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ABSTRACT 
 
New applications of stable isotope dendrohydrology in central Costa Rica suggest that the 
native tree species Carapa guianensis may be viable for future analysis as a climate and 
hydrological partitioning proxy. Global climate change has had a particularly notable 
impact on Central American rainforests, affecting hydrological cycling in the area due to 
changes in spatial variability in precipitation and increased temperatures. Whereas stable 
isotope dendrohydrology has been implemented in the high-elevation, Montane Cloud 
Forest areas of the Monteverde National Reserve region of Costa Rica, no studies have 
looked at the lower-elevation transitional forests, which may be more strongly affected 
by climate change. This study investigates the efficacy of a Matlab program for forward 
modeling of the δ18O stable isotope content of α-cellulose in the San Isidro de Peñas 
Blancas region of Costa Rica. δ18O isotopic content of potential source waters for tree 
uptake (precipitation, throughfall, groundwater, streamwater, and fog) are analyzed to 
determine seasonal variability and to provide parameters for input into the forward 
modeling program. Because of the small sample set from a short, 6-week field season, 
tailoring of the Matlab program to best represent the study site was difficult; the resulting 
modeled cellulose isotopic signatures may not be accurate due to these restricting 
circumstances. Preliminary analysis suggests that there is sufficient variability in source 
water isotopic content for a more in-depth dendrohydrological study to determine 
seasonality and hydrologic partitioning of water sources. Analysis of isotopic content of 
wood samples taken from the study site will help to determine whether the site and tree 
species chosen are viable for continued study.  
 
KEYWORDS: Dendohydrology, stable isotope geochemistry, Carapa guianensis, Monte 
Carlo, climatology, ecology, groundwater 
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INTRODUCTION 

 

The existence of global climate change is now well supported by scientific literature, but 

the effects of warming and drying on the tropical forests of Costa Rica are poorly 

quantified (Still et al., 1999; Foster et al., 2001; Proveda et al., 2006). Dendrochronology 

has proven to be an excellent source for climate information on temperature and 

hydrological fluctuations, but studies have been conducted primarily in nontropical 

climates through the measuring and comparison of tree ring widths and climatological 

data (Cook et al., 1995; Briffa et al., 2000; Loader et al., 2003; Hughes et al., 2011). 

Tropical trees are a recent frontier in dendroclimatology, as many species either do not 

produce growth rings or have bands that have little or no correlation with the trees’ 

growth rate (Stockton et al., 1985; Cook et al., 1995; Poussart et al., 2004; Anchukaitis et 

al., 2008b; Hughes et al., 2011; Pons and Helle, 2011). Due to oscillations in source 

water isotopic content, the water that trees take up during the continuous growing season 

lends its signature to the cellulose formed in the plant. This characteristic allows for the 

reconstruction of a yearly chronology for tropical trees based on their stable isotopic 

contents, as well as paleoclimatological analyses using trees as temperature and 

hydrological proxies (Aranibar et al., 2006; Evans, 2007; Anchukaitis et al., 2008a, b; 

Pons and Helle, 2011). The fractionations and biological permutations that occur along 

the path from source water to cellulose have been teased out over the past few decades, 

and models that incorporate these chemical changes will be discussed in depth in the 

methods section (Stockton et al., 1985; Yakir et al., 1990a, b; Roden et al., 2000; Loader 

et al., 2003; Rundgren et al., 2003; Barbour et al., 2004; Evans and Schrag, 2004; 
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Poussart et al., 2004; Poussart et al., 2005; Durán-Quesada et al., 2010; Schmid et al., 

2011; Scholl et al., 2011). 

The research area at the Texas A&M Soltis Center near San Isidro de Peñas 

Blancas, Costa Rica, abuts Monteverde National Preserve and provides a lower-elevation, 

less-researched environment in which to study forest dynamics (Fig. 1). Classified as a 

Transitional Pre-Montane Wet Forest (Holdridge et al., 1973), the site ranges from 

elevations of about 300 to 750 m and contains a variety of primary and secondary forest, 

as well as cleared areas previously used for agriculture. Although isotope 

dendroclimatological and dendrohydrological research has been conducted at higher 

elevations (~1000–1500 meters) of Tropical Montane Cloud Forest in Monteverde 

(Evans and Schrag, 2004; Anchukaitis et al., 2008b), no study has been published for the 

lower elevations of transitional forest affected by land-use change, which are far more 

extensive in the tropics and hypothesized to be more susceptible to climate change. The 

drying and warming trends of this area of Costa Rica and the land’s history form an ideal 

landscape in which to study the efficacy of isotope dendroclimatology for analysis of the 

ecosystem and determination of water content trends for future study. By comparing 

wood cellulose and source water isotopic signatures, I hope to further elucidate the 

importance and partitioning of each water source for trees growing at different altitudes 

and topographical locales, as well as to shed light on the complexity and parameters 

surrounding trees’ development in this region. 

This study attempts δ18O isotopic forward modeling for tree cellulose content 

implementing the forward modeling program described in Evans (2007) to parameterize 

isotopic contents of source water and cellulose for further analysis. Through tree cores  
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taken primarily from the native tree Carapa guianensis of family Meleacae, the study 

uses δ18O stable isotopes to attempt to resolve seasonality in these ringless, continually 

growing trees. This forward modeling, compared with observed values of cellulose, will 

provide avenues of future research to help determine whether trees’ water sources 

(throughfall, precipitation, fog, and groundwater) have shifted with climatic changes to 

the area. The isotopic content of these source water components serves as the means for 

determining baseline concentrations of δ18O for modeled and measured isotopic values 

found in trees (Farquhar et al., 1989; Yakir et al., 1990a; Roden et al., 2000; Barbour et 

al., 2004; Evans and Schrag, 2004; Aranibar et al., 2006; Evans, 2007; Schmid et al., 

2011; Scholl et al., 2011). Isotopic studies of meteorological waters in the Monteverde 

area have found a distinct isotopic difference between orographic precipitation, 

throughfall, and fog water inputs (Rhodes et al., 2006, 2010; Guswa et al., 2007; Schmid 

et al., 2011; Scholl et al., 2011). The ability to track seasonal changes in isotopic content 

of tree ring cellulose is based on the oscillations in isotopic composition of precipitation 

due to climate fluctuations, primarily the Intertropical Convergence Zone (ITCZ) 

(Anchukaitis et al., 2008b; Bruijnzeel et al., 2011). The ITCZ is an area of convection in 

the tropics that migrates north to south annually in a predictable way due to ocean surface 

temperatures and solar radiation fluctuations (Harrison et al., 1999; Rhodes et al., 2006, 

2010; Guswa et al., 2007). In the Monteverde region of Costa Rica, the ITCZ leads to 

distinct dry, transitional, and wet seasons and distinct isotopic contents for precipitation 

occurring in each season (Rhodes et al., 2006, 2010). During the wet season, higher 

relative humidity and cooler temperatures lead to less evapotranspiration, and thus less 

fractionation of water vapor (Anchukaitis et al., 2008b). The source water at this time is 
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primarily precipitation that is isotopically light compared with dry season precipitation 

and fog water inputs, which are isotopically heavy due to orographic uplift and 

condensation of clouds resulting in further fractionation and preferential rainout of 

heavier molecules first (Rhodes et al., 2006; Anchukaitis et al., 2008b). The relationship 

is summarized in Figure 2A from Anchukaitis et al. (2008b), which shows the yearly 

oscillation cycle of isotopic signatures of rainfall in Costa Rica. 

 

SITE DESCRIPTION 
 

For the purpose of this study, the research area at the Texas A&M Soltis Center  

is subdivided into four distinct elevation locations, with water and HOBO U30 (Onset®) 

weather data collection stations set up at each location (Fig. 2B). The lowest elevation for 

climate data station setup is on a carbon farm about 400 m above sea level and directly 

adjacent to the Soltis Center property (Fig. 1). As an agricultural plot, this area was clear-

cut in the early 1990s and has been planted and harvested periodically since that time. 

The area contains primarily palm, Stryphnodendron, and Hironima species planted in 

large, mainly monocultural groves, but areas along the river include much older, original 

Carapa guianensis trees. This and all other climate data measurement locations, with the 

exception of the summit site (750 m), include both open areas and areas with canopy 

coverage that allowed for the collection of both precipitation and throughfall. The next-

highest elevation is at 450 m and is located approximately 0.5 km away from the carbon 

farm location on the Soltis Center property. Additionally, collection stations were set up 

at about 550 m in both open and undercanopy areas, as well as at the summit of the 

property, at 750 m (Fig. 1).  
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Figure 2. (A) Schematic interpretation of annual δ18O isotopic oscillation in tree 
cellulose for the Central American tropics. Modified from Anchukaitis et al., 
(2008b). (B) HOBO U30 station by Onset for datalogging of continuous climate 
data in 5 minute intervals. Precipitation collection bottle with funnel in foreground; 
rings for soil respiration (separate experiment) visible in the back. 

and o is the fractionation that results from the synthesis of
cellulose. This model shows thata -cellulose d18O is
in�uenced primarily by thed18O of the source water taken
up by the plant, and by the amount o� sotopic enrichment of
that water that subsequently occurs in the leaf, and whose
signature is inherited by the sucrose used in the eventual
biosynthesis of cellulose. As detailed above, source water
di�erences in cloud forests will be a function of the
seasonal regimes of rainfall and cloud water. Lower relative
humidity levels during the peak of the dry season should
result in higher evapotranspiration rates and enrichment of

enrichment of the source water signal in the leaf at the sites
of photosynthesis, as a function o� eaf temperature, the
vapor pressure di�erence within the leaf, the
atmospheric water vapor, the fractionation associated with
the liquid–vapor phase change, and the Peclet e�ect:

D l ¼
1 þð Þ 1 þ k þ D wva kð Þ

es

ei
1

where* and k are the temperature-dependent equilibrium

and kinetic liquid–vapor fractionation factors,D

isotopic composition of the atmospheric water vapor, and
andei are the leaf surface and interstitial water vapor
pressure. The Peclet number8 is calculated from the

e�ective evaporative pathway length (L), the evaporation

rate (E ), the molar density of water, and the di�usivity of
H2

18O in water [Barbour et al., 2004].

[12] pex is the proportion of oxygen atoms exchanged
during the formation of cellulose from sucrose, equivalent
to f0 from equation (1). px is the proportion of unenriched

water at the site of cellulose formation. In large trees,
cellulose formation in the xylem,px should approach 1, as

the site of cellulose synthesis is su�ciently distal from the
di�usion of enriched leaf water into unaltered source water
that it is primarily those waters that provide the exchange-
able oxygen during cellulose biosynthesis [Barbour et al.
2002]. In this case,pxpex is equivalent tof0 from equation

(1) and represents the mixing between enriched
signatures from the leaf andd18O from the original source
water. The derivation, parameterization, and interpretation
of these modeled relationships between climate and wood
cellulose are described in detail byBarbour et al.
and Evans [2007].

[13] We hypothesize (Figure 1) that the isotopic di�er-
ence between wet season precipitation and dry season
rainfall and cloud water is su�cient to generate annual
isotope cycles in the xylem of cloud forest trees. We rely on
the seasonal shift in primary water source to drive concom-
itant changes in cellulose, enabling identi�cation of annual
cycles and chronology development. Interannual variability
should be manifested as enhancement or suppression of the
amplitude of the mean annual isotope cycle through changes
in precipitation, temperature, and relative humidity. Year-to-
year di�erences in annual maximum values are expected to
be related to temperature, relative humidity, cloudiness, and
moisture advection during the dry season. Anomalies in the

Figure 1. Conceptual model of climatic controls on the
annual and interannual patterns of stable oxygen isotope
ratios in the of cloud forest tree radial growth. The annual
cycle is generated primarily by the seasonal change in the
d18O of rainfall, the use of cloud water by trees in the dry

season, and the isotopic enrichment of source water by
evapotranspiration during the dry season. Interannual
variability in annual maximum values is expected to be
related to temperature, relative humidity, cloudiness, and
moisture advection during the dry season. Anomalies in the
annual minima are likely related primarily to wet season
precipitation amounts.

G03030 ANCHUKAITIS ET AL.: CLOUD FOREST DENDROCLIMATOLOGY
A B
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 While high-resolution surveying has been conduced on the property since 2007 

and continues currently, the most updated copy of the area’s topographic mapping 

available is from the 2009 field season due to a benchmark error in 2010 (Fig. 1). The 

locations chosen for measurement have varied history of forestation, including clear-

cutting, selective harvesting, and original primary forest. Carapa guianensis, on which 

this study focuses, is native to Costa Rica and naturally found within this range of 

elevations, and it is readily available at all site locations. Additional groundwater and 

streamwater collection sites were selected at low, intermediate, and high elevations near 

climate data collection sites to provide data on the isotopic contents of these potential 

source waters (Fig. 1). 

  

METHODS 

 

Data Collection 

  

At each elevation location, HOBO weather stations recorded the amount of precipitation 

or throughfall through the use of a tipping bucket rain gauge, relative humidity, pressure, 

leaf wetness percentage, and temperature (Figs. 1, 2B). Adjacent to each HOBO station, 

water samples were collected in a funnel attached to a liter bottle containing a centimeter-

thick layer of mineral oil to prevent isotopic fractionation of the sample by evaporation 

(Scholl et al., 2006). Water samples were collected approximately once a week, or when 

the bottles became nearly full. The oil was separated out using a 500 mL Kimble 

separation funnel and the samples filtered using a paper coffee filter to remove any large 

7



particulates such as insects or leaf debris. Daily precipitation and throughfall data were 

also collected for the 5-week period of the study at the same locations. 

 In addition to these locations, groundwater and stream samples were collected 

from adjacent locations at approximately 350, 500, and 550 m intervals from 

groundwater seeps that flowed at each location into a river (Fig. 1). While these study 

sites are contained within a 3 km2 area, they have varied histories of forestation, 

including clear-cutting, selective harvesting, and original primary forest. Samples were 

collected by simply holding a sample vial underneath the flow of water, as the 

groundwater exits some of these areas as a waterfall. 

 Carapa guianensis whole-wood core samples were collected using a 16-inch-

long, 5-mm-diameter Mora increment borer from trees near each HOBO and water-

sampling location. At each location, Carapa trees were positively identified by Dr. 

Eugenio González, Soltis Center director and botanist, and cored twice per tree: once 

through the upslope side and ninety degrees to that core on the sideslope side above the 

buttress roots (Fig. 3). Small trees 20 cm in diameter or less were cored straight through 

the trunk, allowing for a near-continuous radial section. At least two trees were selected 

for each location so the samples would be duplicated to prevent anomalous readings. The 

trees, while of the same species, differ greatly in age; they range from approximately 5 

years to over 100 years in age, and as such were measured for diameter at breast height 

(DBH) and growth habit. Cores and cross-sections (taken from downed logs on the 

property) were collected and dried in a drying oven set to 65° C along with desiccation 

packs to help remove extra moisture. This step was taken to prevent decay or 
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Upslope

Diameter at Breast Height

Downslope

Figure 3. Schematic showing a cross-section of a tree with locations of cores taken 
with increment borers (yellow handles) at 90 degrees to one another on the most 
accessible side and upslope sides of the tree designated by the topography (inset). 
Although the goal was always to sample to the center of the tree, the large diam-
eter of some trees prevented this.
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microbial/mycorrhizal activity, although fungus did compromise some cross-sections to 

the point where they were unusable for stable isotope analysis.  

 Condensation fog collectors, following Schemenauer and Cereceda (1994), were 

built on the premises from approximately 1×1 cm polypropylene mesh and PVC piping 

and were installed at each of the previously described locations; rainfall samples and 

condensate collection were checked on a daily basis (Schemenauer and Cereceda, 1994). 

Due to a lack of fog, only one fog sample was collected in the course of the study. 

Potential contamination of samples was prevented by the addition of a broad plastic 

roofing that extended 0.5 m to either side of the mesh (Fig. 4). 

 

Lab Analysis of Samples 

 

All samples were analyzed at Texas A&M University, College Station, Texas, through 

the Stable Isotope Geochemistry Facility (SIGF) isotope lab. Water samples were 

analyzed in triplicate with the Picarro cavity ring-down system for deuterium and δ18O, 

while bulk wood samples were analyzed using an on-line, continuous-flow mass 

spectrometer, the Thermo Finnegan TC/EA Delta V IRMS high-temperature elemental 

analyzer for deuterium and δ18O, and standardized according to the Vienna Standard 

Mean Ocean Water (VSMOW) (Coplen et al., 2002). While separation of α-cellulose is 

common in dendroclimatological studies (Poussart et al., 2004; Evans, 2007; Anchukaitis 

et al., 2008b), time did not allow for separation, so samples were finely ground and 

analyzed as bulk wood.  
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Figure 4. Fog collector with roof to prevent 
rain from contaminating samples. Water 
condenses on the screen and is collected from 
a tube leading from the gutter to a sample vial 
in the side bucket.
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Dried wood samples from cores were sectioned into 0.5-mm increments and 

finely ground into powder using a modified drill press (Sherline model 5410 with 90-V 

motor) mounted on a calibrated router. A tachometer attached to the rig allowed for 0.01 

mm precision (X42 readout/tachometer by Sherline and Wettroth). Dremel router bits 

(#194 high-speed cutter) were replaced daily to maintain sharpness and consistency of 

powder fineness. The 0.5 mm-increment resolution was chosen to represent about a 

month of time elapsed with the aim of developing a high-resolution seasonal isotopic 

pattern (personal communication, Anchukaitis). This rate is based on input from Dr. 

Eugenio González from his personal experience with the growth rates of Carapa 

guianensis trees, as well as the findings of Pons and Helle (2011) that showed an average 

of 1.9	  ± 1.5 mm of annual growth. 

 

Forward Modeling of δ18O 

 

Due to a lack of isotopic data for the more than 500 collected bulk wood samples, 

forward modeling was instead implemented for future comparison with measured data. 

The model described by Evans (2007) provided the basis for the modeled results; 

however, parameter modifications were made to better represent the study site and 

improve the model’s applicability (personal communication, Evans). This model is based 

on previous work with several scientists’ models that better constrain the fractionation 

effects on water uptake by plants, modification in the plant, and conversion to cellulose 

(Farquhar et al., 1989; Yakir et al., 1990a, b; Loader et al., 2003; Rundgren et al., 2003; 

Poussart et al., 2004; Anchukaitis, 2008b). Using these enhancements, the Evans (2007) 
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model is modified to reflect collected isotopic source water data and parameters modified 

with collected data modeled using the simpler Barbour and Roden 2003 Excel model 

(Roden et al., 2000; Barbour et al., 2004). Both models include parameters dealing with 

the Péclet effect, or the phenomenon of heterogeneity in isotopic content between leaf 

and stem water components that are later incorporated into cellulose (personal 

communication, Barbour and Roden).  

  The models are based on a series of parameter inputs reflecting physical 

constants, such as molarity and diffusion rates of water, and site-specific environmental 

inputs. In preparation for analysis, climate data recorded at a 5-minute resolution between 

June 2010 and July 2011 were averaged by month, excluding outliers of two or more 

standard deviations variance following Evans (2007). While the two models use similar 

equations and methods to arrive at a modeled cellulose isotopic value, the Barbour-Roden 

model allows for direct input of meteorological source water isotopic contents, while the 

Evans model uses climate data (precipitation amount, temperature, and relative humidity) 

to model expected source water isotopic content, as well as cellulose signatures. These 

variations allow for modification of model parameters to better reflect isotopic conditions 

directly measured at the study site.  

 For simplicity and comparability to the literature, conventional delta notation will 

be used for all isotopic compositions described by 

 

! = ( !!"#$%&

!!"#$%#&%
− 1) ∙ 1000       (1) 
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where ! is the isotopic ratio of oxygen or deuterium and R is the mole ratio of heavy to 

light isotopes expressed in per mil (‰) (Roden et al., 2000). The international standard, 

VSMOW, is used throughout the analysis (Coplen et al., 2002).  

 While the processes governing the uptake of water and its eventual expression as 

cellulose are complex and still not completely understood, the models use current 

theories and models with varying degrees of success at “guessing” isotopic compositions 

of the resulting cellulose. For a full description of equations used to generate isotopic 

cellulose contents prior to 2007, please refer to Roden et al. (2000) and Barbour et al. 

(2004).  

In its simplified form, the isotopic composition of cellulose can be described by 

 

∆!= Δ! 1− !!!!" + !!      (2) 

 

where ∆!, the isotopic composition of cellulose, is determined by composition of the 

source water, Δ!; the fractionation processes that occur in the synthesis of cellulose 

through  !!  and  !!", the proportion of xylem water in the meristem and the mean 

proportion of exchangeable oxygen in cellulose, respectively; and !!, the equilibrium 

fractionation between carbonyl oxygen and water (Table 1) (Evans, 2007).  

The Evans (2007) model uses these equations in conjunction with the following 

Péclet effect equation modified from the previous work of Roden and Barbour: 

 

Δ! = { 1+ !∗ 1+ !! + Δ!"# − !!
!!
!!
− 1}(!!!

!!

!
)  (3) 
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where Δ! is the oxygen isotope composition of the stem liquid in the tree in relation to its 

initial source water isotopic signature, !∗ and !! are standard values relating kinetic and 

equilibrium liquid-vapor fractionation, Δ!"# is the isotopic composition of water vapor, 

and !! and !! are standard isotopic fractionation constants for fractionation through 

stomata and leaf boundary layers, respectively (Evans, 2007). !, the Péclet number, is a 

unitless value determined experimentally by Roden et al. (2000) and Barbour et al. 

(2004) and is defined as ! = !"
!"

 , the effective evaporative pathway length (L), 

evaporation rate (E), molar density of water (C), and diffusivity of δ18O in water (D) 

(Evans, 2007) (Table 1). 

While both the Barbour and Evans models use the same equations up to this point, 

the Barbour Excel model diverges and uses inputs of measured relative humidity, 

temperature, atmospheric pressure, and δ18O of source water and water vapor to calculate 

the isotopic values of the resulting cellulose, as well as nine other biochemical factors. 

While the Evans model also calculates and implements these same nine biochemical 

factors, input of measured δ18O of source water and water vapor is not included and is 

instead modeled. Source water isotopic values are calculated using Equations 1–3 and 

others described in Evans (2007), preventing some flexibility in this model.  

Evans (2007) describes the process used to create the Matlab program for forward 

modeling of cellulose isotopic compositions based on climatological inputs. While many 

of the parameters described by Evans (2007) were kept constant (Tables 1 and 2), 

modification of the c1 and c2 parameters was made possible through analysis of isotopic 

source water collected in Costa Rica, as these are the parameters that are the most 

variable by location. The model uses the following equation to calculate δ18O of source 
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Table 1. Set parameters for forward modeling as described in Barbour et al. (2004) and 
modified from Evans (2007). 

Table 1. BRFE04 Variables and Default Values

eulaVnoit  p ircseDelbairaV

s di�usive fractionation through stomata ( 23%)
b di�usive fractionation through boundary layer ( 12%)
c equilibrium fractionation between carbonyl oxygen and water

gbl leaf boundary layer conductance (mmol/m  s)       2
0012

L 810.0)m(tceffe     telcePehtrofhtgnelevitceffe
pex 24.0)sseltinu(esolullecninegyxoelbaegnahcxefonoitroporpnaem
px 1)sseltinu(metsiremniretawmelyxfonoitroporp
aVariables described in detail by  Barbour et al.  [2004].     

27

a

Table 2. Model Variables, Parameters, and Default Values for      BRFE04 Time Series Extensiona

eulaVnoitpircseDelbairaV

Tair monthly average air temperature ( ° C) elbairavtupni
P elbairavtupni)mm(noitatipicerpegarevaylhtnom
RH elbairavtupni)%(ytidimuhevitaleregarevaylhtnom
c1 y-intercept of d 18 O s versus monthly average precipitation amount relationship (        ‰) 0.74
c2 slope of d18Os versus monthly average precipitation amount relationship (   ‰/mm) 0.0285
c3 y-intercept o� eaf temperature versus air temperature relationship (° C)
c4 slope o� eaf temperature versus air temperature relationship (dimensionless)
c5 3)mK(gnisnednocsidnuorggnihcaernoitatipicerphcihwtathgie h
c6 6)m K/K(etarespalcitabaidatsiom
c7 �rst constant in regression of   G    s  on  D   s(mb mmol/m 2 0924)s/
c8 second constant in regression of    G     s   on  D  s(mmol/m 2/s) 43
c9 mean observed  d  18 O c for baseline correction 71.72(‰)
c10 54.0)sselnoisnemid(gnicroflatnemnorivneoteudecnairavSMRnoitcarf
c11 percent uncertainty in model parameters for Monte Carlo error estimation (%)
aParameters c 1andc2 from Lachniet and Patterson [2006]; c3 andc4 from Linacre [1964]; c5 andc6 as described in text;  c  7 and    c 8from Bigelow

[2001] and Bigelow and Ewel [2006]. Parameters c 9 and c10 chosen by analysis of La Selva isotopic observations from    Evans and Schrag 2004.

10
23/33

20

Table 2: Baseline published parameters for forward modeling as described by Evans (2007) 
and modified from that publication.  
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water based on measured relationships of precipitation amount and isotopic content of 

source water to mimic the effects of Rayleigh distillation and the amount effect, in which 

precipitation becomes isotopically lighter with duration of convective rainfall (Fairbanks 

et al., 1997; Evans, 2007): 

 

δ !!"
! = !! + !!!        (4) 

 

Where Os is the δ18O isotopic content of source water and P is precipitation amount in 

mm per month. Evans (2007) used the findings of Lachniet et al. (2006) to constrain the 

c1 and c2 parameters that correspond to the y-intercept and slope, respectively, of the 

relationship of δ18O of source water and total monthly precipitation (Table 2). Lachniet et 

al. (2006) analyzed isotopic signatures of surface water across Central America and 

found a linear relationship between composition, catchment altitude, and distance from 

the Pacific Ocean as follows: 

 

 δ !!"
!" = −1.7082  ×  10!!  ×  !"#!ℎ!"#$  !"#$#%&'                                    (5) 

              + 7.1420  ×  10!!  ×  !"#$%&'(  !"#$  !"#$%$# −   6.08  (!"#$%&'"  !! = 0.84) 

 

where δ18Osw is the isotopic content of surface water and altitude and distance are in 

meters. For the study area at San Isidro de Peñas Blancas, the resulting δ18O of surface 

water is very similar to the value used by Evans (2007), so c1 and c2 parameters were 

instead determined through a regression of monthly precipitation amount (in mm) and 

isotopic content for the months of June and July 2011, following Evans (2007). This 
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recalculation of the c1 and c2 parameters allows for a more accurate single-source analysis 

of the resulting modeled cellulose compositions for trees whose source water is 

precipitation, throughfall, or groundwater.   

The Evans (2007) model includes a Monte Carlo perturbation procedure designed 

to make the results more realistic to observed isotopic contents in Costa Rica and to 

better constrain the error margins of the regression. Parameters c9 and c10 (Table 2) 

provide values to the model that represent simulated “reasonable” isotopic contents for 

cellulose outputs and allow for the incorporation of a mixing model. This means that the 

modeled cellulose value is set to be equal to a time-averaged observed δ18Oc as follows: 

 

δ !!"
!,!"#$% = 1− !!" !! + !!"×  [δ !!"

!,!"#$ − < δ !!"
!,!"#$ − !! > ] (6) 

 

The subscripts denote a two-component mixing model that simulates a pool of stable 

isotopic soil water that trees draw from in addition to precipitation. δ18Oc,BRFE refers to 

the modeled cellulose values using the Barbour et al. (2004) Excel model that is based on 

input isotopic signatures for precipitation and water vapor. Parameters c9 and c10 are the 

observed mean of δ18Oc as observed at the site and the fraction of root-mean-squared 

variance due to environmental forcing and variation, respectively (Barbour et al., 2004; 

Evans, 2007). While these parameter assumptions may result in a more realistic modeled 

cellulose output, the use of these parameters also dampens the single-source assumptions 

of this analysis. Parameter c10 is set to 1 for this analysis, as this means that the 

calculations for resulting cellulose are based entirely on the instantaneous input of 

precipitation. Combined with the changes to the c1 and c2 parameters, this allows for a 
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more direct single-source assumption underlying the model’s outputs and the separate 

modeling of cellulose resulting from only precipitation, groundwater, and throughfall.  

 

RESULTS 

 

Isotopic Signatures of Source Water 

 

Isotopic compositions of collected potential source waters were determined for each of 

the samples of groundwater, streamwater, precipitation, throughfall, and fog collected 

from each location. Only one potential fog sample was collected during the field season, 

and it had a δ18O value of −12.35‰; contamination cannot be ruled out. Precipitation and 

throughfall were collected on both a daily and weekly basis at some locations, and they 

are discussed separately with the assumption that the weekly collections dampen the 

variation in isotopic signatures seen in daily collections (Fig. 5A, B). Figure 5A shows 

the daily oscillations in isotopic composition of precipitation collected at the low (400 m) 

and mid (550 m) elevations during about a month of the transition between dry and rainy 

seasons. The signatures of the water collected at both locations are very similar for the 

period between 6/29/11 and about 7/14/11, when the area experienced a heavy rain event 

that deposited more than 10 cm of precipitation in only 8 hours. At this point, the isotopic 

contents of precipitation collected at low and middle elevations diverge; the mid 

elevation saw much lighter precipitation, at −17.22‰, compared with the low elevation, 

which measured at −7.89‰. After July 14, the isotopic compositions measured at each 

site converge again and have similar values. Overall, the daily measurements at these two 
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sites had similar average values and standard deviations, with an average of −11.80‰ 

and −12.52‰ and standard deviation of 4.53‰ and 4.66‰ for low and middle 

elevations, respectively.  

 Figure 5B graphs the δ18O isotopic content of precipitation collected weekly from 

three elevations for a months’ period between June and July 2011. Precipitation was 

collected less frequently at the low (450 m) elevation site, resulting in a loss of data 

resolution for this altitude. The weekly measurements show similar values for the initial 

portion of the month, but diverge by mid-July between the 400 and 550 m elevations by 

nearly 10‰. The average values for isotopic content from 400 to 550 m elevations are 

−12.71‰, −10.64‰, and −12.76‰, and the standard deviations are 3.72‰, 0.68‰, and 

4.77‰, respectively, for the weekly collections. While we would expect a decrease in 

standard deviation for the weekly collections due to the dampening effect of 

homogenization on the collected sample, the standard deviation for the middle elevation 

site is actually greater for the weekly collected samples than for the daily samples 

(4.77‰ vs. 4.66‰).  

 A continuous collection experiment was conducted on 7/17/11 during a rain 

event; samples of precipitation were collected approximately every 45 minutes. The δ18O 

isotopic content of the precipitation collected at each 45-minute interval is summarized in 

Figure 5C. Precipitation collected over the approximately 3.75 hours of the rain event 

shows a strong positive correlation (R2 = 0.78) with elapsed time in which isotopic 

content of precipitation becomes heavier with duration of rainfall. We would expect to 

see the opposite effect with continued precipitation; possible explanations will be 

elucidated in the discussion section.  
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Figure 5. (A) δ18O isotopic composition of precipitation collected daily from low 
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Throughfall was also collected on a daily and weekly basis at the previously 

described elevations, as well as at the summit of the Soltis Center property (750 m); the 

results are presented in Figure 6. Figure 6A shows daily δ18O isotopic content for 

throughfall collected at low (450 m), mid (550 m), and high (750 m) elevations. Although 

the measurements taken at each location differ on the first day of the data series (6/29/11) 

by about 8‰, in general there is little variation in δ18O isotopic content between the 

elevations. Averaged daily values of throughfall for the entire measurement period were 

−12.70‰, −12.55‰, and −13.19‰ for low, middle, and high altitude sites, respectively. 

Standard deviation was small: only 0.33‰ variation between locations and about 4.39‰ 

variation at each site by itself. Weekly measurements of throughfall show a similar 

overall pattern but more variation between isotopic signatures measured at each elevation 

(Fig. 6B). Similar to the results of the weekly precipitation collection, a general 

“smoothing” of isotopic variation is seen in the weekly throughfall measurements. The 

values of each location are similar between June 17 and the beginning of July, when the 

divergence becomes more apparent. From July 1 until the end of the dataset, the low 

elevation collection site maintains the heaviest isotopic signature of throughfall, while the 

high and middle elevation sites have similar, lighter signatures for the majority of the 

time series. The largest variations in isotopic content occur just after the 7/14/11 rain 

event mentioned previously. The measurements following the rain event show an 

approximately 10‰ variation (Fig. 6B). Overall, the isotopic content averages for each 

location were as follows: −12.84‰, −13.17‰, −13.64‰, and −12.63‰ from lowest to 

highest elevations (Fig. 6B). Standard deviations varied more for weekly than for daily 

measurements: 4.58‰, 5.40‰, 4.46‰, and 3.33‰, respectively. Standard deviation 
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Figure 6. (A) δ18O isotopic composition of throughfall collected daily from all sites 
between 6/29/11 and 7/19/11. (B) δ18O isotopic composition of throughfall collected weekly 
from all sites between 400-750 m from 6/20/11 to 7/14/11.  
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between sites for the measurement period was also greater than for daily measurements, 

at 0.85‰.  

Groundwater isotopic content varied less both between locations and over time. 

Groundwater samples were collected from seeps from outcroppings at three elevations, 

along with upstream samples of the streamwater from the streams stemming from each 

seep location. Figure 7A shows groundwater variation in δ18O isotopic content from 

samples collected weekly from seep sites. While there is some variation between the 

locations, the range of isotopic contents is considerably smaller than for either 

precipitation or throughfall and only varies by about 1.5‰ for all samples (Fig. 7A). The 

average isotopic compositions of the water flowing out of the groundwater sites for all 

weeks was −7.17‰, −7.30‰, and −7.39‰ for the rocky seep, Coatimundi Hill, and 

waterfall, respectively. The standard deviations between the weekly measurements at 

each site and between all sites as a whole were much smaller than for precipitation or 

throughfall, and were nearly equal at 0.30‰, 0.32‰, and 0.37‰ for lowest, low, and mid 

elevation sites, respectively. Standard deviation between all sites was 0.038‰.  

 Figure 7B is representative of the groundwater/streamwater interactions for all 

sites, with a characteristically isotopically lighter streamwater flow and spike in values 

after the 7/14/11 rain event. In the measurement period from 6/16/11 to 7/13/11, the 

isotopic signatures of both groundwater and streamwater were relatively constant, with 

only about 0.5‰ variation between samples. Although isotopic contents of groundwater 

and streamwater began to diverge around the end of June, the rain event of July 14 

corresponds with a distinct, 1‰ spike in variation of the streamwater and a smaller, 

approximately 0.25‰ spike in groundwater (Fig. 7B). Both water sources begin a gradual 
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Figure 7. (A) δ18O isotopic composition of groundwater collected from all seeps at 
elevations ranging from 350-550 m. (B) Representative weekly (6/16-7/18/11) and daily 
(7/14-7/18/11) δ18O isotopic content of groundwater and streamwater collected from the 
lowest elevation location (rocky seep, 350 m) with conspicuous rapid isotopic change and 
recovery that roughly corresponds with the 7/14/11 rain event. 
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downtrend after the rain event, becoming gradually isotopically lighter; this trend would 

be in keeping with the effects of an added pulse of isotopically lighter precipitation due to 

the amount effect of a long rain. 

 

Forward Modeling Outputs with Modified Source Water Parameters 

 

To get an idea of the model’s parameters and outputs, climate data from the study area 

were entered into the model without changes to the original c1, c2, c9, or c10 parameters as 

described in the methods section, and the resulting δ18O isotopic content of α-cellulose 

was graphed with the model using the published parameters in Evans (2007) (Tables 1 

and 2, Fig. 8A). Figure 8A shows the projected δ18O isotopic content of α-cellulose for a 

tree growing during the time period from June 2010 to July 2011, with an absolute value 

based on the input data and parameters (black line) and a yellow zone of potential 

environmentally altered values derived through the Monte Carlo process described in the 

methods section. Isotopic values range from about 24‰ to 32‰, and the curve is 

generally sinusoidal, with the lowest (isotopically lightest) values around the wettest part 

of the year (September through January), and the highest (heaviest) values during the dry 

season (February through May). 

The Monte Carlo interval is expanded with the modification of c9 and c10 

parameters. Parameter c9 was changed to 27‰ as a value more representative of cellulose 

δ18O isotopic content for the study area (Anchukaitis et al., 2008b), and the c10 parameter 

was changed to 1 to remove the dampening effects of a pool of homogenized isotopic 

source water; this modification forces the model to show more variability in the Monte 
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Carlo interval through increasing isotopic variability and environmental effects on the 

modeled cellulose values (Fig. 8B). This variation of the model’s parameters expands the 

projected isotopic contents for cellulose to include a wider spread of values that are 

modeled to result from growing season fluctuations in precipitation, temperature, and 

humidity. Cellulose values with these modifications are projected to be between about 

19‰ and 39‰, although the c9 parameter was barely changed, to 27‰ from 27.17‰ in 

the original model. The overall shape of the curve is very similar to that of the original 

model’s output without parameter modification (Fig. 8A, B), but is more exaggerated in 

its maximum and minimum isotopic values.  

Based on the methods section describing modification of the c1 and c2 parameters, 

a separate projection of cellulose δ18O isotopic content was created for the parameters 

measured for precipitation over the 2-month measurement period. The parameters used to 

represent the slope and y-intercept for the correlation of precipitation amount with 

isotopic content generated ridiculous, impossible values for the isotopic composition of 

cellulose. Figure 8C shows only bars, as no rescaling would allow for visualization of the 

model’s output. The isotopic content for cellulose varied from a low of −1967‰ to a high 

of 1715‰, values that could not be seen in nature. Calculated source water values were 

equally unreasonable, with the model projecting source water isotopic contents between 

about 700‰ and 4500‰.  

Projected source water isotopic values for models with published parameters of 

Evans (2007) and modified c9 and c10 parameters were more reasonable, and they varied 

from a low of −7.5‰ to a high of about 8.25‰ for the unmodified Evans parameters, to 

between −7.35‰ and 8.35‰ for modified parameters. 
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Figure 1.  Generalized map of surface outcrops of the Coast Range Volcanic Province (CRVP), 
its subgroupings, and its location relative to the Cascade Arc.  Subsurface extent of Siletzia from 
Wells et al. (1998).  Figure modified from Babcock et al. (1992).
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Figure 8. (A) Forward modeling of δ18O isotopic content of wood cellulose based on climate 
data for the year from June 2010 to July 2011 using the Evans (2007) model with published 
parameters. (B) Forward modeling of δ18O isotopic content of wood cellulose using the 
Evans (2007) model with modified c9 and c10 parameters. (C) Forward modeling of δ18O 
isotopic content of wood cellulose using the Evans (2007) model with modified c1 and c2 
parameters.
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DISCUSSION 
 

Implications of Source Water Isotopic Composition 

 

Isotopic analysis of potential source waters shows distinct differences among sources, 

and this variation may, in future studies, allow us to distinguish source water partitioning 

for individual trees. As current wood isotopic data are lacking, this relationship cannot be 

determined, but the general difference between source water types allows for predictions 

to be made for future analysis. Variability in precipitation values and, by extension, 

throughfall values have been shown for both seasonal and interannual cycles in the 

tropics, and the δ18O isotopic contents of the potential source waters collected for this 

study fit well with published values in the literature (Rhodes et al., 2006, 2010; Schmid et 

al., 2011; Scholl et al., 2011). Because the ITCZ is directly over central Costa Rica 

during the June-to-October wet season, the expected δ18O isotopic values of precipitation, 

as measured in nearby Monteverde, range from −1.5‰ to −13.9‰ (Rhodes et al., 2006). 

This expected published range encompasses the majority of the measured values at the 

Soltis Center (Figs. 5 and 6); although the lowest value measured was −7.65‰ and the 

highest was −22.39‰, the average value of precipitation measured over the 5-week 

period was −13.12‰. This suggests that although the values for the Soltis Center, which 

is nearly 1500 m lower in elevation than Monteverde, are reasonable compared with 

published values for Monteverde, the lower-elevation Soltis Center may be experiencing 

lower isotopic values as a result of its location in the rainshadow of Monteverde. Dry 

season orographic precipitation and fog values are isotopically heavier and range from 

−0.8‰ to −1.5‰ in Monteverde (Rhodes et al., 2006). Although measured isotopic 
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precipitation data from the Soltis Center for the dry season are not available, the yearly 

oscillation of the ITCZ to the south and the fractionation factors that determine the 

isotopic content of fog suggest that heavier isotopic contents are seen during this part of 

the year. While in Monteverde, fog is the primary water source in the dry season and is 

present year-round, this water source may be lacking in the Transitional Pre-Montane 

Wet Forest of the Soltis Center (Schmid et al, 2011; Scholl et al., 2011).  

A lack of fog availability during the dry season suggests that trees are using other 

water sources, such as groundwater and streamwater, to sustain themselves while 

precipitation is minimal. This would have substantial ramifications for the isotopic 

content of the resulting cellulose in the trees. Groundwater seeps and streams are 

ubiquitous on the Soltis Center property and likely make up a large proportion of the 

trees’ total water uptake. As only one foggy day was observed during the wet season, and 

the directors of the property do not report having seen extensive fog at any point during 

the year (personal communication, Dr. González), it seems reasonable to suggest that 

area trees rely primarily on precipitation and groundwater, not fog inputs, for water.  

Groundwater and streamwater collected at the property have measured isotopic 

contents that were consistently less variable and heavier than measured precipitation and 

throughfall values (Figs. 5 and 6 compared with Fig. 7) despite fluctuation of nearly 17‰ 

in the precipitation during the collection period. This groundwater and streamwater 

stability suggests that precipitation isotopic content has little effect on stream discharge 

values and groundwater recharge. In all locations, groundwater and soil water isotopic 

contents were nearly indistinguishable; seeps exited from steep slopes in multiple 

locations, so contact with surrounding soils would be inevitable. In Monteverde studies, 
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soil water recharge has been attributed to precipitation, and isotopic testing of soil water 

has supported this conclusion (Nadkarni and Wheelwright, 2000). Although soil water 

isotopic analysis was not possible for this study, the stability of the groundwater and 

stream discharge isotopic values following large rain events suggests that soil water 

drainage has little effect on the content of these water sources (Fig. 7B). Prior to the 

7/14/11 rain event, streamwater values varied by less than 1‰ and groundwater values by 

less than 0.1‰, demonstrating greater stability than the measured precipitation values. 

The 10 cm rain event of July 14 corresponds with a spike in isotopic values of both the 

streamwater and groundwater, but even this large amount of water added to the system 

results in only an approximately 1‰ lightening in the isotopic content of streamwater and 

an approximately 0.3‰ change in groundwater (Fig. 7B). After 10 cm of water is added 

to a system, you would expect the water to flow down-gradient through soils laterally, 

following the nearly impermeable clay base that forms a continuous horizon only 5 cm 

down from the surface at the Soltis Center, and then to flow into stream drainages. This 

large input of isotopically lighter precipitation to streams likely caused the “spike” in 

isotopic content of the streams measured; however, the rapid recovery time of the 

streamwater to its stable isotopic content suggests that either (1) groundwater inputs form 

a substantial portion of the streamwater content or (2) the flushing of storm water 

entering streams through soils is very rapid, and little water is staying trapped in soils for 

long periods. Although streamwater and groundwater values were measured every day 

for the 4 days immediately following the 7/14/11 rain event, it is possible that the 

flushing period was so rapid that a daily sampling interval could not capture it.  
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Variability in Isotopic Content with Elevation and the Amount Effect 

 

Elevation differences between sites did not have a significant effect on the isotopic 

contents of any water source type. As was discussed above, groundwater and streamwater 

showed less than 1‰ variation in isotopic content across collection sites at varying 

elevations, even with the possible effects of perturbation from rain events (Fig. 7). 

Although the waterfall collection site at 350 m shows more variation than the other 

groundwater sites, whose trends roughly parallel each other, the overall variation in 

isotopic content is minimal.  

Throughfall isotopic contents were similar across elevations as well and, when 

measured with daily resolution, were nearly identical in value (Fig. 6A). Throughfall 

collected with weekly resolution, however, showed greater variability in isotopic content 

than the daily collected data. Figure 6B shows slightly lighter isotopic contents overall at 

higher elevations, although no elevation consistently had the lowest or highest isotopic 

content. In general, throughfall collected at higher elevation sites had lighter isotopic 

contents at this weekly resolution; this finding suggests that the amount effect, in which 

heavier isotopic water falls earlier in a rain event, may be affecting water collected at 

these locations. Higher elevations would then receive isotopically lighter water compared 

with lower elevations, but other factors affect rainfall patterns. Precipitation is 

notoriously variable and localized in Costa Rica, and rain gauges placed 5 m apart may 

measure precipitation amounts that differ by more than a centimeter (observed this 

summer). This characteristic may be due to localized rainfalls or the “funneling effect” on 
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throughfall through the pooling and collection of precipitation in the canopy that then 

drips and trickles down to the forest floor in highly variable amounts. 

Precipitation isotopic contents were less variable both between elevation locations 

and over the period of study. Figure 5B shows weekly precipitation values collected at 

each location; while there is about 10‰ variability between values over the course of the 

study, the three collection sites are closely parallel in content. Daily collections of 

precipitation (Fig. 5A) also demonstrate high correlation between sites, but as only two 

locations allowed for daily collection of precipitation, this may not be enough evidence to 

suggest that elevation does not significantly affect isotopic content. There is only about a 

150-m elevation difference represented between precipitation collection sites, whereas 

orographic precipitation and rainout effect are usually discussed over thousands of meters 

of vertical elevation change (Rhodes et al., 2006; Schmid et al., 2011). Small sample size 

may also obscure or fail to capture the isotopic variability in precipitation that has been 

measured in other studies (Rhodes et al., 2006; Guswa et al., 2007; Scholl et al., 2011).  

An attempt was made to determine the possible applicability and presence of the 

amount effect at the Soltis Center by measuring the isotopic content of precipitation at 

frequent (45 min) intervals during a single rain event (Fig. 5C). The change in isotopic 

content duration of the rain event showed a significant, positive correlation (R2 = 0.78) in 

which the earliest precipitation collected had the lightest isotopic content, and 

precipitation became gradually heavier through the 3.75 hours of the rain event. Overall, 

there was an approximately 4‰ increase in isotopic content of precipitation during the 

rain event, which is the inverse of what would be expected if the amount effect was 

affecting the signature of rainfall (Rowe et al., 2008). The amount effect predicts that the 
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heaviest water would rain out first, early in the rain event, and then the water would 

gradually become lighter with duration of rainfall. Figure 5C shows that the opposite 

trend occurs, suggesting that the amount effect either is not present or was not captured at 

this sampling resolution, or that a sampling error/contamination occurred.  

Regardless of the potential effects of elevation, it is important to recognize that 

pooling and variability in throughfall and precipitation may cause localized preferential 

uptake of these water sources by trees (Waylen et al., 1996). Some locations may see 

increased rainfall or “funneling,” increasing the availability of these source water inputs. 

These same trees may also take up local groundwater or streamwater, further 

complicating and varying the isotopic contents of cellulose across the landscape.  

 

Evans (2007) Model Outputs and Parameterization Issues 

 

The forward modeling portion of the study was primarily confounded by the lack of 

isotopic source water data used to constrain the c1 and c2 parameters, as described in the 

methods section. As only about two months of data were available, the c1 and c2 

parameters that are meant to provide baseline values for isotopic content of the source 

water were not compatible with the model as it is currently written. Instead, parameters c9 

and c10 were varied along with calculated stomatal conductance to test the sensitivity and 

applicability of the Evans (2007) model for the study area. 
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c1 and c2 Parameters 

 

The c1 and c2 parameters constrain the relationship between amount of precipitation in an 

area and the isotopic content variability of that water over long-term cycles (Table 2). 

Lachniet et al. (2006) looked at isotopic trends in Central America as a whole, and the 

resulting correlations were used to constrain the c1 and c2 parameters in the Evans (2007) 

model. This dataset was based on decades of precipitation collection and isotopic testing, 

and it encompassed oscillations due to seasonality, ITCZ, and other climatic cycles 

affecting the region. The data collected over the 6-week period from the Soltis Center 

cannot hope to be representative of long-term oscillations in the region, and as such is a 

poor source to use for determination of parameters. Indeed, when the Matlab program 

was run with c1 and c2 parameters derived from measured isotopic contents of water at 

the Soltis Center, the resulting outputs were unreasonable (Fig. 8C) and not found in 

nature.  

The correlation of precipitation amount and isotopic content for water sources 

collected at the study site over such a short period mean only two points are available for 

each source as monthly averages are necessary for the regression as described (Lachniet 

et al., 2006). This low-resolution measurement method is widely used in 

dendroclimatological studies to remove short-term variability in the isotopic signatures of 

water inputs, as it is assumed that trees take up precipitation that is partly “buffered” by 

larger pools of existing water that these single-event rainfalls enter and in which they are 

diluted (Evans and Schrag, 2004; Evans, 2007; Anchukaitis et al., 2008b). This practice 

does reduce clarity in the available data with the hope that the resulting monthly values 
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are more representative of the total pool of water that the trees take up. Additionally, the 

c1 and c2 parameters are defined using the Lachniet et al. (2006) study’s correlations 

derived from surface water measurements, primarily including streams, lakes, and 

rainfall. As many of the trees at the Soltis Center may rely heavily on groundwater during 

the dry season or potentially even more of the year, the regressions published by Lachniet 

et al. (2006) might not be the best choice for the study site.  

 

C9 and C10 Parameters and the Monte Carlo Regression 

 

The c9 and c10 parameters also pose problems for applicability of the Evans (2007) model 

to the study site. These parameters constrain the expected isotopic values of cellulose 

output by the model (c9) and the isotopic content and stability of the pool of source water 

being taken up by a tree (c10). The c9 parameter was set at 27‰ based on the findings of 

Anchukaitis et al. (2008b), whose study tested cellulose isotopic signatures of trees 

nearest to the study area and found this value as an average for a yearly cycle. As no 

wood data are available from the study site, this value cannot be fully constrained, 

especially as the Anchukaitis study did not look at Carapa trees. The 27‰ value seems 

reasonable based on an additional study by Evans and Schrag (2004) in the Monteverde 

region, which found a range of 23‰ to 30‰ for wood cellulose in Cordia species. 

Modeled outputs with only the c9 parameter modified did not show appreciable 

differences from the original model, which would be expected as the two values only 

differ by 0.17‰. 
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 The c10 parameter is designed to dampen the isotopic signal of each rainfall event 

and simulates the effect of a tree pulling from a pool of averaged isotopic content of soil 

water and precipitation, as might be more realistic for a tree growing in a tropical 

environment. The c10 parameter can be between 0 and 1, where 0 corresponds to an 

isotopically homogeneous pool of water that varies only with monthly oscillations built 

into the program, and 1 corresponds to a pool of water with an isotopic content equal to 

each instantaneously modeled rainfall event. The c10 parameter was set to 1 for the 

graphical output of Figure 8B to remove any dampening effect and test the model’s 

flexibility. Figure 8B shows a greater variability both in isotopic content of cellulose and 

in the range of possible values (yellow) as generated by the Monte Carlo regression 

compared with the original model’s output (Fig. 8A). Greater variation in isotopic values 

would be expected in this case, as the c10 parameter = 1 would remove dampening effects 

and allow for a greater spread in isotopic contents of both water and cellulose. This 

suggests that the c10 parameter exerts a strong influence on the model’s output compared 

with the c9 parameter. Cellulose values with the modified c10 parameter are between 

about 19‰ and 39‰, which are not drastically different from measured, published 

values; this suggests that a situation with nearly instantaneous uptake of precipitation 

inputs may be reasonable (Evans and Schrag, 2004; Anchukaitis et al., 2008b).  

 Some signal dampening due to a mixing of waters of different isotopic contents is 

highly likely, as trees’ water needs are likely not completely met by precipitation. The c10 

parameter, however, also calculates the dampening pool’s isotopic content based on 

modeled precipitation values. As was measured at the Soltis Center, streamwater and 

groundwater can have significantly different isotopic contents compared with 
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precipitation, and this mixing model negates their potential impact on source water pools. 

Streamwater and groundwater may be the most available water sources in many 

locations, as discussed above, and appear to remain stable for at least part of the year. 

While groundwater signatures may not remain constant throughout the year, with long-

term fluctuations in response to environmental perturbations such as rain events (George 

et al., 1998), it seems reasonable to suggest that this stability could have a visible effect 

on the isotopic content of cellulose in trees that take up a substantial portion of 

groundwater and streamwater. If trees were using only the stable groundwater as their 

water source, the resulting isotopic content of cellulose would also be relatively stable, 

and it would graph as a nearly flat line. Following the Evans (2007) model and the 

equations it is based upon, changes in relative humidity and temperature would affect the 

synthesis of cellulose, but these changes would likely result in small changes to isotopic 

content compared with the dominant effects of source water contents. Precipitation 

variability throughout the year, by contrast, affects isotopic content of tree cellulose and 

is the key to the viability of isotope dendrohydrology (Poussart et al., 2004; Evans, 2007; 

Anchukaitis et al., 2008b). Trees that take up a large proportion of groundwater or other 

stable isotopic source water would then be essentially useless as a climate proxy.  

 

Considerations for Future Analysis 

 

While this study is partially confounded by a lack of whole wood isotopic analysis with 

which to compare modeled values, forward modeling using a combination of measured 

and expected environmental values suggests some interesting implications for the 

38



	   	   	  

applicability of modeled data to this study. Due to the issues with parameterization and 

small datasets discussed above, it seems that the dataset collected for this study is not 

large enough to adequately constrain the model to the study site in question compared 

with the higher-elevation, moister, and cooler climate of Monteverde. The c1 and c2 

parameters seem to have the greatest effect on the model’s isotopic outputs of calculated 

source water and cellulose, and these have proved the hardest to constrain with high-

resolution, short-term isotopic data for precipitation. Even if long-term isotopic data for 

precipitation were available for the area, the fact remains that the Evans (2007) model 

still bases isotopic contents of precipitation on climate factors, and there is no way to 

input measured data except as part of parameter constraints. These modeled water values 

may be more homogenous and less accurate than measured precipitation values. 

Although the water isotopic values output by the model are reasonable in comparison 

with published data (Rhodes et al., 2006; Guswa et al., 2007; Schmid et al., 2011; Scholl 

et al., 2011), there has not been a published comparison of modeled and measured values; 

however, decades of these datasets exist due to the existence of long-term monitoring 

stations at Monteverde. Continued measurement of isotopic content of precipitation and 

other potential source waters at the Soltis Center has the potential not only to improve the 

applicability of the Evans (2007) model but also to unveil isotopic trends in the region 

that may differ from other stations.  
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Bulk Wood vs. α-Cellulose 

 

The models used for forward modeling are optimized to project the most likely α-

cellulose isotopic composition based on the input parameters; however, the wood samples 

collected for this study will be analyzed as bulk wood due to time constraints. Analysis of 

α-cellulose is common in studies that aim to use tree growth as a paleoclimate proxy, as 

α-cellulose is relatively easily extracted and a more simple molecule than whole wood, 

which includes lignins, hemicellulose, and other compounds in addition to α-cellulose 

(Loader et al., 2003; Evans and Schrag, 2004; Anchukaitis et al., 2008c). Condensing the 

scope of study to α-cellulose allows for the creation of more simplified models, as much 

of the background research on the progression of stable isotopes from water uptake to 

cellulose has focused on this organic molecule (Farquhar et al., 1989; Yakir et al., 1990a, 

b; Barbour et al., 2004). As such, the models of both Evans (2007) and Barbour et al. 

(2004) concentrate on the prediction of α-cellulose values and are not directly 

comparable to bulk wood collected at the Soltis Center. 

 While there are variations in isotopic content of α-cellulose and bulk wood, 

several studies have found significant, linear correlations between the two materials, and 

it seems reasonable to use bulk wood in addition to α-cellulose for dendroclimatological 

purposes. Verheyden et al. (2005) found that bulk wood and α-cellulose δ13C isotopic 

contents were linearly related (R2 = 0.92), but that α-cellulose isotopic carbon contents 

were enriched 0.97 ± 0.03‰ compared with bulk wood samples for the tropical 

mangrove species Rhizophora mucronata. From this finding, they concluded that, at least 

for the species in question, bulk wood could be used instead of α-cellulose for 
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dendrochronological analysis (Verheyden et al., 2005). In a similar study comparing 

stable carbon ratios of whole wood, α-cellulose, and lignin of oak trees, Loader et al. 

(2003) found that all three materials were highly correlated, with cellulose enriched by 

approximately 3‰ compared with lignin δ13C isotopic values. Whole wood, according to 

the study, “retains the strongest climate signal” when compared with other wood types, 

especially those degraded by time (Loader et al., 2003). These studies focused on the 

correlations between δ13C isotopic values instead of δ18O, so the direct comparability of 

δ18O isotopic contents of cellulose and whole wood for these species is still unclear. One 

study, that of Borella and Leuenberger (1999), compared δ18O isotopic contents of whole 

wood and cellulose extracted by varying methods for a Swiss oak species. The 

researchers found a significant (R2 = 0.65) correlation between the δ18O isotopic contents 

of whole wood and cellulose for the oak, but they caution that the method used to analyze 

whole wood (an older, off-line method not used by the SIFG laboratory) was associated 

with a strong memory effect that dampened the signal by 30% to 40%. Pons and Helle 

(2011) looked at Carapa guianensis trees growing in Central Guyana and found a 

significant correlation between α-cellulose and whole wood δ13C isotopic signatures    

(R2 = 0.92, P < 0 .001), but less correlation between the δ18O values of the two materials 

(R2 = 0.55, P < 0.001). Without data from whole wood to compare with projected 

cellulose values, it is unclear if the values are correlated for either δ13C or δ18O isotopic 

contents for Carapa species growing under the conditions at the study site; however, the 

evidence from Pons and Helle (2011) and other comparison papers seems promising. 

Continued comparison of modeled and measured values will be essential to better 
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determine the applicability of forward modeling and the study site for use as a climate 

and hydrological proxy.  

 

  

CONCLUSIONS 

 

Investigation and analysis of isotopic contents of precipitation, throughfall, groundwater, 

and streamwater demonstrate significant isotopic differences in each potential source 

water type and suggest that uptake of each type may be distinguishable through the 

analysis of tree cellulose. Variability in isotopic content of water, especially on the basis 

of a yearly cycle, would make the Soltis Center an effective location for 

dendrohydrological studies. Variability or lack thereof in groundwater and streamwater 

may dampen or remove isotopic oscillations in cellulose of trees that use them as their 

primary water source, obscuring climate effects and making these trees less useful as a 

climate proxy. The lack of fog in the Pre-Montane Wet Forest on the property implies 

that trees are likely making up their water deficit with other, constant sources of water 

such as groundwater, but this hypothesis cannot be tested until wood samples are 

analyzed. The potential effects of elevation are likewise unknown without wood analysis, 

but measured changes in isotopic signatures of water with elevation were negligible over 

the 450 m of variation on the property. Modeled isotopic contents of wood cellulose and 

source water generated by the Evans (2007) Matlab program were in keeping with 

published values, but the model may not be suitable for representation of the study site 

until parameters can be better constrained with additional isotopic data. The completion 
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of analysis of wood samples will doubtless answer many of the residual questions and 

help determine whether the location is a good candidate for continued 

dendrohydrological study. 
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