendroctiftogy

Stable oxygen isotope ratio®f0) offer an analytical approach to resolving both
chronology and climate signal in tropical tre&vgns and Schrg@004]. The advantage
of this approach to tropical dendrochronology is that itsloet rely on the formation nor

width variations of annual growth rings, which in tropicedés can be absent or may not
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reflect local climate variability. | hypothesize that €0 value of cellulose in tropical
montane cloud forest trees from Central America preserves@d of plant water use
that reflects regular seasonal changes in hydroclimatolbiggse cycles can be used for
chronological control in the absence of rings. Annual oxyg®tope cycles have been
previously identified in lowland rainforest&yans and Schragg2004;Poussart et al.
2004;Verheyden et a12004].

The 680 of cellulose in the stem of a tree reflects the original oxyigotope
composition of the source water (precipitation or cloudesgtthe isotopic enrichment
via transpiration in the leaves, and the fractionation eis¢ed with the synthesis of
a-cellulose from sucroseRoden et al. 2000; Barbour et al, 2004; McCarroll and
Loader, 2004]. Assuming the latter is constant, cellulose in cléu@st trees should
therefore reflect both the amount of rainfall received amsha&tic influences on the rate
of evapotranspiration from the leaf. On annual time scatethis conceptual model,
cellulosed?B0 is controlled by the seasonal changé’ifO of source water as determined
by the amount of rainfall and the utilization by trees of éaddlie cloud water. On
interannual time scales, departures from the mean annald aye likely to result from
anomalous rainfall and changes in temperature, relativ@dity, and evapotranspiration.

My selection of tropical cloud forests as a site for tropjgalleoclimate reconstruction
parallels, in a somewhat paradoxical manner, the apprdastassical dendroclimatology
in seeking out sampling locations where trees are likelyetsdnsitive to relatively small
changes in annual climate. In temperate regions and fa wéh regular annual changes
in morphology or wood density, these are typically dry ordcsites at the limits of a
species range. For tropical isotope dendroclimatologwever, | seek a research site
which is wet enough to allow trees to grow throughout the ygeiris subject to regular

seasonal changes in the stable oxygen isotope compositiavadable moisture that
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provides the means of establishing annual chronology.dac:forest environments, the
largest interannual changes of interest are likely to bes@aton rainfall and dry season
cloudiness. As such, site selection for tropical isotop®ddeclimatology is very different
from that of classical field approaches in dendrochronolaggrms of climate regimes,

but the guiding principle is the same.

1.2.6 Monteverde, Costa Rica

My study focuses on the Monteverde Cloud Forest in Costa Ritare environmental
and meteorological data available over the last 20 yeargges the data necessary to
validate this hypothesis. The existing environmental diadan Monteverde also reveal
that its local climatology reflects interannual varialiiit the Pacific related to ENSO, as
well as apparent long-term trends potentially related tailar trends in tropical air and
sea surface temperatures.

Several recent publication${ill et al, 1999; Pounds et al. 1999; Lawton et al,
2001] have explored the specific issue of the impact of ciémairiability and global
environmental chance on these tropical montane cloudtbie€osta Rica. The impetus
for this research was the population crash and eventualatixth of the Monteverde
Golden Toad after the 1987 EIl Niflo event, as well as popmraleclines in other anuran
and lizard populations, and observed changes in the ebeatrange of several bird
speciesPounds and Crumpl994;Pounds et al.1997, 1999Pounds and Puschendorf
2004; Pounds et al.2006]. Still et al. [1999] used the GENESIS GCM to simulate
relative humidity and lifting condensation levels (LCL)rfdoubled CQ conditions.
Using both calculated relative humidity surfaces and whiimdex values, they concluded
that anthropogenic global warming could shift the altitdecloud forests upward by

more than 200 meters. Other studies have found that LCLsatidorest sites could
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shift upward by as much as 400 to 500 metdtssfer, 2001]. Pounds et al[1999]
found that dry season mist and cloud frequency at Montewsedenegatively correlated
with Pacific SSTs. A positive trend in dry days (increasingnber of dry days/year)
remained even when taking into account the influences of VERMI®O events, apparently
indicated some longer-term trend underlying interannaadability. An earlier study
of the relationship between precipitation at Monteverdé BNSO eventsHounds and
Crump 1994] had found higher temperatures and lower seasoné&Haiuring the 1982-
83 and 1986-87 EIl Nifio events, indicating that warmer SSdiewnducing warmer, drier
conditions. Because they occupy an altitudinal range gmolg@phy associated with very
specific climatic conditions, tropical montane cloud fasesay also be some of the first
ecosystems to unequivocally show the consequences ofoaotpenic global warming,

and may provide early indications of the impacts of globalgerature rise.

1.3 Research Approach

My focus on the application of tropical stable isotope deestimatology in the cloud
forests of Monteverde in Costa Rica accomplish several temmgntary goals. First and
foremost, it does not require the identification of treeswaliable annual growth rings,
instead using the isotope hydroclimatology of the cloug$bifor both chronology and
paleoclimate signal. Second, | am able to take advantageeadensitivity of the local
climate of these forests to broad-scale forcing in orderdwetbp the basis for using
cloud forest trees to develop proxy records of past ocemumosthere variability. Finally,
a reconstruction of the local, dry season climate condit@nMonteverde allows recent
changes identified from the short instrumental record tonberpreted in the context of

interannual variability and trends over several decades.
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CHAPTER 2

PRESENT STUDY

The research presented in this dissertation is focusedeothevelopment and application
of a stable isotope approach to extracting annually-resbbklimate information from
trees without rings in tropical cloud forests in Central Aroa. Specifically, | first
investigated the purity and isotopic composition of celad extracted from whole wood
using a rapid chemical processing procedure. Using thigpkapreparation method and
analytical protocols for tropical isotope dendroclimatp} [Evans and Schrag2004],

| then established the basis for developing high resoluii® records from cloud
forest trees at Monteverde. | used a calibration study to rtes hypothesized age
model and identify the existence of a wet season precipitagignal in the isotope time
series. | also conducted an additional pilot survey alonglavation transect to identify
promising candidate species and sites for long climatenstcactions from the upper
cloud forest and transition zone. | identified and selectedune canopySapotaceae
from above 1500m and used analyses of these trees to devielogexd'80 chronology
and to investigate the link between local climate at Momt@geand broad-scale ocean
atmosphere forcing. The methods, results and conclusitigsaresearch are presented
in the papers appended to this dissertation and the follpigia summary of the methods

used and the most significant results.
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2.1 Evaluation of a rapid-cellulose extraction protocol

| used Fourier Transform Infrared Spectroscopy (FTIR)jaearbon assays, and stable
oxygen isotope analyses to evaluate a rapid cellulose aepa protocol for wood
samples from tropical trees. Paired comparison of re@iédtO measurements on
sets of laboratory standard wood powders arnckllulose established that there was no
statistically significant difference between samples essed using traditional methods
[Leavitt and Danzerl993] and those prepared using the Brendel metBoehdel et al.
2000]. Radiocarbon dating, however, revealed a small @sgfreontamination sufficient
to significantly bias absolute age estimates. My analysiBTdR spectra revealed that
the contamination was cellulose acetate formed during deligjnification. FTIR and
radiocarbon analysis suggested that contaminant acetylpgrwere not removed by
strong alkali saponification, nor by other methods useddwgnt acetylation. However, |
proposed a statistical correction to allow wood samplesgssed tax-cellulose using
the Brendel technique to be corrected for contamination @tiited for chronology
development. My study design enabled me to establish tletBtiendel technique
could be used for stable oxygen isotope analysis, to idethtd cause and consequences
of sample contamination during processing, and to developreection to allow the
technique to be reasonably to radiocarbon dating. My asssgf the Brendel method
for applications in high resolution tropical isotope desadlimatology is contained in the

article manuscript attached as Appendix A.

2.2 Stable oxygen isotope chronology and climate signa@lon fromOcotea tenera

| used high-resolution stable oxygen isotope analysis omdw&rom planted and
monitored Ocotea teneran order to demonstrate that chronological control in trees

without annual rings could be established usifi§O cycles imparted to the xylem
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of cloud forest trees due to seasonal changes in the moistgime. Cores that |
collected from these plantation trees were microsampbadaeed too-cellulose using
the Brendel technique, and thé#O was measured by continuous flow isotope ratio mass
spectrometer. | identified requlé®O cycles in wood of up to%®,, which were associated
as | had hypothesized with the seasonal changes in preémpit@nd moisture sources.
The calculated annual growth rates | derived from the isotiipe series match those
observed from long-term basal growth measurements, canfirmy hypothesized age
model. My statistical analysis of the interannual anonsahehe amplitude of the oxygen
isotope cycles ifDcotea teneraevealed that, at this site, they are primarily controlied t
interannual changes in summer precipitation. | also usextwafrd mechanistic model
of the relationship between monthly climate (precipitatfideemperature, and relative
humidity) to independently confirm the detection and idégtion of the annua$'®0O
and their relationship to climate.

| sought to identify trees from which | could potentially @dop longerd80
chronologies for paleoclimate analysis using a pilot ipatasurvey of nine additional
trees along an elevational transect from the transitiooaket forest zone up to the
continental divide. Trees from elevations above the onggacloud bank showed
larger interannual variability, but less consistentlywbd coherent annual cycles. The
confirmation of annual chronology and sensitivity to interaal climate anomalies
verified my heuristic, conceptual model of the seasonalyahand interannual controls
on cloud forest tree xylera'®0. These data further indicated that trees from higher
elevation sites within the persistent orographic clouddetrMonteverde could preserve
a record of past variability in dry season climate. My caliion study establishing the
basis for tropical isotope dendroclimatology in the clooists of Costa Rica is contained

in the article manuscript attached as Appendix B.
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2.3 Reconstructing dry season climate variability frBapotaceae

Following my validation of the annual chronology and clieaignal from the lower
forest plantations, | applied this same analytical apgnadacmatureSapotaceadrees
from the upper elevation cloud forest. High-resolutiontag® measurements along
the growth radius of these trees revealed coherent annaéscin 0180 that | then
used to establish annual chronological control in the ateseri growth rings. | also
used radiocarbon dates to verify the age models establisiag thed'80 time series,
including the identification of a growth hiatus not eviderarfi the 6180 data alone.
The annual maxima and amplitude of the oxygen isotope cyeldscted interannual
variability in dry season orographic cloud cover, moistadvection, and temperature.
The minima of the annuai'®O reflected summer precipitation anomalies. Positive dry
seaso'®0 anomalies are associated with El Nifio events and weaktraasterly trade
winds. | interpreted lower frequency (multidecadal) vaiiity in the amplitude of the
5180 time series be potentially related to climate trends in ttopical Atlantic and
changes in the frequency of ENSO events in the tropical Raéificording to my oxygen
isotope chronology from cloud foreSapotaceaethe extinction of the Monteverde
Golden Toad after 1987 occurred during one of the driesbgerin the last 50 years,
and potentially in the last century. The development of &arigotope chronologies from
Sapotaceaand my analysis of these records in the context of local anblagpatterns of

climate variability are contained in the article manustcaitpached as Appendix C.
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A.1 Abstract

Light stable isotope analyses are increasingly becoming g multiproxy, high-

resolution approaches to the reconstruction of past cligiom trees. The extraction of
a-cellulose from whole wood is now the primary time-limitifegtor in the development
of long and well-replicated tree-ring isotope chronolsgieHere, we use infrared,
radiocarbon, and stable isotope analyses to investigatgid processing technique
for extracting cellulose from whole wood for isotope derdirnatology. Replicate

laboratory standards processed using the standard Breretbbd are not significantly
different with respect t6180 from those prepared using traditional techniques, atihou
the process does result in a slight acetylation of the woadpkss. Radiocarbon
comparisons, however, show significant differences. Wecloole that the Brendel
method is appropriate for developing stable isotope tim@eseor high-resolution

isotope dendroclimatology, but must be used with cautianpi@cision radiocarbon
measurements. We propose a simple statistical correctipthbse instances where

Brendel must be used for radiocarbon analyses.
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A.2 Introduction

Stable isotope analysis of tree-rings for the study of paiemonmental and plant
physiological processes has typically focused ondheellulose component of wood,
necessitating the removal of resins, lignins and non-lmtiupolysaccharides, or
hemicellulose, prior to measurementa-cellulose is by definition the components
of a cellulosic material which are insoluble in a 17.5% solutof NaOH at 26C,
which includes primarily cellulose but also small amourftéignin, hemicellulose, and
extractives which cannot be removed even under these tom&l{Green 1963;Leavitt
and Danzer 1993;Gaudinski et al.2005]. The goal of extracting cellulose for stable
isotope analysis is not, however, to arrivexatellulose simply by processual definition,
but rather to remove as much of the unstable, translocatexchangeable noncellulosic
components as possible in order to consistently isolatenibst stable component of the
wood.

The use of specific wood components is often preferred bectnesnoncellulosic
compounds can be deposited after the time the ring itselbriméd, may be radially
translocated, and have different isotopic signatu@say and Thompsqri977;de Water
et al, 1994]. While recent studies suggest that for both stabiboraand oxygen
isotopes the climate signal is preserved in whole wdgmt¢lla et al, 1999;Saurer et al.
2000; Barbour et al, 2001; Saurer et al. 2002;Loader et al, 2003;Verheyden et al.
2005], analysis of specific compounds is still desirablesmassary in some applications,
including radiocarbon analysi$ipper et al, 1998], analyses of fossil wood that may
have experienced heterogeneous decomposiiionl¢ser et al1999;Poole et al, 2004],
and those instances where mechanistic modets-oéllulose synthesis will be used to
interpret the climatic influence on stable isotope rat®sden et al.2000;Evans 2007].

Analyses usingr-cellulose may also be preferable to avoid potential bi&sesotope
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time series as a function of spatiotemporal changes in taéue contribution in whole
wood from lignins, hemicellulose, andcellulose.

Here, we investigate a procedure for rapidly produaingellulose for use in high-
resolution stable isotope dendrochronology. The Brendsthod Brendel et al. 2000;
Evans and Schrag2004] allows on average 100 samples per day to be extraoted t
o-cellulose and prepared for analysis the following day. tthmodified form Evans
and Schrag2004], it also permits the use of very small initial wood gdes (400
19g). Furthermore, the Brendel method also uses smaller digsndif less toxic reagents,
reducing both chemical waste (less than 1.5 mL of waste papkd and the potential
hazards to laboratory personnel. Unlike traditional esticen procedures, however, it
uses a hot nitric-acetic acid step to simultaneously rerbote lignins and hemicellulose
from wood samples. It is important to understand how ceflelextracted using the
Brendel procedure compares to samples prepared usingidreditechniquesGreen
1963; Leavitt and Danzer1993; Loader et al, 1997] and to determine the efficacy
of the procedure in removing extractives, lignins, and leethilose. Potential biases
introduced by alternative chemical preprocessing prdsocould include a difference in
means or a reduction in variand8dudinski et al.2005]. The former could complicate
intercomparison with other studies, while the latter miggad to underestimation of

environmental variability as reflected in isotope time&gri

A.3 Methods

A.3.1 Sample preparation

We used three laboratory wood and alpha cellulose standatis study. We prepared
our Arizona/PeruviarProsopis(APP) laboratory wood standard by repeatedly grinding

a radial cross section collected in 2001 from a liviRgpsopis sp. near Piura, Peru,
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until the wood powder could pass through a ABbsieve. The Alaska White Spruce
(AWS) standard was previously prepared by grinding to280a cross-section (UA-
BCLV-132) of Picea glaucawith a total of 172 annual rings collected in the early 1990s.
We used Sigma-Aldrich (Batch 024K0329) Alpha Cellulose C34or our a-cellulose
control standard.

Samples (8 mg) of the whole wood standards (APP and AWS) wer®benized and
separated using a microsplitter (ACS Scientific, Jamest&Nrand sealed in commercial
digestion pouches (ANKOM Technology, Boston, MA). Theserav@rocessed to
holocellulose in a soxhlet apparati&heu and Chiul995;Hoper et al, 1998] using a
modified Jayme-Wise procedui@ieen 1963;Leavitt and Danzerl993]. Samples were
progressively extracted with toluene/ethanol, ethardd, lzoiling deionized water. They
were then delignified in an sodium chlorite-acetic acid sofuat 70C and thoroughly
rinsed in deionized water. The resulting holocellulose gaswere then converted to
a-cellulose by treatment in a 17% NaOH soluti@réen 1963;Borella et al, 1998] and
dried in a warm oven.

Replicate samples (1 — 1.5 mg) of the whole wood and induistrizellulose (APP,
AWS, and SAC) were processed following the standard Bremathod Brendel et al,
2000] as modified for small sample processiitydns and Schrag2004, , hereafter
‘SBrendel’]. Samples were heated at 220in a 10:1 mixture of 80% acetic acid and
70% nitric for 30 minutes. Samples were then washed with 188%nol and de-ionized
water and subsequently dehydrated with consecutive additwashes of pure ethanol
and acetone. Samples were dried for 30 minutes in a warm aneiithen overnightin a
vacuum desiccatoBvans and Schra@004].

We also processed a set of 1 to 1.5mg wood and cellulose sar(tpheC, APP,

and AWS) using the ‘Modified Brendel’ metho&udinski et al. 2005, , hereafter,
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‘MBrendel’], which adds a 10 minute 17% NaOH extraction aadesal additional water

rinses to the published Brendel procediBegndel et al,2000;Evans and Schra@004].

A.3.2 Stable isotope and infrared analysis

For stable oxygen isotope analysis, 100 to 18 cellulose samples were loaded in
silver capsules and converted to CO online by pyrolysis irharmoFinnigan Thermal
Conversion/Elemental Analyzer (TC/EA) at 1480 The stable isotopic composition of
the CO was then analysed on a ThermoFinnigan Delta Plus Xtimzgus flow isotope
ratio mass spectrometer. Data are reported relative tondiedtandard Mean Ocean
Water (VSMOW). External precision for oxygen isotopic m@asnents during these
experiments based on a Bakecellulose standard was 0.45(VSMOW).

For radiocarbon analysis, carbon was extracted from thgkesnm the form of CQ
using conventional combustion methods. The volume of thésed and purified gas was
measured and the G@vas reduced to an iron carbide powder over hot zinc. Radiocar
measurement was performed on a National Electrostaticsl@&@tor Mass Spectrometer
at the University of Arizona-NSF AMS Facilityfjonahue et a].1990].

Fourier Transform Infrared Spectroscopy (FTIRufzig et al, 1994; Moore and
Owen 2001] was performed using a Thermoelectron (Nicolet) Avapectrometer at
a resolution of 4 cm!. The spectra were all obtained using a single-bounce didmon
Attenuated Total Reflectance (ATR) accessory. At least twplidate spectra were

obtained in every case to verify the results.
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A.4 Results

A.4.1 Stable isotopes and radiocarbon

Stable oxygen isotope measurements on the paired groupgplafate laboratory wood
and cellulose standards shows no statistically signifidéfgrence (two-tailed t-tesiy

= 0.05) between those processed using the SBrendel metltbthase extracted using
the Leavitt-Danzer procedure (Figure A.1, Table A.1l), althh the intercomparison
for the industrial Sigma Alpha Cellulose is statisticalifferent at a lower significance
threshold ¢ = 0.10). Significant differences are observed (Figure Adjyever, in the
fraction of modern radiocarbon (FMC) measured in replicamples processed using
SBrendel and MBrendel, Leavitt-Danzer, and a standard-lzese-acid (hydrochloric
and sodium hydroxide)JeVries and Barendseid954] procedure. Wood and cellulose
samples processed using Leavitt-Danzer and acid-badg/aBiA) pretreatments have
consistently higher fractions of modern carbon (FMC), velasrsamples processed using
SBrendel and MBrendel have reduced FMC, indicating comtatian by radiocarbon-
depleted sources. For both wood and cellulose standaredsftbet between Leavitt-
Danzer and SBrendel is consistently 0.07 to 0.08. Wood sssnpftocessed with
MBrendel show FMC values inconsistently intermediate leetwwSBrendel and Leavitt-
Danzer and ABA (0.05 to 0.14). The Sigma Alpha-Cellulosecpssed with MBrendel

actually shows further decreases in FMC relative to Ledvahzer/ABA.

A.4.2 Infrared analysis of compounds

Figures A.3, A.4, and Al5 show the FTIR spectra for in-housmdvanda-cellulose
samples. Consistent with previous studiBsepdel et al. 2002], SBrendel-processed

whole wood shows removal of resins (Figure 3, Peak1600 cntl), lignin (Figure 3,
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Figure A.1: Boxplots fos180 measurements on replicate Sigma Alpha-Cellulose (SAC),
Arizona/PeruviarProsopis(APP), and Alaska White Spruce (AWS) laboratory standards
prepared with Leavitt-Danzer and SBrendel techniquedowolig Tukey [Tukey 1977],
boxes show the interquartile range, with the notch-linegating the median. Whiskers
demarcate values within 1.5 times the interquartile rangeall three cases, there is
no significant difference (two-tailed t-test, 95% significa level) between the samples
processed by the two methods.
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Standard Material Xg(%0) X.p(%c) d.f. t-statistic p-value

SAC 30.99 3151 37 -1.99 0.054
APP 31.26 31.16 28 0.25 0.808
AWS 23.03 23.26 37 -0.88 0.387

Table A.1: Statistical intercomparison of wood and celbalprepared with SBrendel and
Leavitt-Danzer techniqueg is the mean of the samples processed using the SBrendel
technique X, p is the mean of those processed using Leavitt-Darnzérjs the number
degrees of freedom, which is based on the number of samplesurez that passed data
quality control for minimum voltage. Also shown are the esd the Student’s t-test

and the significance levep(> 0.05 indicates no statistically significant difference in the
means).
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Figure A.2: Fraction modern carbon determinations (FM@nfrAMS radiocarbon
assays at the University of Arizona’s Accelerator Mass 8petetry Laboratory.
SBrendel-processed samples are consistently offset fram RBA, and Leavitt-Danzer
processed samples suggesting a 6% contributidf@tlead carbon from a contaminant,
most like acetyl groups inherited for acetic acid). MBrerg®cessed methods show an
inconsistent offset.



46

Peak 2; 1550 to 1450 cm) and noncelluloic polysaccharides (Figure 3, Peak 3; 1230-
1180 cntl) (Figure[A.3a) However, samples (both wood andellulose) processed
with the SBrendel method are characterized by infraredtspedth 3 peaks that are
not present in wood or cellulose processed using LeavitzBaat~1720, 1245, and
1110 cnt? (FigurelA.3, Peaks 4, 5, 7, and 8). Additionally, the peakrne@00 cn?t
(Figure 3, Peak 9) seen in all samples is less distinct iretposcessed using SBrendel.

The peak near 1720 cmis reduced and shifted toward a maximum near 1710%m

but is not fully removed by the MBrendel NaOH extraction (kg A.3b, A.4, A.5).
This peak reduction and shift is consistently detected itee®ging close to instrument
wavelength resolution. The NaOH wash does appear to shérpgreak near 900 cm,
but interestingly also removes the peak near 1430%crwhich is present in both the
unprocessed and SBrendel-processed SAC samples, and raddsliional peak near
3430 cn1l, something which is also seen in the Leavitt-Danzer pramksamples (not
shown). For the samples that were put through the additibrfdl NaOH wash, the peaks
at 1245 and 1110 cnt also disappear (Figure A.3b).

A.5 Analysis and Discussion

A.5.1 Stable isotopes and infrared spectra

Statistical analysis of the stable oxygen isotope measem&sron laboratory standard
material reveals that no significant bigs & 0.05) is introduced by our small-sample
SBrendel method fo#180 analysis. This finding is consistent with previously reépdr
results Evans and Schrag2004] for a small set 0§80 samples, as well as faf3C

as reported brendel et alJ2000], but differs from the conclusions of Gaudinski et al.
(2005) [Gaudinski et al.2005]. This discrepancy may be the result of comparingcbfiit

techniques across tissue types, (leaves, wood, root8amef considering xylem wood
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Figure A.3: Area normalized absorbance spectra derivad #0R FTIR analysis of
(a) unprocessed and SBrendel-processed Arizona/Perévasopis(APP), compared
against Sigma Alpha Cellulose (SAC), and (b) SBrendel- arigtévidel-processed as
well as unprocessed SAC. Number labeled spectral peaksnoistshow characteristic
wavelengthsPutzig et al, 1994;Stewart et al. 1995;Krasovskii et al. 1996; Vazquez
et al, 1997;Pandey 1999; Brendel et al. 2000; Adebajo and Frost2004b;Sun and
Tomkinson2004;Silverstein et al.2005;Rinne et al. 2005] for (1) resin, (2) lignins, (3)
hemicellulose and cellulose acetate/acetic acid, (4,8e8)ble cellulose acetate/acetic
acid, and (5) insoluble cellulose acetate. Peak (6) is rechdoy the Leavitt-Danzer
method, even though it is still present in SBrendel-proegésand rawux-cellulose(See
Figure 4 and 5). Slight differences in the normalized aredeurthe curve reflect
between-sample differences in cellulose adsorbed watass&bands (not shown) are
disproportionately strong and vary with relative humidity
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Figure A.4: Area normalized absorbance spectra deriveoh fATR FTIR analysis

of Arizona/PeruvianProsopis (APP) processed using SBrendel, Leavitt-Danzer and
MBrendel. Spectra from untreated Sigma Alpha CelluloseGBand Arizona-Peruvian
Prosopis(APP) are shown for comparison. Shaded vertical bars shovelemgths
discussed in the text associated with the acetylizatian-ogllulose.
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Figure A.5: Area normalized absorbance spectra derived #@R FTIR analysis of
Alaskan White Spruce (AWS) processed using SBrendel, tteBanzer and MBrendel.
Spectra from untreated Sigma Alpha Cellulose (SAC) andk&adVhite Spruce (AWS)
are shown for comparison. Shaded vertical bars show waytlemiscussed in the text
associated with the acetylization @fcellulose.
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separately. Leaves and roots, in particular, may pose eplart challenge for cellulose
extraction. In this respect, however, concerns raise@Ghaydinski et al[2005] apply
equally for any methods used to extraetellulose from these tissues.

Peaks in the FTIR absorbance spectra for SBrendel sampled 720, 1245, and
1110 cnt! are associated with carbonyl group C=0 and C-O bond strejclaind are
most likely related to the presence of cellulose acetateriacdtate estersCherian
et al, 1994; Krasovskii et al. 1996; Matsumura and Sakal992; Adebajo and Frost
20044a;Sun and Tomkinser2004; Silverstein et al.2005]. The appearance of FTIR
peaks in the regions associated with cellulose acetate wgeally interpreted by
Brendel et al[2000], using DRIFT spectroscopy, as arising from modified-aellulosic
polysaccharides (glucimannans) present in the wooRiofis sylvestris Our infrared
analysis, however, indicates that it is a slight acetyfatb cellulose that is causing the
differences detected in the radiocarbon results and NMBtggsEopy in previous studies
[Gaudinski et al.2005]. If it were instead acetic acid residue, as has baematively
suggestedGaudinski et al.2005], we would expect the diagnostic peaks in the carbonyl
band (C=0) near 1700 cm and the C-O band near 1250 ti[Sun and Tomkinsgn
2004;Silverstein et a].2005].

Furthermore, it is highly unlikely that acetic acid residweuld persist following
treatments in strong NaOH and subsequent repeated sohasites. Differences in
SAC processed with SBrendel and MBrendel (Figure 3b) mighpartially related to
acetic acid residue or perhaps to removal of acetylized-iasioluble hemicelluloses,
but the diagnostic peak nearl720 cnt! is almost certainly indicative of cellulose
acetate formation. The shift of this carbonyl peak towardaximum at~1710 might
indicate partial hydrolysis of the acetylizedcellulose Bun et al.2005b], but it is clear

that saponification is incomplete and a portion of the ceHlalacetate or triacetate ester
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remains insolubleNlatsumura and Sakd992]. We believe that the acetylation found
here is similar in nature to that reported previously fobktasotope analyses of pollen
grains Amundson et al.1997; Loader and Hemming2000], where it occurs occurs
during standard acetolysis procedures for pollen extsacind preparationdharman
1992], and in industrial chlorine-free pulping applicatsdSun and TomkinsQi2004].

The SBrendel method does successfully delignify and renmoest hemicelluloses
from our whole wood samples. The method, however, slightBtydates some of the
non-extracted cellulose fraction. A similar conclusiomabthe efficacy of the cellulose
extraction and the concomitant acetylation has been reafciendustrial applications
of the nitric/acetic acid delignification approacBun and Tomkinsgr2004;Sun et al.
20044, b, c, 20054, bXu et al, 2005]. One hypothesis concerning the shape of the
peak near 900 cmt and the presence of additional bands near 1240 and 1116 cm
could be that they are related to incomplete removal of sags&wal (alkali-soluble)
hemicellulose; however, since the SAC processed with theei8l method also has
these features (Figure A.3b), it must instead be predortiinaglated to the creation
and presence of acetylized cellulose. The additional of a@M step Brendel et al.
2002], or use of the MBrendel techniquédudinski et al.2005] may indeed remove
some remaining acid-insoluble hemicelluloses and anygbgracetylized hemicelloses
[Liu and Hsieh 2002;Son et al. 2004], but still incompletely removes the acetylized
a-cellulose. That the diagnostic peak near 1720 trargely remains even after the
alkaline hydrolysis suggests perhaps that either a podidhe cellulose acetate cannot
be deacetylized by saponification in NaOH, possibly bec#us€=0 bonds cannot be
readily hydrolyzed, or that partial hydrolysis of the cédke acetate does occur, but
an additional solvent treatment is necessary to subsdgudissolve and remove the

remaining acetate.
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Gaudinski et al.[2005] conclude that the SBrendel potentially leaves behin
hemicelluloses, lipid and/or waxes, as well as acetic aoidtamination which can
potentially bias stable isotope measurements. As we halieated here, however, the
primary contaminating residue is most likely a small amanirmsoluble cellulose acetate
which persists even after the application of a strong atkeditment and additional water
washes in the MBrendelJaudinski et al. 2005] protocols. The NMR spectra which
Gaudinski et al[2005] identified as diagnostic of lipids and waxes is alsagdistic
for the presence of cellulose acetatifi et al., 1994; Ohkoshi et al. 1997; Kono
et al,, 2002;Czimczik et al.2002;Bootten et al.2004], which would also explain the
apparent inconsistency between the higé® values they observed for Brendel samples
in contrast to the expected lighter values that would reSaln incomplete removal
of these compounds. Because the dominant contaminatigors dcetyl groups, with
one oxygen atom and two carbon, there is no biochemical ne@soonclude thatO
analyses utilizing wood processed with SBrendel techrsgseany more problematic
than for!3C isotope ratios. That there is no difference/{AC rations between SBrendel
and traditionak-cellulose preparation methods despite this contaminatimgests that
the carbon isotope signature of the contaminating acebdgg is similar to that of the
cellulose of C3 plants. This could be tested by using a CAdstahlike maize or sugar
cane, as opposed to wood from C3 trees as has been previons{Biendel et al.2000;

Gaudinski et al.2005].

A.5.2 Approaches to deacetylation

Our experiments with a variety of pre- and post-treatmentgefailed to completely
remove the small amount of acetylized cellulose as inditatethe 1710-1720 cmt

peak. Our experimental goal was to either prevent acetylaturing the delignification
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step, or to remove ipost hocfollowing acid digestion. Approaches to solubilizing
the refractory cellulose acetate using extended, hot ialegdonification with NaOH
(0.05 to 4N) in various combination of water and in etharldu[and Hsieh 2002;
Son et al. 2004] failed to further reduce or shift the diagnostic FTi&ak near 1710
cm~L. There was no detectable difference as a function of teriyreratime, solvent,
or alkali normality. Adding extended vortex mixing betwedaOH washes likewise has
no discernible effect. We also attempted to prevent adatylaising sulfolane as an
additional solvent during delignificatioz@leski et al.2002], but FTIR spectra indicated
that acetyl group substitution still occurred. The additaf other solvents during the
acid delignification step could in theory help reduce thenawval acetylation, but it may
be impossible to prevent the conversion of some number dfyteoxyl groups to acetyl
groups Ramsden and Blakd 997;Saka et al. 1998]. The overall inefficacy of these
experimental methods may be a consequence of the low-treterogeneous or random
nature of the minor acetylization of the cellulose struetuvhich could render the acetate

fraction largely insoluble$assi and Chanzy995;Klemm et al. 1998].

A.5.3 Radiocarbon analysis

Radiocarbon assays demonstrate significant differen¢e®ba samples processed using
SBrendel and those prepared with conventional pretredgmeriFurthermore, these
differences are not resolved using the MBrendel procedGaulinski et al. 2005],
indicating that both SBrendel and MBrendel protocols idtroe contamination from
radiocarbon-dead sources, and should be used with coabldetaution. It remains
unclear whether the MBrendébpudinski et al.2005] technique should be used for either
radiocarbon or stable isotope analysis, though, sincepears to inconsistently remove

acetylized cellulose components (Figure A.2), at leastsscthe wood and cellulose types



54

examined in our study. The use of a weak NaOH wasBigndel et al[2002], without
additional solvent washes, has a similar effect on the etedbcellulose as the MBrendel
technique, but also leaves a considerable alkali residuelwdan be readily detected in
the FTIR spectra (results not shown).

Using our radiocarbon measurements (Figure A.2, Table, A.&mple mass balance
equation comparing samples processed using Leavitt-DamzeSBrendel suggests that
approximately 6% of the carbon (and therefore, approxilpe8@o of the oxygen) in
the SBrendel samples comes from the contaminating acetylpgt This assumes that
petroleum-derived acetic acid possesses no detectdBle This percentage is also
consistent with preliminary tests of the Brendel methoddemted byPoussar{2004].

Ultimately, however, the choice of-cellulose extraction protocols for environmental
and paleoenvironmental studies will depend rather spatiificon the particular
application. The Brendel technique, even without the amldii of an NaOH wash, is
acceptable for stable oxygen isotope analysis, but not arynnadiocarbon applications.
Other, non-dendroclimatological uses, especially thaspleying plant tissues besides
wood, need to be closely examine@dudinski et al. 2005], although this issue is
generalizable to all cellulose extraction procedures, aatllimited to the Brendel
procedure. Wood types with considerable resin contentjcpdarly pines and other
conifers, often require additional treatments even ustagdard Leavitt-Danzer type
protocols Miller et al., 2006]. We continue to investigate changes to the SBrendel
procedure which preserve its advantages in terms of spaetjle size, and safety for
removing the insoluble fraction of the acetylized cell@o® allow this technique to be

used in the future for radiocarbon analyses.
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A.5.4 A statistical radiocarbon correction

Radiocarbon measurements on a range of wood types and aggstently shows that
the contamination with*C dead carbon due to the SBrendel method is approximately
6+0.8% (Table/ A.2). The similarly between the mass balance Gions of the
percent of radiocarbon-dead contamination suggestsftindhe delignification duration,
temperature, and acid molarity used in the Brendel prosodekcribed byEvans and
Schrag[2004], the degree of acetyl group substitution is similatween samples. This
finding leads us to believe that, in the temporary absenceaf@dural chemical solution
to the acetylation bias, a statistical correction can bdiego develop a corrected
radiocarbon date.

An example of this correction is shown in Figure A.6. Accongtfor the observed

64-0.8% contribution from a carbon source with FMC = 0,

FM Ccorrected =FM Cmeasured(:L - 0-06) (A-l)

results in calibrated calendar ag&rdnk Ramsey1995] with a difference of less
than 1 year during the post-1955 atmosphéfie peak that resulted from aboveground
atomic weapons testingHua et al, 1999; Reimer et al. 2004a;Hua and Barbetti
2004], compared to radiocarbon dates on wood processed tigrtraditional Leavitt-
Danzer technique (Figure A.6). Errors could be somewhaggelafor portions of the
radiocarbon curve between 1700 and 1950, during which tiangel oscillations in
atmospheric*C production make precise calibration difficuR¢imer et al. 2004b];
however, the calibration errors associated with the widegeaof probability density
functions for single radiocarbon determinations durirgt time period are substantially
larger than those arising from the uncertainty in the SBeémarrection. Whenever

possible, replicate radiocarbon assays on samples pestessng both SBrendel and



Sample Identification FMg FMC, % contamination reference

AA64893 1.114 (0.0088) 1.1908 (0.0058) 50.6% this study

AA64894 1.0693 (0.0047) 1.1558 (0.0056) F0L4% this study

AA64895 1.0889 (0.0054) 1.1573(0.0062) £B55% this study
Brendel-A02 1.5247 (0.0061) 1.6453 (0.0108) -5100% Poussart 2004;Poussart et a].2004
PG1-1 1.0941 (0.0043) 1.174(0.0045) 6B4% Poussart 2004;Poussart et al.2004
AA74380 1.0143(0.0083) 1.0842 (0.0088) £10% Anchukaitis et a].2007
Mean @) 6.04+0.8%

Table A.2: Radiocarbon offsets associated with the Bretetdinique with no NaOH step- MCy, is the measured fraction
modern carbonF MC, is the ‘actual’ fraction modern carbon measured on traditily extractedxz-cellulose [eavitt and

Danzer 1993;Westbrook et al.2006]. Percent contamination is the calculation of thetrioution from a radiocarbon dead
source (FMC = 0).

9G
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Leavitt-Danzer or ABA can help verify the correction facoposed here. Alterations
to the SBrendel procedure, such as a change in the time oretatope of the acid
delignification step, or a change in the strength of the aaatid, would be expected
to change the degree of acetylation and therefore the mafgnitf the contamination and

the necessary correction factor.

A.6 Conclusions

Wood and cellulose samples prepared using the standardi®@rerethodology Evans
and Schrag2004] haves'®0 values statistically indistinguishable than those pseed
using traditional Leavitt-Danzer type protocols. More omjantly, there is no indication
that the Brendel method biases the rang&'8® variability between samplea-cellulose
prepared using this technique can therefore be securetiyfas@aleoclimate and other
time series applications, and absolute mean values canrbpared between samples
processed with either method. The Brendel method doed iesaklight acetylation of
thea-cellulose that is sufficient to bias radiocarbon measurgsigy approximately 6%,
but which can be corrected statistically if necessary. Mt does appear to remove
some of the acetyl group contamination, but results in aanaistent shift in the offset
between measured radiocarbon ages on samples extractedifferent methods. The
SBrendel technique accomplishes the goal of rapidly etitrgqwery small whole wood
samples to stable-cellulose, which is important for the application of higésolution

isotope dendroclimatology in the tropidsfans and Schra@004].
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B.1 Abstract

Tropical montane cloud forests are ecosystems intrifgitaked to a narrow range of
geographic and meteorological conditions, making thenemqally sensitive to small
changes in precipitation or temperature. We investiga@ttential application of stable
isotope analysis to cloud forest dendroclimatology at Mweatde in Costa Rica, in order
to be able to extract both chronological and paleoclimdt@rimation from trees without
annual growth rings. High-resolutio80 measurements are used to identify regular
cycles in wood of up to 9., which are associated with seasonal changes in precipitati
and moisture sources. The calculated annual growth rateseddrom the isotope time
series match those observed from long-term basal growtrsunements. Interannual
variability in the oxygen isotope ratio of lower forest tsees primarily related to
interannual changes in summer precipitation. Forward hirgglendependently supports

our detection of both annual chronology and a climate sigriakes from elevations
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above the orographic cloud bank show larger interannu&bity, but less consistently
show coherent annual cycles. The confirmation of annualndtogy and sensitivity to
interannual climate anomalies suggests that tropicaldcforest dendroclimatology can

be used to investigate local and regional hydroclimaticality and change.

B.2 Introduction

In the absence of long instrumental records, scientistesinyating the causes and
consequences of climate variability and change depend @ty pecords, which can be
used to reconstruct past ocean-atmosphere conditiongmiperate latitudes, extensive
networks of tree-ring width and density time series (‘cluiogies’) provide a high-
resolution proxy record of past climate state and varighili Relatively few such
chronologies, however, have been developed in tropicabmeg Despite some notable
exceptions [c.f.Worbes 2002; Fichtler et al, 2004; Brienen and Zuidema2005;
D’Arrigo et al., 2006;Therrell et al, 2006], tropical trees seldom develop reliable annual
rings whose variability reflects the influence of climateiability and can be used
to reconstruct past climate. Even when they appear to fomuanncrement bands,
patterns of ring width variability may be incoherent betweedividual trees, making
both chronology development and climate signal detectifficalt [ Worbes and Junk
1989; February and Stock1998; Diinisch et al. 2002; Speer et al.2004; Robertson
et al, 2004;Bauch et al.2006]. As a consequence, high-resolution, long teradgiroxy
climate records from the tropics remain sparse comparezhtpérate regions.

Tropical montane cloud forests cover as much as 50 millioctdnes worldwide
[Stadtniiller, 1987;Hamilton et al, 1995], about half of which is found in Latin America
[Brown and Kappelle2001]. These forests have high rates of endemism and are

important in regional hydrology, because they intercept eapture cloud moisture and
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nutrients, increasing available water and influencing éamemistry within catchments
and in areas downstrearBruijnzee) 1991;van Dijk and Bruijnzeel2001;Bruijnzee)
2004]. Tropical cloud forests are ecosystems found withigaively narrow set of both
geographic and meteorological conditions, and as a corsequ they are particularly
sensitive to climate changedgope and Giambellugd 998;Foster, 2001;Bush 2002].
Rising tropical surface and sea surface temperature assdowith anthropogenic
global climate change may be fundamentally altering thdeswoif environmental
conditions that create and maintain unique cloud foressystems. At Monteverde,
in the mountains of Costa Rica, the extinction of the ende@widen Toad in 1987
and subsequent species disappearances have been linkgzhters decreases in cloud
cover and moisture availability and related to rising terapges Pounds et al.1999].
Indeed, higher temperatures in montane regions throughetriopics have been linked to
widespread species extinction and alterations to clowsstdriogeographyHounds et al.
2006]. A rise in tropical air temperatures above 1000 mdtess been observed since
1970 Diaz and Graham1996]. Climate change appears to be exposing plant andaanim
communities to increased environmental stress, which rxagezbate other proximal
threats, including disease and habitat destructroof et al, 2003;Pounds et a.2006].
Limited long-term instrumental climate records from thepics, and in particular
tropical montane regionsBfadley et al, 2006], impede efforts to better understand
both global climate variability and its influence on localdngclimatology and ecology.
Without a historical baseline and the context provided mglterm climate records, it is
difficult to attribute the observed changes in climate aradagical systems at Monteverde
and other tropical mountain forests to (1) anthropogemicatie forcing Btill et al.,, 1999;
Pounds et al.2006], (2) mesoscale influences including land clearaha/fon et al,

2001;Nair et al., 2003], or (3) natural variability in tropical and extrgpioal climate.



72

Limited observational data and the lack of high resolutioyxpes from these ecosystems
also restrict any opportunity to validate GCM predictioms future change Hoster,
2001]. Both observed and potential future changes, and ltlypiothesized ecological
conseqguences, need to be placed in the context of low-fnegueecadal to centennial)
climate variability and trends over the recent past.

We hypothesize that the unique hydroclimatic conditios®emted with cloud forests
creates an annual climate signal to #1€0 in tree stems that can be used to develop
a proxy record of climate variability from tropical montanegions. High-resolution
oxygen isotope measurements can be used for both chropalagintrol and climatic
interpretation and reconstruction. Our study focuses erMbnteverde Cloud Forest in
Costa Rica where environmental and meteorological datéal@over the last 20 years
provides the data necessary to validate this hypothesisséale to develop the basis for
proxy reconstructions of interannual climate variabilising stable oxygen isotope series

from cloud forest trees without annual rings.

B.3 Hypothesis and Approach

Tropical montane cloud forests are ecosystems charagtiely frequent or persistent
orographic cloud immersiorBruijnzeel and Veneklaad998]. During the dry season,
water stripped from the cloud bank by vegetation providdicsent soil moisture such

that trees may experience no effective water defiitijnzeel and Proctar1995;Kapos

and Tanney 1985;Holder, 2004]. Precipitation, which provides the bulk of avaikbl
water during the rainy season, and cloud water, which is tiragry moisture source
during the dry season, are isotopically distinbigraham 1998]. Phase transitions
between liquid and vapor result in fractionation effectbjch create isotopic differences

between these two water sources. Condensation of cloudsolgyaphic uplift results in
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liquid water which has relatively heaw}®0 values as compared to rainfall, which has
a lowerd180 value due to progressive Rayleigh distillatibngraham 1998]. Similarly,
the limited amount of rainfall received during the dry seabas a relatively heaw§20O
signature. This is related primarily to the ‘amount effeathere the’20 of precipitation

is negatively correlated to the quantity, and is one of theng@ry causes of intra-annual
patterns in the isotopic composition of rainfall throughthe tropics (Gat, 1996]. The
amount effect is evident in the stable isotopic compositib@osta Rican surface waters
[Lachniet and Pattersqr2002].

Data from both MonteverdeFgild and Dawson 1998] and other fog-dependent
environments Ipgraham and Matthews1990, 1995;Dawson 1998] indicate that
differences of % to 6% J'%0 exist between cloud water and rainfalRhodes et al.
[2006] also report differences between dry (winter) and (@atmmer) season volume-
weighted precipitatiod20 as great as 8.%o. The waters available to plants in cloud
forest ecosystems are therefore distinctly different eetwseasond-eild and Dawson
[1998] confirmed that the xylem water of canopy trees at Maaride had the isotopic
signature of rainfall during the summer wet season. Clouttmghould be the primary
source water available to trees during the winter dry sefsbrbawson 1998].

The seasonal changes in the isotopic composition of thegpyiwater sources for
trees in cloud forests should produce a seasonal cycle ixiigen isotope ratio of
cellulose in the secondary radial growth of these tréashs and Schrag004]. Fine-
scale analysis of isotope ratios of cellulose along the greadius of a tree’s main trunk
will yield a time series of water use by the trees. The sedsycke can be used to identify
the growth increment from an individual year (with 1 cycle edlendar year), even in the
absence of visible annual banding. Significant departues the regular isotope cycle

should result from local hydroclimatic alterations, indilug precipitation anomalies and
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changes in cloudiness, moisture advection, relative hitynidnd temperature (Figure
B.1).

The relationship between the local hydroclimatology optcal montane cloud forests
and the resulting'0 value of cellulose in trees can be understood using the améstic

model developed biroden et al[2000]:

5180cellulose= 1:o'(5180wx +e)+ (11— fo)'(élsowl + €0) (B.1)

Whered'80¢eiiuiose is the oxygen isotope ratio of tree-ring cellulog&?0,,y is that of
the portion of xylem water that does not experience evaperahrichment in the leaves,
5180, is the oxygen isotope ratio of leaf water at the sites of peyithesisf, is the
fraction of oxygen in stem water that does not exchange vigheinriched sucrose that
results from transpiration in the leaf, amd is the fractionation that results from the
synthesis of cellulose. The model shows thatelluloses'®0 is influenced primarily
by the 180 of the source water taken up by the plant, and by the amouisbtdpic
enrichment of that water that subsequently occurs in thg &al whose signature is
inherited by the sucrose used in the eventual biosynthésalalose. As detailed above,
source water differences in cloud forests will be a funciwdrihe seasonal regimes of
rainfall and cloud water. Lower relative humidity levelsthg the peak of the dry season
should result in higher evapotranspiration rates and enmant of thes'80 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 ggotally-enriched water away
from the sites of transpiration in the leaves back into thenuiched source water, which
results in lowers®0 value for bulk leaf water than would be predicted from a denp

calculation based on evapotranspiration in the [Bafrpour et al, 2000]:
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Figure B.1: Conceptual model of climatic controls on thewalrand interannual patterns
of stable oxygen isotope ratios in thecellulose of cloud forest tree radial growth. The
annual cycle is generated primarily by the seasonal chanted!80 of rainfall, the use
of cloud water by trees in the dry season, and the isotopictenent of source water
by evapotranspiration during the dry season. Interanrargbility in annual maximum
values is expected to be related to temperature, relatividity, cloudiness, and moisture
advection during the dry season. Anomalies in the annualnmairare likely related
primarily to wet season precipitation amounts.
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Ac = Aj(1— pxPex) (B.2)

For our purposesA. is the enrichment of the cellulog2®0 above that of the original
source waterA| reflects the enrichment of the source water signal in thedetfe sites
of photosynthesis, as a function of the vapor pressurerdiffee within the leaf, thé*0

of atmospheric water vapor, the fractionation from the iiguapor phase change, and
the Peclet Effectpey is the proportion of oxygen atoms exchanged during the faona
of cellulose from sucrose, equivalent tg from Equation (1). px is the proportion of
unenriched water at the site of cellulose formation. Fogdairees and for cellulose
formation in the xylem, it is believed thaty approaches 1, as the site of cellulose
synthesis is sufficiently distal from the diffusion of eréd leaf water into unaltered
source water that it is primarily those waters that provigedaxchangeable oxygen during
cellulose biosynthesi8arbour et al, 2002]. In this casepy pex is equivalent tofg from
Equation (1) and represents the mixing between enriéh®@ signatures from the leaf
ands*80 from the original source water.

We hypothesize (Figure B.1) that the isotopic differencéwien wet season
precipitation and dry season rainfall and cloud water idigaht to generate annual
isotope cycles in the xylem of cloud forest trees. We relylengdeasonal shift in primary
water source to drive concomitant changes in cellulosdlgmpidentification of annual
cycles and chronology development. Interannual varigbghould be manifested as
enhancement or suppression of the amplitude of the mearahisotope cycle through
changes in precipitation, temperature, and relative hitynidvear-to-year differences
in annual maximum values are expected to be related to tetyper relative humidity,
cloudiness, and moisture advection during the dry seasonomalies in the annual

minima are likely related primarily to wet season preciita amounts.
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B.4 Methods and Materials

We test our hypotheses using samples and data collectedtherivionteverde Cloud
Forest Reserve in Costa Rica. Long-term vegetation mangand daily climate records
from the Reserve can be used to calibrate, model, and ietetibe 510 content of
tree cellulose, making the site an ideal location in whiclestablish if the necessary
chronological control and climate signal exist. Estabtighboth of these is a necessary

prerequisite for the development of robust climate reqocsbns.

B.4.1 Site description

The Monteverde Cloud Forest (10N, 85.3%W, 1500m) is draped over the Cordillera
de Tilaran in northwestern Costa Rica. The cloud forestreds from~1500 m on the
Pacific slope upward to the continental divide, and down threlward Atlantic slope as
low as 1300 mifaber, 2000]. Below the cloud forest and downslope to 700m elewain
the leeward Pacific slope the vegetation is predominantéygeeen tropical premontane
wet forests with a distinct dry season. Between 1400 andrh5@@e premontane forest
transitions to lower montane wet forests with greater appic cloud influenceHaber,
2000]. The cloud forest above 1500m receives an average08i2m of precipitation in
a year and has a mean annual temperature oPC8Bigure B.2; Pounds et al.1999;
Clark et al, 2000]. These forests are characterized by the presencadeftind-driven
orographic clouds in the transitional (November throughuday) and dry (February
through April) seasons. During the summer (May through ©et)) the precipitation
regime is dominated by the position of the Intertropical @ygence Zone (ITCZ) and
characterized by strong convective rainfall and thundenss [Clark et al, 2000;Rhodes
et al, 2006]. A midsummer drought, common to the Pacific Coastayital Central

America Magaia et al, 1999], is present in July and August (Figure B.2). The cloud
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forest receives the majority of its rainfall during the suermwet season, but the annual
moisture regime has substantial and seasonally impomaots from orographic cloud
water between November and April. Whereas the Atlantic eslgpperpetually wet,
the leeward slope depends on the northeasterly trade winelhdmoisture over the
continental divide as a critical dry season water sou@ark et al.[1998] found that at
Monteverde these moisture inputs accounted for perhapsa?246¢ annual hydrological
budget. However, estimates of the contribution from clowatew at different tropical
montane cloud forest sites vary from 6 up to 154% of predipita[Bruijnzeel and
Proctor, 1995;Bruijnzee] 2001]. Cloud water inputs are consistently more important
during the dry season, accounting for up to 75% of total miogsinputs in some forests
[Bruijnzee| 2001].

Samples for our calibration study of cloud forest isotopadieclimatology come
from two locations. We first take advantage of two stands ahtg@d and monitored
Ocotea teneraLauraceae) from forest plots in the transitional zone leetwlower
montane and cloud forestMheelwright and Logan2004] in order to calibrate and
confirm our hypothesized age model and precisely evaludaeapal climate signals. We
also analyze a set of pilot samples from mature cloud forasby trees above 1500m
to allow us to identify potential candidate species andsdive future long-term climate
reconstructions. Together, the combination of differétassand different species allows
us to investigate spatiotemporal variability in cloud fireydroclimatology as reflected

in the 0180 of cloud forest trees.

B.4.2 Field and laboratory sampling

Increment cores fror®. teneravere collected in February 2004 from the Trostles (NWT)

and Hoges (NWH) plantation site$/heelwright and Logari2004] (1410 and 1430m).
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Figure B.2: Patterns of mean annual temperature and pratipi for Monteverde from
the Campbell weather station and derived relative humidif79-2000,10.2N, 85.35
oW, 1540m,Pounds et alﬂ1999].
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Three cores were obtained from the Trostles plantatior tmib collected from a single
tree (NWTO2A/B), and one from a separate individual (NWTQ.1A fourth core was
collected from the Hoges plantation (NWHO3A). This samgkpproach was designed to
evaluate the fidelity and consistency of the chronologiodl @imatic signal both within
and between trees, and amongst sites.

Seven additional cores or entire cross-sectional disce a0 opportunistically
collected in and around the Monteverde Cloud Forest Req@®»@0-1660m), largely
from mature canopy trees killed or damaged in a December 2008storm. This
group included individuals from the gen@uercus(tropical oaks) as well as from the
cosmopolitan Sapotaceae and Lauraceae families (Table Hlie forest trees were
sampled along a rudimentary transect up the Pacific slopartbthie continental divide.
This strategy was intended to accomplish two complemerdasls. First, to permit
discovery of sites or species that have maximum sensitwityth annual and interannual
changes in climate. Second, the compariso#'8® values from both below and within
the cloud bank should allow us to estimate the relative ingmme across the landscape
of changes in precipitation, temperature, and relativeitlityto the a-celluloses'®0 of

cloud forest trees.

B.4.3 Sample preparation

The cores were subsampled in the laboratory on a rotary tomm@at 20z m increments.
Ten slices were then aggregated into a single sample for plsgmepth resolution of
200 um. Radial subsections approximating the diameter of thesc(@em) were cut
from the large full stem discs using a bandsaw prior to mamong. Our subsampling
interval resulted in approximately 700 to 150@ of wood per sample, depending on

wood density, structure, and moisture content.
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Raw wood was then extracted éocellulose using the standard Brendel technique
[Brendel et al. 2000; Gaudinski et al. 2005; Anchukaitis et al. 2007b] as modified
for small samplesBvans and Schrgg2004]. The Brendel procedure uses a hot
10:1 acetic:nitric acid delignification extraction thas@lremoves most hemicelluloses
and mobile resins, followed by progressive solvent washe$ sample drying in
distilled water, ethanol, and acetonEvpns and Schrgg2004; Anchukaitis et al.
2007b]. Followinga-cellulose extraction, samples were dried in a warm ovei, an
then overnight under vacuum. Use of the Brendel techniglevsalfor single-day
chemical preprocessing of samples and, most criticallgnfs the use of very small
( < 1 mg) samples with a sufficient final sample yielEvans and Schrag2004] for
replicate isotopic measurements. The Brendel technigstsein a-cellulose which
is not significantly biased in its isotopic composition cargd to traditional methods

[Evans and Schra@004;Anchukaitis et al.2007b].

B.4.4 Isotopic analysis

100 to 150 ug of a-cellulose of each sample from the plantatiGn teneracore
were wrapped in silver capsules and converted to CO in a Téieinmigan Thermal
Conversion/Elemental Analyzer (TC/EA) at 14%0. The oxygen isotope composition
of the CO gas was analyzed on a ThermoFinnigan Delta XL coatis flow mass
spectrometer at Harvard University. Measurement pretifo several hundred Baker
a-cellulose standards was 0%46Long-term precision on the instrument is better than
0.1%o on internal reference gas standards.

For the analysis of pilot samples from canopy trees in the tehmrde Cloud Forest
Preserve, 300 to 3509 of a-cellulose were loaded in silver capsules and converted

online to CO in a Costech High Temperature Generator/Eléah€@ombustion System
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(HTG/ECS) system with a quartz outer reactor and molybdeoruible packed with
graphite Evans et al.2007]. Our HTG pyrolysis system at The University of Arizon
is a 1MHz radio frequency induction heater which quicklynigs the molybdenum
susceptor inside the reactor assembly ¥4500°C, at which time the sample is
introduced to the crucible and pyrolysed. Use of the HTGpbearal reduces laboratory
consumables, simplifies reactor maintenance and repladeare results in an efficient
high-temperature conversion of the sample to Evans et al. 2007]. This study is
the first application of this technology to paleoenvirontaémesearch using oxygen
isotopes. The isotopic ratio of the CO gas was measured oem@ifrinnigan Delta+XP.
Precision on our Sigma Alpha Cellulose (SAC) solid standmaterial was 0.3%., and
internal precision consistently 0.88or better. Allo*80 results from both instruments are

reported with respect to the international Vienna Stantiégdn Ocean Water (VSMOW).

B.4.5 Forward modeling

We use theBarbour et al.[2004] model of the environmental controls on the stable
isotope composition of wood, as modified and adapted for ts@@es prediction in
tropical environments b¥vans[2007], to simulate a theoretical stable oxygen isotope
time series based on local meteorological data. Synthsditope time series are then
compared with our actual measurétfO chronology fromO. tenerato independently
test the age model and climate signal detection. The mod#ektas input monthly
temperature, precipitation, and relative humidity dateheré are 6 parameters in the
model, many of which are only weakly constrained by obseéwaat particularly for
tropical species and environments. Followiegans[2007], we parameterized leaf
temperature as a function of air temperatii@fcre, 1964] and atmospheric water vapor

as a function of condensation temperature and the fract@mnaelated to the vapor-
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liquid phase changeEvans[2007] derived stomatal conductance as a function of vapor
pressure deficit calculated from leaf and air temperatuck ratative humidity. This
allows stomatal conductance, and therefore transpiratoovary temporally in response
to environmental conditions. Two additional parametejge the coefficients for the
model relating precipitation t6*80 of meteoric waters (see below).

Precipitation and temperature data are available from #ragbell (1540m) weather
station Pounds et al. 1999] for the period 1977 to 2005, and from the Monteverde
Institute Rhodes et al.2006] from 2004 through 2006 (1420m). We calculated mgnthl
source watep80 as a function of the observed relationship between raiafabunt
and thes0 composition of rainfall (the amount effect) froRhodes et al[2006].

We regressed thé'®0 on rainfall amounts for those data with aggregate cobecti
periods of two weeks to two months. Single-storm events &odear collection periods
showed a higher variability which likely reflected the timfesampling and the trajectory
and history of individual weather systems, while longerigus excessively smoothed
monthly differences related to the timing and onset of giéaiion seasonality. Three
samples which were observed BRhodes et al[2006] to have algae growing on the
collection container were excluded from the regressionehd®burce watef'80 values
were then calculated based on monthly total precipitatadnes from the Campbell data

set:

51805, %0 = —0.0155x P(mm/month — 1.2614 (B.3)

The regression model accounts for 56% of the variance inllserged dataset and is
significant atp < 0.01 with 14 effective degrees of freedom.
TheRhodes et a[2006] data also includes relative humidity for July 200ftigh the

end of 2006. In order to develop modeled synthetic chronetoghich spanned the full
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Figure B.3: Meteorological data from Monteverde used astifigr the forward model
of treea-cellulosed®O. (a) Temperature’C) and (b) Precipitation from the Campbell
meteorological stationHounds et a].1999], and (c) relative humidity derived from the
Campbell data and from the NCEP ReanalysikKarfamitsu et al.2002]. The NCEP
relative humidity has been scaled to give it the same meahabserved irRhodes
et al. [2006], but allowed to retain its variance. The horizonak of the same color
show the original overall mean value. Sensitivity to theicb®f relative humidity data
is 0.20ko per month per percent mean relative humidity.
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timescale of our oxygen isotope chronologies from@héeneraplantations, we derived
a relative humidity time series to use with the model by regireg the daily relative
humidity measurement frolRhodes et a[2006] on the maximum daily temperature and
daily precipitation values for the same station. This modas$ then applied to create a
daily relative humidity time series spanning the full lemgf the CampbellPounds et al.

1999] daily temperature and precipitation record:

RH% = (—1.0191x TmaxC)) + (0.2459x P(mm)) — 1051180 (B.4)

The regression model accounted for 43% of the variance, asdsignificant ap <
0.01. Relative humidity values were then adjusted so thatdhg-term seasonal mean
and variance matched those from the observatiorRimdes et al[2006]. Daily values
from all three variables were then combined to form monthéams and total precipitation
for model input. We also extracted a time series of monthligtinee humidity from the
NCEP Reanalysis Il gridded datiddnamitsu et al.2002] for the latitude, longitude, and
atmospheric pressure level (850mb) which most closelyespoonds to the Monteverde
Cloud Forest, in order to test the sensitivity of our restdtihe choice of available relative
humidity data.

Evans[2007] used the forward model to reconstruct the patternsnt&rannual
variability in 580 cycles in a tropical trees from La Selva Biological StatinrCosta
Rica. In those simulations, the mean and variance of thelatioo were adjusted
to that of the observed!®O time series. Here, we use a simple single-component
soil mixing model in place of the variance adjustment to geptthe influence of the
temporal smoothing of individual monthly watétO as a result of soil water residence

times. Followingevans[2007], we use a Monte Carlo procedure (1000 simulationd) an
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randomized adjustments (up to 20%) of the 6 model and 2 sauaber coefficients to
estimate the sensitivity of the interannual patterns ofadmlity to the selection of the

parameter values.

B.5 Results

B.5.1 Plantation trees (NWT, NWH)

5180 from all four plantation cores show regular isotope cyessarge as B (Figure
B.4). Based on our conceptual model (Figure B.1, we assitmebbcal maxima of each
peak to the month of April of each year. Age models were dgedandividually for
each tree (Figure B.5), and confirmed based on the sampliegadd incremental growth
measurements over the last two decatlésdelwright and Logar2004]. We were able to
detect missing years primarily using these growth obsematand secondarily through
identification of apparently truncated cycles in the ra¥®fO record, a rudimentary
crossdating Fritts, 1976] between the four cores, and the results of the forwawdel
simulations. These missing years are not obviously assatigith any climatic cause,
however, nor are they common amongst the four cores fromlémggtions.

Annual radial growth increments calculated from the age etext'80 chronologies
match those from the basal diameter measureméamitseglwright and Logan2004].
The mean of the radial growth rate from sample NWTO1A is 4.5year 1, while the
estimate from basal diameter measurements is 5.4mnT¥e@he overall mean growth
rate from tree NWTO2 is 4.3mm yedr from the age modeled isotope time series, and
approximately 4.4mm yeat from the repeated diameter measurements. Tree NWHO03A
from the Hoges plantation hasda®O derived mean growth rate of 4.6mm yehiand
4.4mm year?! from observations. The mean interseries correlation [gifts, 1976]

between the monthl§:80 series for the three trees is 0.75, and 0.68 when the ametitu
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of the annual cycles are compared. The samples from thel@sgsatintation are better
correlated with one another than with the single core froemHloges plantation, almost
entirely because NWHO3A does not show the reduction in groate and80 amplitude
after 1999 observed in the older trees from the Trostles@lienm (see below).

There are some notable features in 80 series as a function of depth. Cores
NWTO02A and NWTO02B, although from the same trees, show diffemean growth rates,
although in combination their average growth rate is sintiblaobservations. At least
two cores show evidence of a reduced cycle amplitude nearahier of the tree, with
NWHO3A showing a clear plateau #20 and a subsequent resumption of regular cycles.
Both the variance reduction and plateau are likely relaieither passing through the pith
of the tree, or as a result of sampling tangential to the droadius near the center of the
tree. At least three out of the four cores (NWTO01, NWTO02A, &hWT02B) also show
growth reductions in the outermost 10mm of growth. Thisseaonsistent with the basal
growth observations frovheelwright and Logaf2004], which show a clearly reduced
growth rate (as small as 2.2mm yeain NWTO1A) after 1997. A suppression of the
amplitude of the annua@®0 cycle is also observed in the most recent xylem growth.

The mean annua®0 cycle from each of the individual trees has the same andaitu
within the instrumental precision of measurements (Fidi6a). The seasonal maximum
is set by the age model to April, while the annual mean minimsiim September for
NWTO1A and NWHO3A, and in October for NWT02. These corresptm the peak
of the climatological dry and wet seasons, respectively ddmposite mean time series
formed from the overlapping portions (1990 to 2001) of thegtiseries of each core shows
an average annual cycle of 5%2 The §'80 chronology shows patterns of interannual
variability as anomalous amplitude in the annual cyclesgirag from 2.406 to 7.5

and a standard deviation of = 145(Figure B.6b).
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The interannual variability in annual cycle amplitude isvedn primarily by a
combination of year-to-year changes in the annual minimainesg = 0.95%.) and
a declining trend in the value of the annual cycle maximumstnetearly influenced by
a decrease after 1996 (Figure B.6c), which accounts for @jenity of the variance in
the annual maxima. Interannual variabilitydtO is most clearly linked to precipitation
(Figure B.6d), with wet season precipitation anomaliesxshg a clear association with
detrended amplitude anomalies and a significant relatiprisht explains more than 50%
of the variance, despite the small degrees of freedom .74, R> = 0.56, p < 0.01).
The declining trend in maximum annué®O values mirrors somewhat the declining
trends in Monteverde maximum temperatuPelinds et a].2006] and dry season relative
humidity over the same period. The decline in maximaffO after 1996 (Figure Bl6c)
in the composite plantation time series is also seen in thdve humidity corresponding
to the location of Monteverde from the NCEP |l reanalysiswidwer, the individuad'®O
series maxima at the calibration site do not in turn mirr@ ldrge summer anomalies
seen in both the temperature and relative humidity dateonetample, 1992 and 1998
(Figure B.3).

B.5.2 Forest canopy trees (MV)

Whereas all four plantation samples showed distinct, langgnitude changes 80
associated with annual changes in precipitation, pilot@amfrom forest trees showed
a range of temporal stable oxygen isotope patterns, mosioutitconsistent annual
isotope cycles (Figure B.7a-f, Table B.1). Of the seventpgdecest trees examined here,
only three (MV03, MV05, and MV14B) show periodic indicat®f annual cyclicity
in 6180 than could be used for chronology. Because of this limieme set, we

include here in subsequent analyses data from two additi@es (MV12A and MV15C)
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with confirmed coherent annual cycles over their full lengtinich we have analyzed
elsewhereAnchukaitis et al.2007a].

Quercuscould be an excellent candidate genus for tropical isotepelbclimatology,
because it is relatively common, is straightforward to tdgnn the field, and is a long-
lived mature canopy tree. However, neither of our two sasfilem Quercus one at
1540m and the other higher in the cloud forest at 1660 melerws consistent cycles
in 5180 that could be used for chronological control. The lowee&rsample (MVO05)
shows periods of identifiable cyclicity, but much longeripds with no coherent temporal
pattern for chronology. The upper cloud forest oak (MV119wh no detectablé'®O
cycles at all. Similarly, our pilot sample (MV14B) froRodocarpushows short periods
of coherent large magnitude changes comparable to thasetfi® plantation calibration
set, but sustained periods with no detectable cycle®d®. Samples fronBideroxylon
(MV23A, Sapotaceae) from-1500m andPouteria (MV15A, Sapotaceae) at 1580m
likewise showed no apparent coheréttO cycles in pilot isotopic measurements. The
most promising evidence of cycles outside of the plantatiees came from a Lauraceae
(MVO03) in which they could be detected for approximately Eags. However, the tree
appears to have experienced extremely suppressed grotit imost recent period (0 to
18mm depth), making it impossible to tie the chronology ®rieteorological record and
develop an absolute chronology. Moreover, an individudhefsame species growing at
the same location (MV02) showed no obvious signs of anit?e cycles.

There is an increasing but statistically insignificant trén total means'®0 value
with increasing altitude in the Monteverde Cloud Foresg(fé B.7g). The two oak
trees both show lower averag@®0 with respect to elevation, and overall, than any
of the plantation or forest trees. There is a distinct antissiizally significant pattern

(R2 = 0.99, p < 0.01, n = 5) associated with elevation in the mean amplitude of the



Annual Cycle (o)

Sample Taxon Elevation(m) Meafi) Amplitude ) o Amplitude ¢ Max/Min Reference
NWT/NWH Ocoteatenera 1410 27.27 5.72 (11) 1.45 0.89/0.95 This study
MV02 Lauraceae 1530 28.06 - - - This study
MVO03 Lauraceae 1530 27.71 3.23(13) 1.34 1.00/1.05 Thisystud
MVO05 Quercus 1540 25.16 1.72 (13) 0.84 0.81/0.6 This study
MV11 Quercus 1660 26.23 - - - This study
MV12 Sapotaceadputerig 1560 27.73 2.59 (55) 1.08 0.99/0.64 Anchukaitis et al[2007a]
MV14B Podocarpus 1580 28.88 2.19 1.42 (8) 0.71/0.97 Thidystu
MV15A SapotaceaeRputerig 1580 27.28 - - - This study
MV15C Sapotacead puterig 1580 26.97 1.79 (70) 1.08 0.83/0.72 Anchukaitis et al[2007a]
MV23A SapotaceaeSideroxylon 1480 26.95 - - - This study

Table B.1: Site elevation, meai®O value, and characteristics of annual oxygen isotope syfeten plantation composite
mean and cloud forest trees from Monteverde. Elevationsstmated from altimeter readings and topographic maperallv

means*0 is based on all measured values, irrespective of the preseErabsence of annual cycles. The characteristics of the

annual cycle are calculated from the portion of the age neatistries where they could be detected, widgual to the number

of identified annual cycles.

€6
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Figure B.7: Isotope timeseries for the canopy tree calilmaset and the observed
relationships between elevatiafi?0O mean, and the amplitude of the annéO cycle.
5180 by depth from (a) MVO02, (b)MV03, (c) MVO5, (d) MV11, (e) MV B} (f) MV15A,
and (g) MV23A (see Table B.1 for details). (h) Amplitude oétannual cycle (including
data from (b,c,e), see text for details), and (i) overall &40 versus elevation. (j) The
ratio of the interannual amplitude variance to the meam@®tlimatology increases with
elevation, showing greater year-to-year climate varigbdbove the orographic cloud
bank (indicated by the gray line in (h-j).
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annual cycle in trees (MV05, MV14B, MV03, MV12A, and MV15Q) those instances
where it could be detected (Figure B.7h). Annual mé&tO amplitude ranges from
5.72%. for the plantation species at approximately 1410m to %.#6r sample MV15C
at approximately 1580 meters. The lower forest oak (MVOpeaps to have cycles of, on
average, 1.72.. Both of the oak samples (MV05 and MV11) show lower overalame
5180 values and MVO05 has a suppressed annual cycle amplitudparethto those at
similar elevations. The ratio of the mean anmf&D cycle to the standard deviation of the
annual amplitude decreases with elevation, indicatingdahdahe annual cycle is reduced
with increasing elevation, the magnitude of the year-taryariability (anomalies) with
respect to the annual cycle increases and a greater prapoftihe total variability is in

the interannual or longer time scales.

B.5.3 Forward'80 modeling

Simulations using our forward model produce annual cyciesla to those seen in
the measured*®0O from the plantation trees (Figure B.8a-b). The best mattivéen
overall variance in the simulated and actual isotope cHommes for the plantation
trees is achieved using a soil water mixing ratio of appr@atety 30:70 (30% new
precipitation mixing with 70% of the previous month’s soitgr). Using the Campbell
meteorological data, including the derived relative hutyideries, the observed and
modeled chronologies are significantly correlated £ 0.73, R?> = 052 p <
0.01), taking into account the high degree of serial autotation (@r(1, 2)ops =
[0.83, 0.45], ar (1, 2)model = [0.77, 0.46]) in both seriesEbisuzaki 1997]. Simulations
using the NCEP Reanalysis Il relative humidity (Figure Bd@)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 catiein between the simulations
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and the observed20 time series reflects the large proportion of the total venésin the
annual cycle, which is predominantly controlled by the seasamount effect reflected
in all plantation trees. Overall, there is no statisticallynificant (two-tailed t- and F-test,
o = 0.05) difference in the means or variances of the residwdis€med — modeled
using either NCEP or Campbell-derived relative humidity.

The observed and modeled annual amplitude show similagmpattbut are weakly
correlated at this scale (NCEP %RHmodelobg = 0.55, p = 0.08; Campbell %RH:
Imodelobg = 0.51, p = 0.11), largely influenced by the mismatch between the measured
and simulated values for 1991 (Figure B.8c). The modeledliaudp is significantly
correlated over the same period with the wet season pratigrsitanomalies (NCEP %RH:
I'model precig = 0.71, p < 0.01; Campbell %RHr[model precig = 0.91, p < 0.01), with
a substantially stronger correlation between precigitainomalies and the simulation
using the lower amplitude Campbell derived RH record. A deard trend in the
annual maximunmd!80 values is seen for model simulations, irrespective of éfative
humidity input used, although the NCEP data results in eh#ligoetter match to the
actual, observed isotope time series, particularly theiahmaximads80 values (Figure
B.8d). The simulated chronology that results from using tiataset, however, has larger
positive excursions in maximum annu#fO that are not seen in the actual chronology
(1992,1994), and results in a overall me#fiO value approximately 1.3& enriched
above that of the simulation using the Campbell derivedtiveahumidity when the
simulations are not adjusted to the observed mean. Thefseeti€es indicate a model
sensitivity of approximately 0.2& for every percent relative humidity.

When compared over the limited period for which both climdéa and volume-
weighted seasonal®0 of meteoric waters at Monteverde are available, simulatising

calculated and observed source water isotope ratios shmilasiseasonal patterns and
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Figure B.8: Comparison between observed composite meatefilan isotope timeseries
and forward model simulatiorBjarbour et al, 2004;Evans 2007] (see text for details).
Input to the model was observed precipitation and tempexdtom MonteverdeRounds
et al, 1999], and the mean monthly relative humidity from the NONEPAR Reanalysis
[Kanamitsu et a].2002]. (a) The simulated isotope time series is signifigardrrelated
with the observed@!80 from the plantation trees (= 0.74, R> = 0.55, p < 0.01).
(b) Observed and modeled chronologies are correlated wahseason precipitation
anomaliesiops = 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 s and the magnitude
of the modeled annual cycle is similar irrespective of thiatiee humidity data set.
(d) The seasonal patterns and isotope climatology of thenradpisted oxygen isotope
climatology are also similar, with an estimated age modelresf 1 month.
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amplitudes (Figure B.8c). The amount effect model (EqueBipreproduces the seasonal
pattern of observed meteoric wa#¥®0O on which it was based, with a slight loss of
variance at the annual maxima and minima (Figure B.8c). Toeéaieda-celluloses'®O

cycle amplitude is also similar whether observed or modstadce water is used, and
irrespective of the relative humidity dataset. Howevertartainties in model parameters
result in a confidence interval up to %bwide, particularly at the local maxima and

minima of the simulated annuat®0 cycles.

B.6 Discussion

B.6.1 Annual oxygen isotope cycles

Annual 6180 cycles are clearly present in our set of plantation trees a@e sufficiently
large and well-defined that they are easily distinguishednfthe occasional smaller
positive excursions at the time of the annual minima, whioh probably the result
of the existence and magnitude of the Central American midrser drought, which
can be seen in some years (i.e. 1993) in both the observed addleda-cellulose
5'0 time series. The similarity between the measured rad@itr rates from long-
term monitoring and those derived from the age modeled p®otiime series, and
supported by the forward model simulations, demonstrateslasively that the proxy
5180 chronology can be securely established using these cy&@gen the potential
uncertainties associated with both individual repeatesgibgrowth measurementSieil
2003; McLaughlin et al, 2003] and the increment estimates from age modélée,
the consistency between the two datasets indicates the adel ifi cycle = 1 year) is
particularly robust. There is no indication from the is@dpne series that th®cotea
tenerahave a significant growth hiatus during the year, which ipsuied by comparison

to our forward modeling results.
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Unlike traditional dendroclimatological approaches gdiee-ring widths or density,
where massive sample replication and robust crossdatsuit i@ an overall composite
age model error which is effectively negligiblEr[tts, 1976], the smaller sample depth
and limited opportunity for crossdating in our plantatidgte $20 chronology leaves
open the possibility of error in assigning the isotope tineeies to calendar years.
This is exacerbated here by the short length of the chromsodeveloped from our
calibration set. Even in ou®. teneracalibration samples, development of the age model
is complicated by years where individual trees did not hgygeciable basal growth, the
reduced growth rates since 1997, and gaps in the annualvaliseal data. This latter
factor is particularly important between 1997 and 2002abee sometime between 2001
and 2004 all basal growth in several trees in Trostles plimmdad ceased or slowed
to imperceptible increments. For oQr. tenerachronology, we estimate an age model
error no larger thaa: 2 years, based on the basal growth measurements and coomparis
with the forward model simulations, for our plantation badition tree set. In non-
plantation trees and particularly in trees growing at ayenates less than 2mm yeéy
age model error can be determined by the range of possibistieage models, and may
be complemented by high-resolution radiocarbon assaybepdriod since A.D. 1955
[Worbes and Junkl989;Anchukaitis et a].2007a]. Unfortunately, while the plantation
O. teneraallow us to test and calibrate our proposed age model andtdét imprint
of climate variability on thed'80 cycles, this early successional species is unlikely to
provide the material for long isotope chronologies.

There are several factors which could potentially compdicdentification of annual
isotope cycles. Long residence times for meteoric waterthé soil would result
in temporal mixing of different seasonal water sources, ciwhivould both smooth

and dampen the amplitude of the annual signal we seek fomological control.
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Likewise, trees which access primarily deeper sourcesofrgt water would be relatively
insensitive to the intra-annual change in &0 of available moisture [c.fEvans and
Schrag 2004]. However, shallow rooting depths for cloud foresesr Matelson et al.
1995] in response to soil nutrient availability should mehat shallow soil water is
their primary moisture source and they do not have accesseen to access, deeper
groundwaters. One hypothesis for the lack of annual cyclesome of the forest trees
analyzed here is that they are able to access deeper grotendwavell-mixed stream
water, and are relatively insensitive to the seasé6H# cycle of meteoric waters.

At our current sampling resolution and given requiremenisof-cellulose yield,
growth rates must be sufficiently rapidi2mm per year, to allow for enough samples
per year in order to sufficiently resolve the annual cycle am@mplitude, but not so
rapid as to limit the ultimate length of the reconstructiddlower growth rates would
currently make it difficult to resolve the full amplitude dfe annual cycle given current
analytical constraints. This can be partially addresseaisioyg larger-diameter increment
borers, whole cross-sections, or improved analyticalgulaces that require less cellulose

for a precise measurement.

B.6.2 Climate analysis

Interannual anomalies in the amplitude of the plantatinteneras®0 cycles are
dominated by variability in the annual minima value, which agreement with our
conceptual model (Figure B.1) is primarily controlled by timount of rainfall received
during the wet season (Figure B.6d). There is little yeayear variance in the annual
maxima in the composite mean®O series from the plantation sites, with only a slight
downward trend related primarily to a slight step changevbeh 1996 and 1997.

This downward trend might be related to decreases in reldtiymidity or maximum
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temperaturesHounds et al.2006] over the common period, but missing from &0
maxima are distinct large positive anomalies which couldrélated to interannual
temperature or relative humidity anomalies associatel BliNifo events.

The most likely reason for the lack of a clear dry sea88¥® anomaly signal in the
O. teneraseries is the elevational position of our pilot calibratsite at~1410m in the
transitional region between premontane wet and cloud for@s this lower elevation,
the persistent cloud immersion that characterizes forasisg the continental divide
above 1500m is considerably reduced, although mist cdrbstiin important moisture
source for vegetation. Trees in the premontane wet forastoa@iow the mean lifting
condensation level would be relatively insensitive to @emin orographic clouds and
relative humidity since the magnitude of the local hydnmtic alterations to fluctuations
would therefore be relatively small. At higher elevatiortsoee the mean lifting
condensation level, where forests are on average conysiethin or at the margin of the
prevailing orographic cloud bank, fluctuations betweemudland cloud-free conditions
would be accompanied by rather large local changes in teatyrer, relative humidity,
water vapor, and solar irradiance. Support for this intetigdion 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 tha annual minima (Table
B.1). Additional data supporting the importance of elematin determining controls on
interannuab80 variability in cloud forest trees has been developedbghukaitis et al.
[2007a], who identify cycles in two Sapotaceae (MV12 and MZ) where, contrary to
our premontane wet forest calibration set, the interansit¥® amplitude anomalies are
most strongly controlled by the annual maxima and assatiaith dry season climate
variability.

Two robust features characterize the annual cycles in tlestferees considered here.
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The amplitude of the annual cycle decreases with eleva®dpes the ratio of the mean
annual cycle amplitude to the variability in the interaninamaplitude. The reduction in
the amplitude of the annual cycle is likely related to long@it water residence times and
increased mixing of seasonal water sources, which in tupndbably a result of lower
temperatures, increased cloud cover, and reduced sdodaliance at higher elevations
within the orographic cloud bank. The decrease in the rdtith@mean and anomalous
annual cycle amplitude indicates that the higher elevdtiees may be more sensitive to
year-to-year variability than trees from the lower prenametforest. There are indications
that this is related in some trees to larger interannualatianis in the annual cycle
maxima.

There is an upward trend in the mean oxygen isotope ratio elgbation for all the
trees, wherQuercuds excluded. While the trend is not statistically significairsuggests
that higher elevation trees may on average use nfeenriched cloud water, which
would be consistent with their position progressively elo® the continental divide and
within the region of persistent clouQuercusappears to be a special case, with overall
meand80 values substantially lower than other species, and a snalerage amplitude
in MVO05. Collectively, these data suggest that Qurercussamples preferentially sample
soil water with a more negativé®0. This could arise if the trees did not add basal
growth during part of the transition or dry season, wi#fO values are higher. If
Quercusceased growth during part of the dry season, both the metpiswvalue and the
annual cycle, where present, would preferentially refleetrhore negativé®0 during
the rainy season. Alternatively, this species may havesacttesome deeper soil water
sources, which would also explain the suppressed amplfitlee mean annual cycle.
Finally, if transpiration were more restricted @uercus potentially through particular

characteristics or structure of the leaves, enrichmenhefsource water in the leaves
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would be limited and the resultant cellulose would have asmagative)'0 value. In
general, though, there are several reasons some of the foasd trees sampled do not
display annual rings, with the most likely cause, howewveing) that our sampling interval

of 200 um failed to adequately resolve the annual cycle in very slaawgng trees.

B.6.3 Forward modeling

The six environmental parameters from the modeBafbour et al.[2004] are assumed
to be temporally stableBvans 2007], and therefore changes in the parameter set are
predominantly reflected in changes in the overall mean o$éhies, and only secondarily
in the annual maximum and minimum value and in the overalllange of the seasonal
cycle. The results from Figure B.8c demonstrate that theramnual difference in the
annual amplitude of thé'80 cycle imparted by uncertainties in the model parameter set
may be as large as . In agreement with the findings @&vans[2007], however,
we find that the overall structure and mean amplitude of theuahcycle is driven
predominantly by the seasonal change in 4H0 related to changes in water sources
as driven primarily by the amount effect and, in this case cntribution of cloud water
during the dry season. Itis clear, however, from interahdifi@rences observed between
model simulations using the two difference relative hutyidata sets, that difference in
the input data can have an important influence on interanmatéérns of variability. In
general, neither relative humidity dataset produces aantially improved overall match
to the observed plantatioft®O time series, although the simulation using the higher
variance NCEP data has a slightly improved correlation betwobserved and simulated
interannual amplitude patterns.

More interesting is the disparity between the correlatisitls each simulation and wet

season anomalies. ModelétPO values using the NCEP relative humidity dataset show
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a weaker correlation with precipitation anomalies than &H® time series simulated
from the calculated Campbell relative humidity, althouga toefficient is more similar
to the relationship between the observed plantaité® and summer precipitation. This
indicates that increased variability in relative humidign have a substantial influence
on the controls on the interannual patterns of variabilifyhis, and the observations
of increasing interannual variability relative to the meamuald'®0 with increases in
elevation, suggest that samples within or at the boundatii@brographic cloud bank
are likely to show great sensitivity to, and control by, ap@s in relative humidity and
moisture advection than those below it. This finding can leelds guide future sampling
strategies for the development of long chronologies.

In Evang2007], theBarbour et al[2004] model was used to construct the interannual
variability in the amplitude of the seasonal cycle, while tmean and variance were
scaled to that of the observétfO time series. Here, using the default parameterization
from Evans[2007], even without mean adjustment, and using the reativmidity
derived from the Campbell meteorological daPajinds et al.1999], the model actually
reproduces the mean of the series within the precision ofitsieuments Xnodel =
26.52%0, Xops = 26.27%:0), although this may simply be fortuitous, since large shifi
the overall mean can be the result of changing the model amtesavater parameters
(see below). The use of the soil water model in the place damae adjustment also
produced a simulated isotope series with similar mean antgliand variance as t6&0
from O. tenera and generally reproduced the visually coherent cyclioityhe actual
time series. Most encouragingly, applying the soil watedeiaeproduces the leading
autocorrelation structure of the obsen&d0O chronologies, as well as the pattern of
interannual variability and the relationship between theual amplitude anomalies and

wet season precipitation amount (Figure B.8c).
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The monthly mixing ratio of 30:70 (precipitation to prioriswvater) implies a mean
water residence time somewhat longer than would be caémlifabm the turnover rate
reported from lowland tropical rainforest soils derivedrr tritium measurements by
McGinnis et al.[1969] in Panama. HoweveMcGinnis et al.[1969] estimated soil
water flux for only the top 30cm. Somewhat deeper soil wataiawle to plants would
presumably have a longer residence time. Additionallyuced evapotranspiration due
to persistent cloud cover, cooler temperatures, and higative humidity would likely
increase water residence times in soils in tropical montémed forests.

The most obvious discrepancy between@édeneracomposite mean time series, the
simulated model, and local climate variability is the weds@n minimum of 1991. There
are several possible reasons for this difference. One hgpi is that the age model
is incorrect, and that the cycle currently dated to 1991esponds to an anomalously
wet summer such as occurred in 1988. However, the 1991 megatomaly is apparent
in the 5180 from the most securely dated cores, those from tree NWTO@ tlaere is
no evidence from basal growth analysis to suggest an agstadjuat of several years is
warranted or realistic in this case. An additional, albatirely speculative, possibility is
that the eruption of Mount Pinatubo in the summer of 1991 erfked cloud formation
at that time. However, there is no obvious signal of the cqguseces of the Pinatubo
eruption in the Campbell temperature record for either 1&91992. Zonal winds across
the Costa Rican cordillera were strongly anomalous, howeltging the summer wet
season in 1991Kanamitsu et a].2002], but it is not clear whether the local effect at our
lower moist forest calibration site would be to increaséubese80 (by increasing the
availability of isotopically-heavier source waters) octEase it (through increased cloud

cover and reduced evapotranspiration).
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B.6.4 Spatial patterns and future work

There are clear patterns in both annual mé&&® cycle amplitudes and their interannual
variability related to elevation. Annual variability, aseasured by the standard deviation
of the annual amplitudes, is lower with increasing elevatioHowever, particularly
when expressed as a ratio with respect to the mean annua& aggblitude, there are
indications that higher elevation trees show a greateiits@tysto year-to-year variability,
particularly to dry season climate likely related to theuefice of orographic clouds.
This suggests that optimal sampling locations for recomstitig both cloudiness and the
regional-scale forcing associated with changes in clovéage and moisture advection
will be at those elevations where the annual cycle is coharhof a sufficient magnitude
to be differentiated from short term fluctuations, but whargh-frequency variance
suggests sensitivity to these chang&sdhukaitis et al.2007a]. Additional complicating
factors may arise from the heterogeneous nature of clouer ¢Glark et al, 2000;Haber,
2000]. Gaps in the cordillera can allow orographic cloudpdss to lower elevations on
the leeward side, often along stream courses. Likewisegi@phy may dictate the extent
to which individual trees are exposed to direct tradewindsitoioe advection, and soil type
and depth may influence the amount of source water buffendgsail water mixing that
determines the baseline amplitude for the formation of ahétfO cycles.

Our selection of tropical cloud forests as a site for trolgpedeoclimate reconstruction
parallels, in a somewhat paradoxical manner, the apprdatassical dendroclimatology
in seeking out sampling locations where trees are likely @osbnsitive to relatively
small changes in annual climate. In temperate regions andies with regular annual
changes in morphology or wood density, these are typicaljyat cold sites at the
limits of a species range. For tropical isotope dendrodiagy, however, we seek sites

which are wet enough to allow trees to grow throughout the, yest are subjected to
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seasonal changes in the stable oxygen isotope composfteraiable moisture which
provides the means of establishing annual chronology.dacforest environments, the
largest interannual changes of interest are likely to bes@ason rainfall and dry season
cloudiness. As such, site selection for tropical isotop®ddeclimatology is very different
from that of classical field approaches in dendrochronolaggrms of climate regimes,
but the guiding principle is the same.

Our approach to tropical isotope dendroclimatoloBydns and Schrag@004] has a
closer methodological and procedural affinity to paleoaleranalysis using speleothems
or corals than to classical dendrochronology. Despitedragivancesornex! et al,
1999;Brendel et al. 2000], the analytical requirements for sample prepamaitd mass
spectrometry still limit the number of samples and measergmeplication that can be
realistically achieved. The result is relatively large @rtainties (several years) in the age
modeled chronologies. However, as demonstratdd@@arroll and Pawelle§1998] and
Gagen et al[2004], stable isotope ratios in tree-ring chronologigemfhave a higher
signal-to-noise ratio that rings width data. As a consegegfewer chronologies are
required to achieve a robust common signal. For the Montdiev@r tenerachronology, 4
cores over the common period of overlap are sufficient toecke®m Expressed Population
Signal threshold [EPSWigley T. M. L, 1984] of 0.85. Furthermore, the protocols allow
for the development of high-resolution terrestrial proggards that bypasses some of the
extant challenges to developing ring width chronologiesrapics, and can be applied
even when appropriate species for traditional dendrodiogy cannot be identified.
Continued application of these techniques will necessdrél guided by the specific
research question and the ability of complementary protigzrovide the information
necessary to address them. Cloud forests, given their dgpgphical and hydrological

importance at the regional scale, and their sensitivityrtmf-scale mode of climate at
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the global-scaleljoope and Giambellugal998;Still et al,, 1999;Pounds et al.1999;
Foster, 2001;Bush 2002;Pounds et al.2006] represent a particular ecosystem where the
application of tropical isotope dendroclimatology canganp an improved understanding

of critical environmental processes across a range ofapatiporal scales.

B.7 Summary and Conclusions

The results from our plantation study clearly identify amaal isotope cycle in trees
growing at lower cloud forest elevations that can be use@veldp an annual chronology.
Interannual variability in the amplitude of the annual /i most closely related to wet
season precipitation anomalies at our premontane wet foaébration site. Our forward
model simulations successfully reproduce the annual aties80 observed in our
plantation trees, and using the soil water mixing model destrate a similar leading
autocorrelation structure in both synthetic and actudbjse time series. The model also
reproduces quite well the dependence of the interannu@irpatofs180 amplitude on the
amount of summer wet season rainfall, although there isast lene notable discrepancy
observed in 1991. Using two different relative humidityatats does result in a change in
the mean and interannual variance, indicating that thedaoitwnodel is partially sensitive
to the selection of input data in reproducing year-to-yearability.

Analysis of canopy trees presents a more complicated pichawever. Five out of
nine mature canopy trees considered here from sites raf@my1500 to 1660m show
an annual isotope cycle, although only two of these &% cycles that can be detected
over their entire lengthAnchukaitis et al.2007a]. Four trees showed no annual cycles at
all. These pilot results demonstrate the potential impmeaf species, site, and sampling
resolution, but can help guide the future development af ldimate reconstructions from

older cloud forest trees. Collectively, the results of oalilration study at Monteverde
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demonstrate that annual stable oxygen isotope cyclespictaicloud forest trees can be
used for both chronology development and the detectioniofate variability that can
then be applied to the development of climate reconstmstand the interpretation of

recent trends in tropical montane forest hydroclimatology
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C.1 Abstract

We use stable oxygen isotopes to investigate the evidenceeiods in anomalously
dry winters at the Monteverde Cloud Forest as preserved énwbod of tropical
trees. Reconstructions of past climate are necessary fatérpretation of these recent
climatic changes in the context of interannual and multdiat variability in the ocean-
atmosphere system. High-resolution isotope measureralemig the growth radius reveal
coherent annual cycles 20 that are used to establish annual chronological control in
the absence of growth rings. The annual maxima and ampladtitteese cycles reflects
interannual variability in dry season orographic cloud emwmoisture advection, and
temperature. The minima reflects summer precipitation aties Positive dry season
5180 anomalies are associated with EI Nifio events and weaktraasterly trade winds.
Lower frequency variability may be related to multidecaclahate trends in the tropical
Atlantic. According to our oxygen isotope chronology, tixéirction of the Monteverde
Golden Toad after 1987 occurred during one of the driesbdsiin the last 50 years, and

potentially in the last century.
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C.2 Introduction

In Central America, northeasterly moisture-laden tropicade winds blow across the
isthmus, encountering and ascending mountain ranges aollimg in the formation of
orographic cloud banks. Higher relative humidity, inceshsnoisture, persistent cloud
cover, and reduced temperatures support montane forestsirendemic organisms and
important for local hydrologyBrown and Kappelle2001;Bruijnzee] 2001]. Tropical
montane cloud forests are ecosystems intrinsically liniked relatively narrow range
of geographic and meteorological conditions, and are thergarticularly sensitive to
relatively small changes in precipitation or temperatlr@ope and Giambellugdl 998;
Foster, 2001].

The population crash and apparent extinction of the Momtev&olden ToadRufo
periglene$ in Costa Rica in 1987 as well as other observed changes itropécal
cloud forest ecology are believed to have been a consequengéobal warming
[Pounds et al. 1999, 2006]. Indeed, general circulation model (GCM) datians
of climate under doubled CO2 conditions predict higheingt condensation levels
and reduced cloud contact for tropical montane cloud ferasta result of increasing
tropospheric temperature$tjll et al, 1999]. Increases in global surface and sea
surface temperatures (SST) may therefore already be fuenlalty altering the suite of
climatic and biophysical conditions that maintain cloudef&t environments in Central
America [Pounds et al.2006]. Analysis of the limited available observationatada
since the late 1970s suggests that a trend toward decreaeund)cover at Monteverde
reflects the influence of increasing tropical air and seaasartemperaturespunds
et al, 1999, 2006]. However, imprinted on the long-term instrataédrying trend at
Monteverde, El Nifio events also cause local increasesmpéeature and reductions in

cloud cover Pounds and Cruml994]. The strong warm El Nifilo-Southern Oscillation
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(ENSO) event in 1986-1987 immediately preceded the rapshpgiearance of the
Monteverde Golden ToadCfump 2000], suggesting that temperature anomalies may
have contributed to the species’ demise.

Limited long-term instrumental climate records from thepics, and particularly
montane regions, impede an improved understanding of pa&stent, and future climate
variability and trends and their relationship with montdoeest hydroclimatology and
biogeographyBradley et al, 2006]. Without the context provided by long-term climate
records, it is difficult to confidently conclude whether theserved changes in neotropical
cloud forest ecology are the result of anthropogenic clniatcing [Pounds et al.2006],
land-surface feedback&dwton et al, 2001;Nair et al, 2003], or the interaction of an
introduced pathogen and natural variability in tropicahelte [Pounds and Crumd994;
Crump 2000]. The observed changes in climate in tropical montdmed forests and
their hypothesized biogeographic consequences need tlatedpn the context of low-
frequency climate variability.

Here, we seek to develop annually-resolved proxy recordstefannual variability
and trends in dry season climate from the tropical montaoedcforest at Montverde
in Costa Rica using stable isotope dendroclimatoldgyans and Schrag2004]. The
advantage of our approach to tropical dendrochronologias it does not rely on the
formation nor width variations of annual growth rings, whhin tropical trees can be
absent or may not reflect local climate variability. Annuaygen isotope cycles have
been previously identified in lowland rainforestSvans and Schrag2004; Poussart
et al, 2004; Verheyden et al.2004]. At Monteverde Anchukaitis et al.[2007Db]
have demonstrated that the seasonal cycle between the sumainseason and cloud-
dominated winter dry season is sufficient to induce an ansidél cycle along the radial

xylem growth of cloud forest trees, and that the record fraghér elevation cloud forest
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trees is sensitive to interannual changes in dry seasoatdim

The goals of our current study are necessarily two-foldstFiwe seek to establish the
basis for interpreting th&'80 ratio of the radial growth of long-lived tropical canopges
as a high-resolution proxy of cloud forest hydroclimatgloghe presence of annuslifO
cycles has been established in plantatichischukaitis et al.2007b], but not in mature
canopy trees, nor in this species. We can then apply thisddoward an understanding
of the broad-scale ocean-atmosphere phenomena assowigitethese local climatic

conditions at Monteverde.

C.3 Methods and Materials

C.3.1 Site description

The Monteverde Cloud Forest (10°Rl, 85.35°W, 1500m) sits astride the continental
divide in the Cordillera de Tilaran in northwestern CostacadRi Above 1500m
elevation, vegetation is classified montane wet cloud fdk¢aber, 2000] and its unique
hydroclimatology is characterized by persistent immersiothe orographic cloud bank
formed as the northeasterly trade winds moving across the weters of the Caribbean
are forced to rise over the cordillera. During boreal sum(vay to October), cloud
forests receive most of their rainfall as the northward nmoset of the Intertropical
Convergence Zone (ITCZ) brings strong convective stormwhéoregion. During the
dry season (February through April), moisture advectioth @oud water deposition are
an important component of cloud forest hydrolo@idrk et al, 2000], particularly on
the leeward Pacific slope which would otherwise experieheestfects of a pronounced

dry season.
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C.3.2 Heuristic model

The origin of annual cycles in the stable oxygen isotope amsitipn of the wood of
tropical cloud forest trees is the differenti&i?O composition of dry and wet season
moisture sources (Figure C.J\Jans and Schrag@004;Anchukaitis et al.2007b]. This
hypothesis is not specific to any particular species. Anrmuma interannual oxygen
isotope ratios in tropical meteoric waters are primarilptcolled by the ‘amount effect’,
the inverse relationship between the amount of precipitagind itsé'®0 value Gat,
1996]. The amount effect is evident in surface waters fronst&€drica and Panama
[Lachniet and Pattersqr2002] and in seasonal precipitation from Monteverdaddes
et al, 2006;Anchukaitis et al.2007b]. In montane forests, moisture inputs from clouds
are an additional source of water for trees, particularthandry season. Cloud water has
an enriched isotopic signature similar to tropical dry seawinfall [Feild and Dawson
1998;Ingraham and Matthewd 990;Ingraham 1998;Rhodes et a).2006]. Dry season
sources of moisture provide trees with sufficient water théwater stress and potentially
the need for a seasonal growth hiatus, but have a distincpsosignature.

The 6180 of cellulose reflects the original oxygen isotope compaisiof the source
water (precipitation or cloud water), the isotopic enrig@mnvia transpiration in the
leaves, and the fractionation associated with the syrghasi-cellulose from sucrose
[Roden et al.2000;Barbour et al, 2004;McCarroll and Loader 2004]. Assuming the
latter is constant, cellulose in cloud forest trees shoduefore reflect both the amount
of rainfall received and climatic influences on the rate chpotranspiration from the
leaf. On annual time scales in our model (Figure C.1), cetled’®0 is controlled by the
seasonal change iit0 of source water as determined by the amount effect anddgs'tr
use of'80-enriched cloud water. On interannual time scales, deggtilom the mean

annual cycle are likely to result from anomalous rainfaltl ahanges in temperature,
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Figure C.1: Conceptual model of climatic controls on thetadiand interannual patterns
of stable oxygen isotope ratios in thecellulose of cloud forest tree radial growth. The
annual cycle is generated primarily by the seasonal chamgjeeis*®0O of rainfall, the
use of cloud water by trees in the dry season, and the isowpichment of source
water during the dry season. Interannual variability inismaximum values is related
to temperature, relative humidity, cloudiness, and mogsadvection. At Monteverde,
temperature is strongly related to Pacific sea surface teayes and tracks tropical
surface air temperaturdﬁ’dunds and Crunﬁﬂ)1994;Pounds et dl.\ZOOéS]. Anomalies
in the annual minima are likely related to wet season rdiafabunts and temperature.
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relative humidity, and evapotranspiration. We expect these will be related to changes
in the intensity of moisture advection over the continexigide into the Pacific slope

forests and to the amount of cloud cover. Interannual cteigée annual cycles can
therefore be interpreted as changes in overall cloudimegsristure inputs during the

winter, and at Monteverde specifically during the Februamxpril dry season.

In tropical cloud forests, cloud water inputs can vary fromo 854% of precipitation
[Bruijnzee| 2001]. Clark et al.[1998] estimated that moisture inputs from cloud and
mist accounted for perhaps 22% of the annual hydrologicddjetiof Monteverde. More
recently,Schmid[2004] however, estimated that fog deposition was only 492% Jof
rainfall during a dry period in the winter and spring of 20@Rhough for individual days
cloud water could still account for 100% of short-term meadyprecipitation throughfall.
Thus, while orographic clouds are critical determinanttgbical montane cloud forest
ecosystems, large magnitude changes in cloud immersioncazam rapidly as well as for
extended periods of time, even during the dry season whegnatigethe critical element

of cloud forest hydroclimatology.

C.3.3 Sampling and stable isotope analysis

Increment cores (5mm diameter) from two individual matuap@aceaeRouterig were
collected in 2004 and 2006 at 1560m (MV12A) and 1580 (MV19@Y.12A was struck
by lightning and subsequently felled in 2002. MV15C wasiiyiwvhen cored, with a full
canopy of leaves and abundant latex sap. The cores werenspleskin the laboratory at
200 um increments using a rotary microtome. The raw wood samples aleemically
processed t@-cellulose using the Brendel Metho@rendel et al. 2000; Anchukaitis
et al, 2007a] as modified for high-resolution samplifigyfins and Schrgg2004]. 300

to 350 ug of a-cellulose were wrapped in silver capsules and convertéideoto CO
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in a Costech High Temperature Generator/Elemental ConaouStstem (HTG/ECS).
The HTG uses a radio frequency induction heater with a thitybt@num crucible
susceptor packed with graphite for pyrolysis>at500°C. Measurement precision on
a total of 320 Sigma Alpha Cellulose (SAC) solid standards @28. Data was
corrected based on the mean value of the solid standardiataaad monitoring gas
values before and after each sample measurement. Dat&yqsdurance was assessed
based on sample peak voltages, peak shape, backgrouriitystail repeated monitoring

CO gas measurements between and during sample analysis.

C.3.4 Radiocarbon

In order to provide independent chronological control for stable oxygen isotope series,
three samples from each core were selected for radiocaradysss to support age model
development (Table C.1). Samples were selected in ordeotade high-resolution dates
using thel“C signature of atmospheric atomic weapons testiiga] et al, 1999]. A
total of four samples were whole wood and were preprocessiag the acid-base-acid
(ABA) method developed for tropical trees Myestbrook et al[2006]. Two samples
had been previously processeditaellulose using the Brendel MethoBrendel et al.
2000]. A replicate sample of one of our ABA treated samples iwgentionally selected
and prepared using the Brendel technique, in order to peogictconfirmation of the
radiocarbon-bias correction fax'*C measurements am-cellulose extracted using the
Brendel Method Anchukaitis et a].2007a]. Extracted wood and cellulose samples were
combusted and the purified carbon dioxide reduced to an aobide powder over hot

zinc for AC measurement by tandem accelerator mass spectrometer.
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C.4 Results

C.4.1 Oxygen isotope chronology

580 time series from both cores show coherent annual oxygémpsaycles that can be
used to construct the annual chronology. MV12A (Figure @a&)distinct oxygen isotope
cycles with a mean amplitude of 7. MV15C (Figure C.3) has cycles with a mean
amplitude of 2.%.. We developed an age model for both series by assigning tkemaa
of each discrete cycle to the month of April of the corresppngdear and interpolating
the 6180 time series between these tie points to monthly resolufidean growth rates
derived from these age models are 5.16 mm yédor MV12A and 2.9 mm year! for
MV15C, although growth rates vary considerably betweerirther and outer portion of
the latter core. These are within the range of median incnémhbasal diameter growth
observed for tropical trees from La Selva Biological Statio Costa Ricallieberman
etal, 1985, 0.34 to 13.14 mm yed], and consistent with radial growth rates from long-
term monitoring and isotopic analysis of Ofcotea teneran the premontane wet forest
near the Monteverde Cloud Forest reserve (0 to 10 mm/yw&éeelwright and Logan
[2004]; Anchukaitis et al[2007b]).

The 6180 time series from MV15C shows an abrupt change in growthsrate
approximately 121mm depth in the core. Accompanying thisnge is a substantial
increase in the amplitude of the oxygen isotope cycles. &pargrowth rates which
correspond with the inner portion of the core result in arrease in the number of
individual samples per annual cycle. The higher samplitg maay translate into larger
amplituded®O cycles simply by virtue of more precisely resolving the tiny and
seasonal changes in water use in the tree. Because thispmmglatially bias our climatic

interpretation of the oxygen isotope time series, for thgppse of climate analysis we
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Figure C.2: Isotope chronology from MV12. (320 as a function of depth from the
bark showing the annual isotope cycle. (b) Age modéléad series. (c) Composite mean
annuab®®0 isotope cycle for warm ENSO (EI Nifio; winter/dry seasob8:91969; 1977;
1983; 1987; 1992; 1993; 1998), non-ENSO, and cold ENSO (LiaaNyears. Warm
ENSO events show a higher amplitude than neutral or La N&@asy slightly beyond the
1o confidence range.
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interpolated the sampling resolution to 6-10 samples paedy simulate that of the outer
portion of the core (red line, Figure C.3a-b). Despite tligection, however, the inner
part of MV15C has larger amplitude cycles than much of theotre, and therefore we
interpret these years cautiously, as they may still corgajrowth rate sampling bias.

Radiocarbon measurements (Table/C.1) on samples from M\¢b2firmed our age
modeledd80 time series, which spans the period 1949 to 2002. We estithait
age model error for this core i& 2 years, based on the range of realistic age models
as constrained by the @ resolution of the post-1955 radiocarbon datelsid et al,
1999;Reimer et al.2004a;Hua and Barbetti2004]. However, despite our assessment
during field sampling, the radiocarbon measurements ore teaenples from MV15C
revealed that the outer portion of the core does not correspo its sampling date in
2006, suggesting that the tree experienced strongly ssggdebasal growth in the recent
decades, or the tree had ceased to add secondary xylem gradird its circumference.
Because they occur during a period of large fluctuationsrimoapheric radiocarbon, the
AC measurements for MV15C calibrate to a large range of patieatiendar dates
between A. D. 1700 and A.D. 195@(Réimer et al. 2004b]. The magnitude of this
uncertainty is also substantially larger than uncertam#ssociated with the correction
applied to the Brendel-processed samples, and also eaistsd sample from MV15C
prepared with ABA.

The actual calendar dates that could be realistically #&tsatwith the radiocarbon
assays on MV15C can be better constrained using Bayesidmalpfity estimates
and ‘wigglematching’ between the radiocarbon calibraticurve and the sample
measurementsBfonk Ramsey and van der Plich2001; Galimberti et al, 2004;
Robertson et al2004]. The likely dates are restricted foremost by the ¢ginawientation

of the tree — samples from near the bark must be more recemttyetd than those near
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Figure C.3: Isotope chronology from MV15. (&320 as a function of depth from the
bark showing the annual isotope cycle. (b) Age modéléd series. In these two panels,
the red line shows the isotope chronology that results fraatissically resampled the
earlier period of rapid growth to better reflect a measurémesolution similar to the
outer portion of the core . (c) Composite mean anatD isotope climatology.



Sample AA74375 AAT4A376  AATA3TT AAT4381 AAT4379 AAT74378

Core MV12A MV15C

Depth (mm) 167 230 242 57 69 121

Initial Data

Fraction modern carbon (F14C) 1.5111 1.0842 0.992 0.9859 988a. 0.9833

2 o calibrated date (A.D.) 1969-1972 1955-1957 1951-1956 1528) 1556 1646 (21.0) 1710 1669 (41.1) 1780

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

Bayesian Calibration

Posteriori 25 range A.D. (% probability) 1724 (67.5) 1814 1716 (67.5) 1807 1694 (67.5) 1784
1834 (9.3) 1888 1828 (9.3) 1881 1804 (9.3) 1858
1926 (18.7) 1954 1918 (18.7) 1948 1896 (18.7) 1924

% Agreement 119.8 113.8 94.4

Sequence Model Agreement (threshold) 115.6 (40.8)

Table C.1: Radiocarbon analysis from MV12A and MV15C. Qalibd dates are shown with the percentage of the probability
density function associated with each range of years. Basis calibrated dates include any additional uncertais$peiated
with using from different atmospheria1*C curves Reimer et al. 2004a;Hua and Barbetti 2004].Bayesian analysis for
development of posterioriprobability functions was performed using OxCal, applythg known temporal (stratigraphic)
order of the dates and the estimated annual increment basée &80 chronology Bronk Ramsey1995;Bronk Ramsey and
van der Plicht 2001]. Agreement scores are uniformly above 60% for théviddal dates and exceeds the lower minimum
threshold ¢ 40%) for the model as a wholBfonk Ramsey1995]. F14C values have been corrected for those sam@panad
with the Brendel method as describedAychukaitis et al[2007a] and discussed in the text.

TET
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the center of tree — and secondly using the number of ideth@iual cycles between
eachA*C measurement in order to determine the most probable intgpeaned by the
core. Within these temporal, self-consistent constraihis radiocarbon measurements
and their individual probability density functions are theatched against the calibration
curve anda posterioriprobability functions calculated. Applying Bayesian ais& and
these additional restrictions reveals that the core from1BI¥ most likely grew either
during the middle of the 18th century, or during the earlyn2®ntury (Figure C.4). If we
further assume that it is highly unlikely that the tree céagewth for several hundred
years along part of its intact and apparently healthy cifememce, we can cautiously
conclude that the MV15C sequence is anchored within theogdr886 to 1990, with a
rather large residual uncertainty of at leaS0 years associated with the range of possible
radiocarbon dates and age model uncertainty from anitf@l cycle identification.

In addition to this logical constraint, we can attempt tossrgorrelate the floating
MV15C sequence with the well-dated MV12A chronology. We duskee computer
program COFECHAHolmes 1983;Grissino-Mayer 2001] and the constraints from the
2 o wiggle-matched\ 1C calibration to statistically compare potential periodswérlap
between the two cores. Two likely matches for MV15C were tbusing both annual
maximum and annual amplitu@&®0 time series, which results in a tentative age model
for the periods 1905-1972 and 1896-1962. The former of tageaanges has a larger
cross-correlation for monthly (= 0.44, p < 0.01), minimum ¢ = 0.65, p < 0.01),
and maximumi = 0.25, p = 0.18) 6180 and is supported by the visual crossdating of
the amplitude of the overlapping monthly and anni}80 segments (Figure C.5), but the
uncertainties associated with the radiocarbon dates alidity of our logical constraints,
and the pattern matching are sufficiently large that the amig chronology should be

considered tentative and its interpretation placed in thetext of the substantial age
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Figure C.4: Probability density functions from radiocanbassays on wood and
cellulose from MV15C. Markov Chain Monte Carlo wiggle-miaiteg applied to the three
dates, constrained constrained by stratigraphic sequamtepacing between samples.
Assuming the logical constraints discussed in the textamnect, we estimate the absolute
age model error at 6 years, but the full chronology is only weakly anchored tedar
years.
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model uncertainties (Figure C.9, Table C.1).

In traditional dendrochronology, the proxy measuremetmiafrest is a characteristic
associated with the annual ring (width, maximum latewoausig) and corresponding to
a discrete year. Our isotopic approach to tropical denanadblogy, however, requires
that we first develop a continuous series of measurementsler to adequately resolve
the annual cycle. From these cycles, we then need to extrBmrimation that can be
statistically and mechanistically related to annual ctenanomalies (Figure C.1). We
do so by defining 5 characteristics of each annual cycle. Tise 3i are the simple
maximum, minimum, and mean value for each annual cycle, hvbarrespond to the
dry season, wet season, and average annual climate coisditespectively (see Figure
IC.1). Our continuouéd!®0 time series have a high degree of low order autocorrelation
therefore closely sampled prior values may influence thsoratio of the successive
samples which follow it. For example, an anomalously dry sestison would result in a
heaviers80 value, with the consequence that even if the dry seasoridimved was
statistically average in terms of rainfall and temperature would expect the maximum
value for that year to be elevated relative to others simply gesult of the autocorrelation
between measurements and the already enriéHl value which occurred in the prior
increment. This persistence arises from the mixing of étgcprecipitation events in the
soil and as a result of short-term carbohydrate storageitr¢le. The former phenomenon
has been reproduced by forward modeling of mon#ifD values in tropical trees from
Monteverde Anchukaitis et al.2007b]. They show that the high degree of temporal
autocorrelation observed in the actual isotope time seibast reproduced by including
a simple soil water model that results in the mixing of préaijon events over several
consecutive months. We apply two simple normalizationsratepto compensate for

the degree of autocorrelation in the continudt®0 series. We calculate a ‘dry season
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Figure C.5: Composite oxygen isotope chronology from MVigAack line) and
MV15C (blue line; red line is variance-adjusted), basedamfiacarbon dates and cross-
correlation analysis with the logical constraints diseass the text. (a) Overlap the
potential tie points for the two age modeled monthly chrogas. Triangles show
radiocarbon dates and 2 sigma ranges for MV15C (bottom) aNd2A (top). The
horizontal bar below the period 1962 to 1972 shows the piatierdnge of overlap
from cross-correlation analysis with COFECHA. (b) Overkapl pattern matching for
composited180 annual chronology and (c) annual maximum chronologiesreBiion
for period of overlap i$monthiy = 0.44 (p < 0.01) for monthlys80, rminimum = 0.65
(p < 0.01), andrmaximum= 0.25 (p < 0.18). See text for details.
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amplitude’, which normalizes the maxima value of a givenryedh the value of the
preceding wet season, and an ‘annual amplitude’, whichesdifference between the
maximum and minimum value of a given annual cycle and hasfteetef normalizing
the wet seasor'®0 value. In nearly all cases, however, climate signal digteds not

sensitive to the chosen annual metric (see below).

C.4.2 Climate analysis

Both MV12A and MV15A have interannual difference betweeri-teedry seasod'80
variability (c) of 1.08k, which is approximately 50% of their mean annual cycle
amplitude. Most of the interannual variability in the chotogies come from variance
in the annual maxima (MV12A = 0.99, MV15C = 0.83), suggesting that dry season
variations largely determines the interannual anomaéesnded in these trees. MV12A
shows a distinct change in the amplitude of the annual cyftde 2970, which is related
to a change in both the wet season minimum and the dry seasglitiada, suggesting
a reduction in summer rainfall and an increase in dry seasmsture prior to the early
1970s, if the cause was climatic.

Wet seasor80 anomalies in MV12A are negatively associated with anomslo
summer precipitationd{®0 annual meant = 0.46, R?2 = 0.22, p < 0.01,d.f = 22;
1977 to 20005180 annual amplituder = 0.536, R? = 0.29, p < 0.01,d.f = 22),
consistent with our heuristic model (Figure C.1) and withieafindings JAnchukaitis
et al, 2007b]. Dry season amplitude anomalies in MV12A show ardekationship
to interannual climate variability in sea surface tempamianomalies (SSTA). ENSO
years in thes?®0 chronology show a dry season isotopic enrichment (meariitaie
= 3.8%0) above the mean of both neutral and La Nifha yeats, [igure/ C.2c). The

local meteorological expression at Monteverde of strongsBNevents is a prolonged
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period of elevated temperatures, particularly in 19823198986-1988, and 1997-1998.
These years correspond to discernable positive anomalies monthlyy80 chronology
(Figure C.2a), further consistent with our heuristic mg@égure C.1). In addition to dry
season anomalies associated with strong El Nifio even@8388,1.987, and 1998, positive
580 anomalies are seen 11960, 1969, 1993, and 1995. These anomalous peaks in
dry seasod'®0 correspond within age model error to years of significasitj@ ENSO
and Western Hemisphere Warm Pool (WHW/®ang and Enfield2001]) temperature
anomalies and spatial exteM/gng and Enfield2003]. 1993 and 1995 are also winters
associated with a high index value of the North Atlantic @atton (NAO) [Wang 2002].

In addition to evidence of the influence of local temperatamnel regional SSTA,
NCEP/NCAR Reanalysis Il data from the grid cell and geoptméheight corresponding
to the Monteverde Cloud Foredfdnamitsu et al.2002] reveal that a weakening of the
northeast trade winds consistently accompanies@ anomalies. Years with increased
annual oxygen isotope cycle amplitude and anomalous mawiiO values are related
to dry season (February to April, 1979 to 2002) westerly tanad anomalies (Figure
'C.6). Because the slackening of the northeasterly tradisrahMonteverde occur during
both ENSO and WHWP warm events, the relationship betweedrtheeason amplitude
and zonal wind anomalies accounts for the largest portich@total variance 20
amplitude of any single local climate variablé'fO dry season amplitude/maximum:
r = 0.47,R? = 0.23, p = 0.01,d.f. = 22; ¢80 annual mean = 0.53, R? = 0.29,

p = 0.01,d.f. = 18) (Figure C.6b). Winter (December through February) wihdve
a slightly stronger relationship with tR&80 peak anomalies for El Nifio events in 1983,
1987, and 1998, while winter-spring dry season (Februaguh April) wind anomalies
better account for peaks in 1993 and 1995. The regressitistssmwith 5180 dry season
amplitude improve somewhat & 0.53, R = 0.29, p = 0.01, d. f. = 18) for boreal
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winter (DJF) winds, but the increased skill is artificial aadeveraged by the anomalies
associated with the three strong ENSO events of the period #1979 to 2002.

Annual 680 cycle amplitude variability is related to sea surface terajure
anomalies (SSTA) in both the eastern Pacific and the westdemtic (Figure C.7).
From the early 1970s to the end of the chronology in 2002, thplitude of thes'®0O
cycle is positively correlated (= 0.55, R? = 0.30, p < 0.01, d.f. = 28) with an
index of SSTA in the region of the WHWP (50 to M, 7 to 27N; Wang and Enfield
2001; Kaplan et al.1998), which includes portions of the eastern equatoriaifiea
Caribbean, and tropical Atlantic (Figure C.7). Prior tottpariod (1949-1970), and
concurrent with a period of reduced amplitude in 8480 annual isotope cycles, there
is a weaker relationship with equatorial Pacific SSTA, an@m@manced association with
tropical Atlantic SSTA (Figure C.7). A lagged cross-coatan analysis failed to find
an improved match between either an index of the WHWP or NIMN(8aplan et al,
1998], however, even when the MV12A chronology is increraytadjusted up to 10
years backward or forward, a shift which is more than twice dige model error. The
annual wet-dry amplitude time series from MV12 shows diatly significant spectral
peaks Mann and Lees1996] in the high frequency ENSO band @ years) as well
as a trend component-@0 years). The MTM spectrum from MV15C alone shows no
significant peaks.

Correlation between the annuPO chronology from Monteverde and the dry season
850mb 1500m) zonal wind field from NCEP Reanalysisanamitsu et al. 2002]
shows coherent regions of positive correlation (increasé®0 are therefore associated
with weaker tradewinds) over the WHWP and the central an@:eaPacific (Figure C.8).
Correlations of the opposite sign exist through the trdgcaatorial Atlantic stretching

from Brazil to west Africa. Unlike the SST field, the patterhamrrelations between
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Figure C.6: Zonal wind anomalies and annual wet-dry sead8® amplitude from
MV12A. (a) Temporal covariability of NCEP Reanalysis 850mimal wind anomaly
ﬂKanamitsu et dl.{ZOOi] corresponding to the Monteverde Cloud Forest andutimeial
oxygen isotope anomaly. Positive wind anomalies (wealagtetivinds) are associated
with enriched 8180 values and drier conditions. Several peaks (1983, 198@, an
1998) correspond to ENSO events, whereas other (1993, 1&@5not. El Nino
tradewind anomalies occur primarily during winter (Decembebruary) while non-
ENSO anomalies occur in spring (February-May). The 1993)wimomaly occurs in the
dry season to wet season transition in May, and is therefosewed by the winter dry
season mean shown here. (b) Spring wind anomalies accau296 of the variance in
the 5180 series (p = 0.03). Because they strongly covary, largeti e occurrence
of warm ENSO events, temperature and relative humiditylaysgimilar correlation
patterns.
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Figure C.7: Field correlations between Monteverde dry @ea%?O amplitude and dry
season (February to April) sea surface temperature anesrfatimKaplan et al.[1998].
Correlations with mean and maximui®O show similar patterns. (a) Correlation field
for 1970 to 2002, a period of high amplitude #*€0 chronology from MV12A, related
to eastern equatorial Pacific and tropical Atlantic SSTA.The structure of the early
period (1949 to 1969'80-SSTA correlations are associated with the Atlantic S&Tat
wind tripole pattern $eager et aJ.2000]. (c) Detrended full chronology from MV12A
shows the combined influence of Pacific and Atlantic SSTA.ré€lations between the
MV12A §'80 chronology and the SST field without detrending have a ggpexpression
in the Indian Ocean, similar to (d), the correlation of SSTAMwthe full composite
(MV12A+MV15C) dry seasow’®0O chronology. Significance levels for 1970 to 2002
are 0.34 p < 0.05) and 0.27 p < 0.05) for 1949 to 2002.
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zonal winds an@'0 appears to be stable over the period covered by the Reanahg
Reanalysis Il datasets and our isotope chronology (197902;21948 to 2002Kalnay

et al.[1996]; Kanamitsu et al[2002]).

C.5 Discussion

C.5.1 Annual and interannual climate patterns

Annual 180 cycles can be successfully detected in both MV12 and MVItBoagh the
age model for MV15 is less secure due to the reduced ampldtittee annual cycle, the
slower growth rate of the tree, and the wide range of the @kl radiocarbon dates on
the cores. Annual maximuét®O and the annual oxygen isotope cycle amplitude show an
upward trend over the period 1949 to 2002 in MV12A, which isssd almost entirely by
the change in the variance of the annual cycle that occuheifate 1960s. Local summer
precipitation is a consistent influence on the annual aogéitand is similarly associated
with the annual mean!®0 value. Interannual variability in dry season amplitude is
associated with positive SSTA in the WHWP and ENSO regions, directly related

to the strength of the trade winds. Trade wind strength in tarrelated to moisture
advection over the continental divide.

The trend in the number of days without rainfall (in runs5 days) identified by
Pounds et al[1999] andPounds et al[2006] as being indicative of a reduction in cloud
cover and an elevated orographic cloud base at Montevepkaepto be a result of (1)
the rapid increase in the number of annual dry days whichrbeggh the strong 1983 El
Nifio and (2) the occurrence of long periods of drought dyitihre 1998 dry season, also
associated with ENSO. Obvious peaks in the number of cotigeairy days also occur
during other EI Nifios, particularly in 1987 and concurrerth the subsequent extinction

of the Monteverde Golden Toad. Over the period covered by bloé instrumental
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Figure C.8: Field correlations between Monteverde dry @ed8’0 amplitude and dry
season (February to April) zonal wind anomalies fr&@lnay et al.[NCEP1: 199b]
and Kanamitsu et al[NCEP2: 200@]. The correlations are nearly identical if mea
maximumds80 is used. Patterns are broadly similar irrespective ofithe period and
the generation of NCEP data. (a) The period 1979 to 2002 edvey the chronology
from MV12A and Reanalysis ﬁa<[anamitsu et dl.\ZOOi]. (b) The full period (1948 to
2002) over which MV12A and NCEP Reanalyéifsa[nay et al, 1996] overlap. (c) The
earlier period of the MV12A5180 chronology, during which time Atlantic SSTA are
the most important remote forcing of dry season hydrockevetMonteverde. (d) The
compositey*0 chronology with the overlapping NCEP Reanalysis data§164002).
Significance levels for 1979 to 2002 are 0.39< 0.05) and 0.27 p < 0.05) for 1949 to
2002.).
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weather observations from Monteverde (1977 to 2000) and8i@ chronology, there
is no discernable long-term upward trend in annual oxygetofge values, nor the overall
annual maxima (Figure C.5a,c). Instead, the isotope cloggds dominated by the
positive 9180 anomalies associated with ENSO years. Large amplifd®@ cycles in
1983, 1987, and 1998 are associated with an increased nwhbensecutive dry days
and positive local temperature anomalies and correspdalNGio events. In these years,
periods of dry season drought (consecutive dry days) iseraad there are temperature
anomalies of a degree Celsius or mdpelinds et a].1999]. On the other hand, two dry
season peaks in the isotope chronology in 1993 and 1995 a@baimusly anomalous
in either the local temperature observations nor dry-ddguéations. They do however
correspond to late spring weaker zonal winds, and are ydansmoner than average
temperatures in the Atlantic warm podlVang and Enfield2003] and years of high
index values for the NAOWang 2002]. This follows from our finding that the climate
phenomenon which is most consistently related with dry et Monteverde is the
slackening of the northeasterly trade winds and a reduatiomoisture inputs across the
continental divide.

The largest positivé'0 anomalies are also those which correspond to both warm
ENSO and large Western Hemisphere Warm Pool SSTAs in 19&%-1987 and 1998
[Wang and Enfield2001, 2003], as well as other notable events within age herder
at ~1958, 1969, 1993, and 1995. Indeed the spatial pattefit®#-SSTA correlation
over the period from at least the late 1960s to the presergestg)the dominant SST
forcing on local conditions at Monteverde is related to saige anomalies in the WHWP
spanning the Central American Isthmus and into the eastguaterial Pacific cold
tongue. However, the weakening in the correlation betwe¢hW® temperatures and

dry season conditions prior to that period, which does npeapto be the result of age
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Figure C.9: Composite oxygen isotope chronology from MV12Ad MV15C. (a)
Dry season amplitude overlap based on radiocarbon datesrassicorrelation pattern
matching between the two chronologies (see also Figure (b%Composite detrended
dry seasow80 amplitude (normalized dry season). Smoothed red lineddahding
reconstructed component from Singular Spectrum Anal\8&A( M = 21) associated
with the low-frequency variability and trend (c) Detrendedmposite annuab80
amplitude (normalized wet season) series and the leadaogséructed component from
SSA, which has a periodicity of 40 years. (d) Atlantic Multidecadal Oscillation Index
derived from\KapIan et al\.ﬂ1998]. A warm period in the Atlantic between 1940 and
1970 occurs during a cold period in the Pacific, and with agakoif decreased amplitude
in the composite and MV13*0 chronologies from Monteverde. (e) Wavelet analysis
[Torrence and Comﬂ)61998] of tropical Pacific SSTA &- &N, 110°W- 17C°W)
[Kaplan et al, 1998]. Time-frequency plot is developed using a Morlet&at/(wg = 6).
Diagonal black lines show the time-frequency region whempadding influences the
power spectrum.
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model error, and the change in the spatial structure of thelation pattern, may suggest
a change in the relationship between the ocean-atmosphedgions forcing dry season
climate at Monteverde. Even more interestingly, the catieh between thé80 time
series and the concurrent zonal wind field retains its spaditern and magnitude (Figure
C.8), suggesting again that the most stable and proximaiaamn dry season moisture
advection and cloudiness at Monteverde is the strengtheafiditheasterly trade winds.
The change in the late 1960s and early 1970s in the amplitfitteecannuab80
cycles cycles in MV12A and the resulting upward trend is edusy an increase in the
mean annual minimum values of the annual cycles as well adugtien in the magnitude
of the dry seasoi'®0O enrichment. The pairing of the increase in the annual mimm
with a smaller difference between wet seagtiO and the subsequent dry season annual
minimum in midcentury leads to a rising trend in the annuapbitede (Figure C.9a) in
the time series from MV12A and in the composite chronologgrdhe period from the
1930s and 1940s to the present that is caused primarily byetagvely sharp change
between 1960 and 1970. According to our heuristic modelufféi¢C.1), increases in the
minimum annuab80 and a reduction in the annual amplitude is related to anativer

drier wet season and a wetter (or cloudier) dry season.

C.5.2 Climate and ecological change at Monteverde

Most of the long-term trend over the last several decadestasigd in our isotopic record
from Pouteriais due to a change in the amplitude of the annit8D cycles that occurs

around 1970. Variability at the interannual scale domisiéite dry season signal during
the period of increased ENSO variance since the mid 197@ks,1983, 1987, and 1998
as the three driest winters in the last three decades. &pantlysis confirms statistically

significant canonical ENSO band power. The period from 1898888, associated with



146

the strong El Niflo event, appears to be the driest in at thadast 50 years, with reduced
cloudiness and moisture inputs during the two dry seasatkbting an abnormally dry
wet season. If the absolute age model of MV15C is correcs, fieriod is among the
driest in the last century. This observation from the isetogcord is confirmed by the
recollections of a field biologist working in Monteverde agttime Crump 2000]. This
suggests that the proximal cause of the well-documentadatixin of the Monteverde
Golden Toad Pounds and Crumpl994;Pounds et al.1999] was the combination of
the abnormally strong ENSO-forced dryness and the leyhafithe introduced fungus
Batrachochytrium dendrobatidishich causes chytridiomycosis, and eventually death, in
amphibians Crump 2000;Lips et al, 2003, 2006]. It is possible that the fungus may
have already been present in Monteverde prior to 198@jesthendorf et 4l12006] and
that physical stresses or behavioral changes associateth&ianomalous dry conditions
during the 1987 ENSO event created the conditions for a neatiinteractions between
environment, disease vectors, and interannual clinfdarids and Crumpl994;Bosch

et al,, 2007].

Nair et al. [2003] andLawton et al.[2001] used a regional atmospheric model to
demonstrate that deforestation in the tropical lowlandingirom the Monteverde Cloud
Forest could potentially result in increased cloud basghtePounds et al[2006] have
subsequently argued that the major period of deforestatiadhe San Carlos Plains in
lowland Atlantic Costa Rica occurred too early and would inoany case have forced
sufficient changes in cloud formation to account for the ¢geaim dry season moisture
inferred from the daily meteorological records during tf#80s and 1990s. Ouwi®0O
chronology is not sufficiently anchored in time to detectgmbial changes in dry season
climate associated with earlier periods of deforestatioorpgo the ~1950s, and the

clearest evidence of climate variability is at interanntiale scales associated with
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ENSO. However, we interpret the isotope evidence from MVi@#dicate that the most
important shift in climate at Monteverde in the last sevdedades was primarily related
to the change in annual amplitude that occurred in the |a@®4@nd early 1970s. The
timing of this change suggests two possible causes. Assliscufurther below, the rapid
shift in 580 amplitude occurs at approximately the same time as a shift fvarm to
cold conditions in the tropical Atlantic and just slightlgflore a change from cold to warm
conditions in the Pacific. Alternatively, from the 1960saigh the 1970s, deforestation
rates in Costa Rica peakeldgsero-Bixby and PalloniL998], and could have contributed
to mesoscale alterations of boundary layer interactioffgmnt to influence downwind
montane cloud formation and base heights, as suggestec lsyntlulation modeling by
Nair et al.[2003].

The relative suddenness of the change is therefore suggesteither a large-scale,
substantial shift in climate or an ecological change (eithanan-mediated or natural) in
the local or regional environment. With our curréf®O chronology, we cannot rule out
either cause, nor can we eliminate the possibility that leselor ecological changes in the
immediate vicinity of the tree that could have changed italdydrological conditions.
Isotope chronology replication and temporal extensiohléinecessary to better resolve

guestions of natural and anthropogenic climate change aability at Monteverde.

C.5.3 Uncertainty and potential biases

While high resolution oxygen isotope measurements allow uesolve the annual cycle
of water use by cloud forest trees, and therefore to establisonological control even
in the absence of tree-rings, there are a number of limitatend uncertainties in the
record that could bias the climatic interpretation from 8420 time series. Some of the

largest uncertainties could be associated with potentrat®in the age model. In the



148

case of MV12A, the use of high-precision, post-bomb radiooa measurements helps
to constrain the chronology and confirmed the age model lested using the annual

5'0 cycles. For MV15C, the radiocarbon dates alerted us togparant growth hiatus

and helped us delimit the most probable time span coveredhdysbtope time series
from the core. However, the limitation of“C calibration over the recent historical
period prevents us from achieving a high-precision chrogwplfrom the radiocarbon

measurements alone, despite the application of Bayesifiatsts.

Our analysis of both local climate variability and its asation with broad-scale
forcing at Monteverde is necessarily tentative. Our untdeding of the physical
(climate, hydrology) and biological controls, across agearf spatial and temporal
scales, on the eventudi®O of wood in cloud forest trees is still rudimentary. Moregve
analytical requirements thus far limit the degree of reglmn and development of
multiple overlapping proxy chronologies that d& rigueurin traditional approaches
to dendrochronology, although tree-ring isotope serig@ically have a higher signal-
to-noise ratio than ring width seriedgCarroll and Pawellek 1998; Gagen et al.
2004]. As a consequence, we must assume that age model eisty &d could be
substantial enough to degrade our high-frequency climatialysis. There are also
potential individual tree-specific responses that areguies our isotope chronology
that may not represent either local or global climate andctvipotentially bias our
interpretation of temporal trends in our record. For exampéecause of the short period
of the hypothesized overlap between MV12A and MV15C, it ispussible to definitively
establish the extent to which the lower amplitude an@t@D cycles in the outer portion
of MV15 also represents a reduced climate seasonality atithe, or whether it is the
result of the relative topographic position, hydrology,noicrosite conditions. Similar

uncertainties apply to the interpretation of low frequerayiability in 5180 amplitude
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within MV12A. Analysis of additional samples which spanstiperiod can aid in more
distinguishing climatological from ecological or biolegi causality.

Interestingly, our twdPouteriacores show quite different behavior approaching the
center of each tree. MV12A has a reduction in the amplituddefinnual cycle, which
is not apparently related to a reduction in growth rate n@maing bias. MV15C shows
the opposite behavior, with an increase in annitdD amplitude and a much higher
growth rate. In the application of stable carbon isotopeketadroclimatology, a ‘juvenile
effect’ is often observed, which is characterized by morgleteds3C values caused
by young subcanopy trees using already depletegd @8ulting from organic respiration
[McCarroll and Loader 2004]. Treydte et al[2006] identified what they believed to be
a juvenile trend i*80 in montane forests in Pakistan characterized by enrickggem
isotope ratios. At Monteverde, and in tropical trees in gaheve hypothesize that the
juvenile trend might be manifest as an increased anatf® amplitude, as younger
trees would not have the fully developed root system of neatanopy trees, and would
therefore rely on shallow soil water with short residenoees and minimal mixing of
distinct meteoric waters. This could be the cause of theelamplitude cycles in the
inner most portion of MV15C, and might be reflected in the niagle of the annual cycle
in the Ocotea teneranalyzed byAnchukaitis et al[2007b]. The reduced cycles in the
deepest part of the core from MV12A, however, appear to laaelto an environmental
or climatic cause, and are not consistent with a juvenilectff

The change from low to high amplitude annual cycles whichuoean the 1960s
might have several causes, and we cannot rule out a biolagi@rological influences
unrelated to climate or analytical or sampling bias. Howetree change in amplitude
is separately observed in both cores, before the composita ohronology is created.

Furthermore, in MBV12A, the reduction in amplitude in thelgg@art of the chronology
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is not consistent with a hypothetical juvenile effect. Tankses of evidence, in addition to
the observed relationships at interannual time scalesdsetwliimate and'®0, suggest a

potential climatic cause.

C.5.4 Multidecadal dynamics

The timing of the change from low to high amplitud®O cycles in the late 1960s
coincides with the change from a warm to cold phase of the ttenfic Multidecadal
Oscillation [AMO Enfield et al, 2001;Dong et al, 2006], a decadal-scale oscillation
toward an increase in interannual band (ENSO) variance entitbpical Pacific Gu
and Philander 1995;Wang and Wangl996;Torrence and Compd 998; Torrence and
Webster1999;Dong et al, 2006], and a change in the seasonality of ENBli2dhell and
Wallace 1996] (Figure C.9d,e). When the full composié€0 chronology is considered,
a second inflection point marking the change from higher weloamplitude annual
isotope cycles in the earliest part of the 20th century isdable around-1930, which
is coincident within age model errors with prior mode shiftshe Pacific and Atlantic.
These observations are not inconsistent with an interjpataf the midcentury changes
in 9180 amplitude as reflecting the influence of multidecadal ckarig the broad-scale
forcing in the Atlantic and Pacific affecting the local cliteaonditions at Monteverde.
Are these temporal patterns in tl&80 chronology consistent with the climatic
consequences of a change from a warm (cold) Atlantic (Padifica cold (warm)
Atlantic (Pacific)? First, we expect that dry season moesiarthe period from 1949
to 1970 in MV12A (or, extended te-1930 to 1970 if the composite chronology is
considered) should be increased relative to the more reeeidd, since the dry season
5180 amplitude is reduced. An examination of the differencé=aibruary to April 850mb

winds (not shown) reveals stronger northeasterly tradedsvover Costa Rica and the
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central and eastern Pacific in the earlier period comparéukettater, consistent with our
heuristic model and our analysis of the interannual costonl dry seasoa'®0. This
might also be consistent with that observation that at theramnual scale, a cold Pacific
was associated with greater moisture advection via théneasterly trade winds. When
forced by warmer tropical Atlantic SSTs, coarse-resohufast GCM (FOAM) simulates
an increase in precipitation over southern Central Ameaiwé northern South America
at the peak of the dry season (February through ApWillu [et al, 2007], which would
also be expected to suppress maximum anétf® values in trees at Monteverde.
However, evidence for a climatic cause for the increaS€® minimum wet season
values during the middle part of the century is equivocale ™o climate stations from
the Pacific side of northwestern Costa Rica (GHCN: Montevendd Puntarenas) that
span the period of the transition do in fact show an increapedcipitation between 1960
and 1970 Fleming 1986; Peterson and Vosel997]. The Monteverde climate station
(which is different than the Campbell station, at lower atesn and not in the cloud
forest), shows an increase in mean summer precipitatiopmoaimately 200 mm over
the period 1965, which would translate into a changéff© of up to~1.2%., which
is slightly larger than is observed in MV12A and in the coniposhronology. Gridded
precipitation dataflitchell and Jones2005], however, show a sliglcreasein late
summer precipitation, the opposite of what the isotopediamted station data suggest.
While a decrease in late wet season (September-Novemlsmipation on the Pacific
side of Central America is simulated for warm periods in tfapical North Atlantic
using the FOAM climate modeWu et al, 2007], other general circulation model (GCM)
simulations predict a strong increase in summer precipitatver all of Central America
and Caribbean in response to a warming of the Atlantic agsativith the positive phase

of the AMO [Sutton and Hodsqr2005]. Different models and different data lead to
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different interpretations of midcentury climate in west€osta Rica.

The correlation between th&80 chronology from MV12A and the SSTA field
(Figure C.7) for the period 1949 to 1969 resembles the &igohal banding observed in
SST and wind fields that are part of the coupled spatial exspe®of the North Atlantic
Oscillation (NAO) [Seager et a).2000] with SSTA. The warm phase of the AMO is
related to patterns similar to the negative phase of the NB@4gfeld et al. 2007]. The
correlation structure between Monteverde winter dry seadimnate and Atlantic sea
surface temperatures therefore suggests that during tteentury period coinciding with
an observed warm phase of the AMO and the reduction in theaimbeial SST variability
in the eastern tropical Pacific, it was Atlantic Ocean valitgtthat determined the year-
to-year changes in winter cloudiness. We hypothesize thatpositive (negative) NAO
anomalies would result in the weakening (strengtheningheftrade wind flow across
Central America and a decrease (increase) of moisture adueo the leeward side
of the Monteverde Cloud Forest and a positive (negaév&p anomaly in the isotope
chronology. Warm subtropical waters in the Atlantic leadvieaker trade winds, which
would be reflected in enrichedf®O for that year in the Monteverde isotope record.
Following the shift from warm to cold AMO in the 1960s and tinerease in equatorial
Pacific SSTA variance, interannual variability at Monteleepredominantly reflects
ENSO and the tropical Pacific. Mechanistically, at leass ithterpretation would not be
inconsistent with our model (Figure C.1), our interpretatbf the interannual controls on
cloud forest tree180, and observed and modeled climate dynamics. Howevemtaite
patterns in the chronology not related to climatic causesgunt us from proving these
linkages with any great certainty.

Whether variability in the Pacific drives concomitant chesigh the Atlantic, or vice

versa, remains an open question. The common view has beeBNISO influences the
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Atlantic via atmospheric teleconnections [d.ftif, 2001]. Wang and Enfield2001]
have shown that warm ENSO anomalies influence the Westerridghere Warm Pool
via the connection of the anomalous Walker circulation tanges in the strength of
the Atlantic subtropical high. SimilarhGiannini et al.[2001] hypothesized that ENSO
influenced tropical Atlantic variability through the sthiation of the tropical atmosphere
via the propagation of the warming signal through the trppese. More recent model
results focusing on the role of the Atlantic Ocean suggedtd¢hanges in the Meridional
Overturning Circulation (MOC) in the North Atlanti&hight et al, 2005] can influence
the amplitude of interannual and interdecadal variabititthe Pacific.Dong et al.[2006]
used a coupled ocean-atmosphere GCM with an imposed AtI&SITA forcing to mimic
the AMO. In these simulations, easterly surface wind an@sabver the central and
western Pacific forced by latent heat flux in the tropical Noktlantic deepened the
western Pacific themocline, stabilizing the ocean-atmespleoupled instability in the
tropical Pacific and reducing ENSO variance. The relativeational influence of one
ocean basin on the other may in fact be time scale dependeeseTand numerous other
studies point to extant uncertainty regarding the forcinrgchanisms for the observed

association between Atlantic and Pacific variability at aets of time scales.

C.5.5 Future applications

Costa Rica, and Central America in general, sit at the vergstpads of the complex
and still unresolved interaction between the Atlantic amaifc Ocean. Our results
here suggest that neotropical cloud forests might be $ems$tt changes in the ocean-
atmosphere interactions across the isthmus and couldféheree optimal locations to
develop high-resolution paleoclimate proxies. Climatorstructions from this region

could provide the necessary long-term context for imprgwar understanding of the
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feedbacks and coupling between the two oceans at interhrole@adal, and perhaps
multidecadal time scales. The distribution of montane @lfarests along the American
cordillera from Mexico through northern Argentina prowsdgimate-sensitive locations
at which a network of paleoclimate proxy reconstructionlddae developed, in order
to understand local and interannual changes in cloud foggsbclimatology, as well as
potential interactions between the tropical Atlantic ainel Pacific on multidecadal time

scales.

C.6 Conclusions

We have used a high-resolution, annually-resoléé8D record from tropical trees
without rings from Monteverde to reconstruct temporal cem local climate during
the last century and identity the relationships betweeundforest hydroclimatology and
large-scale modes of ocean-atmophere variability. OnepkaiMV12A) is securely
dated using annual cycles 80 and high-precision radiocarbon measurements. A
second floating chronology (MV15), relatively dated usirayBsian analysis of multiple
radiocarbon dates, likely overlaps with the latter half afr securely dated'®O
chronology, and can be used to tentatively extend our reocbidimate variability at
Monteverde through the 20th century. The results of ourysmabkuggest the following

conclusions:

e Annual 5180 cycles in the radial growth dPouteria(Sapotaceae) at Monteverde
can be used to develop chronological control in trees withdentifiable annual

growth bands.

¢ Local meteorological data suggest that interannual vaitiain dry seasons80

variability is positive related to temperature and negdyivelated to moisture
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advection via trade wind strength. As in our previous stullgchukaitis et al.

2007b], wet seasostO is related to summer rainfall anomalies.

El Nifio years are associated with anomalously enricié€® peaks in the stable
isotope chronology. The years of the largest anomalies 9,18833, 1987, 1998,
and possibly~ 1958 — are years in which there were both warm ENSO events and
a subsequent positive SSTA anomaly in the Western Hemispilarm Pool. The
years associated with the 1986-1987 ENSO event are the peiesd in our isotope
chronology since at least 1949, and potentially one of tiestim the last century,
although with considerable uncertainty at the longer toaks The extinction of
the Monteverde Golden Toad therefore appears to have deievith one of the

most severe, extended droughts in the last several decadexe.

A change in the amplitude of the annd&fO cycle occurs between 1960 and 1970.
There are multiple potential biological, ecological, atighl, and climatic factors
that might have contributed to this change. The timing ofdhange is consistent
with the timing of a switch from warm to cool SSTs in the Atlenand with a
change toward increased interannual (ENSO) variance iRdb#ic. If the cause of
the shift is indeed climatic, this could suggest a relatmmbetween interannual to
multidecadal variability in thé*80 chronology of cloud forest trees at Monteverde

and patterns of Atlantic and Pacific ocean-atmospherehiltya

Neotropical cloud forests, situated as they are at the banynaf two oceans and
influenced by broad-scale modes of climate variability inhganay be promising
sites from which to develop records of past climate in suppbrresearch to
better understand Pacific interannual variability and gpshinterbasin climate

interactions and coupling across a range of time scales.déielopment of high
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resolution stable isotope proxies from the mountains ot&aéAmerica could help
address outstanding uncertainties and provide a validéiget for coupled GCM

experiments.
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