
 

 

 

 

ABSTRACT 

NAGY, LAURA A.  Effect of Interbasin Groundwater Flow on Optical Properties of DOC and 
Watershed Export of DIC and DOC in a Tropical Rainforest, La Selva Biological Station, Costa Rica.  
(Under the direction of David P. Genereux and Christopher L. Osburn). 
 

This study quantifies the DIC and DOC exported annually via stream flow from two tropical 

rainforest watersheds and characterizes the chromophoric fraction of dissolved organic matter using 

UV-Vis absorbance spectroscopy to assess the significance of interbasin groundwater flow (IGF).  IGF 

delivers deep bedrock groundwater to the Arboleda watershed.  The Taconazo watershed, adjacent 

to the Arboleda, receives no deep bedrock groundwater input via IGF.  DIC export was calculated for 

2006-2009; DOC export was calculated for 2006.  Three methods were used to estimate DIC and 

DOC export from the Taconazo and Arboleda watersheds: weekly summation (M1), linear 

interpolation (M6), and flow-weighted mean concentration (M5).  Alkalinity and pH data were used 

to calculate DIC concentration, but questions about the low pH values from 2006 led to exclusion of 

the 2006 DIC export results from further analysis.  Mean 2007-2009 results from M6 and M5 were 

similar (9.76 and 9.62 gC/m2yr for the Taconazo; 687 and 683 gC/m2yr for the Arboleda).  Results 

from M1 were lower for the Taconazo and higher for the Arboleda, compared with the other 

methods, but only differed by at most 4%.  M6 and M5 DOC export results average 3.98 and 14.1 

gC/m2yr for the Taconazo and Arboleda, respectively.  Although the Arboleda watershed is only 

about twice the size of the Taconazo watershed, average annual DIC export is about a factor of 70 

greater and average annual DOC export is about a factor of 3 greater; this is a result of deep bedrock 

groundwater entering the Arboleda via IGF paths.  Taconazo DIC and DOC export results are similar 

to the results found by other export studies from tropical and temperate watersheds; Arboleda DIC 

and DOC export are large compared to these studies.  For the Arboleda, DIC export is comparable to 

other major watershed-scale carbon fluxes (input from net ecosystem exchange, export by stream 

degassing, and input from bedrock groundwater).  Average UV-Vis absorbance spectroscopy was 

used to characterize the chromophoric (colored, ultraviolet and visible light-absorbing) fraction of 

dissolved organic matter (CDOM) from the Taconazo, the Arboleda, and a spring near the study 

area, Guacimo Spring.  The absorbance at 250 nm (a250) was used as a proxy for CDOM 



 

 

 

 

concentration.  The specific UV absorption at 254 nm (SUVA254), spectral slope (S) and slope ratio 

(SR) were used to characterize the quality of CDOM.  Average results for a250, SUVA254, S, and SR 

values are 6.25 m−1, 42.4 Lmmol−1m−1, 16.5 nm−1, and 0.778 for the Taconazo, respectively; 3.53 m−1, 

47.5 Lmmol−1m−1, 13.6 nm−1, and 1.12 for the Arboleda, respectively.  One Guacimo Spring sample 

tested had a250, S, and SR values of 0.487 m−1, 8.52 nm−1, and 3.51, respectively.  The findings of this 

study suggest that IGF causes greater carbon export, lower DIC, DOC, and CDOM concentration, and 

CDOM that is degraded with less aromaticity and lower molecular weight.  These findings also 

exemplify the importance of knowing the complete hydrologic cycle of a system to reach valid 

conclusions for carbon export and carbon characterization studies. 
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1 EFFECT OF INTERBASIN GROUNDWATER FLOW ON DIC AND DOC EXPORT FROM TWO 

RAINFOREST WATERSHEDS AT LA SELVA BIOLOGICAL STATION, COSTA RICA 

1.1 INTRODUCTION 

Inland, freshwater ecosystems experience significant carbon fluxes and play an important 

role in global carbon transport (Cole et al. 2007).  For example, groundwater entering small streams 

and containing high concentrations of dissolved inorganic carbon (DIC) is an important factor of 

stream chemistry (Choi et al. 1998).  Additionally, it is important to focus on tropical watersheds 

because of their predicted vulnerability to climate change (Battin et al. 2008) and the likelihood of 

hydrologic changes expected as a result of climate change in these regions (Raymond & Oh, 2007).  

The carbon cycling of these freshwater ecosystems can be analyzed by: (1) modeling or (2) field 

studies.  For this project, a carbon cycling field study was completed for two small, forested, tropical 

watersheds.  Because there is a finite number of carbon inputs and outputs (stream export, stream 

degassing, plant photosynthesis and respiration summed in net ecosystem exchange (NEE), and 

input via interbasin groundwater flow (IGF)), a watershed is an ideal unit for a carbon cycling study.   

Several studies have quantified carbon export from watersheds via stream flow (Wiegner et 

al. 2009; Raymond & Oh, 2007; Guo & MacDonald, 2006; Johnson et al. 2006; Salmon et al. 2001; 

McDowell & Asbury, 1994) or CO2 degassing from stream surfaces (Teodoru et al. 2009; Richey et al. 

2002; Choi et al. 1998; Jones & Mulholland, 1998).  Some studies report both stream export and 

degassing rates for a more complete carbon cycling analysis (Oquist et al. 2009; Hope et al. 2001).  

Only one carbon cycling field study, located in a Scottish peatland, includes stream export, 

degassing, and NEE (Dinsmore et al. 2010; Billett et al. 2004).   

This thesis is part of a larger study focused on multiple watershed-level carbon fluxes in a 

Costa Rican rainforest: stream export, degassing, NEE, and IGF input of carbon.  The focus of this 

project is on the watershed export of dissolved carbon in streamwater, and includes a paired 

watershed approach to assess the significance of IGF for carbon budgets.  IGF is a potentially 

important, overlooked component of watershed carbon budgets.  It is a basic groundwater process 

where water recharges in one basin and discharges in another, flowing beneath topographic 

watershed divides. 

For this study, two small adjacent watersheds were considered, one with IGF (the Arboleda) 

and the other without (the Taconazo). The watersheds are located at La Selva Biological Station 
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(LSBS), a tropical rainforest in north-central Costa Rica.  The overall goal is to quantify the 

significance of IGF for concentrations and stream fluxes of dissolved carbon in this lowland 

rainforest.  The specific objectives of this study are to: 

 

(1) Quantify stream export of dissolved inorganic carbon (DIC) from the Arboleda and 

Taconazo watersheds, using pH, alkalinity (Alk), and stream discharge data from 

2006 to 2009 

(2) Quantify stream export of dissolved organic carbon (DOC) from the Arboleda and 

Taconazo watersheds, using DOC concentration and stream discharge data for 2006 

(3) Use the results above to reach conclusions regarding the significance of IGF for 

carbon budgets in this rainforest ecosystem 
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1.2 STUDY SITE AND BACKGROUND 

1.2.1 Location and Setting  

 The study site for this project is LSBS, a 1536 hectare (ha) research station in Costa Rica 

(Figure 1.2.1).  It is a tropical rainforest environment adjacent to and down slope of Braulio Carrillo 

National Park, ranging in elevation from 35-130 meters (m). Volcan Barva, a 2906-m composite 

volcano, is located south of the study site (Braulio Carrillo lies on Barva’s north slope).  Annual 

average temperature is 25.8⁰C and the average annual precipitation is 4240 millimeters (mm) 

(Genereux et al. 2005).  The dry season at LSBS includes the months February, March and April, each 

with an average of 180 mm of rainfall.  The focus of this study is on two adjacent streams at LSBS, 

the Taconazo and Arboleda (Figure 1.2.2).  The watershed boundaries and stream paths were 

delineated using Light Detection And Radar (LiDAR) data retrieved from Kellner et al. (2009) (Zanon, 

2011).  The watershed areas for the Taconazo and Arboleda are 27.94 ha (279400 m2) and 46.14 ha 

(461400 m2), respectively.  Previous research at these sites provides several lines of evidence that 

support the presence and mixing of two distinct groundwaters at LSBS: low-solute local 

groundwater and high-solute bedrock groundwater. 
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Figure 1.2.1  LSBS, Costa Rica.  LSBS boundary and stream network data from Organization for 
Tropical Studies (2010); Taconazo and Arboleda watershed boundary and stream data delineated 
using LiDAR data from Kellner et al. (2009) (Zanon, 2011). 
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Figure 1.2.2  Taconazo and Arboleda watersheds, LSBS, Costa Rica.  Stream network data from 
Organization for Tropical Studies (2010);  Taconazo and Arboleda watershed boundary and stream 
data delineated using LiDAR data from Kellner et al. (2009) (Zanon, 2011). 
 

 

1.2.2 Previous Research at La Selva Biological Station (LSBS) 

1.2.2.1 Hydrologic Research 

 A water mixing model was first created for LSBS on the basis of hundreds of water samples 

collected at several sites at LSBS.  The concentrations of major ions were measured and plotted, one 

solute vs. another (e.g., Na vs. Cl).  Distinct linear trends were observed on these plots and 

interpreted as mixing lines representing mixing between high-solute bedrock groundwater  and low-

solute local groundwater (Genereux et al. 2002; Genereux & Pringle, 1997). 
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Genereux et al. (2005) calculated annual water and major ion budgets for the Taconazo and 

Arboleda watersheds, to quantify inputs and outputs and the importance of IGF.  They found that 

export of water and major ions by streamflow greatly exceeds inputs by precipitation on the 

Arboleda watershed (indicating significant inputs by IGF), but not at the Taconazo.  For the 

Arboleda, IGF leads to significantly higher Cl-, SO4
2-, Na+, K+, Mg2+ and Ca2+ concentrations in stream 

water.  This is connected to the IGF mentioned in the Introduction, as bedrock groundwater seems 

to be water that enters LSBS watersheds (the Arboleda and others) as IGF, i.e., deep groundwater 

flow through volcanic bedrock, recharged at high elevation upslope of LSBS (on Volcan Barva) and 

discharged into streams and wetlands at LSBS.  Results in Genereux et al. (2005) also show that 

some local groundwater is involved in IGF, perhaps by mixing in the subsurface between the local 

groundwater and bedrock groundwater systems.  δ18O data are also consistent with this 

interpretation of two distinct groundwaters and bedrock groundwater representing IGF into LSBS in 

the volcanic bedrock (Genereux, 2004). 

Genereux et al. (2009) tested and found additional support for the model with C, He, and Cl 

isotope data.  Local groundwater was found to have an atmospheric signature for He and Cl.  C in 

local groundwater represented a biogenic soil gas source.  Additionally, several lines of evidence 

indicate that C, He and Cl in bedrock groundwater (transported via IGF) have a magmatic/volcanic 

source.  For example, high DIC concentration paired with relatively low pH and Ca concentration are 

evidence against a limestone source.  Furthermore, limestone is likely located too deep in the 

geologic profile to interact with groundwater flow discharging at LSBS.  Also, R/RA values from He 

data and 36Cl/Cl data are consistent with values found for magmatic gas sources in other subduction 

zones (Genereux et al. 2009). 

With water budget data and an estimate of the DIC and DOC concentrations in bedrock 

groundwater, a preliminary estimate of carbon input by IGF (872 gC/m2yr) was determined for the 

Arboleda (Genereux et al. 2009).  Of this quantity, 98.7% was found to be DIC and 1.3% DOC.  88% of 

the total C input by IGF was due to bedrock groundwater and 12% was due to local groundwater.  

This carbon input by IGF is significant relative to other large ecosystem carbon fluxes (e.g., it had a 

magnitude equal to about 24-30% of respiration (Loescher et al. 2003; Cavaleri et al. 2008) and may 

be significant for the biota and for understanding the overall ecosystem carbon budget. 
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Another line of evidence supporting two distinct groundwater sources is radiocarbon dating.  

14C values suggest the age of bedrock groundwater is much greater than the age local groundwater 

(Solomon et al. 2010; Genereux et al. 2009).  The bedrock groundwater and local groundwater are 

estimated be 2400-4000 years and about 10 years or less, respectively. 

1.2.2.2 Net Ecosystem Exchange (NEE) 

 A recent study by Loescher et al. (2003) measured the NEE of CO2 at LSBS.  They used an 

eddy covariance (flux tower) method and found that NEE ranged between 0 and 796 gC/m2yr, 

depending on the year and calculation method.  This estimate is similar to other estimates of NEE 

for moist tropical forests (Loescher et al. 2003).  This value does not represent a single flux but 

rather the net sum of vertical input (photosynthesis) and output (respiration) fluxes between the 

ecosystem and the atmosphere. 
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1.3 METHODS 

1.3.1 Sampling Summary 

 Water samples have been collected and chemical measurements made in the Arboleda and 

Taconazo streams at LSBS over the past several years.  Data were mainly collected by a part-time 

technician at the field site, William Urena, and include stream discharge data, water sample 

collection, pH measurement, and Alk titration data.  Stream discharge data, pH measurements and 

Alk titration data were emailed weekly to North Carolina State University (NCSU) and filtered water 

samples were transported by plane from Costa Rica to NCSU.  This study focuses on samples 

collected during the years 2006, 2007, 2008 and 2009 (Table 1.3.1). 

 

 

Table 1.3.1  Summary of samples collected and used for this study, during years 2006 to 2009, at the 
Arboleda and Taconazo streams, LSBS, Costa Rica (min = minutes). 

 Frequency Start Date End Date 

Automated stream stage and discharge 15 min 1-Jan-06 31-Dec-09 
Manual stream stage weekly 5-Jan-06 25-Dec-09 
Alk titration with Hach kit weekly 5-Jan-06 25-Dec-09 
Gran Alk titration (Taconazo only) weekly 19-Apr-07 25-Dec-09 
Stream pH weekly 23-Feb-06 25-Dec-09 
Major ions weekly 5-Jan-06 25-Dec-09 
DIC (calculated from pH and Alk) weekly 5-Jan-06 25-Dec-09 
DOC weekly 23-Feb-06 Feb-09 
DOC concentration weekly 23-Feb-06 5-Apr-07 
Particulate organic carbon POC weekly 15-Dec-06 10-Jul-08 
Absorbance weekly 23-Feb-06 28-Feb-08 
Fluorescence weekly 22-Dec-06 5-Apr-07 

 

 

1.3.2 Stream Discharge 

Instantaneous stream discharge, Q, was calculated and recorded every 15 minutes at 90⁰ 

and 120⁰ v-notch weirs installed at the Taconazo and Arboleda, respectively.  Stage height was 

recorded using a Campbell Scientific CR510 data logger and Envirosystems SE107 shaft encoder with 

a float-counter weight system on the shaft-mounted pulley.  Following Rantz et al. (1992), discharge 

was calculated using Equations 1.3.1 and 1.3.2 for the Taconazo and Arboleda, respectively, where 

stage height in meters gives discharge in cubic meters per minute. 
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         (stage height)         (Eq. 1.3.1) 

 

         (stage height)         (Eq. 1.3.2) 

 

Back-flooding during storm events and problems with the data logger caused some gaps in 

Q data for both streams, during all sampling years (Table 1.3.2).  The number of gaps ranges from 7 

to 26 per stream per year, last a median length of 1.0   0.4 days (d) and represent 6% of the study 

period.  Each gap was filled by averaging data the length of the gap before and after the gap itself.  

For example, a 0.3 d gap was filled with the average of the data collected 0.3 d before the gap and 

0.3 d after the gap (Figure 1.3.1). 

 

 

Table 1.3.2  Summary of gaps in streamflow data at the Arboleda and Taconazo streams during 
years 2006, 2007, 2008 and 2009 (n = number of gaps, d = days).  

  Arboleda   Taconazo 

Year n 

Median gap 
length (d) 

Total time 
of gaps (d) 

% of Year   n 
Median gap 
length (d) 

Total time 
of gaps (d) 

% of Year 

2006 13 1.3 24.7 6.8   11 0.8 24.4 6.7 

2007 9 0.9 11.1 3   9 1.2 12.8 3.5 

2008 12 0.7 28.3 7.7   7 0.8 23.7 6.5 

2009 26 0.6 34.4 9.4   9 0.6 8.5 2.3 
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Figure 1.3.1  Measured and estimated discharge vs. decimal day for one gap in discharge data for 
the Arboleda in 2008.  Data in the shaded regions were averaged to fill the gap. 
 

 

1.3.3 DIC and DOC Concentration 

Samples collected weekly at the Taconazo and Arboleda weirs between January 2006 and 

December 2009 were analyzed for DIC concentration.  A total of 225 Taconazo and 224 Arboleda 

samples were used.  Samples were collected with a syringe, filtered in the field and immediately 

brought to a lab at LSBS for Alk titration analysis.  At each sample collection time, manual stream 

stage was recorded and stream pH was measured using a hand-held pH meter.  DIC concentration 

was calculated using pH and Alk data.  This is a widely used (Helie et al. 2002; Choi et al. 1998; and 

Adams et al. 1978), relatively inexpensive approach to estimate DIC concentration.  Alternate 

approaches include the measurement of headspace-equilibrated CO2 (Hope et al. 1995), less 
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commonly the deployment of in situ sensors that record continuous CO2 concentration (Johnson et 

al. 2010). 

A Hach titration method (Hach Company, 2006) was used to measure and calculate Alk for 

the Arboleda stream, where Alk was significantly higher than in the Taconazo, and DIC concentration 

was calculated from Alk and pH using Equations 1.3.3, 1.3.4 and 1.3.5 (Morel and Hering, 1993): 

 

  C  
     [(

 l 

    
) (   p ) (

     

   p 
)]

(      )
     (Eq. 1.3.3) 

 

where Alk and DIC are in mM, and α1 and α2 are ionization fraction parameters for the bicarbonate 

and carbonate ions (i.e., fractions of DIC that are bicarbonate and carbonate, respectively), 

calculated as functions of pH (e.g., Morel and Hering 1993, p. 180): 

 

   [(  
      -p )  (

       

   p 
)   ]

  

    (Eq. 1.3.4) 

 

   [(  
     (   p ) )  (          p )   ]     (Eq. 1.3.5) 

 

The Alk for the Taconazo was calculated using the Gran method (Stumm & Morgan, 1996, p. 

179-186) and is outlined in Appendix A.  The Gran approach is, in principle, more accurate than the 

Hach digital buret titration for very low Alk samples such as those from the Taconazo and has been 

used in other tropical watersheds with low Alk waters (Lloret et al. 2011; Newbold et al. 1995).  The 

DIC concentration of the Taconazo stream water was calculated as described above for the Arboleda 

(using measured pH and Alk).  Gran titrations were not completed for 72 Taconazo samples during 

the study period. Hach Alk titrations were completed for these samples.  DIC was estimated for 

these 72 samples using a linear regression of Gran Alk calculated DIC vs. Hach Alk calculated DIC 

(Figure 1.3.2), generated from 134 Taconazo samples that had both Hach and Gran Alk data. 

Excluding the high DIC point in the upper right of Fig. 1.3.2 lowered the slope to 0.432 and increased 

the intercept to -0.004, which would have a net effect of increasing the 72 estimated Gran DIC 

values by an average of 1.3 %; thus, the regression and it’s use to estimate Gran   C is not sensitive 

to the single high DIC point in Figure 1.3.2. 
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Figure 1.3.2  Gran vs. Hach DIC for 134 Taconazo samples 2007-2009.  This linear regression was 
used to estimate Gran DIC for Taconazo samples on 72 days when only Hach (not Gran) titrations 
were completed. 
 

 

Samples collected weekly at the Taconazo and Arboleda weirs between February 2006 and 

January 2007 were used for DOC export analysis.  Sixty-milliliter samples were collected with a 

syringe, filtered and stored frozen in polyethylene bottles until transported by plane to NCSU where 

they were stored frozen.   

DOC samples collected at the Taconazo and Arboleda weirs between February 2006 and 

January 2007 were analyzed for DOC concentration.  A total of 48 Taconazo and 48 Arboleda 

samples were used.  Samples between February 23, 2006 and December 15, 2006 were analyzed 

with a Shimadzu TOC-5050 by the Environmental and Agricultural Testing Service laboratory at 

NCSU.  The remaining samples were analyzed with a DOC analyzer by the Biogeochemistry 

laboratory in the Marine, Earth and Atmospheric Sciences department at NCSU. 

The standard statistical student’s t-test was used to evaluate the significance of difference 

of the means of data collected from the Taconazo and Arboleda (Zar, 1999, p. 122-129; Trauth, 
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2007, p. 51).  The significance of difference of the means of pH, Alk, DIC concentration, and DOC 

concentration were tested. 

1.3.4 DIC and DOC Export 

Annual values for DIC and DOC export by streamflow from the Taconazo and Arboleda 

watersheds were generated from roughly weekly concentration values and 15-minute (min) Q 

values using the following methods for comparison:  

1.  weekly summation (Genereux et al. 2005), referred to in this study as “M1” 

2.  linear interpolation, “Method 6” or “M6” of Birgand et al. (2011a, 2011b, 2010) 

3. flow-weighted mean, “Method 5” or “M5” of Birgand et al. (2011a, 2011b, 2010), and 

Walling & Webb (1985). 

 Taconazo and Arboleda data for the years 2006, 2007, 2008, and 2009 were evaluated for 

annual DIC export.  There was an increase in the number of samples collected in 2009 compared to 

other years because of a week of storm sampling during December (the wet season).  During this 

week, samples were collected three or four times a day.  DIC export for 2009 was calculated both 

with and without the storm samples. 

M1 is referred to as weekly summation because annual export was computed as the sum of 

the calculated exports for roughly week-long “flux-periods” that were centered around a   C 

measurement and averaged about 7.1 d in duration for the study (range was 3.5 to 11 d).  M1 was 

used to calculate DIC export for two years during the study period, 2007 and 2008.  Because DOC 

concentration samples were not collected in 2007 or 2008, DOC export was not calculated using 

weekly summation.  DIC export was calculated by assigning each measured concentration value to a 

flux-period bracketed by the midpoints between the measurement time of the concentration value 

and the measurement times of the concentration values about a week before and a week after the 

value of interest.  The flux-period for DIC measurement X was defined by a starting time (midpoint 

1) and ending time (midpoint 2): 

 

 midpoint 1   
tx tx-1

 
       (Eq. 1.3.6) 

 

 midpoint 2   
tx tx 1

 
       (Eq. 1.3.7) 
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where tx is the time of collection of sample X.  DIC export was then calculated: 

 

  xport  ∑  ( w
n
     w)      (Eq. 1.3.8) 

 

where Export is the mass (in grams) of DIC exported annually, w is the flux-period bracketed by 

midpoint 1 and midpoint 2 (Eq. 1.3.6 and 1.3.7), n is the total number of flux-periods for a year and 

depends on the number of samples collected (in this study, n = 53, 52, 53, and 54 or 65 for the 

Taconazo for years 2006, 2007, 2008 and 2009, respectively, depending on whether or not the extra 

2009 storm samples were utilized; n= 53, 51, 53, and 55 or 71 for the Arboleda for years 2006, 2007, 

2008, and 2009, respectively), Cw is the measured DIC concentration in grams per cubic meter in 

flux-period w, and Vw is the total volume of stream water discharged in cubic meters for flux-period 

w.  The export (left-hand side of equation 1.3.8) was normalized by watershed area to give annual 

carbon export in grams of carbon per square meter of watershed.  Also, individual CwVw results were 

normalized by (1) watershed area and (2) the duration of the flux period; this gave export in grams 

of carbon per square meter, per day, for each flux-period (values that were then plotted versus day 

of the year on graphs that show annual carbon export as the area under the curve).  This approach 

was previously used to estimate export of SO4
2-, Na+, K+ and Ca2+ from the study watersheds 

(Genereux et al. 2005). 

 Using M6, DIC and DOC export were calculated in MATLAB.  In this method, low resolution 

concentration values are linearly interpolated to higher resolution Q data. In this study, roughly 

weekly concentration values were linearly interpolated to 15-min.  The products of the interpolated 

concentration and volume of stream water discharged every 15 min were summed for each study 

year to generate annual solute export: 

 

  xport   ∑  ( f
n
f    f)       (Eq. 1.3.9) 

 

where Export is the mass (in grams) of carbon (DIC or DOC) exported annually, f is a fifteen minute 

time period during the year of interest, n is the total number of fifteen minute time periods f in a 

year (n = 35040 for 2006, 2007, and 2009 and n = 35136 for 2008), Cf is the interpolated DIC or DOC 

concentration in grams per cubic meter at the time of a discharge measurement (15 min frequency), 
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and Vf is the volume of stream water discharged in cubic meters during time period f (calculated by 

multiplying the instantaneous stream discharge in cubic meters per minute by 15 minutes to get a 

volume in cubic meters).  The export (left-hand side of equation 1.3.9) was normalized by watershed 

area to give annual carbon export in grams of carbon per square meter of watershed.  Also, CfVf 

results were normalized by (1) watershed area and (2) the duration of the time interval (0.01042 

days = 15 minutes); this gave export in grams of carbon per square meter, per day, for each 15 

minute period (values that were then plotted vs. day of the year on graphs that show annual carbon 

export as the area under the curve) to estimate export in grams of carbon per square meter for each 

study year.   

 DIC and DOC export were also calculated with M5, as shown below: 

 

  xport    a  ∑ (C
 
   )

n
i 1 ∑   

n
i 1⁄      (Eq. 1.3.10) 

 

where Export is the mass (in grams) of carbon (DIC or DOC) exported per year, Va is the annual 

stream discharge in cubic meters per year, Ci is the measured DIC or DOC concentration in grams of 

carbon per cubic meter, and Qi is the instantaneous (15 min) discharge in cubic meters per min at 

the time of a Ci measurement.  Export was normalized by watershed area to estimate export in 

grams of carbon (DIC or DOC) per square meter year.  This method has been used by Birgand et al. 

(2011a), Dinsmore et al. (2010), and Hope et al. (1997) to calculate dissolved carbon loads 

(watershed exports), by Birgand et al. (2011a, 2011b, 2010) to calculated dissolved nitrate loads, by 

Walling and Webb (1985) to estimate sediment load, and McDowell and Asbury (1994) to calculate 

various dissolved constituents and sediment loads. 

1.3.5 Uncertainty in Export Calculations 

1.3.5.1 Uncertainty in DIC Concentration 

 The uncertainty in DIC was calculated by using the lower and upper bounds of uncertainty of 

Alk and pH in Equation 1.3.3.1.  The uncertainty in Alk depended on the method used and the 

uncertainty in pH was taken as 0.1. 

 For the Arboleda, Alk was measured with the Hach titration method.  Uncertainty in Alk 

measured using the Hach titration method was determined by the uncertainty in the number of 

digits used to reach titration endpoints.  The Hach digital titrator had about 1% uncertainty for 
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samples where over 100 digits are used and 1 digit of uncertainty for samples where less than 100 

digits are used (Hach Company, 2006). The mean uncertainty in Arboleda Alk measured using the 

Hach titration was about 1%.  The mean uncertainty in DIC calculated was about 11%. 

 For the Taconazo, Alk was measured using the Gran method.  Uncertainty in Alk measured 

using the Gran titration method directly was based on the 95% confidence interval of the x-intercept 

on each Gran Plot.  The mean uncertainty in Gran Alk was about 13%.   

Uncertainty in Taconazo Gran DIC estimated from Hach DIC data using a linear regression 

(Fig. 1.3.2) was calculated using the standard statistical approach to calculating uncertainty in a 

variable predicted with a linear regression, following Zar (1999): 

 

 (  ̂ ) 
=√    

 [  
 

 
 
(    ̅)

 

∑  
]      (Eq. 1.3.11) 

 

Where (  ̂ ) 
is the standard error In a single predicted y value,  ̂ ,     

  is the residual mean square, 

n is the sample size,    is the measured x value used to predict ̂  (and not used to generate the 

linear regression),  ̅ is the mean of the x values, and ∑   is sum of the square differences between 

each individual x value and  ̅.  The residual mean square,     
 , is calculated: 

 

     
  

∑(    ̂ )
 

   
        (Eq. 1.3.12) 

 

where    is a measured y value from the data set,  ̂  is what the linear regression would predict the y 

value to be, and n is the sample size.  The uncertainty in each individual predicted Gran DIC,   ̂ 
, 

was calculated by multiplying (  ̂ ) 
 by the two-tailed 95% t statistic with 133 degrees of freedom, 

t0.05(2),133=1.978, to get the uncertainty in the predicted Gran DIC.  The mean uncertainty in Taconazo 

Gran DIC estimated from Fig. 1.3.2 was 24%.   

1.3.5.2 Uncertainty in DOC Concentration 

 Because replicate samples were not available for DOC concentration measurement for this 

study, the uncertainty for DOC concentration was taken from the literature.  Carey et al. (2005) used 

a Shimadzu TOC-5050A analyzer and reports DOC concentration results with 1-3.5% standard 

deviations.  The uncertainty in DOC concentration for this study is taken as 7%. 
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1.3.5.3 Uncertainty in Export 

Uncertainties in export estimates are the result of uncertainty in sample measurements, 

uncertainty caused by sampling interval (i.e., lack of knowledge in between discreet instantaneous 

measurements), and uncertainty in the export equation used.  Because continuous stream discharge 

data is widely used and had little uncertainty, uncertainty in load estimates are generally largely the 

result of estimated and infrequent concentration sampling (Hope et al. 1997; Littlewood, 1992; 

Walling & Webb, 1985).  This is the case for this study, where 15-min stream discharge data is paired 

with roughly weekly estimates of dissolved carbon concentration. 

The uncertainty in export using M1 was calculated using standard statistical methods for 

propagation of error (Kline, 1985; Taylor, 1982; Meyer, 1975).  Genereux et al. (2005) used this 

technique to calculate uncertainty in export for various major ions from the Taconazo and Arboleda.  

Following the standard statistical approach for calculating the uncertainty of a product of 

independent variables, the uncertainty in carbon export for one flux period (Eq. 1.3.8) was 

calculated as: 

 

       √(     )
 
 (     )

 
     (Eq. 1.3.13) 

 

where Vw is volume of water discharged flux period w in cubic meters, WVw is the uncertainty in Vw 

in cubic meters, Cw is the DIC concentration measured in flux period w in grams of carbon per cubic 

meter, and WCw is the uncertainty in Cw in grams of carbon per cubic meter.  WVw was calculated as 

5% of Vw for each flux period (Genereux et al. 2005; Williams & Melack, 1997; Lesack, 1993; Winter, 

1981).  WCw was calculated as described in Section 1.3.5.1.  WVwCw values for each flux-period were 

added in quadrature to estimate uncertainty in annual export (WVC): 

 

     √    
      

      
        

    (Eq. 1.3.14) 

 

The uncertainty in export using M5 and M6 is based on the findings from other studies 

where high resolution concentration and discharge data (usually hourly data) were numerically 

sampled at weekly intervals to evaluate differences in annual export estimates based on sampling 
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interval (e.g., “true” export based on hourly data vs. estimated export based on wee ly sub-

sampling of the hourly data).  The findings are summarized in Table 1.3.3 and are the best estimate 

of uncertainty using the M5 and M6 algorithms with weekly concentration data.  The uncertainties 

for export estimated by M6 were taken as 30% and 15% for this study for DIC and DOC, respectively.  

The uncertainties for export estimated by M5 were taken as 25% and 15% for this study for DIC and 

DOC, respectively. 
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Table 1.3.3  Summary of uncertainty in solute export using M5 and M6.  High-frequency original 
data was sampled at a lower frequency to evaluate the uncertainty in annual export with infrequent 
sampling using M5 and M6.  When M6 was used, only concentration data (not stream discharge 
data) was sampled at a lower frequency to evaluate the accuracy and precision of linearly 
interpolating low frequency concentration data to correspond with high frequency stream discharge 
data (ha = hectares, Q = stream discharge, C = solute concentration, dly = daily, hrly = hourly, min = 
minute, h = hours, wkly = weekly, sed = sediment).  

Watershed 
(Location) 

Area 
(ha) 

Original data 
time step 

(Q, C) 

Sampled 
time step 

(Q, C) 
Solute 

Method 
used 

%error Bias Reference 

Elorn  
(Brittany, France) 

25200 dly, dly wkly, wkly NO3
-
 M5 3% negligible Birgand et 

al. 2010 

" "  dly, wkly NO3
-
 M6 3% +2% Birgand et 

al. 2010 

Pigeon Blanc  
(Brittany, France) 

2420 15-min, hrly-dly wkly, wkly NO3
-
 M5 10% +1% Birgand et 

al. 2010 

Maudouve  
(Brittany, France) 

2420 hrly, hrly wkly, wkly NO3
-
 M5 5% negligible Birgand et 

al. 2010 

Lestolet  
(Brittany, France) 

1420 hrly, hrly wkly, wkly NO3
-
 M5 8% negligible Birgand et 

al. 2011b 

Watershed 1  
(North Carolina, 
USA) 

1532 2.6 h, 2.6 h wkly, wkly NO3
-
 M5 25% negligible Birgand et 

al. 2011a 

" " 2.6 h, 2.6 h wkly, wkly DOC M5 15% negligible  

" " 2.6 h, 2.6 h wkly, wkly DIC M5 25% negligible  

" " 2.6 h, 2.6 h NCD, wkly NO3
-
 M6 12% -20%  

" " 2.6 h, 2.6 h NCD, wkly DOC M6 15% 20%  

" " 2.6 h, 2.6 h NCD, wkly DIC M6 30% 40%  

Watershed 2  
(North Carolina, 
USA) 

4000 2.6 h, 2.6 h wkly, wkly NO3
-
 M5 12% −1% Birgand et 

al. 2011a 

" " 2.6 h, 2.6 h wkly, wkly TDC M5 2% negligible  

" " 2.6 h, 2.6 h NCD, wkly NO3
-
 M6 12% −10%  

" " 2.6 h, 2.6 h NCD, wkly TDC M6 3% 4%  

River Exe  
(Devon, UK) 

60100 hrly, hrly wkly, wkly sed M5 50% −12% Walling & 
Webb, 
1985 
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1.4 RESULTS 

1.4.1 pH, Alk and DIC Concentration 

Taconazo stream water pH was significantly (tcrit = 29.2 > t0.05(2), 442 = 1.965, p < 0.01) more 

acidic than Arboleda stream water for all sampling years (Figure 1.4.1 and Table 1.4.1).  In both 

streams, pH dropped during 2006 to a minimum value late in the year and then recovered during 

early 2007 to more typical values that persisted through the rest of the study.  This fall and rise in pH 

during 2006-2007 is discussed further in section 1.5.4, though the reasons for it are not clear.  In 

2007, 2008, and 2009, pH was slightly higher in the late dry season (April-May) than at other times 

of the year. 

 Taconazo Gran Alk values reported in Figure 1.4.1 and Table 1.4.1 for all 52 samples in 2006, 

the first 14 samples in 2007, 2 samples in 2008 and 3 samples in 2009 were estimated using a linear 

regression defined by the equation: 

 

 Gran  l    0.5      ach  l  - 0.010      (Eq. 1.4.1) 

 

The regression (r2 = 0.8218) was generated from 134 pairs of Hach Alk and Gran Alk values (each 

pair representing replicate samples analyzed by different methods, Hach and Gran).  This method 

was used to estimate Gran Alk values for the Taconazo in 2006 on days when only Hach Alk was 

measured (and for 5 days in 2008 and 2009 when the Gran titration was done but results were 

unreliable), and is analogous to the method used to generate Gran DIC values for these same 

samples (Figure 1.3.2).   

Alk was significantly lower (tcrit = 119 > t0.05(2), 442 = 1.965, p < 0.01; about two orders of 

magnitude lower) in Taconazo stream water compared with Arboleda stream water (Figure 1.4.1 

and Table 1.4.1).  Alk was generally highest during March, April and May of each year and lowest 

during July and August. 

 DIC concentration was significantly lower (tcrit = 22.4 > t0.05(2), 442 = 1.965, p < 0.01; about one 

order of magnitude lower) in Taconazo stream water compared with Arboleda stream water.  Both 

streams had high calculated DIC in 2006, compared with the other years, as a result of relatively low 

pH values, but “normal”  l  values, measured that year (the 2006-2007 low pH anomaly caused a 

corresponding DIC anomaly, as DIC was calculated from pH and Alk).  
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Figure 1.4.1  The relationship between pH, Alk and DIC for the Taconazo (right) and Arboleda (left) 
during 2006 (pink triangles), 2007 (green, inverted triangles), 2008 (blue circles) and 2009 (red 
squares).Filled symbols represent estimated values. 
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Table 1.4.1  Minimum, maximum and average pH, Alk, and DIC concentration for the Taconazo and 
Arboleda during 2006, 2007, 2008 and 2009.  Gran Alk is reported for the Taconazo, Hach Alk for the 
Arboleda.  (n = number of samples; min = minimum; max = maximum; avg = average; mN = 
millinormal; mM = millimolar). 

Year Site n 
pH Alk (mN) DIC (mM) 

min max avg min max avg min max avg 

2006 Taco 52 4.05 6.92 4.55 0.00962 0.0315 0.0190 0.0190 9.83 2.27 
2006 Arbo 52 5.47 6.8 5.86 1.40 2.69 2.27 3.33 13.4 8.35 
2007 Taco 52 4.35 6.05 5.25 0.00385 0.0390 0.0213 0.0735 3.64 0.350 
2007 Arbo 51 5.71 6.68 6.37 1.45 2.68 2.33 2.66 11.5 4.29 
2008 Taco 51 4.55 5.75 5.22 0.00600 0.0570 0.0220 0.134 2.07 0.345 
2008 Arbo 51 5.43 6.48 6.22 0.950 2.62 2.24 3.18 17.9 4.86 
2009 Taco 64 4.40 5.69 5.13 0.00339 0.0413 0.0197 0.101 4.42 0.501 
2009 Arbo 70 5.38 6.90 6.17 1.41 2.60 2.17 2.60 20.5 5.04 

 

 

1.4.2  DOC Concentration 

 Average DOC concentrations for the Taconazo were significantly higher (tcrit = 5.96 > t0.05(2) = 

1.984, p < 0.01) than for the Arboleda (Figure 1.4.2).  DOC concentration was not measured for the 

first 52 days of 2006.  For purposes of estimating DOC export during 2006, the DOC concentration 

for the first seven weeks of 2006 was taken as the mean of DOC values measured during the rest of 

the year (0.14 and 0.093 mM for the Taconazo and Arboleda, respectively).  DOC concentration in 

the Taconazo varied year-round between 0.1 and 0.2 mM, whereas the DOC concentration in the 

Arboleda was consistently about 0.1 mM except in July and August where it varied between 0.03 

and 0.14.   
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Figure 1.4.2  DOC concentration vs. day of year for the Taconazo and Arboleda during 2006. 
 

 

1.4.3 Stream Discharge 

 Annual stream discharge from the Taconazo and Arboleda during the study period had a 

mean of 2.37 m/yr and 12.8 m/yr, respectively (Table 1.4.2).  The greatest annual discharge was 

recorded in 2009.  The Taconazo had a baseflow of roughly 0.005 m/d and the maximum 

instantaneous stream discharge recorded during the study period occurred in 2007 and was 0.33 

m/d (Figure 1.4.3).  The Arboleda had a baseflow of 0.03 m/d and the maximum streamflow 

recorded during the study period occurred in 2007 and was 0.33 m/d (Figure 1.4.4). 
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Table 1.4.2  Annual stream discharge at the Taconazo and Arboleda weirs during 2006, 2007, 2008 
and 2009, normalized by watershed area.  

Year 
Streamflow (m/yr) 

Taconazo Arboleda 

2006 2.45 12.7 

2007 2.10 12.7 

2008 2.27 12.6 

2009 2.66 13.1 

Average 2.37 12.8 
Standard deviation 0.240 0.222 
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Figure 1.4.3  Fifteen-minute instantaneous discharge data collected at the Taconazo weir during 
2006, 2007, 2008, and 2009.  Gaps were filled according to the method described in Section 1.3.2. 
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Figure 1.4.4  Fifteen-minute instantaneous discharge data collected at the Arboleda weir during 
2006, 2007, 2008, and 2009.  Gaps were filled according to the method described in Section 1.3.2. 
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 Genereux et a. 2005 observed a good first-order inverse relationship (C = A/Q + B; r2 = 0.78) 

for Cl- concentration versus stream discharge for the Arboleda.  The first-order inverse relationship 

for DIC and DOC versus stream discharge was tested in this study for the Taconazo and Arboleda.  A 

linear relationship was also tested.  There were non-significant, weak linear and first-order inverse 

relationships (Figs. 1.4.5 and 1.4.6) between DIC and stream discharge and between DOC and 

stream discharge for all data during the study period.  DIC storm sampling during a seven day period 

in December 2009 suggests that DIC increases during storm events (Fig. 1.4.7), though a simple 

correlation between DIC and stream discharge did not emerge at the annual time scale (Figure 

1.4.5).   
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Figure 1.4.5  The relationship between DIC and stream discharge with (a) linear fit (p = 0.2046 and 
0.8189 for the Taconazo and Arboleda, respectively) and (b) first order inverse fit (p = 0.0617 and 
0.4123 for the Taconazo and Arboleda, respectively).   
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Figure 1.4.6  The relationship between DOC and stream discharge with (a) linear fit (p = 0.9027 and 
0.4839 for the Taconazo and Arboleda, respectively) and (b) first order inverse fit (p = 0.2837 and 
0.2395 for the Taconazo and Arboleda, respectively). 
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Figure 1.4.7  The relationship between DIC and stream discharge during storm sampling, December 
2009. 
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1.4.4 DIC and DOC Export 

DIC export results varied depending on the year and calculation method used (Table 1.4.3 

and 1.4.4, Figures 1.4.8 – 1.4.22).  The Arboleda had greater DIC export than the Taconazo.  DIC 

export from the Taconazo was roughly a factor of 60-70 less than DIC export from the Arboleda 

(except in the anomalous year of 2006 where DIC export was a factor of 16 less in the Taconazo 

compared with the Arboleda).  In both streams, the year 2006 had DIC export values an order of 

magnitude greater than the values calculated for 2007, 2008, and 2009.  Excluding 2006, the 

average annual carbon export from the Taconazo was 9.36, 9.79, and 9.62 gC/m2yr  calculated using 

M1, M6, and M5, respectively (including 2006 raised the average annual carbon export to 26.5 and 

27.7 gC/m2yr for M6 and M5, respectively).  Excluding 2006, the average annual carbon export from 

the Arboleda was 697, 687, and 683 gC/m2yr calculated using M1, M6, and M5, respectively 

(including 2006 raised the average annual carbon export to 835 and 830 gC/m2yr for M6 and M5, 

respectively).  The averaged values indicate that results from M6 and M5 were similar.  Results from 

M1 were lower for the Taconazo and greater for the Arboleda, compared with the other methods. 

DIC export calculated in 2009 with storm samples included was somewhat higher than 

export values calculated without using these storm samples.  It is important to use consistent 

methods for all years that will be compared.  Therefore, in order to have a consistent basis for 

export calculation for each year, the 2009 export values calculated without the extra December 

2009 storm sampling are used in the discussion below.  Aside from the question about putting the 

export calculation for each year on the same basis (i.e. the same sort of sample set), a separate 

question is whether the additional  ecember 2009 storm sampling “improved” the export for that 

one year (i.e. returned a value closer to the un nown “true” export value), perhaps by having the 

DIC sampling cover a range of discharges that is more representative of the actual full range in 

discharge for 2009.  This separate question is addressed in section 1.5.3.   

DOC export also varied between streams.  Based on measurements made in 2006, DOC 

export from the Taconazo was a factor of 3.5 less than DOC export from the Arboleda (Table 1.4.5; 

Figures 1.4.23 – 1.4.25).  The average DOC export from the Taconazo and Arboleda was 3.98 and 

14.1 gC/m2yr, respectively. 
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Table 1.4.3  DIC export at the Taconazo during 2006 - 2009, calculated using M1, M6, and M5.  The 
values in italics and highlighted in grey indicate results for 2009 DIC export including storm samples.  
Averages calculated and listed in the last two rows do not include the values obtained using 2009 
storm samples (gC= grams carbon). 

Site Year Solute 
Carbon Export (gC m−2yr−1) 

Average 
M1 M6 M5 

Taconazo 2006 DIC -- 76.8 81.9 79.4 

Taconazo 2007 DIC 8.81 8.72 8.05 8.53 

Taconazo 2008 DIC 9.9 9.95 10.3 10.1 

Taconazo 2009 DIC -- 10.6 10.5 10.6 

Taconazo 2009 DIC -- 10.4 15.2 12.8 

Average (with 2006) -- 26.52 27.69 27.12 

Average (without 2006) 9.36 9.76 9.62 9.71 

 

 

Table 1.4.4  DIC export at the Arboleda during 2006 - 2009, calculated using M1, M6, and M5.  The 
values in italics and highlighted in grey indicate results for 2009 DIC export including storm samples.  
Averages calculated and listed in the last two rows do not include the values obtained using 2009 
storm samples (gC = grams carbon). 

Site Year Solute 
Carbon Export (gC m−2yr−1) 

Average 
M1 M6 M5 

Arboleda 2006 DIC -- 1280 1270 1275 

Arboleda 2007 DIC 664 665 648 659 

Arboleda 2008 DIC 730 730 734 731 

Arboleda 2009 DIC -- 665 668 667 

Arboleda 2009 DIC -- 671 807 739 

Average (with 2006) -- 835 830 833 

Average (without 2006) 697 687 683 686 
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Figure 1.4.8  Taconazo DIC export using M1, 2007.  Export was calculated for flux-periods that 
ranged from 3.5 to 10 days (averaged 7.0 days) in duration.  The area under the curve gives the 
annual export for the Taconazo in 2007, 8.81 gC/m2yr (Table 1.4.3). 
 

 

 
Figure 1.4.9  Taconazo DIC export using M1, 2008.  Export was calculated for flux-periods that 
ranged from 6.0 to 11 days (averaged 7.1 days) in duration.  The area under the curve gives the 
annual export for the Taconazo in 2008, 9.90 gC/m2yr (Table 1.4.3).  
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Figure 1.4.10  Arboleda DIC export using M1, 2007.  Export was calculated for flux-periods that 
ranged from 3.5 to 11 days (averaged 7.2 days) in duration.  The area under the curve gives the 
annual export for the Arboleda in 2007, 664 gC/m2yr (Table 1.4.4). 
 

 

 
Figure 1.4.11  Arboleda DIC export using M1, 2008.  Export was calculated for flux-periods that 
ranged 4.8 to 11 days (averaged 7.1 days) in duration.  The area under the curve gives the annual 
export for the Arboleda in 2008, 730 gC/m2yr (Table 1.4.4).  
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Figure 1.4.12  Taconazo DIC concentration, stream discharge, and DIC export using M6, 2006.  Note 
that the [DIC] and DIC export scales of this figure are larger (a factor of three and eleven times 
larger, respectively) compared with the scale used for figures that show these results for the 
Taconazo for 2007, 2008 and 2009 (Figures 1.4.13-16). 
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Figure 1.4.13  Taconazo DIC concentration, stream discharge, and DIC export using M6, 2007. 
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Figure 1.4.14  Taconazo DIC concentration, stream discharge, and DIC export using M6, 2008. 
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Figure 1.4.15  Taconazo DIC concentration, stream discharge, and DIC export using M6, 2009, 
excluding December storm samples. 
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Figure 1.4.16  Taconazo DIC concentration, stream discharge, and DIC export using M6, 2009, 
including December storm samples. 
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Figure 1.4.17  Arboleda DIC concentration, stream discharge, and DIC export using M6, 2006.  Note 
that the DIC export scale of this figure is a factor of two larger compared with the scale used for 
figures that show these results for the Arboleda for 2007, 2008 and 2009 (Figures 1.4.18-21). 
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Figure 1.4.18  Arboleda DIC concentration, stream discharge, and DIC export using M6, 2007. 
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Figure 1.4.19  Arboleda DIC concentration, stream discharge, and DIC export using M6, 2008. 
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Figure 1.4.20  Arboleda DIC concentration, stream discharge, and DIC export using M6, 2009, 
excluding December storm samples. 
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Figure 1.4.21  Arboleda DIC concentration, stream discharge, and DIC export using M6, 2009; 
including December storm samples. 
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Figure 1.4.22  Annual DIC export from the Taconazo and Arboleda for years 2006 – 2009, calculated 
using M5 (2009 without storm = annual export results excluding December storm samples from the 
calculation; 2009 with storm = annual export results including December storm samples in the 
calculation). 
 

 

Table 1.4.5  DOC export at the Taconazo and Arboleda in 2006, calculated using M1, M6, and M5 (gC 
= grams carbon). 

Site Year Solute 
Carbon Export (gC m−2yr−1) 

Average 
M1 M6 M5 

Taconazo 2006 DOC -- 3.91 4.05 3.98 

Arboleda 2006 DOC -- 14.1 14.1 14.1 
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Figure 1.4.23  Taconazo DOC concentration, stream discharge, and DOC export using M6, 2006. 
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Figure 1.4.24  Arboleda DOC concentration, stream discharge, and DOC export using M6, 2006. 
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Figure 1.4.25  DOC export calculated using M5 for the Taconazo and Arboleda, 2006. 
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1.5 DISCUSSION 

1.5.1 DIC, DOC, and Annual Carbon Export 

 Watershed characteristics, stream water pH, Alk, DIC concentration, DOC concentration, DIC 

export and DOC export values for the Taconazo, Arboleda, and other carbon export studies in the 

literature are compiled in Table 1.5.1.  Differences in Arboleda pH, Alk, DIC concentration and DIC 

export, compared with the Taconazo and other reported values from tropical and temperate 

watershed-scale carbon export studies, are attributed to high-solute, deep bedrock groundwater 

entering the Arboleda via IGF pathways. 
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Table 1.5.1  Watershed characteristics, stream water pH, Alk, DIC concentration, DOC concentration, 
DIC export and DOC export values for the Taconazo, Arboleda, and other carbon export studies in 
the literature 

Name Location Size (ha) 
Precip 
(m/yr) 

Runoff 
(m/yr) 

pH 
Alk 
(mN) 

[DIC] 
(mM) 

DIC 
Export 
(gC/m

2

yr) 

[DOC] 
(mM) 

DOC 
Export 
(gC/m

2

yr) 

Taconazo
a
 Costa Rica 27.94 4.24 2.30 4.93 0.0205 0.867 9.62 0.14 3.98 

Arboleda
a
 Costa Rica 46.14 4.24 12.77 6.11 2.25 5.64 683 0.09 14.1 

Desbonnes
b
 Guadeloupe 550 1.79 0.78 7.11

n
 0.372

n
 0.436

n
 2.1

n
 0.090

n
 0.4

n
 

Deshaies
b
 Guadeloupe 438 1.75 0.43 7.51

o
 0.360 0.383 2.3 0.365 1.6 

Moustique Sainte- 
     Rose

b
 Guadeloupe 616 2.29 1.62 7.24 0.223 0.251 4.9 0.136 3.2 

Bras-David
b
 Guadeloupe 1100 3.41 2.39 7.38 0.397 0.428 13.2 0.091 2.5 

Corossol
b
 Guadeloupe 1252 -- -- 7.75 0.393 0.407 12.5 0.123 3.3 

Goyaves
b
 Guadeloupe 1440 3.45 2.56 7.51 0.423 0.447 12.8 0.103 3.1 

Lostau
b
 Guadeloupe 804 2.74 1.69 7.74 0.607 0.630 8.5

n
 0.156 2.1

n
 

Beaugendre
b
 Guadeloupe 817 2.72 2.12 7.42 0.672 0.712 1.8 0.168 4.2 

Vieux-Habitants
b
 Guadeloupe 1910 3.83 3.85 7.71 0.397 0.412 19.6 0.093 3.9 

Moustique Petit- 
     Bourg

b
 Guadeloupe 1150 3.99 2.99 7.05 0.333 0.390 14.6 0.108 3.5 

Capesterre
b
 Guadeloupe 1620 5.20 4.26 7.29 0.309 0.333 18 0.123 5.7 

Wailku Site 1
c
 Hawaii, USA 59800 5.52 0.45

p
 6.81 -- -- -- 0.167 1.06 

Ohio
d
 USA 53000 1.22 0.51 -- -- 1.7 10 0.30 1.5 

Upper  
     Mississippi

d
 USA 45000 0.85 0.26 -- -- 3.4 9 0.63 1.4 

Missouri
d
 USA 130000 0.53 0.07 -- -- 3.2 2.5 0.59 0.3 

Icacos
e
 Puerto Rico 326 2.5->5.0 3.2

p
 -- -- 1.76 52.2 0.132 9.4 

Sonadora
e
 Puerto Rico 262 2.5->5.0 2.32

p
 -- -- 0.983 17.2 0.177 7.43 

Toronja
e
 Puerto Rico 16.2 2.5->5.0 1.67

p
 -- -- 3.82 5.45 0.113 3.3 

Waitara
f
 New Zealand 112200 -- -- -- -- -- -- -- 3.2 

Whanganui
f
 New Zealand 678500 -- -- -- -- -- -- -- 2.4 

Whangaehu
f
 New Zealand 194400 -- -- -- -- -- -- -- 1.6 

Otaki
f
 New Zealand 34100 -- -- -- -- -- -- -- 2.2 

Waiau
f
 New Zealand 162600 -- -- -- -- -- -- -- 3.1 

Waimakariri
f
 New Zealand 310500 -- -- -- -- -- -- -- 0.57 

Buller
f
 New Zealand 637900 -- -- -- -- -- -- -- 2.9 

Grey
f
 New Zealand 383100 -- -- -- -- -- -- -- 5.2 

Cropp
f
 New Zealand 1200 -- -- -- -- -- -- -- 1.1 

Hokitika
f
 New Zealand 36300 -- -- -- -- -- -- -- 2.1 

Tempisquito
g
 Costa Rica 319 2.4 2.9 -- -- -- -- -- 3.7 

Tempisquito Sur
g
 Costa Rica 311 2.4 4.3 -- -- -- -- -- 2.7 

Kathia
g
 Costa Rica 264 2.4 3.1 -- -- -- -- -- 1.9 

Marilin
g
 Costa Rica 36 2.4 1.6 -- -- -- -- -- 2.4 

El Jobo
g
 Costa Rica 55 2.4 1.4 -- -- -- -- -- 2.6 

Zompopa
g
 Costa Rica 37 2.4 2.8 -- -- -- -- -- 4.3 

Black Burn
h
 Scotland 335 1.16 0.6

q
 -- -- 0.31 0.72 2.68 25.4 
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Table 1.5.1  Continued          

4 unnamed  
     watersheds

i
 Brazil 1 2.38 -- 5.7 -- -- -- 

0.08-
0.67 3.15 

Vargem Grande
j
 Brazil 110416667 -- -- -- -- -- 18.2 -- 4.8 

Ica
j
 Brazil 14285714 -- -- -- -- -- 4.7 -- 5.6 

Jutai
j
 Brazil 6896552 -- -- -- -- -- 7.7 -- 8.7 

Jurura
j
 Brazil 18750000 -- -- -- -- -- 6.6 -- 3.2 

Japura
j
 Brazil 33333333 -- -- -- -- -- 4.7 -- 5.1 

Purus
j
 Brazil 35416667 -- -- -- -- -- 8.0 -- 4.8 

Negro
j
 Brazil 67500000 -- -- -- -- -- 2.3 -- 12 

Madeira
j
 Brazil 152631579 -- -- -- -- -- 3.9 -- 1.9 

Obidos
j
 Brazil 442000000 -- -- -- -- -- 8.0 -- 5.0 

Igarape Asu
k
 Brazil 680 2.4 1.1 -- -- -- -- -- 1.77 

Mengong
l
 Africa 60 1.779 0.163 -- -- -- 0.75 -- 3.5 

Awout
l
 Africa 20600 1.779 0.230 -- -- -- 0.78 -- 8.7 

So'o
l
 Africa 307000 1.749 0.277 -- -- -- 0.8143 -- 6.1889 

Mbalmayo
l
 Africa 1355500 1.759 0.242 -- -- -- 0.8115 -- 4.0575 

Olama
l
 Africa 1851000 1.631 0.252 -- -- -- 0.7563 -- 4.3220 

Edea
l
 Africa 2445000 -- 0.365 -- -- -- 0.8998 -- 3.5992 

Apure
m

 S. America 17000000 -- 0.427 -- -- -- 0.0052 -- 0.0026 

Caura
m

 S. America 4800000 -- 2 -- -- -- 0.0019 -- 0.0090 

Caroni
m

 S. America 9500000 -- 1.7 -- -- -- 0.0008 -- 0.0145 

Thompson Creek
r
 Australia 170 4.9 0.66 6.72 -- -- -- 0.20 2.34 

a
this study                     

b
Lloret et al. 2011                   

c
Wiegner et al. 2009                   

d
Raymond & Oh, 2007                   

e
McDowell & Asbury, 1994                   

f
Carey et al. 2005                     

g
Newbold et al 1995                   

h
Dinsmore et al. 2010                   

i
Johnson et al. 2006                   
j
Richey et al. 1990                   

k
Waterloo et al. 2006             

l
Brunet et al. 2009             
m

Lewis, 1995               
n
Value measured from sample collected during low flow (base flow) conditions only     

o
Value measured from sample collected during high flow (storm flow) conditions only     

p
Data from U. S. Geological Survey water data website, http://waterdata.usgs.gov/nwis     

q
Estimate based on data from Billet et al. 2004 for the same watershed, but during a different 

study years 
    

r
Bass et al. 2011 
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 Taconazo DIC concentration was within the range of reported values from other carbon 

export studies located in tropical and temperate climates (Table 1.5.1).  Among these studies, the 

Arboleda DIC concentration was the highest (Table 1.5.1).  This was not unexpected because of high-

solute, deep bedrock groundwater entering the Arboleda via IGF paths, which causes the Arboleda 

to have increased DIC concentration.  DOC concentration for the Taconazo and Arboleda were both 

in the range of reported values from the other watershed carbon export studies (Table 1.5.1). 

 The annual DIC export reported for the Taconazo and Arboleda in Table 1.5.1 was calculated 

with M5 and is the average from 2007, 2008, and 2009 (average excluding 2006; Tables 1.4.3 and 

1.4.4).  The year 2006 was not included due to the high DIC export calculated in that year as a result 

of low pH values (an anomaly discussed further in Section 1.5.3).  M5 was chosen because it has 

been found to be the best performing algorithm to estimate annual export, yielding results with 

little bias and good precision (Birgand et al. 2011a, 2010; Moatar and Meybeck, 2004; Walling and 

Webb, 1985).  Birgand et al. (2011a) suggests M6 likely causes underestimation in annual export 

values for substances that show a concentration effect (e.g. increased concentration during 

hydrograph peaks).  This may be the case for the Taconazo and Arboleda, as there were DIC 

concentration increases observed during storm events in December 2009 (Figure 1.4.7).  Annual DIC 

export was greater using M5 compared with M6 for all sampling years except 2006 and 2007 for the 

Arboleda and 2007 and 2009 (excluding storm samples) for the Taconazo.   

 Taconazo DIC export is within the range of reported values from tropical and temperate 

climates (Table 1.5.1, Figure 1.5.1).  Arboleda DIC export was high compared with other studies, 

exceeding the highest reported value (52.2 gC/m2yr, from a tropical, montane forest in Puerto Rico; 

McDowell and Asbury, 1994) by almost 14 times (Table 1.5.1, Figure 1.5.1).  This is likely a result of 

high-solute, deep bedrock groundwater entering the Arboleda and indicates the importance of DIC 

export from streams fed by IGF. 
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Figure 1.5.1  DIC export vs. stream discharge for carbon export studies in the literature (open black 
diamonds) compared with the Taconazo (closed blue circle) and the Arboleda (closed red square) of 
this study (values obtained from the literature and used in the figure are listed in Table 1.5.1).  The 
montane tropical forest with high export was reported by McDowell and Asbury (1994).  The actual 
value of Arboleda DIC export (683 gC/m2yr) is off the scale of this figure, indicated by the up arrow 
and the number 683. 
 

 

 DOC export from the Taconazo and Arboleda is relatively small compared to DIC export 

(36% and 2% of DIC export from the Taconazo and Arboleda, respectively).  Both Taconazo and 

Arboleda DOC export are within the range of reported values from other carbon export studies from 

tropical and temperate environments, although the Arboleda stands out with the second highest 

DOC export (Table 1.5.1, Figure 1.5.2).  The watershed that exports the most DOC is located in a 

Scottish peatland with higher DOC concentration (2.68 mM) and much less stream discharge (0.6 

m/yr), compared with the Arboleda (0.14 mM DOC and 12.77 m/yr stream discharge).  The greatest 

source of DOC in a peatland is old, decaying plant matter.  Arboleda DOC is potentially a 

combination of three sources: (1) in-stream production, (2) terrestrial sources (plant and soil carbon 

from the watershed), and (3) input from microbial processes in bedrock groundwater.  Similarly, 

Taconazo DOC is most likely a combination of only the first two of these sources, as it has no input 

from bedrock groundwater.  Chemical properties of DOC from the Taconazo and Arboleda are 

discussed in Chapter 2.  Figure 1.5.2 indicates that the input of deep bedrock groundwater entering 
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the Arboleda via IGF paths causes relatively high DOC export (compared with other studies from the 

literature).   

 

 

 
Figure 1.5.2  DOC export vs. stream discharge for carbon export studies in the literature (open black 
diamonds) compared with the Taconazo (closed blue circle) and the Arboleda (closed red square) of 
this study (values obtained from the literature and used in the figure are listed in Table 1.5.1).  The 
Scottish peatland with high export was reported by Dinsmore et al. (2010). 
 

 

 The relationship between DIC export and DOC export values from the literature is weak 

(Figure 1.5.3).  The Taconazo is well within the range of reported DIC vs. DOC export values (the 

closed blue circle, Figure 1.5.3), while the Arboleda is clearly outside the range and has both high 

DIC export and high DOC export compared with other values from the literature (the closed red 

square, Figure 1.5.3).  Besides the Arboleda, there are two other watersheds from the literature that 

appear to stand out: (1) the watershed located in a Scottish peatland with high DOC export, and (2) 

the tropical montane watershed with high DIC export (circled with a dashed orange line and labeled, 

Figure 1.5.3).  The inclusion of bedrock groundwater entering the Arboleda via IGF paths clearly has 

an important effect on carbon export, namely increasing DIC and DOC export. 
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Figure 1.5.3  DIC export vs. DOC export for carbon export studies in the literature (open black 
diamonds) compared with the Taconazo (closed blue circle) and the Arboleda (closed red square) of 
this study (values listed in Table 1.5.1).  The actual value of Arboleda DIC export (683 gC/m2yr) is off 
the scale of this figure, indicated by the up arrow and the number 683. 
 

 

 The linear relationship between M5 DIC export and annual stream discharge for the years 

2007, 2008 and 2009 is not significant for the Taconazo or Arboleda (Figures 1.5.4 and 1.5.5, 

respectively).  The correlation coefficient (R) for this relationship is fairly poor for both streams and 

the p-values for the slope (p = 0.4285 for the Taconazo, p = 0.6883 for the Arboleda) indicate that 

the relationship is not statistically significant. 
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Figure 1.5.4  DIC export (M5 values) vs. stream discharge Taconazo 2007-2009. 

 

 

 

Figure 1.5.5  DIC export (M5 values) vs. stream discharge Arboleda 2007-2009. 
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addressed in this thesis), results from this study indicate that stream export of carbon is large 
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net sources or sinks for CO2.  Figure 1.5.6 illustrates these carbon fluxes, as well as NEE, on the 

Taconazo and Arboleda.  The flux of CO2 from NEE has been found to range between 0 and 796 

gC/m2yr (Loescher et al. 2003), depending on year (data from the years 1998, 1999, and 2000 were 

analyzed) and calculation method used.  The authors believe that the low end of the NEE range 

reported is likely more accurate.  Recent studies agree that CO2 degassing from the stream surface is 

an important carbon flux that is likely not captured by NEE measurements (Dinsmore et al. 2010; 

Cole et al. 2007; Billet et al. 2004; Hope et al. 2001).  An estimate of CO2 degassing from the streams 

on both watersheds suggests that this process removes roughly 130 and 550 gC/m2yr from the 

Taconazo and Arboleda, respectively (these estimates are based off of data from the years 2007, 

2008, and 2009).  Input to the Arboleda from bedrock groundwater is estimated to be 872 gC/m2yr 

(Genereux et al. 2009).  Although all of these estimated carbon fluxes were obtained from different 

years, they were compiled in Figure 1.5.6 for comparison and as a preliminary illustration of a goal 

of ongoing work: a complete carbon budget, covering all inputs and outputs, for the Taconazo and 

Arboleda watersheds.  These data, along with stream export results from M5, indicate that stream 

export of carbon may be an important factor in the overall carbon budget of a watershed, like the 

Arboleda, receiving IGF of high-DIC bedrock groundwater.  The same effect is not evident for the 

Taconazo. 
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Figure 1.5.6  Schematic illustrating values of carbon fluxes at the Taconazo and Arboleda 
watersheds. 
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reach valid conclusions about inland, watershed-scale carbon cycling. To assess the importance of 

including all potentially relevant hydrologic fluxes to reach conclusions about carbon cycling, three 

scenarios for the Taconazo and the Arboleda were considered: (1) the scenario where only NEE and 

stream CO2 degassing rates are addressed, (2) the scenario where NEE, stream CO2 degassing rates, 

and stream export are addressed, and (3) the scenario where NEE, stream CO2 degassing rates, 

stream export, and groundwater (IGF) are addressed.  Because the estimate of NEE was given as a 

range by Loescher et al. (2003), three cases are considered here: (1) NEE at the top of the range (796 

gC/m2yr), (2) NEE mid-range (400 gC/m2yr), and (3) NEE at the bottom of the range (0 gC/m2yr).  The 

results are summarized in Table 1.5.2 and 1.5.3. 
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Table 1.5.2  Taconazo sink or source results for scenarios 1, 2, and 3 as outlined in the text.  Values 
in gC/m2yr.  Positive values (green) indicate a net gain of carbon for the watershed (watershed is a 
sink for carbon); negative values (red) indicate a net loss of carbon from the watershed (watershed 
is a source of carbon). 

  Scenario 1 Scenario 2 Scenario 3 

High NEE SINK SINK SINK 

  666 656 656 

Intermediate NEE  SINK SINK SINK 

  270 260 260 

Low NEE SOURCE SOURCE SOURCE 

  −130 −140 −140 

 

 

Table 1.5.3  Arboleda sink or source results for scenarios 1, 2, and 3 as outlined in the text.  Values 
in gC/m2yr.  Positive values (green) indicate a net gain of carbon for the watershed (watershed is a 
sink for carbon); negative values (red) indicate a net loss of carbon from the watershed (watershed 
is a source of carbon). 

 
Scenario 1 Scenario 2 Scenario 3 

High NEE SINK SOURCE SINK 

  246 −437 435 

Intermediate NEE  SOURCE SOURCE SINK 

  −150 −833 39 

Low NEE SOURCE SOURCE SOURCE 

  −550 −1233 −361 

 

 

 For scenario (1), only NEE and CO2 degassing rates were considered to determine if the 

Taconazo and Arboleda would appear as carbon sinks (bringing in and storing more carbon than is 

released to the atmosphere) or carbon sources (bringing in and storing less carbon than is released 

to the atmosphere).  If NEE rates were at the top of the estimated range (796 gC/m2yr), the result is 

that the Taconazo and Arboleda are most likely sinks for carbon.  If NEE is mid-range (400 gC/m2yr), 

the result is that the Taconazo is most likely a sink of carbon and the Arboleda is most likely a source 

of carbon.  Alternatively, if NEE rates were at the bottom of the range (0 gC/m2yr), the result is that 

both the Taconazo and Arboleda are most likely sources of carbon.  For high, low, and mid-range 

NEE, the conclusions are different, and may be inadequate because not all potential inputs and 

outputs of carbon have been addressed.  Two important and potentially relevant carbon fluxes of a 
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watershed that have been overlooked in this scenario are: (1) the stream export of carbon and (2) 

the role of groundwater, which may cause an influx of carbon into the watershed.  Additionally, 

because of the variability in conclusions it is further necessary to account for and restrict other 

potential influxes and exports of carbon for this system. 

 In scenario (2), NEE, CO2 degassing rates, and stream export of carbon were considered to 

reach conclusions about the sink-source status of the Taconazo and Arboleda.  If NEE rates were at 

the top of the estimated range (796 gC/m2yr) or at mid-range (400 gC/m2yr), the result is that the 

Taconazo is a sink for carbon and the Arboleda is a source of carbon.  If NEE rates were at the 

bottom of the range (0 gC/m2yr), both the Taconazo and Arboleda act as carbon sources.  For the 

Taconazo, the results of scenario (1) and (2) are similar because the DIC exported via stream 

discharge is negligible (less than 10%) compared to the other carbon fluxes of the watershed.  The 

Arboleda is considered a source in all three cases of this scenario, as a result of its relatively large 

stream export of carbon.  This result may lead to false interpretations about how the Arboleda is 

generating and losing so much carbon, for example excessive breakdown of plant and soil organic 

matter from the watershed or a severe “carbon spiraling” effect ( ope et al. 1994) caused by the 

inability for the watershed to retain and utilize carbon in the stream. 

 For scenario (3), NEE, CO2 degassing rates, and IGF were considered for a complete 

understanding of the carbon cycle for the Taconazo and Arboleda watershed.  The results do not 

change from scenario (2) for the Taconazo because it receives no input of deep bedrock 

groundwater by IGF.  Alternatively, if NEE rates were at the top of the estimated range (796 

gC/m2yr) or at mid-range (400 gC/m2yr), the result is that the Arboleda is a sink for carbon.  If an NEE 

rate of 0 gC/m2yr is used, the result is the Arboleda is a carbon source. 

The large carbon output from the Arboleda is actually supported by carbon inputs from 

bedrock groundwater.  The excess carbon is not from terrestrial or in-stream processes, but due to 

its hydrogeological setting.  This indicates the importance of analyzing the water cycle of a 

watershed in order to reach valid conclusions for carbon cycling field studies. 

1.5.3 2009 Storm Sampling 

 Although storm samples collected in 2009 were excluded from DIC export analysis to 

consistently compare results from 2006 to 2009, a separate question is whether the additional 

 ecember 2009 storm sampling may have “improved” the export estimate for that one year (i.e. 
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made it closer to the un nown “true” export value) by having the DIC sampling cover a range of 

stream discharges that is more representative of the actual full range in discharge for 2009.  To 

investigate this, three discharge distributions were generated and compared for the Taconazo: the 

distribution of discharge measurements at DIC measurement times excluding storm samples 

(referred to hereafter as sample set a; Figure 1.5.7 (a)), the distribution of discharge measurements 

at DIC measurement times including storm samples (referred to hereafter as sample set b; Figure 

1.5.7 (b)), and all discharge measurements collected every 15 minutes (referred to hereafter as 

sample set c; Figure 1.5.7 (c)) during 2009.   

Visually, sample set c more closely resembles sample set b than sample set a (Figure 1.5.7) 

because additional storm sampling added points at the high discharge end of the distribution.  

However, a formal statistical comparison of the distributions does not indicate a closer match of c to 

b than c to a.  A two sample Kolmogorov-Smirnov (K-S) test (Keeping, 1962, p. 259-260) for sample 

set b and c fails to reject the null hypothesis that the sample sets come from the same underlying 

distribution at the 0.05 confidence level (D = 0.10, p > 0.05).  The same results were obtained from a 

two sample K-S test for sample sets a and c.  This indicates that both sample sets a and b have 

distributions that are statistically similar to sample set c and suggests that, at least from the 

perspective of the distribution of discharges covered by DIC measurements, there is not a strong 

basis to conclude that the additional storm sampling in 2009 necessarily improved the DIC export 

estimate for that year. 
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Figure 1.5.7  Three different distributions of 2009 Taconazo discharge measurements (see text, 
Section 1.5.3, for explanation). 
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1.5.4 Assessment of Low pH During the Study Period 

 The pH values measured during 2006 and early 2007 were lower than values reported for 

the remainder of the study period (mid-late 2007, 2008, and 2009) (Figure 1.4.1, Table 1.4.1).  

Several potential causes of low pH during 2006 and early 2007 were investigated: (1) seismic 

activity, (2) an increase in acid rain events, (3) precipitation patterns, (4) improper measurement 

and/or a faulty electrode. 

Geochemical anomalies associated with seismic activity are well studied for earthquake 

prediction (Keskin, 2010; Perez et al. 2008; Biagi et al. 2004).  For example, Biagi et al. (2004) 

observed pH and DIC changes in a well in Turkey across two earthquake events.  A pH increase and 

DIC decrease was initiated three months before the first earthquake.  The pH and DIC values 

returned to their initial level a few weeks after the earthquake event.  A long-term drift was 

observed in relation to the second earthquake.  A pH increase and DIC decrease was initiated about 

six months before the second earthquake and the pH and DIC values stabilized at a new average 

value about a year after the earthquake (Biagi et al. 2004).  Additionally, Keskin et al. (2010) found 

HCO3 decreases in spring water before and after seismic activity.  These trends are thought to be a 

result of groundwater influx, groundwater mixing, CO2 degassing, and pressure changes associated 

with seismic events (Keskin, 2010; Biagi et al. 2004). 

To assess the possibility of a link between groundwater quality variations (namely, the early 

2006 to early 2007 pH decrease and subsequent DIC increase) and seismic events that occurred 

during the study period, seismic data was collected for Costa Rica.  Although the pH decrease 

observed in the Taconazo and Arboleda is opposite of the findings summarized in the previous 

paragraph (pH increasing and DIC decreasing in response to seismic activity), seismic data was 

collected to determine if 2006 was seismically distinct from 2007, 2008 and 2009.  The Observatoria 

 ulcanologico y S smologico de Costa Rica reported 5 , 49, 62, and 90 “felt” earthqua es for 2006, 

2007, 2008, and 2009, respectively.  These earthquakes were interpreted to be felt by a portion of 

the nearby population.  These data indicate that the year 2006 is not seismically distinct compared 

to other years during the study period, and therefore this data does not support that the low pH and 

high DIC observed at the Taconazo and Arboleda during 2006 are related to seismic activity.  

Alternatively, thorough, annual reports were available from Red Sismologica Nacional (RSN).  These 

RSN reported 2793, 4428, about 4000, and about 5000 “registered” earthquakes for 2006, 2007, 
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2008, and 2009, respectively (Barquero & Rojas, 2010, 2008; Barquero et al. 2009; and Red 

Sismologica Nacional, 2007).  The much larger number of events likely indicates these earthquakes 

were recorded from a seismograph but may not have been felt on the surface of the earth. 

The year 2006 had the fewest earthquakes.  Given the previous research (cited above) 

showing higher pH and lower DIC in association with earthquakes, it is tempting to wonder whether 

a related effect with the opposite sense (lower pH and higher DIC during lower earthquake activity) 

may have occurred near La Selva Biological Station in 2006.  Maps (available in RSN reports) that 

summarize annual seismic activity were evaluated for earthquake proximity to LSBS (Figures 1.5.8, 

1.5.9, 1.5.10, and 1.5.11).  Because these maps were obtained from four different reports, the 

appearance of each map is different (different colors, symbols, scale, etc.), with the map for 2008 

showing only felt events.  However, comparing at least 2006, 2007, and 2009, there does seem to be 

a somewhat lower occurrence of earthquakes near La Selva Biological Station in 2006.  A full 

evaluation of a seismic effect is beyond the scope of this thesis, but a potential contribution from 

this effect cannot be ruled out. 
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Figure 1.5.8  Map of earthquakes registered by RSN during 2006 and approximate location of LSBS 
(red X).  Map scale is given as degrees north longitude on the left side and degrees west latitude on 
the bottom.  Map source: Red Sismologica Nacional (2007). 
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Figure 1.5.9  Map of earthquakes registered by RSN during 2007 and approximate location of LSBS 
(red X).  Map scale is given as degrees north longitude on the left side and degrees west latitude on 
the bottom.  Map source: Barquero & Rojas  (2008). 
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Figure 1.5.10  Map of earthquakes felt by the public and reported to RSN during 2008 and 
approximate location of LSBS (red X).  Of the 4000 earthquakes registered by RSN during 2008, only 
the earthquakes felt are plotted on this map.  Map scale is given as degrees north longitude on the 
left side and degrees west latitude on the bottom.  Map source: Barquero et al. (2009). 
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Figure 1.5.11  Map of earthquakes registered by RSN during 2009 and approximate location of LSBS 
(red X).  Map scale is given as degrees north longitude on the left side and degrees west latitude on 
the bottom.  Map source: Barquero and Rojas (2010). 
 

 

Changes in stream water pH can also be caused by acid rain events.  Although acid rain is 

commonly associated with anthropogenic causes such as pollution, acid rain also occurs naturally in 

volcanically active areas like Costa Rica.  If the Taconazo and Arboleda received enough acid rain to 

decrease the pH, the Alk would also be expected to decrease.  Alk decreases were not observed 
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during 2006 for the Taconazo and Arboleda, so it is unlikely that acid rain caused the pH to drop in 

2006. 

Variation in precipitation may also have an effect on stream water pH.  Small et al. (in 

review) studied a 14-year data set of pH records from 13 stream sites at LSBS and observed pH 

increases in the dry season and decreases in the wet season.  Furthermore, they found an inverse 

relationship between the amount of precipitation in the dry season and the magnitude of the pH 

decrease that occurred in the following wet season (the most significant pH drops occurred during 

wet seasons that followed the driest dry seasons).  The lowest pH values were observed in 1998 and 

2008 and were more pronounced in low solute streams like the Taconazo and less pronounced in 

high-solute streams like the Arboleda.  The year 2006 had an average wet and dry season.  Because 

the pH drop and subsequent DIC increase observed at the Taconazo and Arboleda lasts for about a 

year, and the pH patterns described by Small et al. (in review) are seasonal, it is unlikely that 

seasonal variations in precipitation caused the pH drop observed. 

To help evaluate whether the 2006 pH anomaly could be a result of improper measurement 

and/or the use of a faulty electrode, the monthly pH measurements for the Taconazo and Arboleda 

streams from Small et al. (in review), collected independently of this study, were obtained from the 

La Selva STREAMS project website (https://sites.google.com/a/streamslaselva.net/streamslaselva/).  

In addition, email correspondence (concerning pH measurement methodology and potential 

electrode problems) with the field technician for this project, William Urena, was reviewed.   

Taconazo and Arboleda pH values obtained from the La Selva STREAMS project website and 

from this study were compared for the years 2006, 2007, and 2008 (the year 2009 was not included 

because pH values for this year were not included in the La Selva STREAMS dataset available on the 

project’s website) (Figures 1.5.12 and 1.5.13).  The pH measurements from the two datasets are 

most different in 2006 compared to the other years.  This discrepancy continues through the 

beginning of 2007.  There were five days where pH measurements were simultaneously collected for 

this study and the La Selva STREAMS project (Table 1.5.4).  In all five cases, the pH values measured 

for this study were lower than or equal to values measured for the La Selva STREAMS project at the 

Taconazo.  At the Arboleda, there were three cases where the pH values measured for this study 

were higher than values measured for the La Selva STREAMS project and two cases where pH values 

were lower or equal.  The comparison of these two datasets suggests that improper measurement 

https://sites.google.com/a/streamslaselva.net/streamslaselva/
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methods and/or a faulty electrode may have been used in the collection of either the dataset of this 

project or the La Selva STREAMS dataset. 

 

 

 
Figure 1.5.12  Taconazo pH values for the years 2006, 2007, and 2008 from this study and pH values 
obtained from the La Selva STREAMS project website. 
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Figure 1.5.13  Arboleda pH values for the years 2006, 2007, and 2008 from this study and pH values 
obtained from the La Selva STREAMS project website. 
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Table 1.5.4  Comparison of pH values measured by this study and the La Selva STREAMS project on 
the same day. 

 

Date 

Taconazo pH Arboleda pH 

This study La Selva STREAMS This study La Selva STREAMS 

3/2/06 5.88 5.97 6.80 6.12 

6/1/06 5.24 6.20 6.25 6.16 

2/1/07 4.93 5.59 6.16 6.15 

3/1/07 4.94 5.87 6.27 6.27 

11/1/07 5.32 5.32 6.26 6.26 

 

 

To evaluate the current projects dataset for improper measurement and/or the use of a 

faulty electrode, email correspondences with William Urena, the Costa Rican technician who 

collected samples for this study, were reviewed.  Two emails of relevance (one on February 7, 2007 

and one on Mar 16, 2007) were identified and plotted with pH measurements collected at the 

Taconazo and Arboleda (Figure 1.5.14 and 1.5.15, respectively).  On February 7, 2007, an email was 

sent to William Urena indicating that the pH values he was reporting were low and inquiring about 

his measurement routine.  William responded that he was calibrating regularly and he had not 

noticed anything unusual.  Because the pH values measured before this date had already began to 

increase, it did not seem that the occurrence of this email had initiated a change in methodology 

that subsequently initiated the pH increase.  Although William did not indicate that there was a clear 

problem with the pH electrode he was using, a new pH electrode was sent to him in late February, 

2007.  On March 16, 2007, William confirmed that he received the new electrode and was using it 

because the old pH electrode was bad.  Because the pH increase was initiated before the confirmed 

use of a new electrode, it is not clear that the original electrode was faulty.  The email 

correspondence does not unambiguously support the use of improper methods and/or a faulty 

electrode for the collection of the 2006 and early 2007 pH data, but neither can some contribution 

from such issues be completely ruled out. 
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Figure 1.5.14  Taconazo pH values for mid-2006 to mid-2007 from this study and pH values obtained 
from the La Selva STREAMS project website.  Vertical lines represent dates of relevant email 
correspondence with the project field technician at La Selva Biological Station. 
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Figure 1.5.15  Arboleda pH values for mid-2006 to mid-2007 from this study and pH values obtained 
from the La Selva STREAMS project website.  Vertical lines represent dates of relevant email 
correspondence with the project field technician at La Selva Biological Station. 
 

 

In conclusion, the low pH and high DIC measured during the early part of this study may be 

related to seismic activity and/or improper measurement and/or use of a faulty electrode, but do 

not seem to be related to an increase in acid rain events or precipitation patterns.  Although the 

cause of the unusually low pH could not be determined, it is reasonable to exclude 2006 from this 

DIC export analysis due to questions about the authenticity of the low pH values that year.    
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1.6 CONCLUSION 

This study emphasizes the importance of small streams for a complete understanding of 

global carbon cycling, as small stream export and groundwater inputs have not usually been 

incorporated in field-scale carbon studies or global carbon budgets.  This study specifically 

quantified an estimate of DIC and DOC export from the Taconazo (9.62 and 3.98 gC/m2yr, 

respectively) and Arboleda (683 and 14.1 gC/m2yr, respectively) watersheds at LSBS, located in a 

tropical lowland rainforest down slope of Volcano Barva.  The control of IGF on DIC concentration, 

DIC export, DOC concentration, and DOC export from two watersheds at LSBS was evaluated, as 

previous research indicates that deep bedrock groundwater enters the Arboleda via IGF but is not 

evident at the Taconazo.  Based on comparison of the Taconazo and Arboleda, bedrock groundwater 

entering the Arboleda via IGF paths decreased the DOC concentration by 33%, increased the DIC 

concentration by 1100%, increased the DIC export by 7000%, and increased DOC export by 250%.  

These results indicate the importance of considering the water cycle, in particular the connection of 

small watersheds to the deeper hydrogeological systems on which they sit, to reach valid 

conclusions regarding the carbon budgets of small watersheds. 
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2 EFFECT OF INTERBASIN GROUNDWATER FLOW ON OPTICAL PROPERTIES OF DISSOLVED 

ORGANIC MATTER IN A TROPICAL RAINFOREST, COSTA RICA 

2.1 INTRODUCTION 

The transport and cycling of organic carbon (OC) in rivers is an important part of the global 

carbon cycle (Battin et al. 2008).  Thus far, only large rivers have been considered in the global 

account of riverine OC, and few studies have focused on small streams which may have a cumulative 

impact (Medeiros & Simoneit, 2008).  Small streams are more responsive and influenced by their 

watersheds than large rivers and it is important to focus on and characterize OC in small rivers to 

gain a complete understanding of the role that rivers play in the global carbon cycle.  Additionally, it 

is important to focus on tropical ecosystems because of their predicted vulnerability to climate 

change (Battin et al. 2008) and the likelihood of hydrologic changes expected as a result of climate 

change in these regions (Raymond & Oh, 2008).  Groundwater is an understudied, potentially 

important component of the carbon cycle (Cole et al. 2007, Choi et al. 1998), and its impact on the 

dissolved organic carbon (DOC) in a small, tropical watershed is addressed in this study. 

Riverine dissolved organic matter (DOM) is a complex mixture of aliphatic and aromatic 

compounds (Stedmon et al. 2003).  Riverine DOM character and concentration result from several 

sources and processes, including (1) amount of rainfall and chemical processes in soils, such as 

chemical weathering and leaching of soil organic matter (Schlunz & Schneider, 2000), (2) catchment 

cover and riparian vegetation (Besemer et al. 2009), (3) algal release and bacterial uptake (Kaplan & 

Bott, 1989), and (4) soil profile and groundwater input (Battin et al. 2008).  These sources and 

processes influence DOM character and ultimately define its potential for biological reworking 

(degradation and/or other changes associated with organisms), other degradative processes 

(physical degradation, photodegradation, etc.) and/or remineralization (conversion of DOM to an 

inorganic form). 

In this study, the chromophoric (colored) fraction of dissolved organic matter (CDOM) from 

two small, adjacent tropical streams at La Selva Biological Station (LSBS), Costa Rica, the Taconazo 

and the Arboleda, were analyzed using UV-Vis absorbance spectroscopy.  One sample from Guacimo 

Spring, a bedrock groundwater spring at (LSBS), was also analyzed.  Several lines of evidence 

indicate mixing of bedrock groundwater with local groundwater in the Arboleda; only local 

groundwater discharges into the Taconazo (Genereux et al. 2009; Genereux et al. 2005; Genereux, 
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2004; Genereux et al. 2002; Genereux and Pringle, 1997).  Bedrock groundwater enters the 

Arboleda via interbasin groundwater flow (IGF) and follows longer, deeper flow paths (relative to 

local groundwater flow paths) beneath topographic divides.  Given the known hydrology, the CDOM 

in the Taconazo likely is representative of what is expected in a small tropical stream: CDOM from 

in-stream production and/or terrestrial sources (plant and soil carbon from the watershed).  On the 

other hand, the CDOM from the Arboleda likely is more complex than CDOM from the Taconazo.  

CDOM from the Arboleda likely contains CDOM similar to the Taconazo and may also contain CDOM 

introduced from bedrock groundwater, including old, recalcitrant organic matter that began as 

“fresh” organic matter (similar to that of local groundwater) at the beginning of the IGF path. 

UV-Vis absorbance spectroscopy is a valuable technique used to characterize CDOM and 

many studies have used the technique to distinguish CDOM character along salinity gradients (e.g. 

estuarine mixing) (Helms et al. 2008; Spencer et al. 2007; Stedmon & Markager, 2003; Stedmon et 

al. 2000), to assess CDOM at riverine inputs to lakes (Bracchini et al. 2007; Zhang et al. 2007), to 

assess CDOM changes associated with degradation (Zhang et al. 2009; Grzybowski, 2000), and to 

characterize CDOM for a specific aquatic environment and/or compare CDOM between different 

aquatic environments (Lloret et al. 2011; Birdwell & Engel, 2010; Spencer et al. 2009; Esteves et al. 

2009; Tzortziou et al. 2008; Green and Blough, 1994), but none have attempted to characterize 

mixing of two groundwaters in a stream, such as what is expected for the Arboleda. 

The objectives of this study are to: 

(1) Assess and distinguish between the concentration and chemical character of CDOM 

from the Taconazo (consisting of CDOM from solely local groundwater) and the 

Arboleda (consisting of CDOM from both local groundwater and bedrock groundwater) 

using absorbance spectroscopy 

(2) Use the results to reach conclusions regarding the significance of IGF for OC chemistry in 

this rainforest ecosystem 

To evaluate the likely differences in CDOM between the two streams, the following two 

hypotheses were tested in this study: 

(1) CDOM from the Taconazo is derived from recent tropical plant and soil sources and is 

therefore more concentrated and more aromatic than CDOM from the Arboleda 
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(2) CDOM from the Arboleda represents a mixture of tropical plant and soil sources and a 

microbial-like and/or a degraded source from bedrock groundwater, contributed to the 

Arboleda via IGF. 
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2.2 BACKGROUND 

2.2.1 Study Site 

 The study site for this project is LSBS, a 1536 hectare (ha) research station in Costa Rica 

(Figure 2.2.1).  It is a tropical rainforest environment adjacent to and down slope of Braulio Carrillo 

National Park, ranging in elevation from 35-130 meters (m).  Volcan Barva, a 2906-m composite 

volcano, is located south of the study site (Braulio Carrillo lies on Barva’s north slope).   nnual 

average temperature is 25.8⁰C and the average annual precipitation is 4240 millimeters (mm) 

(Genereux et al. 2005).  The dry season at LSBS includes the months February, March and April, each 

with an average of 180 mm of rainfall.  The focus of this study is on two adjacent streams at LSBS, 

the Taconazo and Arboleda (Figure 2.2.2).  The watershed boundaries and stream paths were 

delineated using Light Detection And Radar (LiDAR) data retrieved from Kellner et al. (2009) (Zanon, 

2011).  The watershed areas for the Taconazo and Arboleda are 27.94 ha (279400 m2) and 46.14 ha 

(461400 m2), respectively.  Previous research at these sites provides several lines of evidence that 

support the presence and mixing of two distinct groundwaters at LSBS: low-solute local 

groundwater and high-solute bedrock groundwater. 

 

 



 

 

 

80 

 
Figure 2.2.1  LSBS, Costa Rica.  LSBS boundary and stream network data from Organization for 
Tropical Studies (2010); Taconazo and Arboleda watershed boundary and stream data delineated 
using LiDAR data from Kellner et al. (2009) (Zanon, 2011). 
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Figure 2.2.2  Taconazo and Arboleda watersheds, LSBS, Costa Rica.  Stream network data from 
Organization for Tropical Studies (2010);  Taconazo and Arboleda watershed boundary and stream 
data delineated using light detection and radar data from Kellner et al. (2009) (Zanon, 2011). 
 

 

2.2.2  Previous hydrologic research at LSBS 

 A previously established water mixing model for LSBS is considered for this study to evaluate 

CDOM sources and quality (Genereux et al. 2005; Genereux et al. 2002; Genereux & Pringle, 1997).  

This previously established water mixing model was based on hundreds of water samples collected 

at several sites at LSBS.  The concentrations of major ions were measured and plotted, one solute vs. 

another (e.g., Na vs. Cl).  Distinct linear trends were observed on these plots and modeled as 
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conservative mixing lines between high-solute bedrock groundwater and low-solute local 

groundwater (Genereux et al. 2002; Genereux & Pringle, 1997). 

Genereux et al. (2005) calculated annual water and major ion budgets for the Taconazo and 

Arboleda watersheds, to quantify inputs and outputs and the importance of IGF.  They found that 

export of water and major ions by streamflow greatly exceeds inputs by precipitation on the 

Arboleda watershed (indicating significant inputs by IGF), but not at the Taconazo.  For the 

Arboleda, IGF leads to significantly higher Cl-, SO4
2-, Na+, K+, Mg2+ and Ca2+ concentrations in stream 

water.  This is connected to the IGF mentioned in the Introduction, as bedrock groundwater seems 

to be water that enters LSBS watersheds (the Arboleda and others) as IGF, i.e., deep groundwater 

flow through volcanic bedrock, recharged at high elevation upslope of LSBS (on Volcan Barva) and 

discharged into streams and wetlands at LSBS.  Results in Genereux et al. (2005) also show that 

some local groundwater is involved in IGF, perhaps by mixing in the subsurface between the local 

groundwater and bedrock groundwater systems.  δ18O data are also consistent with this 

interpretation of two distinct groundwaters and bedrock groundwater representing IGF into LSBS in 

the volcanic bedrock (Genereux, 2004). 

Genereux et al. (2009) tested and found additional support for the model with C, He, and Cl 

isotope data.  Local groundwater was found to have an atmospheric signature for He and Cl.  C in 

local groundwater represented a biogenic soil gas source.  Additionally, several lines of evidence 

indicate that C, He and Cl in bedrock groundwater (transported via IGF) have a magmatic/volcanic 

source.  For example, high DIC concentration paired with relatively low pH and Ca concentration are 

evidence against a limestone source.  Furthermore, limestone is likely located too deep in the 

geologic profile to interact with groundwater flow discharging at LSBS.  Also, R/RA (where R is the 

sample 3He/4He value and RA is the present day atmospheric 3He/4He value) from He data and 36Cl/Cl 

data are consistent with values found for magmatic gas sources in other subduction zones 

(Genereux et al. 2009). 

With water budget data and an estimate of the DIC and DOC concentrations in bedrock 

groundwater, a preliminary estimate of carbon input by IGF (872 gC/m2yr) was determined for the 

Arboleda (Genereux et al. 2009).  Of this quantity, 98.7% was found to be DIC and 1.3% DOC.  88% of 

the total C input by IGF was due to bedrock groundwater and 12% was due to local groundwater.  

This carbon input by IGF is significant relative to other large ecosystem carbon fluxes (e.g., it has a 
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magnitude equal to about 24-30% of respiration (Loescher et al. 2003; Cavaleri et al. 2008) and may 

be significant for the stream’s biota and for understanding the overall ecosystem carbon budget. 

Another line of evidence supporting two distinct groundwater sources is radiocarbon dating.  

14C values suggest the age of bedrock groundwater is much greater than the age local groundwater 

(Solomon et al. 2010; Genereux et al. 2009).  The age of bedrock groundwater and the age of local 

groundwater are estimated be 2400-4000 years and ≤10 years, respectively. 

2.2.3 UV-Vis absorbance spectroscopy 

Absorbance spectroscopy reveals valuable characteristics of CDOM that can indicate origin, 

namely aromaticity that distinguishes highly aromatic terrestrially derived organic compounds from 

less aromatic microbial organic compounds (Battin, 1998).  Organic compounds that are more 

aromatic absorb more visible and UV light than compounds that are less aromatic, and produce a 

different spectral signal (McKnight et al. 2001).  Thus, microbially derived compounds absorb less 

visible and UV light and produce a different signal than terrestrially derived compounds (McKnight 

et al. 2001). 

The absorbance of a sample is measured as: 

 

A = log10(I0/I)        (Eq. 2.2.1) 

 

where A is absorbance, I0 is the light intensity of the incident light on the sample and I is the light 

intensity of the transmitted light from the sample (Osburn and Morris, 2003). 

 Absorbance is reported as absorption coefficients (aλ), calculated: 

 

 aλ=A(2.303)/L        (Eq. 2.2.2) 

 

where aλ is the absorption coefficient at wavelength λ in m−1, A is the absorbance, and L is the 

cuvette path length in m (Osburn and Morris, 2003). 

CDOM absorption spectra are successfully modeled with the following exponential equation 

(Fischot & Benner, 2011; Helms et al. 2008; Battin, 1998; Green & Blough, 1994; Bricaud et al. 1981): 

 

aλ=aλoe
[−S(λ−λo)]        (Eq. 2.2.3) 
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where aλ is the Napierian absorption coefficient at wavelength λ, aλo is the absorption coefficient at 

reference wavelength λo, and S is the spectral slope.  A few parameters quantified from absorption 

spectra, and useful for comparing CDOM among samples, are absorption coefficients, spectral slope 

(S), and slope ratio (SR) (Figure 2.2.3).  These parameters are described in the following paragraphs 

and were quantified for this study. 
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Figure 2.2.3  Absorption spectra examples from the Taconazo (solid blue line) and Arboleda (solid 
red line) with important values and ranges used to describe absorption spectra highlighted. 
 

 

Absorption coefficients at discrete wavelengths (e.g., 250 nm) have been used to quantify 

DOC and/or CDOM concentration in several studies (Birdwell & Engel, 2010; Spencer et al. 2009, 

2007; Zhang et al. 2009, 2007; Mladenov et al. 2008; Stedmon et al. 2006; Tzortziou et al. 2008; 

Stedmon & Markager, 2003; Stedmon et al. 2000; Battin, 1998; Lewis & Canfield, 1977).  The use of 

absorption coefficients to estimate DOC concentration is not valid for all systems because not all 

DOC absorbs light (Osburn & Morris, 2003).  However, a strong relationship has been observed 

between absorption coefficients and DOC concentration in freshwater streams (Stedmon et al. 

2006) where much of the DOC is CDOM.  It has been shown that the coefficient of determination 

between absorption coefficient and DOC concentration increases with decreasing wavelength 

(Spencer et al. 2009; Zhang et al. 2007).  This trend is likely observed for systems where the DOC and 
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CDOM pool is dominated by vascular plant and soil sources that absorb light from 250-280 nm 

(Mladenov et al. 2008).  For this reason, a250 was used for this study (Figure 2.2.3).  Additionally, the 

specific UV absorbance at 254 nm (SUVA254) has been used as a proxy for molecular weight and 

aromaticity (Lloret et al. 2011; Spencer et al. 2009).  It is calculated as the ratio of a254 to DOC 

concentration (a254:DOC concentration) and was used to assess differences in aromaticity between 

the Taconazo and Arboleda. 

S values represent the steepness of absorption spectra, are independent of CDOM 

concentration (Helms et al. 2008), and are a result of CDOM composition and chemical structure 

(Tzortziou et al. 2008).  S values have been calculated for several studies (Zhang et al. 2009, 2007; 

Tzortziou et al. 2008; Mladenov et al. 2008; Bracchini et al. 2007; Stedmon & Markager, 2003; 

Stedmon et al. 2000; Battin, 1998; Green & Blough, 1994).  Varying values of S indicate 

compositional changes (Stedmon et al. 2000) and/or mixing of multiple sources of CDOM (Tzortziou 

et al. 2008).  Low S values have been found as a result of high molecular weight, highly aromatic, 

and/or less-degraded CDOM; low molecular weight, less-aromatic, and/or more degraded CDOM 

has been associated with greater S values (Zhang et al. 2009; Spencer et al. 2009; Tzortziou et al. 

2008; Bracchini et al. 2007; Battin, 1998, Green & Blough, 1994).  S values have also been found to 

decrease as a result of degradation (Morris and Hargreaves, 1997).  In these studies, S has been 

calculated over various ranges of wavelengths, usually beginning with 300 nm or less and ending 

with 500 nm or greater.  The calculation method for S also varies throughout the literature.  

Depending on wavelength range and calculation method used, varying results for S are achieved, 

which makes comparisons among studies challenging and could be misleading.  Furthermore, the 

calculation of S over a wide wavelength range may not fully capture the characteristics of a 

spectrum.  This led to the proposed use of smaller ranges to calculate S values and a new parameter, 

SR, as a better technique (Zhang et al. 2009; Helms et al. 2008).  These ranges were selected because 

of their known importance and change as a result of CDOM compositions.  From the literature, 

larger SR values are associated with weakly-aromatic and/or low molecular weight CDOM, whereas 

smaller SR values are associated with strongly-aromatic, higher molecular weight CDOM (Spencer et 

al. 2009; Helms et al. 2008).   
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2.3 METHODS 

 Samples were collected roughly weekly at the Arboleda and Taconazo weirs from February 

2006 to February 2008.  Samples were filtered in the field with 0.7 micrometer glass fiber syringe 

filters and were stored frozen in polyethylene bottles. 

 A total of 103 Taconazo samples, 102 Arboleda samples, and one Guacimo spring sample 

were analyzed using UV-Vis absorbance spectroscopy.  Samples were thawed in the dark, overnight 

to room temperature before processing.  Some flocculation was noticed for all samples.  Absorbance 

measurements were made using a dual-beam Varian 300UV spectrophotometer.  Samples were 

analyzed between 240 and 650 nm, using a 10-centimeter (cm) path length.  A Milli-Q water blank 

was used to correct for absorption of water.  The absorption at 750 nm was subtracted from 

absorption spectra to account for particulate and colloidal scatter. 

 Absorbance data were processed in MATLAB.  Temporal data was examined.  Ten 

consecutive samples from each stream were noticeably different than all other samples.  The S 

values for ten consecutive samples in each stream were greater (characterized by a sharp increase 

and, ten samples later, a sharp decrease) than samples before and after the set of ten.  The a375 

values appeared low for these same samples.  The lab notes, MATLAB script used at the time of 

processing, and resultant absorption spectra were examined for methodological or mathematic 

error.  No mathematical error was apparent; although, lab notes indicated that this set of 20 

samples (10 samples from each stream) were processed together and at a different time than other 

samples, over a year earlier.  These 20 samples from each stream were removed and excluded from 

additional analysis because the integrity of the samples may have been compromised as a result of 

insufficient and/or inconsistent care and handling, compared with other samples of this study.  

Furthermore, the absorption spectrum from Guacimo Spring indicated a clear peak at 285 nm that 

ranged from 260 nm to 306 nm.  This peak was thought to represent contamination during 

sampling, and therefore the absorption values in this range were removed and replaced with 

interpolated values. 

The a250, S, and SR values were calculated and compared with stream discharge at sample 

collection time, DOC concentration, and the fraction of stream discharge that is bedrock 

groundwater (fG). For this study, S was calculated using absorption data from 300 to 650 nm 

(Stedmon et al. 2000, and gray area in Fig. 2.2.3 above) and finding the non-linear least squares 
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regression fit (Tzortziou et al. 2008; Stedmon et al. 2000).  SR values were calculated as the ratio of 

two slopes: the slope from 275 to 295 nm to the slope from 350 to 400 nm.  fG was calculated 

following Genereux et al. (2005): 

 

fG = (CS - CL)/(CG - CL)       (Eq. 2.3.1) 

 

where CS is the chloride concentration for stream water, CL is the chloride concentration for local 

groundwater, and CG is the chloride concentration of bedrock groundwater.  CL was taken as 0.059 

mM, the mean chloride concentration for the Taconazo during the study period and thought to 

represent the local groundwater end-member.  CG was taken as 0.91 mM, the mean chloride 

concentration taken at Guacimo Spring (Genereux et al. 2005), thought to represent the high-solute, 

bedrock groundwater end-member. 
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2.4 RESULTS 

 Absorption spectra for all samples generally increase with decreasing wavelength (Figure 

2.4.1).  There is a clear difference between the Taconazo and Arboleda mean spectra (Figures 2.4.1 

and 2.4.2).  The a250, S, and SR results are summarized in Figures 2.4.3, 2.4.4 and 2.4.5, respectively, 

and Table 2.4.1.  On average, the Taconazo has higher a250 values, higher S values, and lower SR 

values compared with the Arboleda. 
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Figure 2.4.1  Absorption spectra for the Taconazo (dashed blue lines) and Arboleda (dashed red 
lines).  The mean absorption spectrum for each stream is represented with a solid black line. 
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Figure 2.4.2  Mean absorption spectra for the Taconazo and Arboleda. 
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Figure 2.4.3  Hydrograph and a250 vs. day of study period (day 0 corresponds to February 23, 2006) 
for Taconazo  and Arboleda. 
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Figure 2.4.4  Average weekly discharge and S versus day of study period (day 0 corresponds to 
February 23, 2006) for Taconazo and Arboleda. 
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Figure 2.4.5  Average weekly discharge and SR versus day of study period (day 0 corresponds to 
February 23, 2006) for Taconazo  and Arboleda. 
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Table 2.4.1  Summary of a250, SUVA254, S, and SR statistics for the Taconazo, Arboleda, and Guacimo 
spring. 

 Taconazo Arboleda Guacimo Spring 

a250 (m
−1) Avg 6.25 3.53 0.487 

SD 2.08 1.74 -- 

Min 3.26 1.60 -- 

Max 14.3 13.8 -- 

SUVA254 

(Lmmol−1m−1) 

Avg 42.4 47.5 -- 

SD 8.13 51.3 -- 

Min 27.9 19.1 -- 

Max 62.0 348 -- 

S (nm−1) Avg 16.5 13.6 8.52 

SD 0.461 1.56 -- 

Min 15.1 9.77 -- 

Max 17.3 16.1 -- 

SR Avg 0.778 1.12 3.51 

SD 0.036 0.144 -- 

Min 0.717 0.848 -- 

Max 0.897 1.53 -- 

 

 

The linear relationship between a250 with discharge at sample collection time was poor (r2 = 

0.05 and p < 0.05 for the Taconazo; r2 = 0.18 and p < 0.05 for the Arboleda), but significant for both 

streams (Figure 2.4.6).  The relationship was better defined with a first-order inverse (C = A/Q + B) fit 

(r2 = 0.15 and p < 0.05 for the Taconazo; r2 = 0.21 and p < 0.05 for the Arboleda) (Figure 2.4.6).  This 

weak relationship has been observed before in tropical lowlands with high rainfall (Battin, 1998).   
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Figure 2.4.6  The relationship between a250 and discharge at sample collection time with (a) linear fit 
and (b) first order inverse fit.  The data fit the first order inverse model better (greater coefficient of 
determination, compared with the linear model), indicating that a250 values change rapidly with 
stream discharge at first, and then less rapidly as stream discharge continues to increase. 
 

 

r2 = 0.05 
p < 0.05 

r2 = 0.18 
p < 0.05 

r2 = 0.15 
p < 0.05 

r2 = 0.21 
p < 0.05 

(a) 

(b) 
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 Neither linear nor first-order inverse relationships of DOC concentration with discharge at 

sample collection time for 2006 were significant for either stream (Figure 1.4.6).  DOC concentration 

had a significant, strong positive relationship with a250 values for the Taconazo; the linear 

relationship with a250 values for the Arboleda was not significant (Figure 2.4.7).  The Arboleda 

sample with the highest a250 value (13.85 m−1) and lowest DOC concentration (0.038 mM) may be 

considered an outlier, although when removed from the dataset a significant linear relationship was 

still not achieved.  The three Arboleda samples with the highest a250 values may have such high 

values as a result of contamination during sampling or error in processing.   
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Figure 2.4.7  The relationship between a250 and DOC concentration with linear fit. 
 

 

r2 = 0.06 
p > 0.05 

r2 = 0.75 
p < 0.05 
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fG values for the Taconazo averaged 0.000 (because the definition of CL was taken as the 

mean Cl concentration in the Taconazo samples), and ranged from -0.017 to 0.049.  For the 

Arboleda, fG values averaged 0.43 and ranged from 0.25 to 0.53.  Guacimo Spring is thought to 

represent pure bedrock groundwater, with fG = 1 (Genereux et al. 2005).  There was a negative 

linear relationship between a250 values and fG, indicating that increases in fG correspond with 

decreases in CDOM concentration.  The average Arboleda a250 value falls just below a linear mixing 

trend with end-members representing local ground water (average Taconazo a250 value), and deep 

bedrock ground water (Guacimo Spring a250 value) (Figure 2.4.8). 

 

 

 

Figure 2.4.8  a250 vs. fG for the Taconazo (blue), Arboleda (red), and Guacimo Spring (green). 
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 For the relationship S vs. fG, Taconazo data cluster around fG = 0 and S = 16.5 nm−1.  The 

Arboleda data cluster less tightly than the Taconazo data, with average fG = 0.43 and S = 13.6 nm−1 

(Figure 2.4.9). 

 

 

 

Figure 2.4.9  Slope vs. fG for the Taconazo (blue), Arboleda (red), and Guacimo Spring (green). 
 

 

Taconazo data for the SR vs. fG relationship was tightly clustered, similar to the S vs. fG 

relationship, with average SR = 0.778.  Likewise, Arboleda data was less clustered than Taconazo 

data, with average SR = 1.12 (Figure 2.4.10). 
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Figure 2.4.10  Slope ratio vs. fG for the Taconazo (blue), Arboleda (red), and Guacimo Spring (green). 
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2.5 DISCUSSION 

2.5.1 Absorption Spectra 

 The absorption spectra for the Taconazo clearly were different than the absorption spectra 

for the Arboleda, despite their overlap in magnitude (Figures 2.4.1 and 2.4.2).  The average 

absorption spectrum for the Taconazo shows stronger absorption at wavelengths <300 nm, 

compared to the average absorption spectrum for the Arboleda (Figures 2.4.1 and 2.4.2).  Greater 

absorption at shorter wavelengths in the Taconazo, compared with the Arboleda, indicates the 

presence of more aromatic, terrestrial-like CDOM in the Taconazo (Esteves et al. 2009, Dalzell et al. 

2009).  The less aromatic, terrestrial-like signature for Arboleda CDOM likely is partially a result of 

the lower concentration caused by mixing of local groundwater and bedrock groundwater in the 

Arboleda.  This mixing does not appear to occur (or occurs minimally) in the Taconazo, where the fG 

was low.  The low CDOM concentration in bedrock groundwater, as indicated by Guacimo Spring, 

may be due to chemical and biological degradation of DOM during the roughly 3000 year transit 

time (bedrock groundwater at Guacimo Spring is 2400-4000 year old, Genereux et al. 2009) in the 

recharge area for IGF (Genereux et al. 2009).   

2.5.2 CDOM Concentration 

a250 values for the Taconazo and Arboleda are low compared to a250 values from other river 

water throughout the literature, within range of a250 values from lake water, and higher than one 

a250 value reported for a sample taken from a cave system (Table 2.5.1).  The a250 values for the 

Taconazo are significantly greater (tcrit = 9.63 > t0.05(2), 183 = 1.973, p < 0.01) than a250 values for the 

Arboleda (Figure 2.4.3, Table 2.4.1), indicating that CDOM in the Arboleda is diluted with a low-

CDOM source.  Guacimo Spring has the lowest CDOM concentration in the study, roughly 7.8% of 

the Taconazo.  Taconazo and Arboleda average a250 values, and the a250 value for Guacimo Spring, 

are low compared to reported a250 in other temperate streams, cave, and spring waters (Birdwell 

and Engel, 2010).  This may be related to the low DOC concentrations at La Selva.  In 2006, DOC 

concentration had a significant, positive relationship with a250 values for the Taconazo (Figure 2.4.7).  

This positive relationship between absorption coefficients and DOC concentration has been 

observed in the literature (Birdwell & Engel, 2010; Stedmon et al. 2006; Stedmon & Markager, 2003; 

and Stedmon et al. 2000).  This relationship has been found to be especially strong for freshwater 

stream systems where CDOM is dominated by terrestrial plants and soils of the watershed (Stedmon 
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et al. 2006).  On the other hand, in the Arboleda, the a250 vs. DOC concentration linear relationship 

was not significant and is likely due to the mixing of local groundwater and bedrock groundwater.  

The significance of this relationship does not improve if the Arboleda sample with the highest a250 

(13.85 m−1) and lowest DOC concentration (0.0383 mM) is removed from the dataset.  The positive 

relationship between absorption coefficient and DOC concentration has been found to break down 

in systems where CDOM changes as a result of autochthonous (in stream) production and 

photodegradation (Stedmon et al. 2006).  Photodegradation is unlikely in these streams, which are 

heavily shaded by tree cover in a tropical forest.  Autochthonous production can add an “uncolored” 

amount of DOM to a system, resulting in a higher DOC concentration with little increase in CDOM 

concentration (Stedmon et al. 2006).  Variation of this in stream production could explain the 

CDOM-DOC relationship exhibited in the Arboleda.  To summarize, the a250 values and CDOM 

concentration are tightly linked to DOC concentration for the Taconazo, but this relationship breaks 

down in the Arboleda, where deep bedrock groundwater enters the stream via IGF and alters its 

chemical and optical properties as a result of the mixing itself and a post-mixing, potentially 

variable, non-conservative process such as in stream production.   
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Table 2.5.1  Summary of a250 values from the literature and this study. 

Study Site a250 (m
-1) Reference 

This study 

Taconazo  6.25 This study 

Arboleda 3.53 This study 

Guacimo Spring 0.487 This study 

River and estuarine waters 

Yukon River (Arctic) 12 - 130a Spencer et al. 2009 

Great Bridge (upstream, Chesapeake Bay) 118 Dalzell et al. 2009 

Town Point (mid-river, Chesapeake Bay) 65 Dalzell et al. 2009 

Chesapeake Bay Bridge (bay mouth) 10 Dalzell et al. 2009 

Upper Surumoni River (Venezuela) 
79.9 - 
133.2a Battin, 1998 

Lower Surumoni River (Venezuela) 
23.2 - 
181.6a Battin, 1998 

Orinoco River (Venezuela) 18.6 - 44.9a Battin, 1998 

Lake waters 

La Caldera (Alipine Lake, Sierra Nevada) 2.25 Mladenov et al. 2008 

Rio Seco (Alipine Lake, Sierra Nevada) 4.67 Mladenov et al. 2008 

Aguas Verdes (Alipine Lake, Sierra Nevada) 5.9 Mladenov et al. 2008 

Yeguas (Alipine Lake, Sierra Nevada) 2.43 Mladenov et al. 2008 

Virgen Superior (Alipine Lake, Sierra Nevada) 2.37 Mladenov et al. 2008 

Virgen Inferior (Alipine Lake, Sierra Nevada) 14.79 Mladenov et al. 2008 

Siete Lagunas 2 (Alipine Lake, Sierra Nevada) 15.71 Mladenov et al. 2008 

Siete Lagunas 4 (Alipine Lake, Sierra Nevada) 4.68 Mladenov et al. 2008 

Siete Lagunas 5 (Alipine Lake, Sierra Nevada) 5.56 Mladenov et al. 2008 

Siete Lagunas 7 (Alipine Lake, Sierra Nevada) 3.74 Mladenov et al. 2008 

Penon Negro (Alipine Lake, Sierra Nevada) 7.3 Mladenov et al. 2008 

Katonga Bay (Lake Victoria) 
0.001 - 
0.012 Bracchini et al. 2007 

Lake Waynewood (Pocono Plateau) 30 
Morris & Hargreaves, 
1998 

Lake Lacawac (Pocono Plateau) 28 
Morris & Hargreaves, 
1998 

Lake Giles (Pocono Plateau) 2.5 
Morris & Hargreaves, 
1998 

Ground and spring waters 

Ramo Sulfureo (Cave System, Italy) 0.0002 Birdwell and Engel, 2010 
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a250 values appear to have a seasonal trend with discharge at sample collection time, at least 

for the Taconazo (Figure 2.4.3).  Dry season a250 values for the Taconazo are significantly greater (tcrit 

= 2.86 > t0.05(2), 91 = 1.9865, p < 0.01) than wet season values.  This may be a result of a longer 

residence time of soil water and shallow groundwater during the dry season, which consequently 

becomes more concentrated with CDOM.  For the Taconazo, the inverse trend of a250 with discharge 

at sample collection time supports this conceptual model because a250 values decrease as discharge 

increases (Figure 2.4.6).  This is not consistent with other studies that observe DOC (and likely 

CDOM) concentration to increase with increasing discharge (Bass et al. 2011; Lloret et al. 2011; 

Vidon et al. 2008; Spencer et al. 2009), although this opposite trend may be observed for the 

Taconazo if sampled over a single storm event. 

The same trend was not observed for the Arboleda.  Dry season a250 values for the Arboleda 

are not significantly different (tcrit = 1.142 < t0.05(2), 90 = 1.987, p > 0.01) than a250 values during the wet 

season.  The difference between a250 dry season trends between the Taconazo and Arboleda likely is 

the effect of bedrock groundwater entering the Arboleda via IGF pathways.  For example, a250 may 

increase in the dry season due to the “steeping” effect of greater water residence time in the soil, 

but this increase may be masked by a large input of IGF containing relatively less CDOM (i.e., the 

large input of water from IGF dilutes the CDOM concentration in the Arboleda and as a result, 

changes in local groundwater CDOM are less apparent in the Arboleda).  For the Arboleda, a250 

values increase with discharge at sample collection time, or increased fraction of local groundwater 

in the Arboleda (Figure 2.4.6).  This does not align with the relationship between DOC concentration 

and discharge, which does not have a positive relationship.  Ultimately, this aspect of Arboleda 

stream behavior is not clear and not consistent with the expectations of simple mixing.  Some 

unknown and unmeasured non-conservative behavior of the Arboleda may explain the 

inconsistency. 

 Other studies have found a conservative relationship between absorption parameters and 

salinity, signifying a mixing between two water masses, fresh water and saline water (e.g. Stedmon 

et al. 2000).  For this study area, fG was calculated from Cl- concentration, a natural tracer of bedrock 

groundwater in the mixing of two freshwater masses: local groundwater and bedrock groundwater 

(Genereux et al. 2005) at LSBS.  fG was compared with a250 to determine if CDOM concentration 

conservatively mixes in this system (Figure 2.4.8).  fG was about 0 for the Taconazo throughout the 
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study period.  For the Arboleda, a250 vs. fG CDOM concentration significantly decreases linearly with 

increasing fG. (r2 = 0.44, p < 0.05).  This relationship also may be a result of bedrock groundwater 

diluting the CDOM pool.  Most of the Arboleda data clusters along the linear mixing model with end-

members representing local groundwater (average of Taconazo data) and bedrock groundwater 

(Guacimo Spring data) (Figure 2.4.8, dashed line).  This lends support to differences as a result of 

lower concentration caused by mixing of local ground water CDOM with bedrock groundwater 

CDOM in the Arboleda.  However, some data are scattered, especially for the local groundwater 

end-member, and this indicates that some non-conservative process(es) other than simple mixing 

may be occurring (i.e., autochthonous production and/or biological degradation). 

SUVA254 results indicate that there is no significant difference (tcrit = 0.621 < t0.05(2), 79 = 1.987, 

p > 0.01) in abundance of aromatic CDOM between the Taconazo and Arboleda and does not 

provide evidence to explain the optical differences observed between the Taconazo and Arboleda.  

This may be because both streams share a dominant source of CDOM, from the local vascular plants 

and soil organic matter of the watershed and/or that the variations between the Taconazo and 

Arboleda are too small to be captured with this analysis.  However, S and SR results did distinguish 

between the quality of CDOM in the Taconazo and Arboleda. 

2.5.3 CDOM Quality 

2.5.3.1 Spectral Slope 

The S value for Guacimo Spring is less than the S values for the Taconazo and Arboleda 

(Table 2.4.1).  On average, the Taconazo has statistically greater S values (tcrit = 17.2 > t0.05(2), 183 = 

1.973, p < 0.01) compared with the Arboleda (Figure 2.4.4, Table 2.4.1).  Consistent with the 

expectations of this system, and aligning with the results of Morris and Hargreaves (1997), the low S 

values for Guacimo Spring indicate that CDOM from Guacimo Spring is highly degraded, compared 

to the Taconazo and Arboleda.  Likewise, the S values from the Taconazo indicate that CDOM from 

the Taconazo is the least degraded.  S values may not fully capture the characteristics of an 

absorption spectrum measured from low-CDOM samples (Helms et al. 2008).  The low absorption of 

both the Taconazo and the Arboleda compared with other freshwater ecosystems (Birdwell & Engel, 

2010), and relatively small difference between them, warrants the use of a more detailed spectral 

parameter to describe the chemical differences between them, such as SR (Helms et al. 2008; See 

Section 2.5.3.2, below). 
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The range of S values of the Arboleda is almost three times greater than the range of S 

values for the Taconazo (2.2 and 6.33 for the Taconazo and Arboleda, respectively).  The more 

variable S values for the Arboleda suggest that the quality of CDOM in the Arboleda varies, and may 

be related to the known hydrology, with two sources and time-varying mixing between sources 

(relatively constant discharge of bedrock groundwater having old CDOM mixing with a time-varying 

discharge of local groundwater having much younger CDOM).  In fact, the variability of the bedrock 

groundwater end-member (sampled at Guacimo Spring) also is not known.  Further studies should 

try to constrain the variability of CDOM properties in bedrock groundwater. 

The variability of S values for the Arboleda likely was due to time varying mixing between 

bedrock groundwater and local groundwater.  fG was consistently about 0 for the Taconazo and this 

stream’s S values were statistically higher than S values from the Arboleda.  In the Arboleda, when fG 

was relatively low, S values trended higher and were more like the Taconazo (Figure 2.4.9).  This 

trend is consistent with mixing between bedrock and local groundwaters being at least one cause of 

the differences in S values from the Taconazo and Arboleda.  The scatter of the data indicates that 

either some non-conservative process is happening and variation is not solely a result of lower 

concentration caused by mixing of bedrock groundwater and local groundwater in the Arboleda, or 

the bedrock groundwater entering the Arboleda has some unknown variability. 

2.5.3.2 Slope Ratio (SR) 

The SR values measured are consistent with the expectations from the known hydrology of 

this system.  SR values focus on two small parts of spectra where CDOM is known to change as a 

result of CDOM composition, and therefore can be more informative than S values.  Guacimo Spring 

has the highest SR value among samples in this study (3.51; Table 2.4.1; Figure 2.4.10). Such high SR 

values are consistent with weakly aromatic and low molecular weight CDOM (Spencer et al. 2009; 

Helms et al. 2008).  In fact, SR values for Guacimo Spring resembled open ocean water (Helms et al. 

2008).  The SR values are significantly lower (tcrit = 22.2 > t0.05(2), 183 = 1.973, p < 0.01) in the Taconazo 

than in Arboleda.  The average SR value for the Taconazo is about 0.8, consistent with strongly 

aromatic, higher molecular weight, terrestrial-like CDOM (Spencer et al. 2009; Helms et al. 2008; 

Figure 2.4.5; Table 2.4.1).  The Arboleda SR values average 1.12, and indicate a weakly aromatic, 

lower molecular weight CDOM, compared with the Taconazo.  This provides some evidence for 

CDOM alteration in the Arboleda as a result of a non-conservative process and/or the addition of 
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degraded CDOM from bedrock groundwater.  Similarly to the range of S values for the Taconazo and 

Arboleda, the range of SR values is smaller for the Taconazo (range of 0.180 and 0.682 for the 

Taconazo and Arboleda, respectively).  SR values from the Arboleda are more variable and seem to 

be consistent with the known hydrology, involving time-varying mixing between two distinct 

groundwaters in the Arboleda, and the presence of only one groundwater in the Taconazo.   

Similarly to S values, the variability in SR values varies with fG for the Arboleda.  As described 

previously, Taconazo SR values are statistically lower than Arboleda SR values.  When fG values are 

relatively low in the Arboleda, the SR values trend lower and are more Taconazo-like (Figure 2.4.10).  

This trend supports the conceptual model that differences in SR values in the Taconazo and Arboleda 

are a result of mixing of bedrock groundwater with local groundwater in the Arboleda.  The SR 

results indicate that CDOM from the Taconazo is different than CDOM from the Arboleda, that 

CDOM from the Taconazo is more aromatic and terrestrial-like than CDOM from the Arboleda, 

which is less aromatic and may represent microbial degradation and/or a degraded terrestrial 

signature.  These SR results are more informative than SUVA254 results (having significant differences 

between Taconazo and Arboleda CDOM) and may be more important than S results because they 

focus on small ranges of a spectrum that are known to represent CDOM quality. 

2.6 CONCLUSION 

 The results of this study were consistent with the expectations based on the known 

hydrology of LSBS and the hypotheses outlined in the introduction.  Absorption characteristics were 

consistently different between the Taconazo and Arboleda, two adjacent, tropical, lowland 

rainforest streams.  Absorption characteristics from Guacimo Spring were different from those 

measured from the Taconazo and Arboleda.  Differences in absorption characteristics were likely 

due to the known hydrology, where the Taconazo consists of predominantly local groundwater 

while the Arboleda consists of both local groundwater and bedrock groundwater.  However, CDOM 

analyses in this study revealed probably chemical differences between Guacimo Spring, and the 

Taconazo and Arboleda streams.  Absorption spectra, SR, and a250 values indicated that Guacimo 

Spring had the least aromatic, lowest molecular weight, and least concentrated CDOM pool, 

compared with the Taconazo and Arboleda.  a250 and SR values supported the expectations of this 

system and suggested that the Arboleda had a lower CDOM concentration and more variable CDOM 

quality than the Taconazo, respectively.  S values also suggested that CDOM in the Arboleda was 
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more variable than in the Taconazo, and also suggests that Guacimo Spring had the most degraded 

CDOM, Taconazo the least.  SUVA254 values revealed no significant difference between aromaticity 

of CDOM from the Taconazo, compared with the Arboleda.  However, a250, and fG values suggested 

that differences in CDOM concentration of the Taconazo and Arboleda could be explained by both 

the mixing of bedrock groundwater with local groundwater in the Arboleda, causing a lower 

concentration, and some non-conservative processing, such as autochthonous in stream production 

or biological reworking.  SR values were consistent with the Arboleda having CDOM with relatively 

low aromaticity and low molecular weight, compared with the Taconazo.  The results coupled with 

the known hydrology suggested that the mixing of bedrock and local groundwater in the Arboleda 

caused lower CDOM concentration, and a somewhat degraded (due to microbial or physical 

processes during the roughly 3000 year transit time of bedrock groundwater (Genereux et al. 2009)) 

terrestrial signal.  The mixing of the two groundwaters may have caused an increase in a non-

conservative process such as autochthonous, in stream production.  Overall, differences in CDOM 

from the Taconazo and Arboleda were supported by the established groundwater mixing model and 

suggest significant changes in CDOM for this system and other systems where IGF delivers deep 

bedrock groundwater to streams. 

 This work invites further investigation for a more complete understanding of CDOM in this 

system.  For example, sampling at more sites at LSBS will be helpful to refine the relationship 

between absorption and fG.  Sampling sites of interest include other watersheds at LSBS that receive 

inputs of bedrock groundwater and the bedrock groundwater end-member site, Guacimo Spring.  

Additional temporal sampling across dry seasons is important to better define CDOM trends related 

to precipitation and discharge.  In addition to absorbance spectroscopy, fluorescence spectroscopy 

paired with a statistical test, such as Parallel Factor Analysis, could further reveal the quality of 

CDOM from local groundwater, bedrock groundwater, and mixtures of the two. 
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Appendix A.  Gran Plot Procedures 

 

 Gran titration data from emails was copied into an excel spreadsheet: 
o Each new set of titration data was pasted on to a new sheet in the excel workbook.  

The sheets were titled with the date the titration was performed. 
o There is a separate excel workbook for each year. 

 The first sheet of each excel wor boo  is titled “Fact Sheet” and describes the data analysis 
used to calculate the volume of titrant added and Grans function values. 

 Volume of titrant added and Grans function values were copied and pasted into a SigmaPlot 
workbook.  The data was plotted and a linear regression of the late, linear data was made. 

 Procedures for choosing best fit linear regression line in Gran Plots: 
o Use data with smallest 95% confidence interval at y=0. 
o If interval size is not enough information to distinguish if a data point should be 

used, use data point if it gives a better r squared value 

 The data for the linear regression was used to calculate the x-intercept (the alkalinity) and 
recorded back into the excel documents.   

 Alkalinity data was also recorded into the C export spreadsheet. 
 


