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Chapter 1: A connection to deep groundwater alters ecosystem carbon fluxes
and budgets: example from a Costa Rican rainforest

Key Points

e Discharge of regional groundwater can greatly alter ecosystem C concentrations and fluxes

e C chemical, isotopic, and flux signals in groundwater, surface water, and air are affected

e Effects may be critical in assessing the C budget & source/sink status of ecosystems from
data

Abstract

Field studies of watershed carbon fluxes and budgets are critical for understanding the carbon
cycle, but the role of deep regional groundwater is poorly known and field examples are lacking.
Here we show that discharge of regional groundwater into a lowland Costa Rican rainforest has a
major influence on ecosystem carbon fluxes. This influence is observable through chemical,
isotopic, and flux signals in groundwater, surface water, and air. Not addressing the influence of
regional groundwater in the field measurement program and data analysis would give a
misleading impression of the overall carbon source or sink status of the rainforest. In
quantifying a carbon budget with the traditional "small watershed" mass-balance approach, it
would be critical at this site and likely many others to consider watershed inputs or losses
associated with exchange between the ecosystem and the deeper hydrogeological system on
which it sits.



Introduction

Quantitative understanding of carbon cycling in ecosystems is a topic of ongoing interest to
geochemists, ecologists, and hydrologists, with important links to climate change [Battin et al.
2008; Cole et al. 2007]. The fundamental questions of whether some ecosystems operate as net
sources or sinks of CO, to the atmosphere, and whether or when they may flip from sink to
source upon warming, remain the focus of active inquiry and sometimes conflicting results.
These questions are significant because ecosystems operating as net sources represent a positive
feedback on warming.

A watershed is often used as a convenient subset of an ecosystem for organizing measurements
and analysis of the carbon budget. Watersheds have long been used as practical field units for
determination of water and solute fluxes and budgets [e.g., Likens and Bormann 1995], and
doing so for carbon is in keeping with growing awareness of the critical connections between
terrestrial water and carbon fluxes [Cole et al. 2007]. A potentially large but relatively unstudied
factor in ecosystem carbon fluxes is the discharge of regional groundwater that is often high in
dissolved carbon.

Interbasin groundwater flow (IGF), groundwater flow beneath surface topographic divides from
one basin or watershed to another, is the natural hydrogeological process responsible for long-
distance movement of regional groundwater from upland recharge areas to streams and wetlands
in lowland watersheds [Téth 2009]. Schaller and Fan [2009] argued for the importance of IGF
to climate modeling efforts, on the basis of the water and heat energy transported. Here we focus
on the carbon transported by IGF and its role in the watershed carbon budget. The fundamental
motivating questions include: What field data are needed to know whether a rainforest (or other
ecosystem) is a net source or sink of carbon, can regional groundwater be important, what
measurable ecosystem signals (chemical, isotopic, or flux) are available to help decide, what are
the implications for carbon fluxes in streams, and what are the potential errors if regional
groundwater is important but ignored?

We assessed the influence of IGF on carbon fluxes and budgets in two small adjacent watersheds
at La Selva Biological Station in the lowland tropical rainforest of Costa Rica (Fig. 1). The
watersheds are identical or nearly so in all major features (rainfall, temperature, forest cover,
soils, etc.), with one exception: the Arboleda watershed receives a significant influx of 3000-
4000 year-old regional groundwater via IGF, while the Taconazo does not [Genereux et al. 2009,
2005]. The Taconazo has only young local groundwater several years or less in age [Solomon et
al. 2010]. We utilized multiple chemical and isotopic signals for carbon, combined with
hydrologic data to estimate fluxes.

Methods

Stream discharge (m®/s) was measured every 15 minutes at V-notch weirs on the two watersheds
during 2006-2009 (data are available at http://www.ots.ac.cr/meteoro/default.php?pestacion=2).
Precipitation was measured at two tipping bucket rain gauges (one above the forest canopy on a
tower and one about 2 m above ground in a forest clearing). Water samples for chemical
analysis were collected on a weekly basis at the weirs, supplemented with additional event-based
sampling. Details are in Zanon [2011], Nagy [2012], and Zanon et al. [2013]. Carbon export by
stream flow was estimated using the flow-weighted mean concentration approach [Walling and
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Webb 1985; Birgand et al. 2010]. Measurements of the CO; content of riparian air were made
with gas analyzers (a L1-840 from LI-COR Inc, Lincoln, NE USA, and GMT 222 from Vaisala,
Helsinki, Finland), simultaneous with collection of air samples for isotopic measurement in
Exetainer sample vials (Labco, Buckinghamshire, England) using a 30 ml syringe. Carbon
isotopic measurements were made at the NOSAMS facility at the Woods Hole Oceanographic
Institution (DIC), at the University of California at Davis (CO; in air samples), and at NC State
University (DOC).
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Figure 1. The Arboleda and Taconazo watersheds at La Selva Biological Station, Costa
Rica.

Results

Comparing between the Taconazo and Arboleda streams (at the weirs), IGF increases the
concentration of DIC by a factor of about 12, and stream export of DIC by a factor of about 70
(Table 1). IGF lowers the stream DOC concentration (old regional groundwater is lower in DOC
than young groundwater), but increases DOC export by a factor of 3.5 (because of the large
additional water throughput from IGF). The Taconazo DOC and DIC export values fall within
published ranges for other small watersheds, while the Arboleda values augmented by IGF are
higher (Fig. 2, Table 2).

Elevated DIC concentration and DIC and DOC export in the Arboleda are due to the large IGF
into the Arboleda (about 10 m® of water per m? of watershed per year, or 10 m per year), much of
which is high-DIC (14 mM) regional groundwater. The carbon input to the Arboleda by IGF
was estimated to be about 870 gC/m?yr, a value that is 24-32% of the magnitude of whole
ecosystem respiration at La Selva [Cavaleri et al. 2008; Loescher et al. 2003]. The IGF carbon
input is also at the upper end of the range for net ecosystem exchange (NEE) of CO, with the
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atmosphere at La Selva: -5 to 800 gC/m?yr (a positive value indicates an ecosystem sink),
depending on the year and method of NEE estimation [Loescher et al. 2003]. In other words, the
net carbon input to the Arboleda watershed "from below" (by IGF) is at least as large as the net
input "“from above™ (NEE).

Parameter Taconazo watershed Arboleda watershed
area (ha) 27.9 46.1
air temperature™® (°C) 25.1 25.1
precipitation”® (mm/yr) 4341 4341
stream discharge® (mm/yr) 2390 12,725
stream DIC® (mM) 0.40 473
DIC export by stream® (gC/m°yr) 9.6 683
stream DOC® (mM) 0.14 0.093
DOC export by stream® (gC/m?yr) 4.0 14.1
8"3C of stream DIC® (%o) -22.35 -4.39
8"3C of stream DOCF (%o) -30.21 -27.85
1%C of stream DIC® (% modern) 108.7 17.7
CO, degassing from stream"" (gC/m?yr) |130 550
83C of CO; in air above stream"™ (%o) -14.8 -11.6
CO in air just above stream” (ppm) 624 1081
DOM absorbance slope ratio Sg“F 0.778 1.12

Table 1. Comparison of lowland rainforest watersheds with (Arboleda) and without
(Taconazo) interbasin groundwater flow (IGF) of old regional groundwater, La Selva
Biological Station, Costa Rica. All fluxes normalized by areas of watersheds.

superscripts: A = assumed equal for small adjacent watersheds, B = mean of 2007-2009 data, C
= 2006 data, D = see assumptions in text, E = 2012 data

The low *C and high §'*C of the DIC reaching the Arboleda from below are strongly consistent
with the isotopic signature of magmatic CO, [Genereux et al. 2009 and references therein]. That
is, the carbon entering the Arboleda in association with the water from IGF is from a geological
source and not a result of any modern ecosystem process that differs between the Arboleda and
the Taconazo.

Degassing of CO, from surface water has been shown to be a potentially significant carbon flux
for terrestrial ecosystems [Oquist et al. 2009; Johnson et al. 2008; Teodoru et al. 2009; Richey
et al. 2002; Hope et al. 2001]. We expect that the degassing flux from streams is much larger in
the presence of IGF. An estimate of this flux based on the measured aqueous CO;
concentrations in the Taconazo and Arboleda streams, the approximate stream surface areas, and
an estimate of 75 day™ for the first-order degassing rate constant (a reasonable value for small
shallow streams; Hope et al. 2001; Genereux and Hemond 1992) suggests about 4 times more
CO; degassing from the Arboleda stream than the Taconazo stream. Measurements of CO,
concentration and the 8**C of CO; in air just above the streamwater surface are consistent with
an enhanced flux of isotopically-heavy CO, from the Arboleda stream. We sampled air above
streams in the early morning (March, June, July, October, and November 2012) before daytime
mixing of the canopy air began and found higher CO, concentration and heavier §*C-CO; in air
above the Arboleda stream compared to air above the Taconazo (Table 1). Concentrations of
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CO, were highest in the Arboleda weir splash zone, but isotopically heavier CO, was also found
above more quiescent streamwater about 150 m upstream of the Arboleda weir.
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Figure 2. Annual DIC and DOC export vs. annual stream discharge for previous studies

on watersheds <20 km? in area (open black circles), the Taconazo watershed (red triangle),
and the Arboleda watershed (blue square). See Table 2.

Measurements of UV-visible light absorbance by dissolved organic matter (DOM) suggest that
IGF of old groundwater alters the chemical nature of the DOM in streams as well as the
concentration and export flux of its constituent carbon (DOC, Table 1). Slope ratio Sg was
determined for the Taconazo and Arboleda stream DOM, and for groundwater from Guacimo
Spring, a large spring discharging high-DIC regional groundwater. Sg is the ratio of the slope
values from a linear fit, in two different wavelength ranges of light absorbance, of the logarithm
of light absorbance vs. wavelength. Larger Sg values are associated with DOM that is relatively
low in molecular mass and/or weakly-aromatic [Helms et al. 2008; Spencer et al. 2012]. With
regard to Sg, the Arboleda was more variable than the Taconazo, and intermediate in magnitude
between the Taconazo (local groundwater) and Guacimo Spring (regional groundwater), likely
reflecting time-varying mixing of local and regional groundwaters (each with distinct DOM) in
the Arboleda (Fig. 3).

Sk data indicate a qualitative difference in DOM chemistry between old regional groundwater
and young local groundwater, likely that the former has become less aromatic and/or lower in
molecular mass through partial microbial degradation during its long subsurface residence time.
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We hypothesize that older degraded DOM from regional groundwater is less bioavailable in
rainforest streams, compared to younger fresher DOM. If true this would suggest that IGF alters
watershed export of DOC by two mechanisms: additional input of DOM to the watershed, and
input of DOM that is less bioavailable and thus more likely to experience hydrologic export from
the watershed and longer riverine transport. Also, given the similarity in §*C-DOC values
between the Arboleda and Taconazo streams, it is unlikely that much of the geological DIC in
the Arboleda is taken up there by photosynthesis. Uptake may occur downstream if streams
receiving high-DIC IGF leave the rainforest where stream algae are light-limited [Pringle and
Triska 1991] and enter pasture or other deforested areas.

Name Location Size  Precip  Runoff b Alk [DIC] ExDplgrt [DOC] ESpooCrt
(ha)  (m/yr)  (m/yr) (mN)  (mM) (&C/myr) (mM) (8C/m2yr)
Taconazo® Costa Rica 2794 4.24 2.34 493 0.0205 0.4 9.62 0.14 4.05
Arboleda® Costa Rica 46.14 4.24 12.8 6.11 2.25 4.73 683 0.09 14.1
Desbonnes® Guadeloupe 550 1.79 0.78 7.11 0.372 0.436 2.1 0.09 0.4
Deshaies” Guadeloupe 438 1.75 0.43 7.51 0.360 0.383 23 0.365 1.6
;Ao‘;:f,tique sainte- ¢ adeloupe 616 229 162  7.24 0223 0251 4.9 0136 3.2
Bras-David” Guadeloupe 1100 3.41 2.39 7.38 0.397 0.428 13.2 0.091 25
Corossol” Guadeloupe 1252  -- -- 7.75 0.393 0.407 125 0.123 3.3
Goyavesb Guadeloupe 1440 3.45 2.56 7.51 0.423 0.447 12.8 0.103 3.1
Lostau® Guadeloupe 804 2.74 1.69 7.74 0.607 0.630 8.5 0.156 2.1
Beaugendreb Guadeloupe 817 2.72 2.12 7.42 0.672 0.712 18.0 0.168 4.2
Vieux-Habitants” Guadeloupe 1910 3.83 3.85 7.71 0.397 0412 19.6 0.093 3.9
g"o‘:]“rztbiq”e Petit- Guadeloupe 1150 3.99 299  7.05 0333 0390 146 0108 3.5
Capesterreb Guadeloupe 1620 5.20 4.26 7.29 0.309 0.333 18.0 0.123 5.7
Icacos* Puerto Rico 326 3.75 3.68 - - 0.566 25.0 0.132 94
Sonadora® PuertoRico 262 375 2.5 - - 0.278 8.34 0.177 7.43
Toronja“ PuertoRico 162 3.75 175 - - 0844 177 0.113 33
Tempisquitod Costa Rica 319 2.4 2.9 -- - -- -- -- 3.7
Tempisquito sur® Costa Rica 311 2.4 4.3 -- - - -- - 2.7
Kathia® Costa Rica 264 2.4 3.1 - -- -- - -- 1.9
Marilin® CostaRica 36 2.4 16 - - - - - 24
El Jobo® Costa Rica 55 24 1.4 - -- - - - 2.6
Zompopad Costa Rica 37 2.4 2.8 -- -- -- -- -- 4.3
Black Burn® Scotland 335 1.16 0.64 -- - 0.31 0.72 2.68 25.4
Igarape Asu’ Brazil 680 24 11 - - - - - 1.77
Mengong® Cameroon 60 1779 0.163 - - - 0.75 - 35

Table 2. Previous tropical studies of DIC and DOC export. this study, "Lloret et al. (2011),
‘McDowell & Asbury (1994), “Newbold et al (1995), ®Dinsmore et al. (2010), "Waterloo et al.
(2006), *Brunet et al. (2009).



Discussion

IGF clearly alters carbon concentrations and fluxes, and the chemistry of DOM, in the Arboleda
watershed at La Selva. Using La Selva as an example, a preliminary conceptual carbon flux
diagram (Fig. 4) illustrates how knowledge of IGF could help avoid incorrect conclusions about
the carbon source/sink status of a watershed.
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Figure 3. Slope ratio Sg vs. fraction of regional groundwater in the Taconazo stream (red
triangles), Arboleda stream (blue squares), and Guacimo Spring (black circle). The
fraction of regional groundwater in each sample was computed from its measured chloride
concentration, taking Guacimo Spring (the highest-solute water at the study site) as 100%

regional groundwater and average Taconazo streamwater as 0% regional groundwater
(i.e., 100% young local groundwater).

Estimates of NEE at La Selva span a wide range from carbon-neutral to a strong ecosystem sink,
depending on the year and calculation method used [Loescher et al. 2003]. On either watershed,
considering direct CO; degassing from the stream separately from NEE (a possibility suggested
for other sites by Dinsmore et al. [2010], Cole et al. [2007], Billet et al. [2004], and Hope et al.
[2001]) could, at lower than average NEE values, shift the watershed from a net sink to a source
of carbon. Bringing stream export of DIC and DOC into the budget picture does not have a
major impact on source/sink status for the Taconazo, but it does for the Arboleda.

Summarizing for the Arboleda, in the presence of significant IGF:

1. assuming NEE alone represents the carbon budget would suggest that the watershed is on
average a clear sink for CO,, and

2. consideration of NEE, stream export, and stream degassing, without knowledge (based in
part on the water budget) of the carbon input from IGF, would give the opposite conclusion,
that the watershed is a clear source of CO..

Correct understanding of the watershed source/sink status requires (1) knowledge of the carbon

input by IGF (which supports the large stream export flux of carbon), and (2) field estimation of

all fluxes during the same time period (inter-annual variation may be large, as noted above for

NEE).



Other examples of the importance of IGF to ecosystem carbon budgets are lacking in the
literature, but the widespread occurrence of the two key factors (IGF, and elevated dissolved
carbon in regional groundwater) gives strong reason to believe IGF may affect watershed carbon
fluxes at other sites, with impacts ranging from small (and difficult to detect) to large (such as
found at the Arboleda). Regional groundwater may acquire elevated dissolved carbon from
magmatic outgassing, dissolution of carbonate minerals, dissolution-respiration-methanogenesis
of sedimentary organic matter, or migration of carbon compounds from petroleum deposits.
Even considering just magmatic outgassing alone, the extent of IGF-based effects on ecosystem
carbon fluxes and budgets may be large, given that high topographic relief and active volcanism
coincide over large areas (the entire Pacific rim, east Africa, parts of the northern Mediterranean,
etc.). High DIC has been found in groundwater in many such areas, €.g., up to 45 mM [Evans et
al. 2002] in the western U.S., up to 28 mM [Chiodini et al. 2000] in Italy, and up to 65 mM
[Ohsawa et al. 2002] in Japan (the 14 mM from La Selva is not at the high end of the range
globally).

NEE: Stream degassing: 130
250 |

*

Stream
export:
14

Taconazo

NEE: Stream degassing:350
250 |

Stream
export:
700

Arboleda 11GF: 860
Figure 4. Carbon flux schematic for rainforest watersheds at La Selva with and without

regional groundwater inputs by IGF (the Arboleda and Taconazo, respectively). Black
arrows are inputs, red are outputs. Units are g C per m? of watershed per year. Stream
export includes both DIC and DOC. NEE represents an average for 1998-2000 data
(Loescher et al. 2003).

Elevated DIC is well known from carbonate rock aquifers, e.g., up to 5 mM in the Floridan
aquifer of Florida [Plummer and Sprinkle 2001] and up to 15.9 mM in the Great Lakes region of
the U.S. [MclIntosh and Walter 2006]. Significant DIC, DOC, and/or dissolved methane occur in
many primarily clastic regional aquifers in non-volcanic areas, such as the U.S. Atlantic coastal



plain, where DIC of 10-14 mM occurs in confined aquifers in the Carolinas [Chappelle and
Lovley 1990; Kennedy and Genereux 2007], and lower but significant DIC (up to 3.3 mM)
occurs in the Aquia aquifer of Maryland [Aeschbach-Hertig et al. 2002]. In the central U.S.,
Clark et al. [1998] found DIC up to 9 mM in the Dakota aquifer, and McMahon et al. [2004]
found DIC up to 4.3 mM in the High Plains aquifer. Murphy et al. [1989] found DIC up to 14.2
mM, DOC up to 1.4 mM, and methane up to 13.3 mM in the Milk River aquifer, Canada.
Aravena and Wassenaar [1993] found DOC up to 1.5 mM and methane up to 4.7 mM in the
Alliston aquifer, Ontario, Canada.

Also, IGF is an expected part of the hydrologic cycle with a theoretical foundation in the
relationship between topography and groundwater flowpaths at multiple spatial scales [e.g.,
Worman et al. 2007; Cardenas 2008; Toth 2009]. I1GF has been detected worldwide in both
high- and low-relief topographic settings [e.g., Genereux et al. 2005 and references therein; Toth,
2009; Kasper et al. 2010], though its global extent and magnitude are not fully known, in part
because it can be costly to quantify, and perhaps in part because areas showing evidence of IGF
may be avoided as long-term field research sites (IGF may be viewed as an unwanted
complication in the determination of water or element fluxes and budgets in an experimental
watershed). New research [e.g., Gleeson and Manning 2008; Frisbee et al. 2011; Gardner et al.
2011; Smerdon et al. 2012] continues to advance the hydrogeology of IGF and large-scale
groundwater flowpaths to streams, but the significance for carbon budgets and fluxes remains
relatively unexplored.

We suggest this is a significant gap, and an opportunity, in the study of carbon fluxes and the
carbon source/sink status of watersheds and ecosystems. The connection between ecosystems
and the deeper hydrogeological systems on which they sit may have strong relevance to
understanding the carbon cycle and is ripe for further study.
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Chapter 2: The effect of regional groundwater on carbon dioxide and
methane emissions from a lowland rainforest stream in Costa Rica

Diana Oviedo-Vargas'”, David P. Genereux®, Diego Dierick?, Steven F. Oberbauer?
! Marine Earth and Atmospheric Sciences, North Carolina State University, Raleigh, NC
2 Biological Sciences, Florida International University, Miami, FL

Key Points
e Regional groundwater input did not affect stream gas exchange velocity
e Regional groundwater input raised stream CO- concentration and degassing 7-8x
e Stream degassing of CO> from regional groundwater is a large ecosystem C flux

Abstract

In the tropical rainforest at La Selva Biological Station in Costa Rica, regional bedrock
groundwater high in dissolved carbon discharges into some streams and wetlands, with the
potential for multiple cascading effects on ecosystem carbon pools and fluxes. We investigated
carbon dioxide (CO.) and methane (CH4) degassing from two streams at La Selva: the Arboleda,
where ~1/3 of the streamflow is from regional groundwater, and the Taconazo, fed exclusively
by local groundwater recharged within the catchment. The regional groundwater inflow to the
Arboleda had no measurable effect on stream gas exchange velocity, dissolved CHa
concentration, or CH4 emissions but significantly increased stream CO. concentration and
degassing. CO> evasion from the reach of the Arboleda receiving regional groundwater (lower
Arboleda) averaged 5.5 mol C m? day*, ~7.5x higher than the average (0.7 mol C m2 day™?)
from the stream reaches with no regional groundwater inflow (the Taconazo and upper
Arboleda). Carbon emissions from both streams were dominated by CO.; CH4 accounted for
only 0.06-1.70% of the total (average of both streams: 5x107° mol C m day™). Annual stream
degassing fluxes normalized by watershed area were 48 and 299 g C m™ for the Taconazo and
Arboleda, respectively. CO, degassing from the Arboleda is a significant carbon flux, similar in
magnitude to the average net ecosystem exchange estimated by eddy covariance. Examining the
effects of catchment connections to underlying hydrogeological systems can help avoid
overestimation of ecosystem respiration and advance our understanding of carbon source/sink
status and overall terrestrial ecosystem carbon budgets.

Keywords: carbon, greenhouse gases, streams, gas exchange, regional groundwater
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1. Introduction

Streams and rivers are increasingly recognized as an important component in the carbon
(C) cycle, from local to global scales [Cole et al., 2007; Battin et al., 2009; Aufdenkampe et al.,
2011]. Carbon dioxide (CO2) and methane (CHa4) emissions from fluvial systems are a key
consideration; omitting or miscounting them could result in incomplete C budgets for terrestrial
ecosystems and incorrect estimates of net C sequestration [Billett et al., 2004; Cole et al., 2007],
and they can represent a positive feedback on global warming [Battin et al., 2009]. Sources of
CO2 and CHag to flowing waters include influx from the atmosphere, biological or chemical
production in-situ (or in connected lakes and wetlands), and hydrologic inputs from the terrestrial
ecosystem through overland and groundwater pathways. CO2 and CHa4 transported to a stream by
groundwater may originate within the catchment from a combination of soil root and microbial
processes and bedrock weathering [Schlesinger and Bernhardt, 2013]; however, catchment
connections to regional groundwater can constitute a source of C to fluvial systems that is
external to the watershed and often overlooked [Genereux et al., 2013].

Regional groundwater flow is a natural hydrogeological process by which groundwater
moves long distances beneath surface topographic divides, possibly recharging in one watershed
and discharging in another many kilometers away [T6th, 2009; Schaller and Fan, 2009; Smerdon
et al., 2012; Pacheco, 2015], and thus creating the potential for relatively long-distance
subsurface transport of C between watersheds and ecosystems. In addition to biogenic
contributions from the surface, dissolved CO2 and CHa in regional groundwater can originate
from volcanic degassing, non-volcanic escape of gases from the upper mantle, intrusive magma
chambers, carbonate bearing rocks in the crust, hydrocarbon accumulations [Mdrner and
Ethiope, 2002], and remineralization of ancient sedimentary organic matter [Lovley and
Anderson, 2000; Park et al., 2009; Liu et al., 2014]. Aquifers transporting high concentrations of
dissolved C have been identified in numerous places around the world, for example, Portugal
[Cruz and Amaral, 2004], the Canary Islands [Marrero et al., 2008], the United States [Evans et
al., 2009; Kampman et al., 2014], Japan [Yamada et al., 2011], Canada, Costa Rica, Italy
[Genereux et al., 2013 and references therein], the Lesser Antilles [Rivé et al., 2013], and the
Slovak Republic [Kucharic et al., 2015]. However, little is known about the fate of that C once
it discharges into surface waters, and its effects on C balances of the aquatic and surrounding
terrestrial ecosystems.

Gas efflux from surface water to the atmosphere is a function of dissolved gas
concentrations, thus increased stream concentrations of CO, or CH4 resulting from regional
groundwater influx may enhance C degassing from stream surfaces. Inputs of regional
groundwater also have the potential to affect C degassing by modifying hydraulic characteristics
of the stream (depth, velocity) that affect degassing. In recent years the number of studies
quantifying C emissions from streams and rivers has increased steadily [e.g., Hope et al,. 2001,
Richey et al., 2002; Jonsson et al., 2007; Rasera et al., 2008; Wilcock and Sorrell, 2008;
Koprivnjak et al., 2010; Rantakari et al., 2010; Butman and Raymond, 2011; Striegl et al., 2012;
Crawford et al., 2013; Lundin et al., 2013; Campeau et al., 2014; Crawford et al., 2014a; Kokic
et al., 2015]. Some of these studies have highlighted the role of groundwater in altering stream
concentrations of CO». Crawford et al. [2014b] found that “passage of groundwater through
biologically active, organic-rich sediments and soils” was responsible for elevated CO; in stream
water in northern Wisconsin, USA. Dinsmore et al. [2010] found that in stream water “CO>
concentrations increased during periods of low flow when discharge was maintained primarily
by inputs from groundwater and deep peat.” A close similarity of CO2 concentrations at
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groundwater springs and in deep soil gas was found in one Amazonian catchment [Johnson et
al., 2008]. However, the potential significance of regional groundwater flow and input to streams
has been generally overlooked, and studies directly investigating its effect on stream CO; and
CHa emissions are lacking. Chiodini et al. [1999] computed the molar loss of CO> by degassing
from a stream in Italy receiving regional groundwater high in dissolved inorganic carbon (DIC),
but the stream degassing flux was not reported.

In the present work we examined the effect of regional groundwater input on CO> and
CHs4 emissions from a tropical rainforest stream and the significance for ecosystem C budgets.
We measured C degassing from two streams at La Selva Biological Station in Costa Rica: one
(the Taconazo) receiving only young local groundwater recharged within its watershed, and the
other (the Arboleda) receiving both local groundwater and much older regional groundwater high
in dissolved C [Genereux et al., 2009]. The scale of the regional bedrock groundwater system
(tens of kilometers long and perhaps hundreds of meters thick) and long residence time of
groundwater therein (roughly 3000 years) [Genereux et al., 2005, 2009] differ from the shallow
local groundwaters considered to date. To determine gas emissions from stream surfaces we
measured air and aqueous CO> and CH4 concentrations and estimated gas exchange rates by
means of simultaneous releases of gaseous and conservative tracers (propane and sodium
chloride, respectively) at each stream during the dry and the wet seasons. Results were used to
estimate annual C stream degassing fluxes at the watershed level.

2. Study site

La Selva Biological Station is a 16 km? tropical rainforest reserve ranging in elevation
from 35 to 130 m at the transition between the Caribbean lowland plains and the foothills of the
Cordillera Central of Costa Rica. Average annual rainfall at La Selva from 1963 to 2013 was
4328 mm, with February, March, and April as the driest months and July, November, and
December as the wettest. From 1982 to 2013, the mean air temperature was 25.0 °C and diurnal
changes averaged 9.5 °C (online meteorological data at
http://www.ots.ac.cr/meteoro/default.php?pestacion=2). Annual evapotranspiration is about half
or slightly more of precipitation [Loescher et al., 2005].

At higher elevations within La Selva, andesitic lava flows have weathered deeply to form
reddish-brown clay soils [Sollins et al., 1994]. At lower elevations the lava flows were later
covered by alluvial and colluvial deposits of volcanic origin weathered to yellowish-brown clay
soils. These two soils had been previously classified as Ultisols and Inceptisols respectively
[Sollins et al., 1994], and were recently both reclassified as Oxysols (Typic Haploperox) of
different ages [Veldkamp et al., 2003]. The higher elevation clay soils are older and regarded as
Pleistocene in age [Sollins et al., 1994].

Some streams and wetlands at La Selva receive inputs of both low-solute local
groundwater recharged within the surrounding topographically-defined watershed, and high-
solute regional bedrock groundwater recharged at high elevation upslope of La Selva in the
Cordillera Central. The regional groundwater and local groundwater are estimated to have ages
of 2400-4000 years and about 10 years or less, respectively [Genereux et al., 2009; Solomon et
al., 2010]. We investigated C emissions from two streams at La Selva draining adjacent
rainforest watersheds: the Taconazo (29.7 ha) and the Arboleda (46.1 ha) (Figure 1). These
watersheds are very similar in terms of geology, soils, topography, land cover (100% forested),
and climatic conditions, but in the Arboleda about 34% of the streamflow comes from regional
bedrock groundwater, while the Taconazo stream is fed only by local young groundwater

17


http://www.ots.ac.cr/meteoro/default.php?pestacion=2

recharged within the catchment [Genereux et al., 2005; Genereux and Jordan, 2006]. §*3C (-
4.39%o) and AC (17% modern) of DIC in the water of the Arboleda show that the C input from
regional groundwater dominates DIC in this stream [Genereux et al., 2009; 2013]. Based on DIC
data and water budget results, regional groundwater input to the Arboleda represents a large C
flux, on a par with the net ecosystem exchange estimated by eddy covariance [Genereux et al.,
2009, 2013]. V-notch weirs were installed in 1998 in the Arboleda and Taconazo streams near
their confluences with the Sura stream (Figure 1). Average annual stream discharge per unit area
of watershed was approximately 2,500 and 13,000 mm for the Taconazo and Arboleda,
respectively [Zanon et al., 2014].

84°1'0"W 84°0'50"W 84°0'40"W 84°0'30"W

10°25'50"N
10°25'40"N+ 10°25'40"N
10°25'30"N —— Study reach 10°25'30"N
—— Perennial stream
—— No flow during dry season
*  Weir
- 49 m elevation
10°25720°N | s s—eters 10°2520°N
0 M0 220 440

84°1'10"W 84°1'0"W 84°0'50"W 84°0'40"W 84°0'30"W
Figure 1. Stream channels in the Taconazo and Arboleda watersheds at La Selva Biological
Station, Costa Rica. Gray shade indicates the area below the 49 m elevation contour, the
approximate area in which C-rich regional groundwater discharges to streams in the Arboleda.
“Study reach” refers to the four stream reaches in which the gas exchange work was done (upper
and lower Taconazo and Arboleda).

3. Methods
3.1. Experimental design for gas exchange measurements

Gas exchange rate constant (k in day™) was measured using simultaneous injections of
propane and NaCl [Kilpatrick et al., 1989; Genereux and Hemond, 1992; Wallin et al., 2011].
We selected two different reaches in the Arboleda stream, one near the headwaters where the
stream is not affected by inputs of regional groundwater (upper Arboleda) and one downstream
receiving significant inputs of regional groundwater (lower Arboleda) (Figures 1 and Al; figure
and table numbers preceded by "A" indicate figures and tables found the Appendix). For the
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Taconazo stream, a reach near the headwaters and one further downstream were also chosen
(upper and lower Taconazo, respectively) (Figures 1 and Al).

We established four (three in the lower Arboleda) equally-spaced sampling stations in
each reach. The reach length was defined by the most upstream and most downstream sampling
station. Reach lengths ranged from 86 to 348 m (Table 1), and tracer injections and associated
field measurements were generally completed within 4-6 hours for each reach. The dry season
experiments were conducted in February-March 2014 and the wet season experiments in August
2014 (Figure 2). For each season, the experiments in the upper and lower Taconazo and the
upper Arboleda were conducted once. Because the work in the lower Arboleda was more
complex and uncertain due to the higher stream discharge, and critical as only this reach received
regional groundwater, the experiments there were conducted twice within 2 or 3 days (Table 1).
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Figure 2. Hydrograph for January 2014 - August 2014 from the Arboleda weir. Shaded bars
show the timing of the dry and wet season gas exchange measurements. The gap observed
between 09 July 2014 and 05 August 2014 is due to data loss caused by large flooding events
from 2 m of rainfall in July.

3.2. Techniques for the tracer injections

The propane and NaCl were injected at least 16 m upstream of the upstream measurement
station (85-130 m in the case of the deeper and wider lower Arboleda) to allow for sufficient
lateral mixing (Table 1). The propane (Praxair, 99.6% purity) was delivered into the stream using
fine-pore diffusers (Sweetwater®) placed on the streambed. Floating plastic or styrofoam sheets
were placed on the stream surface over the diffusers to increase contact time between propane
bubbles and stream water and thereby maximize the dissolution of propane in the stream water
(Figure Al).

We used both pulse injections and continuous injections [Kilpatrick et al., 1989] for the
NaCl. In the dry season, a Mariotte bottle was used to make continuous injections of a NaCl
solution (approximate concentration 2.5 M, injection rate 70-75 mL min') in the upper and
lower Taconazo and the upper Arboleda reaches; pulse NaCl injections (6-8 kg NaCl dissolved
in stream water) were used in the lower Arboleda. In the wet season we conducted all the NaCl
injections using the pulse technique (Table 1). While steady NaCl injections offer the benefit of
direct observation of a plateau conductivity in the stream once steady state is achieved, pulse
injections require far less NaCl and simpler logistics.

During the experiments, specific conductivity (S) breakthrough curves were captured at
all sampling stations using manual handheld conductivity meters and automated loggers (YSI
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Table 1. Physicochemical characteristics of the study reaches at the time of the gas exchange experiments.

Reach
Season
Date (2014)
NaCl injection
Reach length® (m)
Mixing length® (m)
Average width (m)
Average depth (m)
Travel time (min)
Water Velocity (m s?)
Upstream Q (m® min'1)
Downstream Q (m® min)
[DIC] £ SE (M)
[COsJaq * SE (M)
(natm)
[CHa]aq + SE (UM)

(natm)
Stream T * SE (°C)

Upper Taconazo Lower Taconazo Upper Arboleda Lower Arboleda?
Dry Wet Dry Wet Dry Wet Dry Wet
22 Feb 14 Aug 20 Feb 11 Aug 25 Feb 9 Aug 1 Mar 4 Mar 4 Aug 6 Aug
Continuous Pulse Continuous Pulse Continuous Pulse Pulse Pulse Pulse Pulse
90 86 132 132 100 100 175 348
20 20 16 16 20 17 85 130
14 1.8 15 2.8 11 2.2 5.1 4.9
0.083 0.138 0.086 0.197 0.078 0.190 0.88 0.82
102 43 80 37 109.5 345 49 51 76 75.5
0.015 0.033 0.027 0.059 0.015 0.048 0.066 0.062 0.076 0.077
0.066 0.491 0.194 1.699 0.040 0.730 9.7 9.1 14.2 14.1
0.087 0.595 0.236 1.830 0.064 0.926 10.2 10.1 18.0 16.8
212+19 14847 292+7 224+8 244123 116+3 2316101 2377+104 2035+129 1991+44
187+17 14347 267+6 218+8 215+20 11143 1078+47  1120+49 1248+79  1221+27
(5192) (4011) (7407) (6128) (5927) (3125) (34550) (35426) (34760) (33948)
0.9+£0.3 2.5+0.5 1.1+0.1 2.7£0.1 0.6£0.1 0.6£0.1 0.82+0.03 0.85%0.02 1.6£0.1 1.60+0.04
(663) (1788) (781) (1903) (432) (408) (569) (593) (1131) (1123)
23.740.1 25.240.1 23.0+0.1  25.240.1 23.8+0.1  25.2+0.1 24.6+0.1 24.9+0.1 25.240.1  25.1#0.1

80nly reach receiving regional groundwater inputs

bFrom upstream to downstream measurement station

°From tracer injection station to first measurement station
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Professional Plus multiparameter instrument, YSI EC300A conductivity meter, HOBO U24-001
conductivity data logger, and Hach 44600 conductivity meter). Because of its greater width
(Table 1), in the lower Arboleda we measured S at each station in three locations across the
stream (right side, center, and left side of the channel, at roughly 0.25, 0.5, and 0.75 of channel
width). Breakthrough curves were used to quantify stream discharge and water/tracer travel time
through each reach. Steady state was determined by the stabilization of S during the continuous
NaCl injections, and was taken as at least 4 times the travel time from the injection point to the
station in the case of the pulse additions of NaCl [Kilpatrick et al., 1989].

For continuous injections kcang was calculated following Genereux and Hemond [1990]:

1 [C3Hgly X [CI7]p
Keame =7 n ([chg]D X [a-]u> &

where 7 represents travel time in the stream (in days) from the upstream (U) to downstream (D)
station, [CsHg] corresponds to the aqueous concentration of CsHg (in uM) at steady state
conditions at the station indicated in the subscript and [CI] corresponds to the background-
corrected aqueous concentration of CI- (plateau concentration minus background concentration,
in M) at steady state at the station indicated in the subscript.

For pulse injections, kcang was determined following Kilpatrick et al. [1989]:

1 [C3Hgly X QU)
k =—In{——"—— (2
38T 1 ([C3H8]D X Qp
where Q represents stream discharge (in m® min™) at the station indicated in the subscript.
For the pulse injections, Q at each station was calculated using the following equation
[Kilpatrick et al., 1989]:
m
Qup = 3
b (Adu,p @)

where m represents the mass of NaCl (in mg) added to the stream as a pulse, and (Ac)u,p is the
area under the [CI7] vs. time curve collected at the station indicated in the subscript. For our
experiments S was transformed to [NaCl] in mg L™ using calibration curves of [NaCl] vs. S
prepared at La Selva laboratory facilities for each conductivity meter used. We used the
trapezoidal approach for the computation of Ac.

Stream depth (Z) and width (W) were measured every 10 m approximately (12-25 m for
the lower Arboleda) within each study reach 1-2 days before or after the injection experiment.
The stream depths measured in the upper Arboleda and both Taconazo reaches were the maxima
in the highly-variable stream cross-sections. Detailed work in 13 cross-sections showed that
mean depth in a given cross-section was on average 0.7 of the maximum depth, intermediate
between the 0.5 and 1.0 expected for triangular and rectangular channel cross-sections,
respectively. Thus, the depth used in computing degassing flux from the upper Arboleda, upper
Taconazo, and lower Taconazo reaches was 0.7x the mean of the maximum depth measurements
every 10 m in the reach. The lower Arboleda reach is a more uniform and nearly rectangular
channel, thus the degassing fluxes for this reach were calculated using the mean of the maximum
depth measurements.

Stream gas exchange velocity for propane, (vcsHg) was calculated as the product of kcans
and stream depth (Z).

3.3. Water and air sample collection and analysis
During each tracer release, an infrared gas analyzer sensor (Vaisala GMP343) was used
to record the concentration of CO: in the air directly above the stream, [CO2]air, every minute.
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The sensor was deployed ~30 cm above the stream, near the middle of each study reach, for the
duration of each tracer release (Figure Ald). Before the tracer injections started, 60-mL air
samples were collected in plastic syringes (n = 3 for the lower Arboleda, n = 1 for other three
reaches) from each sampling station to determine concentrations of CHs in air directly above the
stream surface, [CHa]air. [CO2]air and [CH4lair were used with Henry’s Law constants for CO>
and CHys (at the stream temperature) to calculate the aqueous concentrations of these gases that
would be in equilibrium with the air, [CO2]eq and [CHa]eq, respectively (needed for the gas flux
calculations, as shown in the next section).

Before starting the tracer injections, we collected water samples (n = 3 for the lower
Arboleda and n = 1-3 for the other reaches) at each sampling station for the determination of
background dissolved gas concentration in stream water, [G]aq (Where “G” represents either
propane, CO2 or CHa). Also, we collected water samples (n = 9 for the lower Arboleda and n = 3
for the other reaches) for [C3Hg]aq from each sampling station once steady was reached. Briefly,
a known volume (~40.0 mL) of stream water was collected in 60-mL syringes fitted with three-
way valves. Samples were collected carefully to avoid the formation of bubbles inside the
syringe. Syringes were kept on ice until transported to the laboratory where they were kept at 4
°C overnight until analysis. In the laboratory, ~10.0 mL of nitrogen gas (N2) was added to each
syringe. To ensure the equilibration between the liquid and gas phases, the syringes were placed
on a shaker table for 5 minutes and then left at rest for ~2 hours before the analysis. After the
equilibration period the headspace was analyzed by gas chromatography using an SR1 8610C gas
chromatograph equipped with a HayesSep D packed column, a flame ionization detector (FID)
and a methanizer to convert CO> into CHa that allowed quantification of COz. [G]aq Was
calculated based on the concentration in the headspace ([G]gas in UM), the volume of stream
water in the syringe (Vwater in mL), and the volume of N, headspace (V2 in mL) as follows:

1 %
[61ag = [61gas (7= +7—) @
KH Vwater
where Ky is the dimensionless Henry’s Law constant for gas G at the temperature of the
equilibration (lab temperature).

At each sampling station, water samples (~ 15 mL) for determination of [CI] were
collected pre-injection (n = 2-3) and at steady state (n = 9 for the lower Arboleda and n = 3 for
the other reaches). Samples were filtered in the field or in the laboratory through 0.45 pm
membranes and transported to North Carolina State University where concentrations were
determined using an ion chromatograph (Dionex DX-500).

3.4. Fluxes of CO2 and CHj4
Fluxes of CO2 (fco2) and CHa (fcha) from the stream surface in a study reach at the time

of the gas exchange experiment (mol C m day™) were calculated as:

fcoz = kcozz([coz]aq - [Coz]eq) (5)

fera = kcnaZ ([CHylaq — [CH4]eq) (6)
where kco2 and kcna correspond to the gas exchange rate constants for CO2 and CHg,
respectively, (day™), Z corresponds to the mean stream depth in the reach ( m), and
concentrations are given in mol C m™. kcoz and kcra Were calculated from Keas:

Sceans "
o = k ( ) )
c0o2 C3HS8 SCCOZ

n
SCC3H8)
Sccua

kcna = kC3H8< (8)
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where Sc corresponds to the Schmidt number of the gas indicated as a subscript [Jahne et al.,
1987a]. We assumed n to be 0.7 based on experimentally derived values from a range of systems
[e.g. Genereux and Hemond, 1992; Jahne and HauRecker, 1998 and references therein, Madsen
et al., 2007; Striegl et al., 2012]. Sensitivity of gas flux f to a broader range of n values (0.5-0.9)
was one component of the uncertainty analysis described below.
The Sc for a given gas was calculated as:
u

Sc= oD 9)
where 1 is the dynamic viscosity of water (Pa s), p is the density of water (kg m=), and D is the
diffusion coefficient of the gas of interest (m? s), all temperature dependent variables. We
compiled literature data of D for CO2, CH4, and propane measured at 0-40 °C [Thomas and
Adams, 1965; Witherspoon and Saraf, 1965; Duda and Vrentas, 1968; Witherspoon and Bonoli,
1969; Maharajh and Walkley, 1973; Jahne et al., 1987b; Tamimi et al., 1994; Frank et al., 1996;
Zeebe, 2011; Lu et al., 2013] and used well known functions of p [Huber et al., 2009] and p
[Tanaka et al., 2001] vs. temperature (T) to estimate Sc at temperatures ranging from 0 to 40 °C.
For each gas, cubic polynomial functions were then fitted to the Sc vs T values, similar to
Raymond et al. [2012]:

Sceays = 3545.60 — 203.41T + 4.78 T? — 0.0404 T3,  R? = 0.980 (10)
Scco, = 1686.02 —89.66 T +2.07 T2 — 0.018 T3,  R? = 0.993 (11)
Scena = 1517.5—58.30T + 0.8186 T2 — 0.003T3,  R2? = 0.978 (12)

where T corresponds to stream temperature in °C (Figure A2).

3.5. Upscaling from measured to annual C fluxes

3.5.1. Spatial scaling

Estimating annual watershed-scale stream degassing of CO2 and CH4 required that results
from the gas exchange measurements be scaled up over space and time. Stream areas were
estimated as the product of stream length and width (Table A2). Stream length was estimated
using ArcGIS tools from a 5-m digital elevation model (DEM) created from LiDAR data
[Kellner et al., 2009; Zanon, 2011]. We assumed that tributaries shorter than 100 m were flowing
during the wet season but not the dry season (Figure 1), based on field observations of several
tributaries. Perennial tributaries were assigned a width corresponding to 50% of the main channel
width (based on field measurements made during the experiments, Table A2). We assumed that
CO2 and CHjy fluxes measured in the upper Taconazo reach (f, 7" and f.. ) were applicable
to the upper 50% of the main channel (794 m, Table A2) and all its tributaries, and that fluxes
measured in the lower Taconazo reach (f292¢" and £!97¢") were applicable to the lower 50% of
the main channel and all its tributaries.

In its headwaters, the Arboleda stream is similar in width and depth to the Taconazo, but
further downstream where regional groundwater enters it becomes significantly wider (about 5
m) and deeper (80-90 cm on average, Table 1). Because the Arboleda stream is not easily
accessed over its full length through dense rainforest, the location of the transition from a small
headwater stream to a much larger stream at lower elevation was not directly observed in the
field and had to be estimated. Based on elevations at the Arboleda and Taconazo weirs (and the
observation that there is no high-DIC regional groundwater at the latter, at an elevation of 49
m.a.s.l.), and elevations at the upper and lower Arboleda study reaches (the former above 49
m.a.s.l. and the latter below), we took the 49 m.a.s.l. elevation contour as a dividing line in the
Arboleda watershed (Figure 1): stream channels above this elevation were considered to receive
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no inputs of bedrock groundwater and to thus have C degassing similar to the upper Arboleda
reach (f4r° and f12 "), while channels below 49 m.a.s.l. were considered to receive inputs of
regional groundwater and to thus have C degassing similar to the lower Arboleda reach (f!g%e"
and £A9%e™). In the dry season, 22% of the total stream surface area in the Arboleda watershed
was above 49 m.a.s.l and 78% below 49 m.a.s.l; in the wet season the stream surface area above
49 m.a.s.l increased to 37% (Table A2).

3.5.2. Temporal scaling

We considered the fco2 and fcnsa measured during the dry season to be representative of
the full dry season from January 1% to April 30" (120 days) and the fcoz and fcrs measured
during the wet season to be representative of the full wet season from May 1% to December 31%
(245 days). Thus, annual stream C degassing fluxes (F) for each watershed normalized by
watershed area (in g of C per m?) were calculated as the sum of the seasonal fluxes as follows:

12019 C
F= TI‘Z [(120 day x Fary) + (245 day X Fyer)] (13)

where Fqry and Fuet correspond to the flux during the dry and wet seasons respectively.
For the Taconazo stream, Fqry was calculated as follows:

{[aupper 50% (fc%%per + fc1g)4per)] + [alower 50% (fclg\éver + fclg\:lver)]}dry

. . ATaconazo_ .
where « is the stream area for the given stream fraction (upper or lower 50%) in the dry season

(Table A2), and A is the area of watershed (29.7 ha). Fwet was computed identically, with wet
season o and f values. In the case of the Arboleda stream, Fary and Fuwet were calculated similarly
using f values determined in the upper and lower Arboleda reaches, o as defined by the 49
m.a.s.l. contour line (Table A2), and the watershed area, A (46.1 ha).

(14)

F dary

3.6. Statistical analysis

To test the effect of regional groundwater input on [CO2]aq and [CH4laq and to examine if
this effect was seasonal (dry vs. wet), we used two-way analysis of variance (ANOVA) with
reach and season as factors. A 10-base logarithmic transformation was used to normalize [COz]aq
and [CHa4]aq. Significant ANOVAs were followed by Tukey’s honest significant difference
(HSD) for multiple comparisons. Statistical analyses were performed in SPSS or SigmaPlot 11.1.
Significance was tested at the 95% confidence level (P-value, P <0.05).

Uncertainty () at 95% confidence was calculated for kcans, fco2 and fcha following
standard procedures for error propagation [Ku, 1966; Miller and Miller, 2005]:

i) 2 10 2 0 2
0, - j[d_;xﬂm] ] ot [ a5
where y = f(x1, X2,...Xn) and Q is the uncertainty in the variable indicated by the subscript.

To constrain the annual fluxes and estimate their uncertainty we conducted Monte Carlo
simulations of F in which Z, a, kcans, n, Sc, and air and aqueous concentrations of CO2 and CH4
were allowed to vary within realistic ranges (Table A3). Each simulation was repeated 5000
times using Microsoft® Excel. For the stream reaches not affected by regional groundwater,
kcans in the Monte Carlo simulation was allowed to vary within the 95% confidence interval
derived from equation 15, however for the lower Arboleda we used the 95% confidence interval

derived from the four kcans values obtained in the four experiments conducted in the lower
Arboleda (see section 5.1 for further discussion).
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4. Results
4.1. Stream concentrations of CO2 and CHas

At the lower Arboleda reach, [CO.]aq Was not significantly different between the dry and
wet seasons (two-way ANOVA, Tukey’s HSD, P = 0.997). In the dry season, [COz]aq in the
lower Arboleda was 4-6x higher than in the reaches receiving only local groundwater (Table 1).
A difference was also observed during the wet season, when [CO2]aq Was 6-11x higher in the
lower Arboleda than in the other reaches. These differences were statistically significant for all
reaches (two-way ANOVA, Tukey’s HSD, P<0.001 for upper Taconazo, lower Taconazo, and
upper Arboleda).

In the upper Taconazo, lower Taconazo, and upper Arboleda reaches, [CO2]aq Was
significantly lower in the wet season than in the dry season (two-way ANOVA, Tukey’s HSD,
P =0.001, 0.009, and 0.001, respectively). This seasonal difference was not significant in the
lower Arboleda (two-way ANOVA, Tukey’s HSD, P = 0.880). [CHa]aq Was significantly higher
in the wet season in all reaches except the upper Arboleda (two-way ANOVA, Tukey’s HSD, P
=0.908 for upper Arboleda and <0.001 for the other reaches). In both the dry and wet season
experiments, [CHa]aq did not differ significantly between the lower Arboleda and any of the
reaches without regional groundwater (two-way ANOVA, Tukey’s HSD, P > 0.05).

4.2. Gas exchange rates

First-order gas exchange rate coefficients (kcans) measured during the dry season were
comparable among the reaches receiving only local groundwater, ranging from 22.0+0.8 day* in
the upper Taconazo to 27.2+3.6 day in the lower Taconazo (Table 2). kcans at the upper
Taconazo and upper Arboleda was higher during the wet season than during the dry season, in
contrast, at the lower Taconazo, kcang was lower in the wet season (Table 2). In the lower
Arboleda, where stream flow consisted of both local and regional groundwater, there was no
distinguishable difference in kcang between the wet and dry seasons (Table 2). kcsns in the lower
Arboleda was lower than in the other reaches: 5-7x lower in the dry season and 3-13x lower in
the wet season (Table 2). Gas exchange velocity vcang was not greatly different between the
lower Arboleda and the other reaches (Table 2), as lower kczng in the lower Arboleda was mostly
offset by greater depth.

4.3. Carbon fluxes

The fco2 measured in the reaches receiving only local groundwater ranged from 0.4 in the
upper Taconazo (dry season) to 1.1 mol C m? day in the upper Arboleda (wet season) (Table 2,
Figure 3). In the dry season, the lower Arboleda reach (average of two experiments) had fcoz 7-
15x higher than in the reaches without regional groundwater input. In the wet season this
difference was 4-8x (Table 2, Figure 3). Within season, fcs was similar across all reaches. In the
dry season fcus ranged from 2 mmol C m2 day in the upper Taconazo and upper Arboleda, to 4
mmol C m? day in the lower Arboleda (average of two experiments) (Table 2, Figure 3). For
all reaches, fcHa in the wet season was consistently higher than in the dry season, ranging from 6
mmol C m? day in the lower and upper Arboleda to 15 mmol C m2 day™ in the upper
Taconazo (Table 2, Figure 3). Across reaches fcrs was lower than fcoz (Table 2, Figure 3) and
represented only a very small fraction of the total C degassing flux: 0.06 to 0.5% in the dry
season and 0.12 to 1.7% in the wet season (Table 2).

Annual fluxes normalized by watershed area were estimated to average 299 and 48 g C

m-2 for the Arboleda and Taconazo, respectively. Confidence intervals (95%) of F from Monte
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Table 2. Gas exchange coefficient k for propane (day?), gas exchange velocity v for propane (m day™), and measured C degassing
fluxes f (per unit surface area of stream) with corresponding 95% uncertainty (2), at each stream reach. Under fcns, the values in
parentheses correspond to the percent of the total C degassing flux as CHa. Unless otherwise indicated Q was calculated using
equation 15.

KcaHg=Q2 VcaHgtQ fco2xQ feHaxQ
Stream Reach day? m day* mol C m? day* mmol C m? day*
(% of total C flux)
Dry Wet Dry Wet Dry Wet Dry Wet
Season Season Season  Season Season  Season Season Season

Upper Taconazo 22.0+0.8  31.8+7.2 1.7¢0.5 4.4+1.5 0.4+0.2 0.8+0.3 2+2 (0.50%) 15+8 (1.70%)
Lower Taconazo 27.2+3.6  10.2+4.2 24+1.1 2.1+0.9 0.9+0.4 0.6%0.3 3+2 (0.40%) 7+4 (1.19%)
Upper Arboleda 23.0£2.3  42.9+7.0 1.9+0.7 8.2+1.9 0.6+0.3 1.1+0.3 2+1 (0.33%) 6+2 (0.53%)

Lower Arboleda 1 5.5¢4.0 3.8+£3.2 48+3.7 3.1+2.7 8.8£7.0 5.6+5.0 5+4 716
Lower Arboleda 2 2.5+4.3 2.7+4.1 22435 2.3%7.9 3.615.7 4.0+5.6 2+4 5+7
Lower Arboleda 4.0+2.1 3.3+0.8 3.5+1.8 2.7+0.6 6.2+0.9 4.8+0.5 4+1 (0.06%) 6+1 (0.12%)
average®
Lower Arboleda 3.6£2.1 3.1+1.9

overall average®

8Average of the two experiments of the season, Q corresponds to one standard deviation from the mean.
bAverage of the four experiments conducted in the Lower Arboleda stream reach. Q corresponds to the 95% CI calculated from the
variation of the four values with respect to the mean.
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Carlo simulations were 91-599 g C m and 26-78 g C m™ for the Arboleda and Taconazo,
respectively. Of these annual fluxes, in the Arboleda, 0.14% (0.41 g C m2) were in the form of
CHjs and the remaining 99.86% (298.77 g C m) in the form of CO,. In the Taconazo, CHa
contributed 1.22% (0.59 g C m2) and CO2 98.77% (47.48 g C m™).

0.016

a) — Dry season
0.014 1 === \Wet season
Z 00124
©
e 0.010 -
O
© , 4
B 0.008 1)
I 0.006 - (1) @)
0.004 -
(2)
0.002 - H
0.000
b)
10 A
(1)
'T% 8 3
©
E
O 6 (1)
i
£ (2)
o 4 (2)
“_U
2 4
0 4127._[‘-_5! J
Upper Lower Upper Lower

Taconazo Taconazo Arboleda Arboleda

Figure 3. Measured C degassing fluxes f (mol C m™ of stream surface day) from each of the
study reaches for (a) CH4 and (b) CO- during the dry (white bars) and wet (gray bars) seasons.
(1) and (2) indicate experiment 1 and 2, respectively, for the lower Arboleda.

4.4 Sources of uncertainty in annual C fluxes
The uncertainty in F (Q ) was derived from Monte Carlo simulations in which variables

controlling F were allowed to vary within realistic ranges (Table A3). In the dry season, most of
Q r for the Taconazo originated from the variability in Z in the lower section (x0.05 m, Table
A3) which contributed 32% (Table A4) followed by the uncertainty in « (13%, Table A4). In the
wet season the uncertainty in kcsns in the lower section of the stream (4.3 day, Table A3) was
the largest contributor to Q r (18%, Table A4) followed by the uncertainty in o and Z from the
lower reach (10% each, Table A4). In the case of the Arboleda, the largest source of Q¢ was the
uncertainty in kcsns from the lower Arboleda (2.1 day™, Table A3), for both dry (47%) and wet
(43%) seasons (Table A4). The second largest contributor was the uncertainty in Z (0.2 m,
Table A3) in the lower reach (16%, Table A4). For both the Taconazo and Arboleda the
uncertainty in Sccoz, SccHa, [CO2]eq, [CH4]ag, and [CHaleq had a marginal contribution to QF,
while the uncertainty in n and Sccang contributed 9% and 12-14% respectively, to Qr (Table A4).
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5. Discussion
5.1. Uncertainty in parameters controlling F

Uncertainties in stream depth (Z), stream surface area («), and gas exchange coefficient
(kcang) were the most important contributors to Q r for both study streams. Depth is small but
highly variable in shallow pool-and-riffle streams like the Taconazo and upper Arboleda (Figure
A3). The uncertainty in o is based on observed differences in stream width (W) within and
between seasons and the assumptions made about stream length variation between seasons. Since
W and Z depend largely on Q, other studies [e.g. Butman and Raymond, 2011; Raymond et al.,
2012; Crawford et al., 2013] have employed hydraulic geometry relationships [Leopold and
Maddock, 1953] to estimate temporal variation in these parameters from continuous data on Q.
However, the data on Z and W in the study reaches at La Selva do not show well defined
relationships with Q. Also, studies extrapolating C flux measurements to larger areas often use
remotely sensed land surface imaging to estimate « [e.g., Richey et al., 2002; Rasera et al.,
2008], but this is not feasible for small densely forested watersheds like the Arboleda and
Taconazo.

With no clear trend in kcsng of the lower Arboleda between the dry and wet seasons
(Table 2), it is reasonable to view the four kcang values as replicates and take the 95% CI of the
mean (3.6+2.1 day™) as input to the Monte Carlo analysis of uncertainty in annual stream C
emission, F. The variation among the four values is mainly due to the relatively small
groundwater input and small amount of degassing within the lower Arboleda reach (the overall
input of regional groundwater is large, but most of the input must have occurred upstream of the
upstream-most measurement station). With respect to equation 1, [CsHs]u/[CsHs]p and Qu/Qp
were both close to 1 for the lower Arboleda (0.8 to 1.4 for the four experiments), which increases
uncertainty in kcang. Relative to the dry season, the longer reach length used in the wet season
improved the reproducibility in kcang in the lower Arboleda (Table 2). Overall, the coefficient of
variation (CV) among the four lower Arboleda kcans values (37%) was within the range of
published CV values for replicate k measurements in the same stream reach (Table 3).

5.2. Effects of regional groundwater on dissolved C concentrations
The inflow of regional groundwater to the lower Arboleda significantly increased [CO2]aq

but did not have a distinguishable effect on [CHa]aq. ISotopic characterization of DIC, helium,
and chloride in streams receiving regional groundwater at La Selva Biological Station indicates
that high concentrations of C derive from mantle outgassing and/or weathering of volcanic rock
beneath the Cordillera Central [Genereux et al., 2009]. Considering the origin of the CO, little
or no enrichment of regional groundwater with CHjy is consistent with other results from the
region. Dry gas composition in geothermal fields of Costa Rica is dominated by CO> (93.34 to
99.80%), while CH4 accounts for 0.002 to 0.150% of the gas [Snyder et al., 2003]. Furthermore,
the regional groundwater at La Selva is generally oxic [Solomon et al., 2010] despite a long
subsurface residence time of about 3000 years in volcanic rock [Genereux et al., 2009].
Groundwater from regional aquifer systems of different geology may have more potential to
influence stream CHoa; for example, aqueous CH4 concentrations up to 4.7 mM [Aravena and
Wassenaar, 1993] and 13.3 mM [Murphy et al., 1989] have been found in the sedimentary
Alliston and Milk River aquifers, respectively, in Canada (concentrations much larger than that
in the regional groundwater at La Selva, which was about 2x10“ mM when measured in 2006
[Solomon et al., 2010]).

28



Table 3. Summary of coefficient of variation (CV) of repeat measurements of gas exchange in the same stream reaches using the
tracer injection method.

Stream or Gas tracer Hydrologic Average Overall Overall N ‘f"t CV at
Author River (method) tracer Reach k 0 C\p similar  similar
(method) (day™?) Q° Q¢
Yotsukuraetal. Cowaselon Propane Rhodamine A 2.6 3 16% 2 3%
[1983] Creek (continuous) (pulse) B 2.6 3 17% 2 2%
Wilcock [1988] Tarawera  Methyl chloride Rhodamine A 7.2 6 11% 4 6%
River (pulse) (pulse)
Genereux and Walker Propane NaCl A 114.1 3 26% 2 6%
Hemond [1992] Branch (continuous)  (continuous) B 92.6 8 17% 2 42%
2 9%
C 86.9 8 26% 2 47%
2 5%
D 89.5 2 51% 2 51%
E 79.5 2 45% 2 45%
F 98.8 3 4% 2 0%
Hope et al. Brocky Propane NaCl A 74.4 3 83% 2 2%
[2001] Burn (continuous)  (continuous) B 363.6 4 28% 2 48%
Stream C 144.0 2 38% 0 -
Reid et al. Lagan River Krypton, or Rhodamine A 41.6 10 63% 4 83%
[2007] krypton and (pulse) 2 11%
Xenon 2 11%
(pulse)
Jinetal. [2012] Panther Propane NaCl A 28.9 3 33% 2 6%
Stream (continuous)  (continuous)
Ledbetter A 8.2 3 30% 2 41%
Stream

#Total number of occasions on which gas exchange coefficient k was measured in a given reach.

bCoefficient of variation (CV) of all k values reported for a given reach.

°Number of occasions on which k was measured under conditions of similar stream discharge (Q), i.e., <10% difference from the
average.

dCoefficient of variation (CV) of k values obtained under similar Q.
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The dissolved CO, measured in the study reaches without regional groundwater input
(Table 1) was comparable to values published for other tropical streams and rivers. Richey et al.
[2002] reported annual concentrations in major Amazon tributaries averaging 5,000+3,300 patm.
The primary source of CO: in these rivers appeared to be the respiration (in the terrestrial or the
aquatic ecosystem) of organic C fixed on land and along river margins and mobilized into
flowing waters as litterfall, CO>, and dissolved organic C; each of these pools contributed 35, 25
and 15% of the stream CO; evasion, respectively [Richey et al., 2002]. Neu et al. [2011] found
pCO; ranging from 6,491 to 14,976 patm in a first order Amazon tributary. A survey of
tributaries to the Amazon (streams < 100 m wide, which were not included in Richey et al.
[2002]) showed pCO; averaging 3,353+2,168 patm [Alin et al., 2011]. Few examples in tropical
systems show dissolved CO: as high as that observed in the lower Arboleda (Table 1). Johnson
et al. [2008] reported pCO- averaging 47,300 patm for groundwater springs feeding first order
streams in the southern Amazon (calculated from 21.1 mg C L%, Table 1 in Johnson et al. [2008]
assuming water temperature of 23 °C). The high concentrations observed in these springs
originated mostly from deep soil microbial respiration [Johnson et al., 2008]. Data for CHs in
tropical streams and rivers are scarce. Neu et al. [2011] reported pCH4 ranging from 291 to 438
patm, at the lower end of our results (400-1900 patm, Table 1). In rivers of the Amazon basin
Sawakuchi et al. [2014] measured similar or lower [CHa]aq (0.02-0.5 puM) than what we found
for the Taconazo and Arboleda (0.6-2.7 uM, Table 1).

Literature examples in which increased stream dissolved carbon concentration originates
from groundwater inputs of recognized regional flow systems are scarce, despite the fact that
both regional groundwater flow and elevated dissolved carbon in regional groundwater are
ordinary aspects of hydrogeology [e.g., Genereux et al., 2013]. In Central Italy, a stream
receiving regional groundwater enriched with deep CO, showed [COz]aq 0f 10,000 uM (or pCO>
of 285,600 patm assuming 23°C and 1 atm) [Chiodini et al., 1999]. In the Oregon Cascades,
springs discharging regional groundwater known to be in contact with CO. of magmatic origin
showed elevated [DIC] ranging from 930 to 1240 uM (or pCO- from 26,600 to 35,400 patm
assuming 23°C and 1 atm) [James et al., 1999]. There are of course other causes, besides deep
crustal or mantle outgassing, of elevated dissolved carbon (organic and inorganic) in deep
groundwater.

5.3. Regional groundwater enhanced CO2 emissions but not CH4 emissions

Lower gas exchange coefficients in the lower Arboleda (kcsns 3-4 day™, compared to 10-
43 day™* for other reaches) seem directly related to the regional groundwater discharge in the
lower section of the Arboleda stream. A significantly larger water flux into the lower Arboleda
[Genereux et al., 2005] creates a deeper channel that results in lower k. Although gas exchange
coefficients in the lower Arboleda reach were lower, the significantly higher [CO2]aq and stream
depth translated into fco. values that were on average 8.5x higher than in any of the other
reaches. This was not the case for fcns since [CHalag Was not increased by regional groundwater.

Normalized by watershed area, on an annual basis, the Arboleda emitted 6x more C than
the Taconazo. In terms of global warming potential on a 100 year time horizon (i.e., GWP10o, for
which 1 kg of CHj4 is equivalent to 28 kg of CO. [Myhre et al., 2013]), the annual CH4 flux from
the Taconazo and Arboleda was 22 and 15 g of CO; equivalents m of watershed area,
respectively. Although the C flux from both study streams was dominated by CO,, for the
Taconazo, CHa constitutes 11% of the total GWP100 emitted from this stream. Because the C
inputs from regional groundwater to the Arboleda and C degassing from the lower Arboleda

30



were dominated by COo, in this stream the CH4 flux represented only 1% of the GWP100 (and
GWP10o of Arboleda gas emissions was 7x that of the Taconazo). Our estimates of CH4
degassing may be conservative since they only account for diffusive processes, and ebullitive
degassing may represent an important fraction of the total CH4 degassing from streams and rivers
[Sawakuchi et al., 2014]. Most studies in tropical systems have focused on CO2 emissions, and
the Taconazo results suggest that more attention should be directed to headwater stream CH4
emissions [Sawakuchi et al., 2014].

Comparing stream to land surface CO emissions, average stream fco. from the Taconazo
and upper Arboleda was 2-3x higher than the CO, emissions from La Selva soils measured over
a 2-year period: 117.3-184.2 mg C m? hr'! or 0.23-0.37 mol C m day™* [Schwendenmann et al.,
2003]; fco2 from the lower Arboleda, influenced by regional groundwater, was 12-20x higher
than the soil emissions. Soil CO» efflux data from 2014, the year of the stream degassing
measurements, are similar to the earlier measurements by Schwendenmann et al. [2003] (Dierick
et al., unpub. data). Assuming the average of the soil fluxes measured at La Selva (0.3 mol C m?
day?) is representative of annual CO, emissions from the Arboleda and Taconazo watershed
soils, annual stream C emissions from the Taconazo and the Arboleda would contribute 4 and
18%, respectively, of the cumulative watershed (land + stream) CO. efflux. Considering the
relatively small surface area the streams occupy in the catchment (1.1-1.8% for the Taconazo,
1.3-1.9% for the Arboleda, Table A2), these estimates support the idea that fluvial systems can
play a disproportionate role in landscape C budgets [Aufdenkampe et al., 2011; Butman and
Raymond, 2011], even more so in the case of systems such as the Arboleda. The same can be
inferred when comparing stream C degassing fluxes to net ecosystem exchange (NEE) of CO-
from eddy covariance. Normalized by the watershed area, stream C degassing from the Taconazo
and Arboleda (48 and 299 g C m2 y*!, respectively, Table 4) were equivalent to 19 and 120%,
respectively, of the mean NEE at la Selva: mean+SD was 250+312 g C m™ for 1998-2000
[Loescher et al., 2003].

5.4. Seasonal differences in dissolved gas concentrations and fluxes

Generally, higher [CHa]aq and lower [CO2]aq Were observed in the wet season (Table 1),
likely reflecting soil microbial processes. During the wet season higher soil moisture might limit
methanotrophy in aerobic soils, and/or promote anaerobic conditions that favor methanogenesis
and inhibit aerobic respiration. Measurements of soil CH4 exchange at La Selva Biological
Station showed that in old growth forest soils CH4 consumption was greatest during the dry
season [Keller et al., 1994]. A recurrent transition between net CH4 consumption and production
was observed between dry and wet seasons in the soils of an upland tropical forest in the
Amazon [Davidson et al., 2008]. Decreases in diffusive CO2 emissions from soils to the
atmosphere at La Selva Biological Station were strongly driven by increases in soil water
content, and emissions were lowest at the end of the wet season [Schwendenmann et al. 2003].

Unlike the reaches receiving only local groundwater, no significant seasonal change in
[CO2]aq Was observed in the lower Arboleda reach. Any change associated with local soil factors
is likely masked by the large and steady C flux into the lower Arboleda from regional
groundwater. In all the study reaches, higher [CH4]aq during the wet season (Table 1) resulted in
higher fcha (Table 2). Relative to the dry season, fcHa in the wet season was 575%, 111%, 225%
and 47% higher for the upper Taconazo, lower Taconazo, upper Arboleda, and lower Arboleda,
respectively. The difference in fcra between seasons was larger for the upper Taconazo and
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Table 4. Comparison of studies investigating C emissions from tropical surface waters. NR indicates data not reported

Reference System Location Watershed  Measured Measured Annual C
area fcoz fcra emissions
(km?) (umol C m2 12 (g Cm?)P
This study Reaches without Costa Rica 0.279 8.61° 0.069° 489
regional groundwater (Central America)
This study Lower Arboleda Costa Rica 0.461 63.75° 0.055¢ 299
(Central America)
Richey et al. Central Amazon South America NR 2.19¢ NR 77"
[2002] Basin
Abril et al. [2005] Sinnamary French Guyana NR 0.35-5.33 0.005 NR
River! (South America)
Petit Saut Reservoir French Guyana NR 0.16-1.54 0.031-0.089 NR
(South America)
Johnson et al. Amazon 2" order Brazil 6 NR NR 36
[2008] tributary (South America)
Mitsch et al. La Selva Wetland Costa Rica -- NR 0.23-0.34 --
[2010] (Central America)
Palo Verde Wetland Costa Rica -- NR 1.04 --
(Central America)
Neu et al. [2011] Tanguro Ranch 1% Brazil 13.19 15.0-25.4% 1.4-3.2¢ 0.51 (10.8)™
order stream (South America)
Alin et al. [2011]" Amazon River Brazil NR 0.67-12.13 NR NR
tributaries (South America)
Alin et al. [2011]" Mekong River Cambodia NR 1.61 NR NR
tributary (Southeast Asia)
Sawakuchi et al. Rivers in the South America NR NR 0.0001-0.4660 NR
[2014] Amazon basin

aper m? of stream surface area.
PNormalized by watershed area.

®Average values for the Taconazo (dry and wet seasons, upper and lower) and upper Arboleda (dry and wet seasons).
4Taconazo watershed

®Average values for the lower Arboleda (dry and wet seasons).
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fArboleda watershed
9Calculated from 8.3 Mg C ha y%, value reported by Richey et al. [2002] as the CO; flux over the annual mean flooded area
of the central Amazon basin.
hCalculated from the 470 Tg C y* value reported by Richey et al. [2002] as the CO export to the atmosphere extrapolated to the
Amazon basin and 6 million km? as the total area of the Amazon basin.
'Above the Petit Saut reservoir.
JCalculated from the ~90% of stream CO; that evaded to the atmosphere within the stream headwaters and the 40 g C m2 y'! exported
to the stream from the terrestrial ecosystem as CO- [Johnson et al., 2008].
KApproximated from Figure 4 of Neu et al. [2011].
MValue estimated when adding in COz losses through deep groundwater [Neu et al., 2011].
"Rivers of width <100 m
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upper Arboleda reaches because both gas exchange rates and [CH4]aq were higher in the wet
season.

5.5. Flux estimates in the context of other tropical ecosystems

In the lower Taconazo fco2 was comparable to values observed in other tropical streams
and rivers (Table 4). In contrast, lower Arboleda fco2 was higher than all values reported in the
literature for other tropical systems (Table 4). Results for fchs in the lower Taconazo and
Arboleda were similar to those measured by Abril et al. [2005] in a tropical reservoir but lower
than results from tropical wetlands in Costa Rica [Mitsch et al., 2010] and in the lower end of the
range reported for Amazon rivers [Sawakuchi et al., 2014] (Table 4). Normalized by watershed
area, annual C emissions from the Taconazo (48 g C m, Table 4) fall within fluxes observed in
other tropical systems: 36 g C m from a second order Amazon tributary [Johnson et al., 2008]
and 77 g C m from the whole Amazon basin [Richey et al., 2002] (Table 4). In contrast, fluxes
from the Arboleda (299 g C m, Table 4) were much higher.

Fluxes normalized by watershed area for a tributary of the Tanguro River in the Amazon
[Neu et al., 2011] were much smaller than our results for both the Arboleda and Taconazo
catchments (0.51 g C m?, Table 4). In the Tanguro River tributary, ~90% of the net rainfall
(precipitation — evapotranspiration) within the studied catchment appeared to bypass the stream
and be exported through deep regional groundwater flow [Neu et al., 2011]. This resulted in a
much smaller fraction of stream area relative to watershed area (0.007% versus 1-2% in the
Taconazo or Arboleda), and low stream C emissions (most of the hydrologic export or loss of
dissolved C was as recharge to deep groundwater rather than discharge to a stream). This
catchment seems to represent the type of system that must lie upgradient of La Selva: an
ecosystem losing (instead of gaining) groundwater and carbon by regional interbasin
groundwater flow. The Tanguro in Brazil and Arboleda in Costa Rica may together illustrate, at
recharge and discharge respectively, how regional groundwater flow can alter ecosystem C
fluxes and budgets.

6. Summary and Conclusions

We measured CO. and CH4 degassing fluxes from two rainforest streams, the Arboleda
and Taconazo, at La Selva Biological Station in Costa Rica. The lower Arboleda receives
significant inputs (about 1/3 of stream discharge) of old regional bedrock groundwater that is
high in DIC and recharged outside of the topographically-defined Arboleda basin. The upper
Arboleda, and the lower and upper Taconazo, receive only young local groundwater recharged
within the topographic watershed. Results make it clear that input of regional groundwater to
streams, which was previously shown to increase downstream transport of DIC [Genereux et al.,
2013], can also greatly increase stream degassing of CO,. Comparing the lower Arboleda to the
upper and lower Taconazo and upper Arboleda, regional groundwater inputs: (1) increased
stream water CO> concentration by a factor of 4-6 in the dry season and 6-11 in the wet season
(for an overall average increase of 7x), and (2) increased CO> degassing flux by a factor of 7-15
in the dry season and 4-8 in the wet season (for an average increase of 8.5x) (Tables 1, 2).
Regional groundwater had no effect on stream CHa concentration or degassing flux. The
additional water input from regional groundwater led to the lower Arboleda being much deeper
than the other stream reaches (Table 1), and the first-order gas exchange coefficient (time™)
being lower (Table 2). These two effects are offsetting resulting in no major effect of regional
groundwater discharge on stream gas exchange velocity (Table 2).
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Augmentation of stream C degassing by input of high-C regional groundwater to streams
is a general hydrogeological and geochemical phenomenon that extends beyond tropical
rainforests, and may occur worldwide wherever there is: (1) a topographic driving force for
regional interbasin groundwater flow leading to discharge in inland fresh waters (rather than on
the seafloor, where some regional groundwater discharge occurs), and (2) a source for elevated
dissolved C in regional groundwater. The CO> degassing from the Arboleda stream was large;
normalized for the full land area of the watershed it was about 300 g C m? yr?, about 1.2x the
average NEE of CO- estimated from previous eddy covariance measurements [Loescher et al.,
2003]. Observing increased stream CO- degassing rates such as those in the Arboleda could
suggest that an ecosystem has elevated respiration and is a net source (rather than sink) with
respect to atmospheric CO2. Knowing that elevated stream CO> degassing is supported and
driven by a large input of non-biogenic CO> from regional groundwater helps to avoid an
overestimation of ecosystem respiration and provides a more accurate picture of the C
source/sink status of the ecosystem.

35



Appendix

b |

e WY ¢ _

Figure Al. Images of the Arboleda and Taconazo streams taken at or near the study reaches. (a)
Sampling station in the upper Arboleda reach; (b) sampling station in the Lower Arboleda reach;
(c) tracer injection site in the lower Arboleda reach (floating white Styrofoam sheet is 1 m x 2
m); (d) infrared gas analyzer (Vaisala GMP343) in the upper Taconazo reach; (e) tracer injection
site in the lower Taconazo reach; and (f) V-notch weir in the Taconazo stream, ~30 m

downstream of the lower Taconazo reach.
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Figure A2. Schmidt numbers (Sc) as a function of temperature (T).
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Figure A3. Mean stream depth calculated from maximum depth (see Section 3.2) as a function
of distance from the upstream station for (a) the upper Taconazo, (b) lower Taconazo, and (c)
upper Arboleda reaches at the time of the dry and wet season experiments. (d) Maximum stream
depth as a function of distance for the upstream station for lower Arboleda reaches at the time of
the dry and wet season experiments.

Maximum stream depth (m)
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Reach Season Sub-reach Sub-reach Kcans
length (m) (day™?)

Upper Dry season A 30 37.4
Taconazo B 30 20.4
C 30 14.2

Wet season A 30 46.0

B 30 26.6

C 26 23.6

Lower Dry season A 42 19.1
Taconazo B 40 31.0
C 50 37.4

Wet season A 43 15.4

B 41 10.2

C 48 17.4

Upper Dry season A 40 8.8
Arboleda B 30 18.3
C 30 48.8

Wet season A 40 49.7

B 30 32.5

C 30 37.6

Lower Dry season  Full reach exp 1 175 5.5
Arboleda Full reach exp 2 175 2.5
Wet season Aexpl 175 6.1

Aexp?2 173 24

Bexpl 175 1.3

Bexp?2 173 3.2

Table Al. Propane gas exchange coefficients for sub-reaches located within the study reaches
(Table 1). In addition to the upstream and downstream station defining each reach, intermediate
stations defined sub-reaches (See section 3.2). Within the lower Arboleda study reach there were
no intermediate stations in the dry season, and only one in the wet season which gave two sub-
reaches (A and B). All other reaches had two intermediate stations forming three sub-reaches (A,
B, and C).

39



Arboleda Taconazo

Stream Upper Lower Upper Lower
Season section (above 49 m.a.s.l) (below 49 m.a.s.l) PP
L W o L W o L W o L W o

m _Mm (M) M @m ) m @m ) m (m (m)
Main channel 853 11 938 817 5 4083 794 14 1111 794 15 1101
Tributaries 765 055 421 1483 05 742 487 07 341 487 075 365

Dry

Total 1358 4825 1452 1556

(% of the total) (22) (78) (48) (52)

Main channel 853 2.2 1876 817 5 4083 794 1.8 1429 794 2.8 2222

Wet Tributaries 1292 11 1422 1483 1 1483 596 0.9 536 596 14 834

Total 3297 5566 1965 3057

(% of the total) (37) (63) (39 (61)
Total dry season a 6183 3008
(% of basin area) (1.3) (1.1)
Total wet season o 8863 5022
(% of basin area) (1.9 (1.8)

Table A2. Estimated stream length (L), width (W), and area (o) for the upper and lower Arboleda and Taconazo stream networks
(main channel plus tributaries) during the dry and wet seasons. Stream length was estimated using ArcGIS tools from a 5-m digital
elevation model (DEM) created from LIiDAR data [Kellner et al., 2009; Zanon, 2011]. The stream sections were classified as main
channel, perennial tributaries (>100 m) and intermittent tributaries (<100 m). Intermittent tributaries were assumed to be dry during
the dry season. For the Taconazo and the upper section of the Arboleda, the main channel was assigned a width based on field
measurements within the study reach, and the flowing tributaries were assumed to be 50% narrower than the main channel. For the
lower section of the Arboleda, the main channel was assigned a width based on field measurements within the study reach and the
flowing tributaries were assumed to be 0.5 and 1 m wide during the dry and wet seasons, respectively. Surface area was calculated as
the product of length and width.
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Arboleda Taconazo
. Dry season Wet season Dry season Wet season . .
Variable Upper Lower Upper Lower Upper Lower Upper Lower Uncertainty is:
section section section section section section section section
n 0.7+0.2 0.7+0.2 0.7+0.2 0.7+0.2 0.7+0.2 0.7+0.2 0.7+0.2 0.7+0.2 The interval between theoretical models:
Surface renewal model (n = 0.5) and
stagnant film model (n =1).
Sccoz 478+30 458+30 449+30 450+30 481+30 496+30 449+30 448+30 95% Prediction bands (Figure S2)
SCcarie 833175  795%175 777175 780+175 839+175 8671175  778+175 776175 95% Prediction bands (Figure S2)
SCcha 553+100 531+100 520+100 522+100 556+100  572+100 521+100 520+100 95% Prediction bands (Figure S2)
Kcams 23+2.3 3.6+2.1 42.94£7.0 3.6+2.1 22+0.8 27.2+3.7  31.8+7.2 10.8+4.3 For Taconazo and upper section of
Arboleda: 95% CI derived from error
propagation of the calculation (equation
15). For the lower Arboleda: 95% ClI
derived from the four measurements
obtained throughout the year.
[COz)eq 17.1+0.9 19.4+0.9 16.0+0.8 16.6+0.8 173109  17.9+0.9 15.8+0.8 17.6+0.9 95% CI of variation in 1-min
(UM) measurements made with the IRGA at the
time of the experiment.
[CO2]ag 215430 1189483 111416 1235186 187426 267+37 143+20 219431 95% CI of annual variation in CO;
(UM) concentration estimated from weekly
samples of dissolved inorganic carbon
[CH4)eq 7.0+0.1 7.0+0.1 19.0+0.1 19.0+0.1 7.0+0.2 7.0+0.1 19.0+0.3 23.0+0.7 95% ClI of variation in air samples
(nM) collected during the experiment.
[CH4laq 0.7+0.2 0.8+0.1 0.6+0.1 1.6+0.1 0.9+0.6 1.1+0.3 2.5+1.1 2.7+0.3 95% ClI of variation in water samples
(UM) collected during the experiment.
Depth 0.08+0.03 0.89+0.18 0.19+0.03  0.82+0.18 0.08+0.02 0.09+0.05 0.14+0.03  0.2+0.05 95% CI of variation in measurements
(m) taken at the time of the experiment.
Area 1358+489 4825+193 3297+1187 55664223 1452+131 1556+373 1965+177 30571734 25% of the difference in a estimates
(m?) between the dry and wet season.

Table A3. Best estimate for each of the parameters * the uncertainty used in the Monte Carlo simulation to estimate the confidence
interval (CI) for annual C degassing flux (F). Because the Schmidt number (Sc) is temperature dependent it can vary throughout the
year, however the variation in water temperature between the dry and wet season was < 3°C; this variation would cause a change in Sc
lower than the 95% prediction bands for equations [10], [11], and [12] (Figure S2). The regression prediction intervals from Figure S2
were used in the Monte Carlo simulation as the uncertainty associated with Sc. For [CO2]4q, variation in weekly measurements at the
weirs was taken rather than variation during the gas exchange measurements, as a metric that is more relevant to scaling up over the

year.
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Factor in Montecarlo simulation Arboleda | Arboleda | Taconazo | Taconazo

dry season | wet season | dry season |wet season
n ] 9.1% 9.0% L 9.2% 9.0%
SC oz inthe upper section 0.1% 04% || 1.2% 1.7%
SC c3ng N the upper section | 0.3% 15% ||| 4.0% 6.0%
SC ey inthe in the upper section 0.0% 0.0% 0.0% 0.1%
K caug 1N the in the upper section | 0.2% 15% | 1.0% 8.5%
[CO,]eq inthe inthe upper section 0.0% 0.1% 0.1% 0.2%
[CO, ], inthe inthe upper section | 0.3% 15% ||| 42% 5.8%
[CH ]y inthe upper section 0.0% 0.0% 0.0% 0.0%
[CH 4], inthe upper section 0.0% 0.0% 0.1% 0.3%
Depth in the upper section |  0.8% 15% || 6.5% 9.1%
Stream surface area in the upper section 0.8% 33% || 2.4% 3.4%
SC oy iNthe lower section | 3.7% 34% || 2.3% 2.1%
SC caps 1N the lower section I 12.5% 11.5% || 17.8% 7.1%
SCcpa inthe inthe lower section 0.0% 0.0% 0.0% 0.1%
K c3ng N the inthe lower section BRT% |426% |F17.4% 17.6%
[CO,]¢q inthe inthe lower section 0.1% 00% | 02% 0.2%
[CO,]4q inthe inthe lower section  |F] 5.7% 52% [ 18.3% 6.7%
[CH 4]¢q inthe lower section 0.0% 0.0% 0.0% 0.0%
[CH 4],q inthe lower section 0.0% 0.0% 0.1% 0.1%
Depth in the lower section B 15.9% 156% ([081.8% | 11.2%
Stream surface area in the lower section|l  3.2% 29% |l 13.3% 10.7%

Table A4. Contribution of each input variable to the Monte Carlo-simulated uncertainty in
annual C degassing flux (F).
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Chapter 3: Chamber measurements of high CO2 emissions from a rainforest
stream receiving old C-rich regional groundwater
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Abstract

Carbon emissions from fluvial systems are a key component of local and regional carbon
cycles. We used floating chambers to investigate the CO> flux from stream water to air (fco2) in
the Arboleda, a stream in the lowland rainforest of Costa Rica, fed partly by old regional
groundwater high in dissolved inorganic carbon (DIC). Drifting and static chambers showed fco2
averaging 35.5 and 72.7 umol C m™ s%, respectively, bracketing the previously-published fcoz
value of 56 umol C m™ s obtained using tracer methods in this stream. These values are much
higher than most fco. data in the literature and reflect a large flux of deep crustal (non-biogenic)
CO: out of the Arboleda, a flux that does not represent a component of ecosystem respiration.
Static chambers appeared to overestimate fcoz by creating artificial turbulence, while drifting
chambers may have underestimated fco2 by under-sampling areas of potentially high gas
exchange (e.qg., riffles around coarse woody debris obstructions). Both static and drifting
chambers revealed high spatial heterogeneity in fco at the scale of 5-30 m reaches. Some
observed temporal trends were localized, e.g., among three reaches with repeated measurements
through the wet and dry seasons, (1) only the reach located between the other two showed
significantly lower fco2 during the dry season, and (2) the highest and lowest fcoz were
consistently observed in the reaches farthest upstream and downstream, respectively. Streams
like the Arboleda receiving significant inputs of high-DIC regional groundwater merit additional
study as hotspots for C emissions from terrestrial ecosystems.

Keywords: stream, carbon dioxide, chamber, emissions, flux, regional groundwater, gas
exchange
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1. Introduction

In light of current climate change challenges, the quantification of Earth’s global carbon
(C) cycle is critical for a sustainable future. There is a growing consensus that inland waters may
represent a significant carbon dioxide (CO3) source to the atmosphere (Cole et al. 2007;
Raymond et al. 2013), and degassing of CO> from streams and rivers has received significant
attention in recent years (e.g., Billett and Moore 2008; Butman and Raymond 2011; Campeau et
al. 2014; Hope et al. 2001; Hotchkiss et al. 2015; Jonsson et al. 2007; Richey et al. 2002; Striegl
et al. 2012; Teodoru et al. 2015). Despite the increased interest in understanding biogeochemical
mechanisms driving fluvial emissions of CO,, the role of old regional groundwater, including its
interaction with surface water, has been largely overlooked. Regional groundwater flow is a
hydrogeological process by which groundwater moves long distances through deep subsurface
pathways beneath surface topographic divides, possibly recharging in one watershed and
discharging in another many kilometers away (Toth, 2009; Schaller and Fan, 2009; Smerdon et
al., 2012; Pacheco, 2015), thus creating the potential for long-distance subsurface transport of C
between watersheds and ecosystems. However, little is known about CO2 emissions from
streams and rivers affected by regional groundwater discharge and the potential effects on C
balances of the aquatic and surrounding terrestrial ecosystems.

At La Selva Biological Station in the lowland rainforest of Costa Rica, several streams
and wetlands receive significant inputs of old regional groundwater that has high concentrations
of major ions and dissolved inorganic carbon (DIC) (Genereux and Jordan 2006; Genereux et al.
2009, 2013). This regional groundwater is recharged outside La Selva at higher elevations in the
volcanic Cordillera Central, and enters watersheds at La Selva through the process of interbasin
groundwater flow (IGF) (Genereux and Jordan 2006; Genereux et al. 2005, 2009; Solomon et al.
2010). Quantifying CO2 emissions from tropical streams with this kind of input may be
especially important as they can act as hotspots of CO. degassing (Genereux et al. 2013; Oviedo
Vargas et al. 2015) and because tropical streams and rivers are emerging as a key component of
the global C cycle (Alin et al. 2011; Rasera et al. 2013; Richey et al. 2002).

Evasion of CO> from flowing waters can be estimated from the gradient in CO-
concentration across the air-water interface and the gas exchange piston velocity (k, units of
length time™) of CO2 (kcoz). Whole-stream tracer additions (e.g., Genereux and Hemond 1992;
Kilpatrick et al. 1989; Wallin et al. 2011) are generally considered the most robust and reliable
approach for field determination of k in streams and rivers. The method is well-suited for stream
reaches on the order of 100 m to a few kilometers, but not for showing dynamics at a small
spatial scale (e.g., reaches of ~10 m) or for repeated measurements (e.g., frequent monitoring).

A number of recent studies investigating CO2 emissions from streams and rivers have
used floating chambers to measure CO: fluxes (e.g., Billett et al. 2007; Crawford et al. 2013;
Dinsmore et al. 2010; Neu et al. 2011; Rasera et al. 2013; Sand-Jensen and Staehr 2012; Striegl
et al. 2012; Teodoru et al. 2015; Wu et al. 2007). In this technique, the CO; flux across the water
surface is measured by monitoring the buildup of CO> emitted into the chamber. Potential
benefits of this technique include the relatively low financial cost and simplified logistics in
comparison with tracer injections (which facilitates repeated measurements for monitoring), and
the small spatial scale of the measurements, which may allow insights into relationships between
gas exchange and potential controlling variables (insights that may not be possible at the scale of
whole-stream tracer additions). Also, chambers offer direct measurements of CO: fluxes,
eliminating the need to determine kco2. However, the floating chamber technique has been
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criticized for introducing artifacts that affect the estimation of gas exchange rate (e.g., Belanger
and Korzum 1991; Broecker and Peng 1984; Hartman and Hammond 1984; Matthews et al.
2003; Vachon et al. 2010), by means such as sheltering the water surface beneath the chamber
from wind, not sampling riffles or similar high-turbulence areas, inducing turbulence by flow
against the bottom edge of chamber, or warming of chambers exposed too long to direct sunlight,
with potentially different effects depending on whether the chamber is allowed to travel with the
water current (drifting) or is placed in a fixed position (static) (Lorke et al. 2015).

The primary objective of this study was to quantify the magnitude and temporal and
spatial variability of CO. emissions from the Arboleda stream at La Selva Biological Station, a
stream receiving significant inputs of DIC-rich regional groundwater. We used both drifting and
static floating chambers. A second objective was to assess the feasibility of chamber work on this
relatively small rainforest stream (most chamber work has been done in larger rivers). Our third
objective was to examine the differences in results between drifting and static chambers, and
between chambers and previously-published work that used whole-stream tracer methods to
quantify CO2 emissions from the same stream (Oviedo-Vargas et al. 2015).

2. Study site

La Selva Biological Station is a 16 km? tropical rainforest reserve located at the transition
between the Caribbean lowland plains and the foothills of the Cordillera Central of Costa Rica
(Fig. 1). La Selva ranges in elevation from 35 to 130 m. Average annual rainfall at La Selva from
1963 to 2013 was 4.3 m, with February, March, and April as the driest months and July,
November, and December as the wettest (La Selva Biological Station website. Online
meteorological data. http://www.ots.ac.cr/meteoro/default.php?pestacion=2). From 1982 to 2013,
the mean air temperature was 25.0 °C and diurnal changes averaged 9.5 °C (La Selva Biological
Station website. Online meteorological data.
http://www.ots.ac.cr/meteoro/default.php?pestacion=2). Annual evapotranspiration is about 2.1
m in a year of typical annual rainfall (Loescher et al. 2005).

The Arboleda stream at La Selva Biological Station (Fig. 1) drains a surface area of 46.1
ha and has an average annual streamflow of approximately 13 m (annual water discharge
normalized by watershed area; Zanon et al. 2014), of which about 34% comes from regional
groundwater (Genereux et al. 2005). Based on **C age dating, the regional groundwater is
estimated to be much older (2400-4000 years) than the local groundwater recharged in the
lowland watersheds (10 years or less), and this is consistent with other geochemical and
hydrogeological observations (Genereux et al. 2005, 2009; Solomon et al. 2010). Concentrations
of DIC and dissolved aqueous CO> in the Arboleda stream, [DIC] and [CO2]aq respectively,
averaged 4.1 and 2.0 mM in 2010, 4.3 and 2.1 mM in 2011, 4.1 and 2.0 mM in 2013, and 4.2 and
2.0 mM in 2014 (Table 1, Appendix 1).

The regional groundwater input to the Arboleda made it an ideal location for the chamber
work; the CO. degassing flux from the Arboleda was large enough that the deployment time of
the chamber could be reduced to a fraction of what is often needed: 90 seconds rather than 5-60
min (e.g., Matthews et al. 2003; Striegl et al. 2012). This helped limit artifacts from changes in
air temperature, pressure, and air-water concentration gradient inside the chamber. Also, the
Arboleda has few riffles and few emergent natural debris dams of branches and leaves, likely due
in part to the higher stream discharge and depth (about 0.8 m) associated with the large input of
regional groundwater. These physical characteristics, together with a short deployment time,
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facilitated the use of the chamber, particularly for the drifting mode which requires the chamber
to float freely along a stream section.

Nicaragua

/
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R7 |-
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Figure 1. Arboleda stream at La Selva Biological Station in Costa Rica. The black arrow in the
map showing chamber measurement locations indicates the direction of stream flow. The drifting
chamber measurements were conducted in reaches R1 to R12 (in green). Static chamber
measurements were conducted at three points in each of nine cross-sectional transects of the
stream at the locations marked with red asterisks. Repeated measurements during the wet and dry
seasons were conducted with drifting chambers in reaches R6, R8, and R9.

3. Materials and Methods
3.1. Discharge and dissolved CO2 concentration.

During the chamber experiments, volumetric discharge (Q) of the Arboleda stream was
monitored at high frequency (15 min) at a VV-notch weir downstream of the chamber
measurement sites (Fig. 1). Just upstream of the weir, pH was measured weekly using an Oakton
11 pH meter and weekly water samples collected at the same time as the pH measurements were
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analyzed for alkalinity (AlK) using a digital titrator (Hach, Inc.) and 1.6 N sulfuric acid (Hach
Company 2013). [CO2]aq was calculated from Alk and pH following Stumm and Morgan (1996):
oo (Alk + [OH™] — [H* 1
€0y, = a[”(g [H*]) (1)
1 2
where ao, a1, and ap are the ionization fractions for CO; (or carbonic acid H2COs3), bicarbonate,
and carbonate, respectively. The ionization fractions were calculated as:

B Ky  KiK\7* )
0y = (1 + (] + [H+]2)

_ (1 ST K )‘1 (3)
EUTR T W “

(W R 4
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where K and K> correspond to the first and second acid dissociation constants of the carbonate
system (Stumm and Morgan 1996). CO- concentrations derived from alkalinity can be
problematic for systems where pH is very low and/or organic acid concentrations are high (Hunt
et al. 2011; Abril et al. 2015), however this does not represent a major concern for the Arboleda
stream where pH is close to neutral (the mean of weekly measurements from 2010 to 2014 was
6.4), and DOC concentrations are low (averaging 93 uM; Genereux et al. 2013).

3.2. Chamber measurements

Degassing fluxes of CO: (fcoz) from the Arboleda stream were measured using floating
cylindrical chambers that penetrated about one cm below the stream surface. An infrared CO>
sensor (GMP343, Vaisala, Inc.), a temperature/humidity sensor (ChipCap2™, GE Measurement
& Control), and a mixing fan were built inside the chamber. A microcontroller board (Arduino,
LLC) with SD storage, a display, and a 12 V battery (1300 mAh) were housed in an enclosure
secured on top of the chamber. Two chambers used in this work had different water coverage
area and floatation devices. One chamber had an area (A) of 0.126 m?, headspace volume (V) of
10.9 L, and two rectangular Styrofoam pieces for floatation. The Styrofoam pieces were placed
~10 cm from the outer wall of the chamber on opposite sides of it (Fig. 1, Appendix 1). A
smaller chamber (A = 0.041 m?,V = 5.6 L) remained afloat by means of a Styrofoam ring fixed
~5 cm from the outer wall of the chamber (Fig. 2, Appendix 1). The floating devices were not
installed directly adjacent to the chambers to ensure that the stream surface area contributing to
the measured flux was limited to the footprint of the chamber (Figs. 1 and 2, Appendix 1).

During static deployment the chamber was held in place for 90 s, and during drifting
deployment the chamber was allowed to be carried downstream by the water current for 90 s. For
each measurement, the drifting chamber was released from the same location three times (or a
sufficient number of times to capture three complete replicate runs). If the drifting chamber got
caught at the stream edge or on any obstruction, data were discarded and the measurement was
repeated. Before static or drifting measurements a 30-s air flush was conducted holding the
chamber upside down to remove the chamber air from the previous run with the help of the fan.
Observed increases of chamber CO> concentrations during the last 30 seconds of chamber
deployment were used to calculate values of fcoo, the rate of CO» flux out of the stream water
following equation (5):
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10VP dC (5)

co2 — m ) E
where fcoz has units of pmol CO2; m? s, V corresponds to the chamber volume (cm?), P is the
air pressure in the chamber (assumed equal to 1 atm, or 101.3 kPa), A represents the chamber
area (cm?), R is the universal gas constant (8.314 cm® MPa K* mol™?), T is the chamber air
temperature (K), dC/dt is the rate of change of gas phase CO- concentration in the chamber (ppm
s, i.e., umol of CO2 per mol of bulk gas, per second), and 10 is a factor that accounts for unit
conversions. All chamber measurements had linear increases of CO, with R? > 0.95 (88% had R?
> 0.99).

The spatial variability of fcoz in the Arboleda stream was examined using both static and
drifting chamber measurements. Drifting chamber measurements with the smaller chamber (Fig.
2, Appendix 1) were conducted on 17-18 August 2014 in 12 reaches (R1 through R12) spaced
along a 348-m section of the Arboleda stream (Fig. 1). The length of the reaches varied between
4 and 32 m (the approximate length of reaches R1 through R12 was 10, 13, 8, 32, 9, 20, 12, 7,
10, 12, 4, and 9 m, respectively). Water velocity was measured at three or four locations within
the path followed by the drifting chamber in each deployment, using a Flowtracker hand-held
acoustic Doppler velocimeter. Measurements with the static chamber were conducted on 31 July
2014 at nine different cross-sections of the stream (three points per cross-section) in the lower
part of the 348-m stream section (Fig. 1), using the larger chamber (Fig. 1, Appendix 1). Water
velocity was measured at the chamber locations in these nine cross-sections using a Flowtracker.
In addition, five static and seven drifting measurements were made within a single small reach of
the Arboleda stream near reach R9 within a 35-minute period on the morning of 16 August 2014,
using the small chamber (Table 2, Appendix 1).

To examine temporal variability of fcoz, we used the smaller chamber in drifting mode to
measure fcoz values in three of the 12 reaches used in the spatial survey (R6, R8, and R9, Fig. 1)
on 11 days from October 2014 to November 2014 (during the wet season) and six days from
March 2015 to April 2015 (during the dry season). In each reach, deployments were conducted
five to 15 times on each measuring day.

3.3. Statistical analysis
We used t-tests to determine if (1) average fco2 measured with the smaller chamber in

drifting mode was different from that measured with the same chamber in static mode (16
August 2014); (2) average fco2 measured with the static chamber on 31 July 2014 was
significantly different from that measured with the drifting chamber on 17 August 2014 (in the
stream section in which both sets of measurements were conducted). A two-way analysis of
variance (ANOVA) was used to determine significant differences in fco, among reaches and
seasons (n = 11 per reach during the wet season and n = 6 per reach during the dry season).
Significant ANOVAs were followed by Tukey’s honest significant difference (HSD) for multiple
comparisons. Pearson correlation coefficient (r) was used to examine the linear correlation
between fco2 and water velocity during the spatial variation measurements on 31 July and 17-18
August 2014. Statistical analyses were performed in Sigma Plot 11. Significance was tested at
the 95% confidence (P-value, P < 0.05).

4. Results
4.1. Spatial survey (static and drifting chambers, wet season)
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Average stream discharge was 10.4 m® min’ during the period of the static chamber
measurements on 31 July 2014, and 11.0 and 11.5 m® min! during the drifting chamber
measurements on 17 and 18 August 2014, respectively (Table 1). [CO2]aq measured weekly at
the weir during this part of the study period (27 July 2014 to 24 August 2014) was 1.4+0.2 mM
(mean + standard deviation, SD). Results for fco> from the static chamber averaged 72.7 umol C
m2 st and ranged from 9.9 to 157.6 umol C m2 s (n = 27, Table 1, Fig. 2a). Results from the
drifting chamber in reaches overlapping with locations of the static chamber (R7 to R12 sampled
on 17 August 2016) averaged 24.4 pmol C m? s and ranged from 14.2 to 43.1 umol C m2 s (n
=18, Table 1, Fig. 2a). Mean fco> from static chambers was 3.0 times higher than that from
drifting chambers and this difference was statistically significant (t-test, ta3= 4.55, P <0.001).
Average fco, from the drifting chamber in all 12 reaches was 35.5 pmol C m? s (range: 14.2-
104.2 pmol C m?s).

Table 1 Carbon dioxide degassing flux (fco2) from the Arboleda stream estimated using static
and drifting chambers. NA = not applicable.

Chamber Date Stream Reach Mean fco2 n CV
discharge? (length) (min-max) %
m3 min! umol C m? st
Wet season spatial survey

Static 31 Jul 2014 10.4 NA 72.7° 27 52
(9.9-157.6)

Drifting 17 Aug 2014 11.0 R7-R12° 24.4 18 44
(4-12 m) (14.2-43.1)

17 & 18 Aug 2014 11.0& 115 R1-R12 355 36 68
(4-32 m) (14.2-104.2)

Repeated measurements, wet and dry season, three reaches

Drifting Wet season 9.4-19.0 R6 38.1 90 18
(11 days, (20 m) (28.7-49.2)

15 Oct 2014 to R8 26.3 90 13
10 Dec 2014) (7 m) (21.2-32.3)

R9 19.1 90 26
(10 m) (12.2-28.4)

Dry season 8.8-9.9 R6 34.3 83 7

(6 days, (20 m) (31.1-37.8)

25 Mar 2015 to R8 17.8 84 31
29 April 2015) (7 m) (11.3-24.9)

R9 16.1 84 6

(10 m) (12.6-20.5)

Overall 8.8-19.0 R6, R8, & R9 26.0 522 37
(7-20 m) (11.3-49.2)

4Average of discharge values recorded at the weir (15-min frequency) during the fco, measurements.
®Average of all 27 measurements at 9 different stream cross-sections.
“The six drifting chamber reaches that overlapped with the sites of the static chamber measurements.
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Figure 2. (a) Box plot for all 27 static chamber measurements of fco. conducted at 9 different
cross sections of the stream on 31 July 2014, and 18 drifting chamber measurements made on 17
August 2014 in reaches that overlap spatially with the static measurements (R7 through R12 in
Fig. 1, and gray box in Fig. 2.c.). (b) fco2 measured with a static chamber in 9 transects on 31
July 2014. Error bars represent the standard error of the three repetitions made in the same
transect. Inset shows stream water velocity versus static chamber fcoz. (¢) fco. measured with a
drifting chamber in reaches 1 through 12 on 17-18 August 2014. Error bars represent the
standard error of the three repetitions made in the same reach. Reaches within the gray box (7
through 12) overlapped spatially with static chamber measurements (Fig 2.b.). Inset shows
stream water velocity versus drifting chamber fcoz for all 12 reaches; horizontal and vertical error
bars are the standard error of the three drifting repetitions made in each reach, and the three or
four measurements of stream velocity made along the path of the chamber, respectively.

The coefficient of variation (CV) for fco. measured with the static chamber was 53%
(Table 1). For the drifting chamber, the CV was 44% for reaches R7 through R12 (overlapping
with static chamber measurements) and 68% for reaches R1 through R12 (Table 1). Static

56



chamber fcoz values were positively correlated with stream velocity measured at the location of
the chamber deployment (Pearson r = 0.85, P < 0.0001, Fig. 2b inset). No correlation was
observed between fco. measured with the drifting chamber and water velocity (r = 0.27, P =
0.391, Fig.2c inset).

Five static and seven drifting measurements were made with the smaller chamber near
reach R9 within a 35-minute period on 16 August 2014; the ratio of static to drifting CO-
degassing flux was 3.3 (Table 2, Appendix 1), similar to the ratio of 3.0 from more numerous
measurements at more sampling locations when static chamber measurements were done on 31
July 2014 and drifting chamber measurements were done on 17 August 2014.

4.2. Repeated measurements (drifting chamber, wet and dry seasons)

Stream discharge at the Arboleda during the study periods included frequent high flow
events throughout the wet season (October 2014 - December 2014), in particular during
December (Fig. 3a), and a steadier baseflow discharge during the dry season (Fig. 3b). [CO2]aq
measured at the Arboleda weir during the wet and dry season study periods averaged 2.4+0.3
mM and 2.4+£0.4 mM (Fig. 3a and 3b), respectively.
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Figure 3. Wet season (a) and dry season (b) continuous stream discharge (every 15 min) and
weekly dissolved CO> concentration at the Arboleda weir, and wet season (c) and dry season (d)
repeated measurements of fcoz using the drifting chamber in reaches R6, R8, and R9. Error bars
represent standard error (SE) of the 5-15 repetitions made each day at each reach.
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Among the reaches repeatedly sampled to assess temporal variability, fco> generally
decreased from upstream to downstream (R6>R8>R9, Fig. 3c and 3d): during both wet and dry
seasons, mean fcoz in R6 was significantly higher than the mean values in R8 (Tukey’s HSD, P <
0.001; dry and wet season) and R9 (Tukey’s HSD, P < 0.001; dry and wet season), and mean
fco2 in R8 was significantly higher than that of R9 but only during the wet season (Tukey’s HSD,
P < 0.001 and P=0.78 for the wet and dry seasons, respectively). Through the wet season, fco2
averaged 38.1, 26.3, and 19.1 pmol C m2 s in reaches R6, R8 and R9, respectively (Fig. 3c,
Table 1). In the dry season, fco, averaged 34.3, 17.8, and 16.1 pmol C m? st in reaches R6, RS,
and R9 respectively (Fig. 3d, Table 1). Although mean fcoz in all three reaches was lower during
the dry season, this difference was only significant in R8 (Tukey’s HSD for R6, R8, and R9 had
P values of 0.139, < 0.002, and 0.273, respectively). In general, decreased variability in fco2
measurements was observed during the dry season relative to the wet season (Fig. 3, Table 1). A
significant relationship was observed between fco. and discharge in reaches R6 and R9, but that
was not the case for R8 (Fig. 4). In reaches R6 and R9, discharge explained about 35% of the
variation in fcoz, however these relationships are sensitive to data from two high discharge
events in December 2014 (Fig. 4).

5. Discussion
5.1. Magnitude of CO2 emissions from the Arboleda

Regardless of the season or chamber mode (static or drifting), fco> values measured in the
Arboleda were at least 10 times higher than most average values reported for other streams and
rivers in studies using floating chambers, whether tropical, temperate, or polar (Table 2).
Emissions reaching magnitudes similar to those from the Arboleda (average fco2 = 35.5 umol C
m2 st for drifting chambers) were reported by Neu et al. (2011) from a tropical headwater
stream in Brazil (Table 2), apparently linked to stream inputs of groundwater carrying CO> from
microbial respiration of deep soil organic matter (Johnson et al. 2008). Teodoru et al. (2015)
measured emissions comparable to those in the Arboleda stream in some locations of the
Zambezi River in Africa (Table 2), downstream of wetlands or floodplains. Unlike the systems
investigated by Neu et al. (2011) and Teodoru et al. (2015), in which high CO, emissions were
associated with local enrichment of surface water or young groundwater with biogenic COz, high
fco2 from the Arboleda stream results from a large input of CO- of deep crustal origin (Genereux
et al. 2009) by discharge of old regional groundwater to the stream (Genereux et al. 2009;
Oviedo-Vargas et al. 2015). The distinction is important because the processes fueling fluvial
COz emissions influence how this flux should be accounted for in the C budgets of ecosystems.

In recent years, it has become apparent that terrestrial respiration can be underestimated if
CO2 export by streamflow or stream degassing is ignored, thereby overstating the land asa C
sink (Aufdenkampe et al. 2011; Cole et al. 2007). However, that is only true if the exported or
degassed CO:z is biogenic. If this COz is instead of geological origin, as in the Arboleda stream,
then it does not represent ecosystem respiration, and counting it as part of ecosystem respiration
in an ecosystem C budget may lead to overestimation of ecosystem respiration and
underestimation of the true C sink strength of the ecosystem. Thus, understanding the origin of
stream CO (which may be connected to regional as well as local hydrogeology) is critical for
using field data to address the fundamental question of whether the ecosystem is a net source or
sink for CO». This has recently been stressed for peatlands where there is evidence of CO>
emission of geological origin (Billett et al. 2015), but remains largely overlooked. Results from
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the Arboleda are among the few that shed light on how old regional groundwater (as opposed to
much younger shallower local groundwater) influences understanding of the C source/sink status
of ecosystems. However, the Arboleda is very unlikely to be a unique case, given that the
hydrogeological factors resulting in high fco> at the Arboleda have been documented not only for
the Central American isthmus (e.g., Pringle et al. 1993) but globally (e.g., Genereux et al. 2013
and references therein). Streams like the Arboleda may represent relatively common hotspots for
CO2 emission and thus merit a closer look regarding their degassing fluxes.
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Table 2 Summary of studies using chambers to measure CO, fluxes (fcoz) from streams and rivers. NS = not specified. SD = standard deviation.

Reference Zone/Site Chamber specifications Drifting or static  Deployment Mean fco2 n
chamber time (min-max)
(wall depth)? umol m2s!
This study Tropical/Arboleda Polypropylene chamber with Static 90s 72.7 27
stream, Costa Rica built-in fan and IR CO; sensor. (1 cm) (9.9-157.6)
A=0126m?V=109L
Polypropylene chamber with Drifting 90s 35.5 68
built-in fan and IR CO; sensor. (1 cm) (14.2-104.2)
A=0.041m?V=56L
Billett et al. Temperate/Peatland Polypropylene chamber with NS 10 min 3.9 27
(2007) catchments, UK circulation system to IR CO- (2-3 cm) (1.5-9.5)
sensor.

A=0.073m?V=9.0L
(Billett et al. 2006)

Billett and Temperate/Streams Polypropylene chamber with Static 15 min 4.0 24
Moore draining the Mer Bleue circulation system to IR CO; (NS) (0.8-11.5)°
(2008) bog/Canada sensor.
A=0.1450m? VvV =19.1L
Wou et al. Subtropical/Danshuei  Acrylic chamber with electronic Static 60 min NS 54
(2007) and Gaoping Rivers, fan, thermometer and sampling (NS) (-2.0-8.1)°
Taiwan ports.
A=0.064m?V=18L
Dinsmore et  Temperate/Black Burn Polypropylene chamber with Static® NS NS 20
al. (2010) stream, Scottland circulation system to IR CO> (NS) (0.8-7.5)°
sensor.

A=0.1450m? V=19.1L
(Billett and Moore 2008)

Neuetal.  Tropical/Tanguro River Plexiglass chamber with Drifting® 6 min 17.7' >40
(2011) 1% order tributary, circulation system to IR CO> (NS) (15.0-25.4)¢
Brazil sensor.
A=0.125m?V=135L
Sand- Temperate/Pgle and Elongated tubular chamber with Static 150's 5.15" 600
Jensen and Havelse streams, circulation system into IR CO; (1 cm) (0.29-13.89)"
Staehr Denmark Sensor.
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(2012) A=0117m?V=19.1L
Striegl et al. Temperate- Chamber with circulation Static in small 5 min 3.60' 365
(2012) Polar/Yukon River system IR CO; sensor. streams, drifting in
system, North America A=007m2V=205L rivers
(2.5cm)
Crawford Temperate/Alaskan Clear polycarbonate chamber Static 5 min 5.10 94
et al. (2013) headwater stream (similar to a canoe to limit (2 cm) (0.5-18.5)
network, U.S. disruptions to near-surface
turbulence) with circulation
system into IR CO; sensor
Huotari et Temperate/Kymijoki Opaque cylinder with a built-in  Drifting and static NS 0.98+0.76(SD) 8
al. (2013) River, Finland fan and IR CO; sensor. (2cm)
A=0.028m? V=68L
Rasera et Tropical/Amazon Plexiglas chamber with Drifting 5 min NS >300"
al. (2013) tributaries circulation system into IR CO; (2-3 cm) (-0.2-12.2)
sensor.
A=0125m?>V=106L
Panneer Tropical/Rivers in Plastic chamber with circulation Drifting 18 min 0.23+0.44(SD) 24
Selvam et Southern India system into IR CO; sensor. (3cm) (0.11-1.51)
al. (2014) V=65L
Campeau et Temperate/Streams and  Plastic chamber thermometer Drifting 10 min 0.85 110
al. (2014)  rivers in the Abitibiand  and circulation system into IR (NS) (0.02-5.66)'
James Bay regions, CO; sensor.
Canada A=009m3V=16L
Crawford Temperate/Streams in Clear polycarbonate chamber Static 5 min 5.9 93
et al. (2014) Wisconsin and (similar to a canoe to limit (2 cm) (-0.6-23.5)"
Michigan, U.S. disruptions to near-surface
turbulence) with circulation
system into IR CO; sensor
(Crawford et al. 2013)
Teodoru et Tropical/Zambezi PVC chamber with Drifting" 30 min 14 36
al. (2015) River, Africa thermometer and circulation (7 cm) (-0.3-30.8)°
system into IR CO- sensor.

A=011mV=17L
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Lorke etal. Temperate/Five streams  Circular chamber with off-axis Static NS 8.3+3.3(SD)¢ 18

(2015) in Germany and Poland integrated cavity output (2.8 cm)
spectroscopy gas analyzer. Drifting 4.2+1.6(SD) 4 18
A=0126m?V=168L (1.8 cm)
Temperate/Bode River Rectangular chamber with Static Up to 5 min 3.5+1.7(SD) 1 27
in Germany circulation system into IR CO; (2.3 cm)
sensor. Drifting 0.6+0.3(SD) ¢ 27
A=0.098m?V=147L (2.3 cm)
Temperate/Three Circular chamber with built-in Static NS 1.2+0.5(SD)“ 24
streams in Upper Rhine low-cost CO; logger (2.5)
Valley, Germany A=0.066m?V=68L Drifting 0.6+0.4(SD) 1 24
(2.5cm)

& Length of the chamber wall below the water surface.

bCalculated from average of 47.9 and range of 2.41-137.83 pg C m?2 s, reported by Billett and Moore (2008) in Table 11 for flowing waters.
“Estimated from Figs. 1 and 2 in Wu et al. (2007).

dpersonal communication

®Estimated from Fig. 2 in Dinsmore et al. (2010): 8-90 ug C m2 st. Measurements of floating chambers were used to upscale evasion rates
determined from reaeration flux equations (Dinsmore et al. 2010).

'Calculated from average of 766 mg C m? h! reported by Neu et al. (2011) in Table 4.

9Estimated from Fig. 4 in Neu et al. (2011).

hCalculated from values reported in mmol C m?2 d* by Sand-Jensen and Staehr (2012) in Table 3.

'Calculated from 311 mmol C m of water surface d* as reported in Table 1 by Striegl et al. (2012).

JEstimated from Fig. 2 in Crawford et al. (2013).

kEstimated as the number of campaigns in which chamber were deployed times an average of 4 deployments per campaign as indicated by Rasera
et al. (2013).

ICalculated from Table 2 in Campeau et al. (2014). Overall mean and range: 888 and 19.70-5,879 mg C m2 d-.,

MCalculated from mean (range) = 0.51 (-0.05-2.03 mol m2 d!) reported by Crawford et al. (2014).

"Whenever possible, flux chamber measurements were performed in both static and drift mode, but these data represent results from drift mode
(Teodoru et al. 2015).

PEstimated from Fig. 9a in Teodoru et al. (2015).

9 Calculated from values reported in mmol m2 d* in Table 2 of Lorke et al. (2015).
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5.2. Spatiotemporal dynamics of CO2 emissions

Floating chambers proved to be both practical and informative in investigating CO>
fluxes from the Arboleda stream at a small spatial scale (at the fixed locations of static chambers
and the small reaches defined by chamber drift paths of 5-30 m), and repeatedly through time.
Both drifting and static chambers showed high spatial variability in fco. within the 348 meters of
stream length studied (Fig. 2). Spatial differences appear to be maintained though time, as shown
by the repeated measurements at reaches R6, R8, and R9 (Fig. 3); with few exceptions, fcoz
generally decreased from upstream to downstream (from R6 to R8 to R9). These results suggest
that small-scale geomorphic characteristics of the stream locations play a significant role in the
magnitude of the CO> fluxes, consistent with results from the spatial survey. For example, in
reach R4 where the highest fco2 was measured (Fig. 2), water spilled over a tree log partially
submerged perpendicular to the stream flow, and the log also directed a large part of the water
flow into a small cross-section of the stream. Comparing among reaches R6, R8, and R9, R6 (20
m) was straight with relatively shallow and fast-flowing stream water, R8 (7 m) included a bend
in the channel and slow flow, and R9 (10 m) was straight with slow flow impounded by a large
log near the end (all flow went underneath the log). To obtain representative CO> fluxes from
fluvial systems, it appears critical to deploy chambers at numerous locations of varying
hydraulic/geomorphic character throughout the reach of interest.

Temporal variation in fco. was lower than spatial variation. The coefficient of variation
(CV) in fcoz was about 10-30% for each individual reach (R6, R8, or R9) within an individual
season, wet or dry (Table 1), which is lower than the CV of 50-70% obtained from the wet
season spatial surveys (Table 1). Repeated drifting chamber measurements showed that overall,
differences in CO; fluxes between seasons were small and that higher variability in fco2 occurred
during the wet season (Fig. 3). Also, in reaches R6 and R9, fco2 and stream discharge at the weir
were positively related (Fig. 4) and fco2 was not significantly different between the wet and dry
seasons, while reach R8, located between R6 and R9, had the opposite behavior: no statistically
significant relationship between fco. and stream discharge (Fig. 4), and significantly different
fco2 between seasons. These differences between reach R8 and reaches just upstream (R6) and
downstream (R9) may lie in some as-yet unrecognized connection between CO, emissions and
small geomorphic or hydraulic variations along the channel such as those mentioned for R6, R8,
and R9 in the previous paragraph. The variation we have observed in CO- fluxes and their
linkages to season and to stream discharge suggests the usefulness of chambers in revealing new
insights regarding stream CO> emissions, but also highlights the underlying complexity of those
emissions, with possible biological, hydrological, hydraulic, and other controls.

5.3. Static and drifting chambers
Measurements made within a 35-minute period on the morning of 16 August 2014

showed the ratio of static to drifting fco. was 3.3 (Table 2 APPENDIX 1), similar to the ratio of
3.0 found with more numerous measurements at more sampling locations when static chamber
measurements were done on 31 July 2014 and drifting chamber measurements were done on 17
August 2014. This is within the range of static to drifting fco2 ratios (2.0 to 5.5) found recently
by Lorke et al. (2015) for three data sets representing eight different streams and one river in
Germany and Poland (Table 2). Of course, it is possible that the static/drifting ratio of 3.0 from
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our Arboleda data was determined in part by an actual difference in fco2 from 31 July to 17
August (i.e., not solely the difference between static and drifting chambers).

CO- degassing flux from a stream can be expressed as: fco2 = kco2(C — Csat) = Aco2D(C -
Csat), Where kcoz is the gas exchange piston velocity for CO2 (length time™?), C is the aqueous
COz2 concentration in the stream water, Csat iS the aqueous CO2 concentration that would be in
equilibrium with atmospheric CO2, Aco2 is the first-order gas exchange rate constant for CO>
(time™), and D is the stream depth (Rathbun and Tai 1982; Duran and Hemond 1984; Parker and
Gay 1987). Given an atmospheric CO> concentration, there are three stream controls on fcoz:
Acoz, D, and C. The first-order gas exchange rate constant has been observed to be relatively
steady over at least an order of magnitude range in stream discharge (Genereux et al. 1992),
supporting the idea that it is unlikely there was significant change in Aco2 from 31 July to 17
August (stream discharge increased by only about 6%; Table 1). Measurements at the Arboleda
weir indicate that from 27 July to 24 August 2014, C increased by about 26% (Table 1,
Appendix 1) while D increased by about 3% (from 35 to 36 cm), suggesting a potential increase
in fco2 of about 29% during this time, corresponding to a hypothetical static (31 July) to drifting
(17 August) ratio of 0.78. The observed ratio of 3.0 is much closer to the estimate of 3.3 from
the 16 August 2014 measurements. Thus, while some change in fcoz from 31 July to 17 August
cannot be ruled out, the ratio of fco2 between those dates seems to be controlled more by
differences between the static and drifting chambers, and the ratio of 3.3 from 16 August (when
static and drifting measurements were made within 35 minutes) indicates that static chambers
yielded fcoz values about 3 times those from drifting chambers on the Arboleda.

We found that stream water velocity in the Arboleda was highly correlated to fco2
measured with the static chamber but not the drifting chamber (Fig. 2). Teodoru et al. (2015) also
report a strong linear correlation between fco2 and stream water velocity beneath static chambers.
In Danish lowland streams, Sand-Jensen and Staehr (2012) found logkco2 determined using static
chambers strongly correlated to the logarithm of stream velocity (their Table 2), and discussed
the potential benefits of such a relationship for scaling up (i.e., estimating values of kco2 for a
stream system based on measured or modeled stream velocity). However, Teodoru et al. (2015)
viewed their correlation as an artifact of induced turbulence from the disturbance of stream flow
by the lower part of the chamber walls, and fco2 values measured with static chambers were
excluded from their results because of this. Lorke et al. (2015) attributed elevated gas fluxes
beneath static chambers (relative to drifting chambers) to the increased turbulence found
beneath, and caused by, static chambers. In our results from the Arboleda stream, the positive
correlation of fco2 with stream velocity for static chambers and lack of correlation for drifting
chambers are consistent with the static chamber introducing artificial turbulence as stream water
flowed past the lower edge of the chamber, enhancing stream degassing and resulting in
overestimation of fcoo.

The mean fcoz values from the static and drifting chambers (73 and 36 pmol C m2 s,
respectively) overestimate and underestimate, respectively, what is likely the best estimate of
overall CO, emissions: the mean fcoz of 56 pmol C m2 s determined using tracer injections of
propane and chloride to estimate kco. (Oviedo-Vargas et al. 2015) in the same section of the
Arboleda where the chamber measurements were conducted (R1 to R12 in Fig. 1). The tracer
injections were conducted on August 4 and 6, 2014, in between the measurements with static
chambers (31 July) and drifting chambers (17-18 August). To our knowledge, only one other

64



direct comparison between chamber and tracer methods at approximately the same time and
place has been published for a stream (Crawford 2012; Crawford et al. 2013). In an Alaskan
stream reach, Crawford (2012) measured kcoz five times using propane injections (reach length <
400 m), followed immediately by the deployment of static chambers at the downstream end of
the reach; kco2 based on the propane work was 1.9x higher than that from the static chambers.
Crawford’s results contrast with our results that showed higher fco2 values from static chambers
than from injected tracer work. It is possible that in the study by Crawford (2012), the CO>
fluxes at the downstream end of the reach were not representative of the reach used for the tracer
injections.

Assuming the tracer-based value of fcoz is the best estimate, our results suggest that the
drifting chamber underestimated fco.. The paths of the drifting chamber may have been biased in
favor of obstacle-free areas in the thalweg where the chamber was generally released. If there
was higher CO> flux near natural debris dams of logs, branches, and leaves and/or near the
stream edge where water was shallower, then the under-sampling of these areas by the drifting
chamber may explain the lower fco. from the drifting chamber. Assessment of lateral variation in
fco2 across the channel should be a focus in future work with drifting chambers.

Doyle and Ensign (2009) suggest different potential benefits for environmental
measurement reference frames that are fixed in place (Eulerian) or following individual water
parcels (Lagrangian). In the case of estimating stream water degassing with floating flux
chambers, our results and those of Lorke et al. (2015) suggest a systematic bias (overestimation
of reach-scale degassing flux) from fixed (static) chambers in streams, and our results further
caution that even drifting chambers may contain bias (in our case, underestimation of reach-scale
degassing flux), perhaps arising from the drifting chamber preferentially following paths that are
not fully representative of gas exchange within the reach.

Models of stream gas exchange based on correlations with stream hydraulic parameters
have been and remain problematic as predictive tools (Genereux and Hemond 1992; Raymond et
al. 2012; Wallin et al. 2011). For instance, using hydraulic parameters from the Arboleda in
empirical equations presented by Raymond et al. (2012) to determine k, we estimated that fco> at
the Arboleda spanned almost a factor of 3 (58-155 pmol C m s, Table 3, Appendix 1), and the
equations presented by Raymond et al. as having the highest predictive power (equations 1 and 7
in their Table 2) gave the poorest agreement with Arboleda fco> results from the chamber and
tracer injection techniques. With the complexity and incomplete understanding of the dynamics
of CO2 sources and sinks in streams, reliable prediction of stream CO> emissions remains an
elusive goal. Creative and sound application of chamber, tracer, and other methods is critical,
given the emerging climatic and biogeochemical importance of CO, emissions from streams and
rivers and the little-explored role of old regional groundwater in driving high emissions. Drifting
chambers can be an important tool, especially if they can be released in adequate numbers and
from different points across the width of the channel (not all in the center or thalweg) to allow
some to drift near the shoreline where gas fluxes might differ from those in the thalweg.
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Table 1. Dissolved inorganic carbon (DIC) and carbon dioxide (CO.) weekly concentrations (mM) in stream water just above the
120-degree V-notch weir on the Arboleda stream at La Selva Biological Station, from January 2010 to December 2014.

2010 2011 2012 2013 2014

Date DIC CO:2 Date DIC CO:2 Date DIC CO:2 Date DIC CO2 Date DIC CO2
1/2/2010 4.58 2.10 1/3/2011 4.00 1.87 | 01/14/12 4.61 2.23 01/05/13 4.12 2.06 | 01/02/14 4.23 2.03
1/6/2010 3.97 2.41 1/8/2011 3.75 1.61 01/20/12 4.46 2.12 01/14/13 4.35 2.05 01/07/14 4.18 1.90
1/16/2010 4.09 1.79 | 1/17/2011 3.30 1.58 01/30/12 4.58 2.16 01/20/13 4.50 2.12 01/13/14 4.30 1.97
1/22/2010 3.89 1.47 | 1/22/2011 4.00 2.02 | 02/03/12 5.00 2.44 01/25/13 1.70 0.81 | 01/20/14 4.72 2.54
1/30/2010 4.03 1.52 | 1/29/2011 4.18 1.90 | 02/12/12 4.63 2.16 02/03/13 4.47 2.05 | 01/27/14 4.17 1.86
2/6/2010 3.72 1.26 2/6/2011 4.04 1.72 | 02/19/12 4.84 2.32 02/10/13 4.69 2.17 | 02/01/14 4.69 221
2/12/2010 3.94 1.44 | 2/12/2011 3.76 1.42 02/25/12 4.75 2.30 02/17/13 4.78 2.25 02/08/14 4.27 1.87

2/20/2010 3.18 150 | 2/19/2011 4.80 2.50 | 03/04/12 4.45 2.06 02/24/13 4.48 2.00 | 02/16/14 4.10 1.76

2/26/2010 3.73 1.51 | 2/25/2011 4.99 2.60 | 03/11/12 4.39 2.03 | 03/02/13 471 212 | 02/22/14 4.58 2.14

3/5/2010 3.72 1.94 3/6/11 4.26 2.06 | 03/18/12 4.15 1.87 | 03/10/13 4.08 1.94 | 03/02/14 4.35 1.87

3/12/2010 3.85 1.61 3/13/11 4.32 2.00 | 03/25/12 4.45 2.06 | 03/17/13 4.44 1.98 | 03/08/14 4.42 1.88

3/19/2010 3.92 1.67 3/18/11 4.37 2.13 | 03/30/12 4.73 2.29 03/27/13 5.22 2.72 | 03/16/14 4.45 1.95

3/26/2010 3.65 1.57 3/27/11 4.64 2.32 | 04/14/12 4.44 1.98 03/31/13 4.54 2.10 | 03/23/14 4.73 2.29

4/4/2010 3.70 1.24 | 4/2/2011 4.57 2.25 | 04/21/12 4.50 2.10 | 04/06/13 5.18 2.68 | 03/30/14 4.92 2.32

4/9/2010 4.16 1.64 | 4/10/2011 4.56 2.30 | 04/28/12 4.26 1.92 | 04/14/13 5.10 2.32 | 04/06/14 4.64 2.09

4/16/2010 3.76 1.33 | 4/15/2011 4.53 2.19 | 05/05/12 4.36 2.00 04/22/13 4.65 2.19 | 04/13/14 4.60 211

4/25/2010 3.63 1.47 | 4/24/2011 4.54 2.16 | 05/13/12 4.40 2.00 04/28/13 4.54 2.01 | 04/19/14 4.39 1.85

5/1/2010 3.89 1.75 | 4/30/2011 4.69 2.25 | 05/19/12 4.50 2.14 05/04/13 4.77 2.23 | 04/27/14 4.93 251

5/8/2010 3.98 1.84 | 5/8/2011 4.15 2.11 | 05/27/12 4.08 1.84 | 05/12/13 3.99 2.03 | 05/03/14 4.30 1.97

5/16/2010 4.45 2.21 | 5/15/2011 4.85 2.59 | 06/01/12 3.98 2.04 | 05/19/13 4.37 213 | 05/11/14 3.54 2.02

5/21/2010 5.36 3.08 | 5/22/2011 4.40 2.13 | 06/09/12 4.05 191 05/26/13 421 195 | 05/19/14 451 2.09

5/30/2010 4.80 2.50 | 5/29/2011 441 2.15 | 06/16/12 3.84 1.76 06/01/13 4.30 1.90 | 05/26/14 4.08 1.64

6/5/2010 4.89 2.53 6/5/2011 4.37 2.17 | 06/23/12 4.05 191 06/09/13 4.54 2.10 | 06/01/14 4.30 2.10

6/13/2010 2.24 1.43 | 6/12/2011 4.37 2.15 | 07/01/12 4.45 2.21 | 06/16/13 4.14 2.07 | 06/07/14 5.06 2.66

6/18/2010 3.69 1.60 | 6/17/2011 4.12 2.08 | 07/08/12 4.07 1.97 | 06/20/13 3.69 2.03 | 06/15/14 3.85 1.59

6/26/2010 4.98 2.80 | 6/26/2011 3.98 2.04 | 07/14/12 4.08 1.92 06/27/13 4.03 2.16 | 06/22/14 3.40 1.76

7/3/2010 4.42 2.14 7/1/2011 3.99 203 | 07/221124  2.72 1.53 07/06/13 4.33 2.22 | 06/29/14 3.87 1.89

718/2010 5.38 3.05 | 7/11/2011 3.87 1.89 | 08/04/127] 3.63 1.71 | 07/13/13 5.09 225 | 07/07/14 2.68 1.44

7/17/2010 4.39 2.16 | 7/14/2011 3.89 2.01 | 08/11/12 3.10 151 | 07/21/13 3.99 1.75 | 07/13/14 3.59 2.21




7302010 | 489 | 277 | 7/2412011| 423 | 215 | 08/18/12 | 350 | 1.50 | 07/2813 | 369 | 191 | 07/27/14 | 256 | 124
8/7/2010 | 467 | 253 | 7312011 | 429 | 213 | 08/26/12 | 408 | 201 | 080313 | 366 | 1.86 | 0803714 | 271 | 1.30
8/13/2010 | 472 | 244 | 8/72011 | 449 | 219 | 0853112 | 411 | 1.99 | 08/10/13 | 388 | 1.86 | 08/10/14 | 361 | 155
82012010 | 485 | 263 |8/M3/2011| 461 | 225 | 09/09/12 | 369 | 1.63 | 08/18/13 | 403 | 1.83 | 08/24/14 | 3.74 | 156
8282010 | 3.79 | 193 |819/2011| 480 | 234 | 09717712 | 410 | 200 | 08/25/13 | 432 | 200 | 08/31/14 | 446 | 210
/52010 | 439 | 238 | 82612011 | 465 | 223 | 09/22/12 | 400 | 190 | 0900113 | 370 | 1.37 | 09074 | 472 | 252
0112010 | 463 | 251 | 942011 | 461 | 223 | 09/29/12 | 396 | 1.90 | 09/08/3 | 313 | 077 | 09/16/14 | 410 | 183
9172010 | 472 | 236 | 911/2011| 453 | 217 | 10/06/12 | 360 | 1.68 | 09/16/13 | 412 | 184 | 09/21/14 | 457 | 225
9252010 | 419 | 220 | 947/2011| 435 | 205 | 101312 | 413 | 1.98 | 092213 | 384 | 148 | 09/28/14 | 396 | 1.72
10/3/2010 | 406 | 198 | 9/25/2011| 466 | 214 | 1072012 | 528 | 273 | 092013 | 421 | 181 | 1000714 | 433 | 188
10/9/2010 | 439 | 218 102712 | 472 | 236 | 100513 | 408 | 182 | 10/12/14 | 480 | 246

10/16/2010 | 441 | 215 110312 | 450 | 212 | 101413 | 405 | 171 | 101914 | 473 | 231
1012412010 | 438 | 219 111012 | 324 | 1.93 | 102013 | 415 | 165 | 10/26/14 | 430 | 1.92
117712010 | 433 | 222 1118012 | 216 | 132 | 102713 | 449 | 232 | 11/02/14 | 480 | 268
111412010 | 464 | 2.36 11724112 | 364 | 188 | 110313 | 438 | 212 | 12/07/14 | 449 | 223
1172002010 | 427 | 247 1130112 | 347 | 188 | 1111713 | 416 | 1.98 | 11/23/14 | 507 | 279
11/26/2010 | 2.65 | 051 12008112 | 403 | 185 | 111713 | 429 | 1.97 | 11/30/14 | 454 | 261
12/5/2010 | 355 | 1.73 1217712 | 405 | 1.91 | 11/2413 | 424 | 191 | 1214114 | 362 | 234
121202010 | 373 | 1.74 12024112 | 2.83 | 151 | 113013 | 346 | 132 | 12/23/14 | 340 | 197
1212212010 | 383 | 1.68 12/30112 | 375 | 1.97 | 1200713 | 446 | 212
1212702010 | 373 | 1.79 12012113 | 433 | 213
1202113 | 425 | 1.93
1212513 | 388 | 162
n 50 50 39 39 49 49 52 52 48 48
Mean 414 | 198 433 | 211 409 | 197 423 | 1.9 421 | 204
Max 538 | 3.08 499 | 260 528 | 273 522 | 272 507 | 279
Min 224 | 051 330 | 1.42 216 | 1.32 170 | 0.77 256 | 1.24
St Dev 060 | 051 036 | 0.24 059 | 026 055 | 035 059 | 036
((SA)V) 14% | 26% 8% | 11% 15% | 13% 13% | 18% 14% | 17%
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Table 2. CO2 degassing flux (fcoz) measured in a reach of the Arboleda stream on 16 August
2014 (near R9, Figure 1) using the same chamber (Fig. 2) in drifting (n = 5) and static (n = 7)
modes. The two modes of chamber deployment gave significantly different fco2 (t-test, tio =
8.76, P <0.0001), with a ratio of the means (static/drifting) of 3.3.

CO:2 flux (fcoz)
pmol C m? st
Measurement Drifting Static
Chamber Chamber
1 15 51
2 20 68
3 17 40
4 12 63
5 20 61
6 - 50
7 - 58
Mean 17 56
SD 3 9
Ratio of static to
g 3.3
drifting means

Table 3. CO> degassing flux (fcoz) estimated using aqueous CO- concentration [CO2]aq at the
Arboleda weir around the time of the chamber deployment (1.4 mM, see manuscript for details)
and kco2 derived from keoo using a Schmidt number for CO; of 457.63 at 25°C. keoo Was
calculated from model equations empirically derived by Raymond et al. (2012) as a function of
all, or some of the following variables: stream discharge (Q), water velocity (v), depth (D) and
slope (S). The calculations were made using values for Q, v, D and S measured at the time of the
chamber deployments: Q = 0.183 m® s (average of Q measured at the weir on the days of the
chamber deployments, Table 1 of the manuscript), v = 0.157 m s (average of all the values of
water velocity taken within the studied stream section at the time of chamber deployment, insets
in Figure 2b and 2c of the manuscript), D = 0.820 m (average of all values measured at the
chamber deployment locations), and S = 0.004 (determined using topographic maps of the
studied stream section). r? values correspond to those reported in Table 2 of Raymond et al.
2012.

Equation number in Table 2 2 Ksoo Kcoz fcoz
of Raymond et al. (2012) (md?) (md?) (umol m2s?)
1 0.72 5.8 6.6 106
3 0.54 3.2 3.6 58
4 0.53 3.2 3.7 59
5 0.55 3.6 4.1 66
6 0.53 4.3 49 79
7 0.76 8.4 9.7 155
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5 WS S R d s
Figure 1. Floating chamber used for measurements in static mode. The area of stream coverage
by the chamber alone was 0.126 m?, and the chamber volume was 10.9 L. The gray plates are

Styrofoam pieces installed ~10 cm from the outer wall of the chamber for floatation.

Figure 2. Floating chamber deployed in the Arboleda stream for all drifting measurements and
for the comparison between static and drifting modes conducted on 16 August 2014. The area of
stream coverage by the chamber alone was 0.041 m?, and the chamber volume = 5.6 L. The gray
ring around the chamber is a Styrofoam piece installed ~5 cm from the outer wall of the chamber
for floatation.
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Abstract

A paired-watershed approach was used to compare the quality and fluxes of dissolved
organic matter (DOM) in two tropical rainforest streams located in northeastern Costa Rica. The
Arboleda stream received regional groundwater (RGW) discharge via interbasin groundwater flow
whereas the Taconazo stream did not. DOM in both streams was compared during baseflow and
stormflow and compared to DOM sources from regional groundwater, precipitation, throughfall,
and soil leachate. DOM quality was assessed with chromophoric dissolved organic matter
(CDOM) absorbance and fluorescence and stable carbon isotope values (8**C-DOC). Parallel
factor analysis (PARAFAC) of excitation-emission matrices from stream samples resulted in six
distinct components: four were humic-like and representative of terrestrial DOM sources and two
were protein-like, also attributable to phenolics or tannins from land plants and was enriched in
throughfall. RGW DOM appeared as degraded as surface ocean DOM, lacking fluorescence, and
having specific ultraviolet absorption (SUVA2s4) values <1.0 L mg C* m™ and CDOM slope ratio
(Sr) values >7. SUV Azs4 values were lower, and Sr values higher, in the Arboleda during baseflow
compared to the Taconazo, presumably due to dilution by RGW. However, no significance
difference in SUV Azs4 or Sr occurred between the streams during stormflow. Moreover, SUV Azsa
was correlated to §*C-DOC (r?=0.61, p<0.001) demonstrating a strong linkage between stream
DOM characteristics and the relative amounts of RGW, soil, and throughfall impacting stream
organic matter cycles. Export of DOC computed for the Taconazo was 3.06 g C m yr%, consistent
with other tropical streams. However, DOC export from the Arboleda was 23.96 g C m2 yr?, one
of the highest exports reported and reflective of the substantial impact that groundwater can have
on surface water carbon cycling.
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1. Introduction

Dissolved organic matter (DOM) plays a key role in aquatic food webs, influences the
availability of dissolved nutrients and metals, and affects the optical properties and overall
biogeochemistry of aquatic ecosystems [Findlay and Sinsabaugh, 2003]. Rivers and streams
transport or store about 2 Pg of terrestrial organic carbon (C) annually and at least half of the C
inputs to fluvial systems are outgassed to the atmosphere before reaching the oceans [Cole et al.,
2007; Aufdenkampe et al., 2011]. About 50% of the total organic carbon exported from watersheds
by rivers to the oceans is in the form of dissolved organic carbon, DOC [Raymond and Bauer,
2001]. With a major active role in the global inland carbon cycle, the quality of DOM is as
important to study as its quantity [Cole et al., 2007; Spencer et al., 2012].

DOM quality in streams often is studied via bulk properties such as chromophoric DOM
(CDOM) content and its stable isotopic composition, both of which provide information on its
sources and biogeochemical cycling [Findlay and Sinsabaugh, 2003]. CDOM specific ultraviolet
(UV) absorbance at 254 nm (SUVA2z4) is related to its aromaticity [Weishaar et al., 2003], while
CDOM spectral slope ratio (Sr) is related to molecular weight [Helms et al., 2008]. CDOM quality
derived from excitation-emission matrices of its fluorescence (EEMSs) include biological and
humification indices (B1X and HIX, respectively), which correspond to DOM produced recently
by planktonic organisms (BI1X) and DOM that contains recalcitrant humic substances (HIX).
Chemometric techniques have been used to analyze EEM fluorescence and provide distinct
signatures (“components”) that provide information on the chemical composition of DOM
[Fellman et al., 2010]. Stable carbon isotope values of DOM (53C-DOC) indicate its sources and
often distinguish between C3 and C4 plant sources as well as between fresher plant leachate and
humic substances [Lloret et al., 2016].

There are multiple sources of DOM to fluvial systems: soil organic matter, in-situ primary
production, atmospheric precipitation, throughfall, stemflow, and groundwater [Mulholland,
2003; Inamdar et al., 2011; Lloret et al., 2011]. Previous studies have shown that precipitation
events lead to greater DOC concentration and flux during stormflow compared to baseflow
conditions and DOC sources to fluvial systems shift from groundwater to surface water during
such events and as different components of the watershed are activated [McGlynn and McDonnell,
2003; Raymond and Saiers, 2010; Inamdar et al., 2011]. This shift in from groundwater to surface
water also changes DOM sources to streams. Rain events tend to flush more terrestrial DOM from
the land surface into the stream, changing the quality of the DOM due to water movement overland
during storms [McGlynn and McDonnell, 2003; Raymond and Saiers, 2010]. The resulting
exported DOM is of a more terrestrial origin than is observed during baseflow which is dominated
by groundwater inputs [Hood et al., 2006; Lloret et al., 2011; 2016]. DOC concentrations tend to
increase on the rising limb of a hydrograph and decrease on the falling limb; this likely represents
that water-soluble soil organic matter is depleted after a certain amount of flushing from rain via
hydrologic throughflow [Hornberger et al., 1994]. Recent work indicates that sources of this
terrestrial material originate from fresh plant litter as well as labile substrates washed from plant
surfaces via throughfall and stemflow [Inamdar et al. 2011; Lloret et al. 2016]. By contrast,
groundwater inputs tend to be lower in DOM concentration and exhibit much less terrestrial quality
[Chen et al. 2010; Inamdar et al. 2011; Inamdar et al. 2012]. The residence time of DOM in
groundwater may contribute to these characteristics [Genereux et al. 2013]. Considering the
importance of storms in exporting large amounts of DOC from watersheds, it is important also to
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understand how the quality of the DOC export from watersheds differs between stormflow and
baseflow [Raymond et al. 2016].

Uncertainties in DOM quality and quantity in tropical ecosystems than in temperate or
boreal ecosystems, despite having a disproportionately greater role in downstream transport of C;
in general, tropical ecosystems are understudied in the inland carbon cycle [Aufdenkampe et al.,
2011; Raymond et al., 2013]. DOC and CDOM concentrations in tropical streams tend to increase
during storm events and during wet seasons [Newbold et al., 1995; Johnson et al., 2006; Spencer
et al., 2010; Bass et al., 2011]. However, only a few studies have examined DOM quality in
addition to quantity in tropical streams and rivers under these contrasting conditions and fewer still
have considered the influence of groundwater on DOM quality [Spencer et al., 2010; Genereux et
al., 2013; Ganong et al., 2015]. Closing this knowledge gap is an essential task as hydrology,
vegetation, and biological activity are expected to change with the increasing climate variability,
particularly in the tropics, where rainfall is substantial, yet the frequency and duration of droughts
and storms are changing [O’Gorman et al., 2012].

The aim of this study was to determine differences in DOM quality between baseflow and
stormflow in tropical streams and to consider the influence of groundwater, throughfall, and soil
leachate sources of DOM under these conditions. We used a paired-watershed approach to study
the temporal variability of DOM quantity and quality of two headwater streams, the Arboleda and
the Taconazo, draining adjacent watersheds located at the La Selva Biological Station in Costa
Rica. The streams share similar soils and vegetation but differ in their water sources. Only young,
shallow, local groundwater discharges into the Taconazo, whereas both local groundwater and
much older regional groundwater discharge into the Arboleda [Genereux et al., 2009, 2002, 1997].
DOM was evaluated on samples collected approximately weekly over a 2-year period (2012-
2013), with higher resolution during three specific rain events in June 2013. Our objectives were
to analyze DOC concentration, CDOM absorption and fluorescence, and *3*C-DOC values along
with stream discharge to determine: 1) the influence of regional groundwater on stream DOM; 2)
the spatial variability of DOM quality and quantity between stormflow and baseflow in two
adjacent watersheds; and 3) sources of DOM to the tropical streams. Results were placed in context
of prior work on stream DOM quality and export in temperate and tropical ecosystems.

2. Study Site

This study was conducted at La Selva Biological Station (LSBS), a field research station
of the Organization for Tropical Studies (OTS). LSBS is a 1536 ha research preserve in the Heredia
province of Costa Rica near the town of Puerto Viejo de Sarapiqui (Fig. 1). The geology of the site
is mainly volcanic rocks of Quaternary age and intermediate composition [Genereux et al., 2009].
Average annual rainfall at La Selva from 1963 to 2013 was 4328 mm, with February, March, and
April as the driest months and July, November, and December as the wettest (online
meteorological data at http://www.ots.ac.cr/meteoro/default.php?pestacion=2). From 1982 to
2013, the mean air temperature was 25.0°C.

The two streams studied at LSBS were the Arboleda and the Taconazo (Fig. 1), adjacent
streams whose watersheds are identical or nearly so with regard to many characteristics, including
vegetation, relief, soil type, rainfall, temperature, and evapotranspiration [Genereux et al., 2005].
However, the Arboleda has much higher inorganic solute concentrations than the Taconazo, a
product of a high influx of interbasin groundwater flow which contributes older regional
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Figure 1. Map of study site at La Selva Biological Station showing location of the Taconazo
and the Arboleda watersheds (from Nagy, 2012). Guacimo Spring is located south of La Selva
Biological Station.

groundwater to the Arboleda but not to the Taconazo [Genereux et al., 2002; 2005; 2009]. Regional
groundwater accounts for about 34% of the annual discharge of the Arboleda but 0% of the
Taconazo discharge [Genereux et al., 2005]. Stream discharge was measured at a sharp-crested
V-notch weir on each watershed; watershed areas upstream of the weirs are 47.1 ha for the
Arboleda and 27.9 ha for the Taconazo.

3. Methods
3.1. Water Sample Collection and Processing
Water samples for the analysis of DOC concentration and isotopic composition as well as
optical properties of the DOM were collected approximately weekly from the Arboleda and
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Taconazo streams from January 2012 through March 2014 (Table 1). Samples were also taken at
Guéacimo Spring, a spring located to the south of LSBS with water representative of old regional
groundwater (RGW) at the site. For the weekly sampling stream water samples were collected in
pre-cleaned 1-L high density polyethylene bottles.

Table 1. Summary of stream water sampling for the Arboleda and Taconazo streams at La Selva
Biological Station, Costa Rica.

Activity Frequency Start date End date
Routine sampling

Automated stream discharge 15 minutes 1Jan 2012 14 Mar 2014
Absorbance and fluorescence Weekly 30Jan 2012 14 Mar 2014
Dissolved organic carbon (DOC) Weekly 30Jan 2012 14 Mar 2014
Stable isotope data (§*C-DOC)  Weekly 30Jan 2012 14 Mar 2014
Storm sampling (Absorbance, fluorescence, DOC, 5°C)

Storm 1 Every hour for 13 Jun 2013 14 Jun 2013
Storm 2 12 hours 14 Jun 2013 15 Jun 2013
Storm 3 25Jun 2013 25 Jun 2013

Using Teledyne ISCO 3700 samplers deployed near the weirs, we sampled storm events at
high frequency in the Arboleda and the Taconazo in June 2013. Hourly stream samples were
collected (before, during, and after rainfall) for 12 hours on three days: June 13, June 14, and June
25. Discharge data from V-notch weirs were taken every 15 minutes in both the Arboleda and the
Taconazo [Genereux et al., 2013]. Some dates do not have recorded data due to instrument
malfunction; in this case the watershed hydrologic model TOPMODEL was used to estimate the
discharge based on the regional precipitation measured at a tipping-bucket rain gauge that is within
1.5 km of both weirs [Zanon et al., 2014].

Stream samples were classified as either baseflow or stormflow, based on visual
examination of the plotted discharge and precipitation data. All discharge values below 9 m® min-
in the Arboleda were classified as baseflow, while discharge values above 11 m® min™ were
classified as stormflow. For the Taconazo, discharge values <0.5 m® min™t were classified as
baseflow and discharges >1.5 m® min? were classified as stormflow. Samples collected at
discharges in between these values were classified as stormflow if there had been measured
precipitation within five hours of sample collection.

DOM source samples were collected in December 2015. Precipitation was collected in pre-
cleaned, round and shallow 7-L plastic containers which in an open area with no trees in a 15-m
radius and deployed for 24 hr, then returned to the laboratory at LSBS for processing. Throughfall
was collected in similar 7-L containers which were deployed randomly under the canopy of
forested areas in the Arboleda and Taconazo watersheds. After a 24-h period (accumulated
precipitation ~ 11.7 mm), the volume of throughfall collected in the containers was measured using
1-L calibrated cylinders, transferred into HDPE dark 2-L bottles and transported immediately to
the laboratory facilities at LSBS.

Soil samples from the top 4 cm were collected from the Arboleda and Taconazo watersheds
(1 sample each) and from near the LSBS laboratory (N = 3) using cleaned 50-mL polypropylene
centrifuge tubes to core and collect the sample. The samples were immediately transported to the
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laboratory at LSBS, where 15 mg of soil was transferred into clean 50 mL polypropylene
centrifuge tubes to which 40 mL of ultrapure water was added. The soils were agitated on a shaker
table for 24 hours to disaggregate soil particles and facilitate extraction of OM into water and then
centrifuged. The supernatant was decanted and filtered using 0.7 um GF/F filters, and the filtrate
was considered soil leachate DOM. Precipitation, throughfall, and soil leachate samples were
stored frozen and returned to NC State University for measurements of DOM optical and chemical
properties.

3.2. Dissolved Organic Carbon, Stable Carbon Isotope, and Chromophoric Dissolved Organic
Matter Analyses

After field collection, samples were transferred to 125-mL polycarbonate bottles, frozen
and transported from Costa Rica to the United States and stored at -20 C upon arrival at North
Carolina State University. Prior to analysis, samples were thawed to room temperature. A vacuum
pump (Barnant Company) was used to filter the samples through pre-combusted 0.7-pum porosity
glass fiber filter (Whatman GF/F) into a cleaned 500 mL glass Erlenmeyer flask within 24 hours
of thawing. The volume filtered was recorded and then absorbance and fluorescence was measured
on filtrates within one week. After optical measurements, the remaining filtrate was transferred to
a pre-combusted glass vial and acidified with 85% phosphoric acid to a pH of 2 for DOC and stable
carbon isotope (53C-DOC) analysis.

DOC concentration ([DOC]) was measured using an Ol Analytical Aurora Model 1030
Total Organic Carbon Analyzer while carbon stable isotopes were measured on a Delta V Isotope
Ratio Mass Spectrometer [Osburn and St-Jean, 2007]. Reference carbon dioxide pulses were sent
through the system before analysis until an acceptable standard deviation (<0.05) was observed.
A standard curve for DOC concentration was created consisting of six solutions of IAEA-600
caffeine over DOC concentrations ranging from 0.25 mg L™ to 25 mg L™t. DOC measurement
using this technique had a coefficient of variance <5%. Carbon stable isotope ratios from the IRMS
were blank-corrected and then calibrated to the Vienna Pee Dee Belemnite (VPDB) scale
(8'3Cvrog) with caffeine solutions (8*3Cyppg = -27.77+0.04%o) and solutions of IAEA C6 sucrose
(8'3Cyppg = -10.45+0.03%o0). Samples and standards were blank-corrected and a linear regression

of the area of the curve of the caffeine standards was created to relate area under the curve to DOC
concentrations. Reproducibility of this method is £0.4%eo.

CDOM absorbance spectra of the samples were measured from 200 to 800 nm on a Varian
Cary 300UV spectrophotometer in quartz cells that were either 1-cm or 10-cm in length, depending
on the CDOM concentration in the sample. Samples were diluted if necessary to keep the
absorbance <0.4 in 1-cm cells; samples in 10-cm cells did not require dilution. Blank-corrected
absorbance values were converted to Napierian units using the following equation:

a(}\) — A(A,sample)L_A(}L,blank) X 2303 (1)

where a is the absorption coefficient at wavelength A, A is the absorbance, and L is the pathlength
of the quartz cell, in meters. The value 2.303 converts the decadal absorption to Napieran
absorption. CDOM was quantified as Napierian absorption at 254 nm (azs4). The ratio of decadal
azs4 to DOC concentration, i.e., the specific UV absorption (SUVA2s4), was computed and used to
estimate the relative amount of the aromatic groups in DOM [Weishaar et al., 2003]. Spectral
slopes (S) were computed over 275-295 nm and 350-400 nm via linear regression of natural-log
transformed absorption spectra. Slope ratio (Sr) values were calculated as Sz7s-295 divided by Szso-
a00. Sr Vvalues were used as proxies for the molecular weight of DOM, with high values
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corresponding to low molecular weight (LMW) DOM and low values corresponding to high
molecular weight (HMW) DOM [Helms et al., 2008].

Fluorescence excitation-emission spectra were measured on a Varian Eclipse
spectrofluorometer, sampled from 240 to 450 nm in the excitation mode (Ex) and 300 to 600 nm
in the emission mode (Em). These samples were corrected by subtracting an ultrapure lab water
blank. Samples were also corrected for the inner filtering effect and to the spectrofluorometer’s
water Raman signal before a final normalization to quinine sulfate units (QSU). Corrections of
absorbance and fluorescence spectra were done with in-house processing scripts using MATLAB
2014a (Mathworks). The intensity and shape of the excitation-emission matrix (EEM) coupled
with the multivariate technique, parallel factor analysis (PARAFAC) was used quantify and
characterize DOM in this study. Fluorescence emission spectra for each sample were processed
into an EEM, and matrices were then compiled into an array and processed with the DOMFluor
toolbox [Stedmon and Bro, 2008; Murphy et al., 2013] in MATLAB. PARAFAC models
containing three to six components were fit to the data array and validated using split-half analysis,
random starts, and inspection of any residuals. Maximum fluorescence values (FMax) for each
component are reported in QSU and percentages of each component (e.g. %C1-%C6) express the
abundance of each component in a sample relative to the total abundance of all six components.

3.3. Calculation of DOC export fluxes

Export fluxes of DOC were calculated by comparing two methods: Runkel’s Load
Estimator (LOADEST) [Runkel et al., 2004] and method M5 from Birgand et al., [2010].
LOADEST estimates constituent export fluxes based on a time series of stream flow and
constituent concentration by developing a regression model. Calibration and estimation procedures
are based on three statistical methods (adjusted maximum likelihood estimation, maximum
likelihood estimation, and least absolute deviation), depending on whether calibration errors are
normally distributed, and diagnostic tests are provided to evaluate the appropriateness of the
chosen method. M5 is an averaging method in which the export flux is calculated as the annual
flow volume by an estimator of the flow (at the time of sampling) weighted average of the
constituent concentration [Littlewood, 1992].

3.4. Statistical tests

Assumptions for parametric statics were not met by most of the results, thus non-parametric
tests were used. For univariate data, ANOVA on ranks (Kruskal-Wallis test) with Dunn’s post-hoc
test were undertaken to determine differences between streams and between storm- and baseflow.
Fluorescence excitation-emission matrix (EEM) spectra were decomposed into components
representing the most variation in the data using parallel factor analysis (PARAFAC). PARAFAC
results are multivariate data that often are intercorrelated and require non-parametric techniques
for making comparisons [Murphy et al., 2014]. Thus, permutation MANOVA (PERMANOVA)
tests were conducted on PARAFAC results based on Euclidean distances.

4. Results
4.1. Stream DOM concentrations compared between the two watersheds and between baseflow
and stormflow

Minimum and maximum baseflow values of 8.7 m® min™ and 10.6 m3 min-1, respectively,
were measured in the Arboleda. In the Taconazo, minimum baseflow was 0.05 m® min? and
maximum baseflow was 1.3 m® min. Maximum observed stormflow was 93.7 m® min* in the
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Arboleda and 35.4 m*® min™ in the Taconazo.

There were clear differences in DOC and CDOM concentrations between the streams, and
between baseflow and stormflow (Table 2 and Fig. 2). DOM data were generally not normally
distributed, hence median, minimum, and maximum values are reported (Table 3). Median DOC
concentration, [DOC], in the Arboleda at baseflow (0.83 mg L) was roughly half that in the
Taconazo (1.26 mg L), and [DOC] was significantly higher (P<0.01) in the Taconazo. However,
during stormflow, [DOC] was not significantly different between the two streams (P>0.05). Within
each stream, median [DOC] was significantly higher at stormflow than at baseflow (P<0.001 for
the Arboleda, P<0.05 for the Taconazo), and stormflow median in the Arboleda (2.04 mg L)
approached that in the Taconazo (2.25 mg L™).

In general, CDOM concentrations (quantified as azss4) followed similar trends to DOC
concentrations. Median azss4 values during stormflow in the Arboleda and the Taconazo streams
were higher (9.71 m™? and 9.39 m™, respectively) than at baseflow (2.23 m™ in the Arboleda and
6.25 m™ in the Taconazo) (Table 2). However, median stormflow CDOM concentrations in the
Arboleda increased by 4-fold from baseflow to stormflow, compared to 1.5-fold increase in
CDOM for the Taconazo (Table 2). Differences between flow conditions were significant for azss
as for [DOC] (Table 3).

Table 2. Summary statistics for stream DOM under the following categories: Arboleda at
baseflow, Arboleda at stormflow, Taconazo at baseflow, and Taconazo at stormflow. Med =
median; Min = minimum; Max = maximum; N = number of observations.

Arboleda Arboleda Taconazo Taconazo

Parameter Statistic  baseflow  stormflow baseflow stormflow
DOC (mg L™) Med 0.83 2.04 1.26 2.25
Min 0.22 0.45 0.52 0.65
Max 2.73 11.52 8.25 5.81
N 62 46 47 63
azsa (M) Med 2.23 9.39 6.25 9.71
Min 1.65 1.86 4.17 2.27
Max 9.93 25.95 14.25 23.06
N 80 54 80 75
SUVA2s: (LmgCtm?t)  Med 1.36 2.03 2.12 2.45
Min 0.46 0.47 0.44 0.31
Max 3.56 4,04 4.74 5.36
N 62 46 44 63
Sr Med 1.05 0.91 0.77 0.78
Min 0.85 0.81 0.73 0.73
Max 1.56 1.49 2.08 3.92
N 80 54 80 75
S13C-DOC (%o) Med -27.58 -26.69 -27.72 -27.15
Min -36.98 -32.81 -34.51 -34.39
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Max -21.04 -21.78 -21.65 -21.20

N 75 46 47 64
FMax C1 (QSU) Med 1.46 6.07 3.89 6.81
Min 0.60 0.54 1.79 1.92
Max 6.49 13.81 7.93 12.15
N 65 46 43 61
FMax C2 (QSU) Med 1.34 5.20 3.12 5.76
Min 0.59 0.57 1.43 1.54
Max 5.77 11.16 6.94 9.70
N 65 46 43 61
FMax C3 (QSU) Med 0.80 3.18 1.45 2.65
Min 0.31 0.34 0.66 0.76
Max 3.06 7.30 3.20 4.84
N 65 46 43 61
FMax C4 (QSU) Med 1.34 4.01 1.80 3.97
Min 0.54 0.73 0.88 1.08
Max 4.23 8.79 6.98 6.73
N 65 46 43 61
FMax C5 (QSU) Med 0.53 2.21 0.65 1.75
Min 0.20 0.26 0.32 0.27
Max 3.34 3.84 2.66 3.28
N 65 46 43 61
FMax C6 (QSU) Med 0.21 0.78 0.56 0.92
Min 0 0 0.14 0
Max 4.02 2.39 6.91 8.27
N 65 46 43 61

313C-DOC can be used to elucidate sources of organic matter to natural waters and infer
in-stream processing. Measured §**C-DOC values in the Taconazo and Arboleda streams spanned
nearly the entire range of values observed for most freshwater ecosystems: -22 to -36%. [Raymond
and Bauer, 2001]. Median values for both streams at baseflow were about -27%o., indicative of C3
terrestrial vegetation (Table 2). The median value at stormflow was slightly enriched in the
Arboleda (53°C-DOC = -26.69%0) and but not in the Taconazo (53C-DOC = -27.15%0). No
significant differences were observed between baseflow and stormflow for either stream, likely
due in part to the relatively large range of values measured, that perhaps were due to similar DOM
sources in regional and local groundwater though the longer residence of RGW likely subjects it
to substantial degradation [Genereux et al., 2013].

CDOM quality however did vary significantly between the streams (Fig. 2). SUVA2s4
increase with a greater aromatic content of DOM and typically range from 1-4 L mg C*m™ in
stream and rivers [Spencer et al., 2012]. For the Arboleda, the median SUVAzs4 value during
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baseflow was on the lower end of this range (1.36 L mg C* m™) yet increased significantly during
stormflow to 2.03 L mg C** m™ (Tables 2 and 3).

Table 3. Summary of non-parametric ANOVA on ranks (Kruskal-Wallis) with Dunn’s test
conducted on DOM measurements to determine significant differences between the two sets
compared. ‘ns’ indicates no significant difference (P>0.05).

Arboleda Taconazo Arboleda Arboleda
Baseflow vs. Baseflow vs. Baseflow vs. Stormflow vs.
Arboleda Taconazo Taconazo Taconazo
Parameter Stormflow Stormflow Baseflow Stormflow
DOC P<0.001 P<0.05 P<0.001 ns
aosa P<0.001 P<0.001 ns ns
SUV A5 P<0.05 ns P<0.01 ns
Sr P<0.05 ns P<0.001 P<0.001
d13C-DOC ns ns ns ns

In the Taconazo, median SUVAzss values were 2.12 and 2.45 L mg C! m? at baseflow and
stormflow, respectively. There was no significant difference in SUVA2s4 values between the
Taconazo at baseflow and stormflow. Median SUVA2s4 was significantly different between the
Arboleda and the Taconazo at baseflow but not at stormflow (Table 3).

Slope ratios (Sr) <1 indicate CDOM of high molecular weight and aromaticity [e.g.,
Spencer et al., 2012]. Sr was generally higher in the Arboleda than the Taconazo [Genereux et al.,
2013]. In the Arboleda, median Sr was slightly higher at baseflow (1.05) than stormflow (0.91);
in the Taconazo, median Sg was virtually identical between baseflow and stormflow (Table 4 and
Fig. 2) and significantly lower than Sr in the Arboleda (Table 3).

Table 4. P-values matrix from non-parametric MANOVA on ranks conducted on FMax values
between the Arboleda and Taconazo streams at stormflow and baseflow. Significant differences
where P <0.05. ‘NA’ means not applicable.

Arboleda Arboleda Taconazo Taconazo
stormflow baseflow stormflow baseflow
Arboleda
stormflow NA 0.001 0.1727 0.0537
Arboleda
baseflow 0.001 NA 0.0001 0.0006
Taconazo
stormflow 0.1727 0.0001 NA 0.7818
Taconazo
baseflow 0.0537 0.0006 0.7818 NA
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Figure 2. Boxplots of (A) DOC, (B) azss, (C) SUVA2s4, and (D) spectral slope ratio Sg for
the Arboleda at base flow (AB) and stormflow (AS) and the Taconazo at baseflow (TB)
and stormflow (TS). Horizontal lines in boxes indicated median values while horizontal
edges indicate 25" and 75" percentiles. Error bars indicate 10" and 90" percentiles and
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freshwaters [Senesi, 1990]. Component 1 (C1) matched with 10 models and exhibited a terrestrial,
humic-like signal consistent with photoreactive material found in lakes, rivers, and coastal waters.
C2 matched with 13 models from productive ecosystems such as estuaries but also European lakes
and streams and tropical rivers, and it shared spectral properties common to microbial humic-like
substances [Kothawala et al., 2014; Osburn et al., 2016; Lambert et al., 2016]. C3 exhibited the
longest excitation and emission spectral features, often associated with fulvic acids extracted from
soils and matched with 17 models, including a wide variety of humic-rich freshwaters, estuaries,
and coastal waters, including tropical rivers [Yamashita et al., 2010; Chen et al., 2010; Osburn et

al., 2016].
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Figure 3. Excitation (Ex) — emission (Em) contour plots (“EEMSs”) of six fluorescent
components modeled using PARAFAC on DOM from the Arboleda and Taconazo streams,
with corresponding Ex and Em spectra loadings from the PARAFAC model for each
component, below, the product of which produced the EEM. Solid line is the model for the
whole data set and filled circles are the model fit to a randomly selected half of the whole data
set. This procedure is used to validate the PARAFAC model.

85



Component 4 (C4) had primary excitation <240 nm, secondary excitation at 360 nm, and
emission at 440 nm. While no statistical match was found in OpenFluor, its primary EX/Em
corresponds to a degradation component that has been produced photochemically [Stedmon et al.,
2007]. Components 5 and 6 exhibited fluorescence that often is attributed to protein-like
substances but also shares characteristics with phenolic material from lignin and tannin [Hernes et
al., 2009; Stubbins et al., 2014; Wunsch et al., 2016]. C5 matched with 14 models ranging from
the open ocean to lakes, rivers, and estuaries. The spectral features of C6 matched with two models
of mostly coastal waters [e.g., Kowalczuk et al., 2009].

Fluorescence intensity of components (FMax values) for the Arboleda and Taconazo
streams at baseflow and stormflow exhibited similar fluorescent patterns (Table 2). Compared to
the baseflow samples, the stormflow samples in both streams tended to have greater fluorescence
intensity. Median intensities for Arboleda were ranked C1>C2=C4>C3>C5>C6 for baseflow and
C1>C2>C4>C3>C5>C6 for stormflow. Median Taconazo FMax values were ranked
C1>C2>C4>C3>C5>C6 both at baseflow and stormflow. These patterns indicated similar sources
of CDOM in the streams, dominated by humic substances but subtly influenced by perhaps fresh
plant material.

Table 5. Maximum excitation (Ex) and emission (Em) wavelengths of PARAFAC components
along with number of models matched on OpenFluor (criterion of 95% similarity), source of
fluorescence, and other environments where the component has been found. Values in parentheses
are secondary maxima.
Number of
Component  Ex/Em Maxima matches Probable source Representative ecosystems
North American lakes?,
European lakes?, North
American estuaries®, South
C1 240/442 10 Terrestrial, humic-like Atlantic Bight*
European lakes?, North
American estuaries®,
Coastal and shelf seas®,

Cc2 240 (300)/400 13 Microbial, humic-like Zambezi River basin®
Coastal and shelf seas®,
Terrestrial, soil fulvic- Tropical rivers’, Florida
C3 245/504 17 like Everglades®
Terrestrial degradation
C4 240 (365)/438 0 product no matches
European lakes?; Florida
Protein-like, amino- Everglades®, Florida Keys®;
C5 270/302 14 acid European estuary®

Protein-like; possible
plant phenolic
C6 240/350 2 (lignin/tannin) South Atlantic Bight*
10Osburn et al., [2011], 2Kothawala et al., [2013], *Osburn et al., [2016], “*Kowalczuk et al., [2009], *Murphy et al.,
[2014], ® Lambert, et al., [2016], ” Yamashita et al., [2010a],  Yamashita et al., [2010b]. °® Yamashita et al., [2013],
°0sburn and Stedmon, [2011]
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4.2. Trends in stream DOM properties with discharge

Non-parametric correlations between discharge and DOC and CDOM concentrations and
qualitative properties were not significant, except for a positive correlation with FMaxC5
(Kendall’s T = 0.12; P = 0.01). However, separating results by each stream revealed some
significant correlations and indicating that within each watershed, DOM increased with discharge,
especially during storms (Table 6). The only significant correlation with discharge during baseflow
was with azss in the Arboleda. Correlations between DOC and discharge were weak for the
Arboleda (t=0.324) and not significant for the Taconazo, which differed from CDOM absorbance
and fluorescence concentrations, which generally were significant during stormflow for both
streams (range of 0.25 to 0.58 for Arboleda and 0.11 to 0.38 for Taconazo). Correlations between
DOM quantity and quality and discharge were stronger in the Arboleda compared to the Taconazo.
Discharge appeared to have less of clear influence on DOM properties (Table 6). SUVA2s4 was
significantly correlated with increasing discharge, only for the Taconazo during stormflow, yet the
1T value was <0.3, indicating little influence of discharge on SUVA2s4. Sr values were significant
with discharge during stormflow but interestingly showed opposite trends, in which Sgr decreased
in the Arboleda yet increased in the Taconazo. Carbon isotopic composition of DOC was not
influenced by discharge.

Table 6. Coefficient matrix of rank correlation values, using Kendall’s tau statistic (t), between
discharge and DOM quantity and quality parameters. C1-C6 are FMax values for each PARAFAC
component. “***” indicates P>0.001, ‘**’ indicates P<0.01, ‘*’, indicates P<0.05.

Kendall’s t

Arboleda Arboleda Taconazo Taconazo
Parameter baseflow stormflow baseflow stormflow
DOC 0.040 0.324** -0.008 0.157
C1 0.154 0.472%** 0.012 0.303***
C2 0.151 0.490*** 0.021 0.288***
C3 0.144 0.503*** 0.026 0.325***
C4 0.064 0.569*** -0.010 0.186***
C5 0.025 0.347*** -0.030 0.306*
C6 -0.041 0.331** 0.128 0.019
azsa 0.254** 0.453*** -0.074 0.428***
Sr -0.058 -0.347*** -0.092 0.223**
53C-DOC 0.011 0.140 -0.194 -0.141
SUVA2z, 0.057 0.101 0.063 0.284**

4.3. Properties of Probable DOM Sources

RGW, local groundwater, and storm events constituted the effects on DOM quality
influencing the streams in this study (Table 7). During storm events, major sources of DOM to
these streams were considered to be soils, throughfall, and precipitation. We included Guacimo
Spring as representative of the regional groundwater (RGW) discharging into the Arboleda as a
result of IGF [Genereux et al., 2009]. Though not specifically a source of DOM, RGW was
expected to transport degraded soil DOM into the Arboleda due to the several thousand year
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residence time [Genereux et al., 2009]. The mean (xSD) DOC value for RGW was 0.48+0.20 mg
L (N=6) and mean azs4 value was 0.48+0.05 m™*, much lower than in either stream. Regional
groundwater SUVA2s4 values were extremely low (mean = 0.49+0.20 L mg C*! m™) indicating
very low amounts of aromatic C in the regional groundwater discharging into the Arboleda. Mean
Sr in regional groundwater was 7.29+2.89, 4-6 fold higher than in the streams.

Table 7. Summary statistics for regional groundwater (RGW) sampled at Guacimo Spring;
precipitation; throughfall, and soil leachate. Standard deviations (£S.D.) of mean values are given
in the text.

Parameter Statistic ~ RGW Precipitation  Throughfall Soil leachate

DOC (mgL?)  Mean 0.48 2.04 7.19 17.97
Min 0.29 0.45 1.84 7.42

Max 0.84 11.52 22.04 28.39

N 6 2 10 3

agsa (M) Mean 0.48 9.39 51.60 69.55
Min 0.40 1.86 10.78 20.06

Max 0.55 25.95 129.98 99.00

N 6 2 10 3

SUVAs, Mean 0.49 2.03 3.03 1.64
(LmgC'm™)  Min 0.28 0.47 1.84 1.17
Max 0.76 4.04 4.08 2.37

N 6 2 10 3

Sr Mean 7.29 0.93 0.92 0.76
Min 3.89 0.81 0.70 0.69

Max 11.31 1.49 1.25 0.85

N 6 2 10 3
313C-DOC (%0) Mean -27.53 -26.69 -29.14 -27.21
Min -28.96 -32.81 -30.24 -27.51
Max -26.21 -21.78 -27.91 -26.81

N 6 2 9 3

We were primarily interested in the quality of the soil leachate DOM to use as a comparison
with stream, RGW, precipitation, and throughfall DOM properties. SUVA2s4 values of the three
soil leachates averaged 1.64+0.64 L mg C* m™ and Sg values averaged 0.76+0.08. Mean §**C-
DOC value of soil DOM was -27.20%0.36%o.

Throughfall samples exhibited a wide range in concentration and narrower range in quality
(N=10). The mean [DOC] in throughfall was 7.19+6.03 mg C L! and mean azss was 51.60+41.24
m. Despite large ranges in [DOC] and aza values, throughfall SUVAzs, values averaged
3.03+0.72 L mg C* m while throughfall Sg values averaged 0.92+0.19. Mean §'3C-DOC value
of the throughfall samples was -29.14+0.79%so.
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During throughfall collection, two samples of precipitation were also collected. Mean
[DOC] of precipitation at La Selva was 1.07+0.08 mg C L™ and mean azs4 value was 0.61+0.10
m™. The SUVA2s, value of precipitation was much lower than any other source, 0.25+0.06 L mg
C! m?, while mean Sg was high 3.99+2.20, but not as high as in regional groundwater. Mean
precipitation §**C-DOC was -26.46+1.25%o. Overall, DOM in precipitation was of the same
magnitude and of similar quality as the regional groundwater DOM.

0.4
0.3 -

?Eé mmm C]
L = C2
,02’ 0.2 - —= C3
% mmm C4
o mmm C5

0.1 - mmm C6
0.0 -
o > O o S Qo S
P Q > > & 2
& & &S " xS 3
A Q\ 6@. 6{2" o ,\/0
) N2 & &
X N & o
S e &'bo K&

Source/stream DOM

Figure 4. Relative Fmax values, expressed as a fraction of the sum of Fmax values, for the six
components identified in the PARAFAC model applied to DOM sources to the Arboleda and
Taconazo stream: Soil leachate, throughfall, and precipitation. Mean values at stormflow and
at baseflow are shown for the streams. Error bars indicate the standard deviation.

Because of the low number of observations for each DOM source, the PARAFAC model
fit to Arboleda and Taconazo samples was applied to the soil leachate, precipitation, and
throughfall samples. Regional groundwater generally had no detectable fluorescence. Much like
the stream samples, FMax values of soil leachate and throughfall were ranked
C1>C2>C4>C3>C5>C6 (Fig. 4). Precipitation deviated from this pattern, with a distribution of
C2>C5>C1>C4>C6>C3 and nearly entirely lacking in the fluorescent marker for soil fulvic acid,
C3. Notably, abundance of C6 was <5% for soil DOM, which also had the greatest abundance of
C3 (ca. 15%). Throughfall was a mix of soil and precipitation signals.

PARAFAC model results demonstrate the similarity of DOM between the streams during
stormflow was reflected in their similarity to soil and throughfall DOM fluorescence compared to

89



the precipitation DOM which was distinctly different (Fig. 4). Median FMax values for the each
of the six components suggested that throughfall was enriched in C2, C5 and C6 relative to soil
DOM which was enriched in C1 and C2 and C4. The spectral properties of C5 fluorescence were
attributed to protein-like sources when matched to other PARAFAC models in the OpenFluor
database, but these features also overlap with hydroxylated aromatic compounds such as tannins,
which might indicate recent plant material rather than autochthonous production [Hernes et al.,
2009; Stubbins et al., 2014]. C6 provided no matches in OpenFluor which presently lacks models
of throughfall. The spectral properties of C6 are however quite similar to other plant-like aromatic
compounds such as lignin phenols [Hernes et al., 2009; Winsch et al., 2016].

4.4. Dissolved Organic Carbon Fluxes

The LOADEST, or Load Estimator program, was used to calculate stream export of DOC
from the Arboleda and Taconazo watersheds, based on discharge and DOC concentrations [Runkel
et al., 2004]. DOC vyield (DOC export divided by watershed area) was 17.5 g C m? yr? for the
Arboleda and 2.79 g C m yr! for the Taconazo (Table 8). Also, method M5 from Birgand et al.,
[2010] was used to compute fluxes for the Arboleda and Taconazo as a comparison to LOADEST:
Flux = KV —Zzijg -z )

i=1

where V is the annual cumulative stream water discharge (in m®), Ci and Qi are instantaneous
[DOC] and stream discharge values (mg L™ and m® min, respectively), and K is a conversion
factor to correct for different units. The M5 method resulted in DOC yields of 23.96 g C m2 yr
for the Arboleda and 3.06 g C m yr! for the Taconazo. The DOC vyield values based on either
methods were consistent with those calculated for the Arboleda and Taconazo by Genereux et al.,
[2013] and Ganong et al., [2015].

Table 8. Annual DOC export values (g C m2 yr?) in 2012 and 2013 for the Arboleda and Taconazo
streams computed using LOADEST and the M5 method, along with the mean export of the two
methods.

Mean of M5 for 2012 Mean of LOADEST and M5

Stream LOADEST and 2013 methods
Arboleda 17.53 27.18 23.96
Taconazo 2.79 3.2 3.06

5. Discussion

5.1. Regional Groundwater Influences on Stream DOM

RGW exerted an extreme effect on DOM in the Arboleda via dilution with seemingly
heavily degraded, lower molecular weight DOM. Median Sr values in Arboleda at baseflow (1.07
+ 0.1) were greater than median Sr values of the Taconazo during baseflow or stormflow (0.77
and 0.78). Sr values <1 typically are interpreted to indicate high molecular weight DOM, which
likely is allochthonous [Helms et al., 2008]. Our results are consistent with this interpretation and
are clarified by the distinctiveness of the Arboleda Sr values which at base flow were greater than
1, owing to larger contribution by RGW at baseflow to this stream. Genereux et al., [2002] estimate
that IGF contributes roughly 35% of the flow to the Arboleda. Median Sr values for the Arboleda
were 36% higher than for the Taconazo and appear to reflect the qualitative effect of dilution by
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IGF as much as median DOC values reflect a quantitative effect.

Scant data exist in the literature for optical properties of DOM in groundwaters, especially
for RGW. In our study, RGW SUVAs4 values (0.49+0.20 L mg C* m™) were much lower than
values from other shallow and deep groundwaters [range: 0.8 to 3 L mg C* m™%; Chen et al., 2010;
Chapelle et al., 2011; Shen et al., 2015]. Median Sr (7.29) likewise is much higher than the surface
stream waters we sampled as well as reported values for local groundwaters (0.7 to 0.9) [Chen et
al., 2012; Shen et al., 2015]. Also, RGW samples exhibited no measurable fluorescence, indicating
any soil-derived DOM in RGW was heavily degraded. This result was remarkable in the sense that
RGW fluorescence was essentially similar to our laboratory water used as a blank, water that has
been extensively purified to remove DOM. A PARAFAC fluorescence model of deep groundwater
(>600 m) compared to near-surface groundwater taken from a borehole in the Canadian Shield
showed substantially reduced intensity, especially in humic-like components matching C1 and C4
from the La Selva model in this study [Caron et al., 2010]. While the residence time in that study
was not reported, the presence of fluorescent DOM, albeit at low intensities, suggests RGW
impacting streams at La Selva was far more degraded than other bedrock groundwater. Altogether,
these results strongly suggest that residence time of several thousand years [ca. 3000 yr; Solomon
et al., 2010] in bedrock groundwater during RGF affords ample time to remove DOM’s
fluorescence properties as well as produce DOM exhibiting SUVAss4 values <1 L mg C* m™ and
Sr values >5.

DOM quality parameters for RGW further suggest the long residence time was conducive
to substantial DOM degradation. SUVA2s4 and Sr values of RGW approximate heavily
photobleached oligotrophic ocean seawater (0.82 to 0.41 L mg C* m™ and 2.1to 8.9, respectively;
Helms et al., [2013]). Residence time of DOM in the ocean is on the order of 4000 years a timescale
similar to regional groundwater in our study site. Extensive degradation of CDOM in the oceans
via photochemistry and microbial degradation operate to produce weakly fluorescing DOM having
SUVA2s4 and Sr values similar in magnitude to the RGW in our study. The similarity in DOM
quality between markedly different aquatic ecosystems is fascinating, and suggests that DOM
converges to a common state in aquatic ecosystems and underscores the “recalcitrant” nature of
oceanic and groundwater DOM in such dilute concentrations [Arrieta et al., 2014].

5.2. Stream DOM Quality Variations between Adjacent Watersheds

The major distinction between stream DOM quantity and quality in these paired, adjacent
watersheds occurred at baseflow, which supported our assertion above about the effects of RGW
on stream water DOM properties (Table 3 and Fig. 2). However, during stormflow we observed
that the DOM quality in the streams became nearly indistinguishable (Table 3). This result at high
stream discharge suggested the influence of terrestrial DOM pulses from the landscape to streams
of both watersheds during storms.

We found a stronger effect of discharge on the Arboleda DOM than on the Taconazo DOM
(Table 6). For example, Taconazo median DOC and CDOM concentrations increased by 78% and
53% respectively during stormflow, whereas in the Arboleda, DOC and CDOM concentrations
increased nearly 200% (Table 3). Storm-induced increases in [DOC] have been widely reported in
the literature for small, headwater catchments [e.g., Qualls and Haines, 1991; Inamdar et al., 2006;
Raymond and Saiers, 2010]. Recent work on a well-studied forested catchment in Maryland,
eastern United States, showed roughly 6-fold increase in azs4 values during stormflow compared
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to baseflow, results consistent with our observed increases in ass values during stormflow in the
Costa Rican streams [Singh et al., 2014] (Table 3). However, rank correlation values between
[DOC] or CDOM concentration and discharge were generally low (<0.5) and this was consistent
with the hysteresis often observed with [DOC] and other solute concentrations during storms,
which has been described as a “flushing” of solutes from the watershed [McDowell and Likens,
1988; Boyer et al., 1997; Hinton et al., 1998]. The hysteresis appears attributable to the relative
activation of different regions of the watershed and to the relative leaching of DOC from riparian
or hillslope water sources to runoff in the catchment [McGlynn et al., 2003].

Distribution of FMax values amongst sources from the PARAFAC model fit to EEM
fluorescence provided distinct qualitative markers for the terrestrial DOM sources to the streams
as a result of stormflow (Fig. 4). Soil and throughfall shared similar distributions though
throughfall was enriched in C2, C5, and C6 relative to soil leachate. These latter components
represent “protein-like” fluorescence as well as fluorescence signals from tannins such as gallic
acid and soluble lignin degradation products [Hernes et al., 2009; Stubbins et al., 2014]. C5 and
C6 fluorescence likely originated in DOM leaching of fresh land plant material washed off plant
surfaces in throughfall but also material leached from leaf litter accumulating on the land surface
during stormflow, as well as accumulating in these small streams during baseflow. This would
explain the similar proportions of C6 during baseflow and stormflow in the Taconazo. In the
Arboleda the dominance of RGW likely diluted this signal during baseflow. However, at
stormflow, the similarity in relative FMax distributions between the Arboleda and the Taconazo
is clear (Fig. 4). While FMax values were overall greater during stormflow than at baseflow for
both streams, nonparametric MANOVA on all 6 PARAFAC components showed that there was a
statistically significant difference (P<0.05) between stormflow and baseflow only in the Arboleda
(Table 4). Further, there was not a significant difference between the Taconazo at stormflow and
the Arboleda at stormflow. These results were consistent with SUV Azs4 and Sr results and showed
that DOM in the Arboleda and the Taconazo became more homogenous during stormflow,
reflecting sources common to both streams, despite significant differences between the Arboleda
and Taconazo during baseflow.

Our results were consistent with the assessment of groundwater-surface water mixing in
the Arboleda and show the strength of the RGW effect on the Arboleda [Genereux et al., 2013].
During stormflow the median Sgr value for the Arboleda (0.93) was still much larger than the
median Sr value of the Taconazo (0.78) and suggested an offset of the watershed addition of higher
molecular weight material, which also was consistently higher in aromaticity. In fact, this
observation suggests that RGW provided DOM inputs of similar quality and quantity to the
Arboleda during both wet and dry seasons in Costa Rica [Genereux et al., 2009; Ganong et al.,
2015]. RGW azs4 values and [DOC] were far more similar to the Arboleda than to the Taconazo
(Figs. 4 and 5). [DOC] in the RGW was roughly 50% and 30% of that in Arboleda and Taconazo
at baseflow, respectively, and consistent with DOC concentrations reported in Ganong et al.,
[2015]. These results support the prior observation that RGW discharging into the Arboleda dilutes
CDOM and DOC from other sources such as local groundwater, precipitation, and overland flow
[Genereux et al., 2013]. By contrast, the Taconazo is fed by local groundwater (LGW) through
surface organic horizons [Solomon et al., 2010]. This resulted in less distinct differences in DOM
quality between stormflow and baseflow in the Taconazo despite significant increases in DOC and
CDOM concentrations (Tables 2 and 3).
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5.3. Soil and Throughfall Influences on Stream DOM during Stormflow

We suspect the similarity in DOM properties between the streams during stormflow was
due to overland runoff to the streams which was dominated both by DOM leached from soils and
DOM in throughfall leached from canopy vegetation in the watersheds of each stream. Both soil
leachate and throughfall have been shown previously to be present in streams at higher quantities
during stormflow and exert a strong influence on DOM quality in those streams [Inamdar et al.,
2011; Inamdar et al., 2013; Singh et al., 2014]. However, we did not have observations of stemflow
which can also contribute large amounts of DOM to streams during rain events and could influence
EEM spectra [Hinton et al., 1998; Levia et al., 2011; Stubbins et al., 2017]. We used DOM
fluorescence, SUVA2s4, and 6°C values to describe the relative contributions of these DOM
sources to the Arboleda and Taconazo streams during stormflow.

We hypothesized that the ratio of the sum of throughfall components (C2+C5+C6) to the
sum of soil components (C1+C3+C4) might be increased during a rain event (hereafter, the
“TF/soil” ratio). Throughfall through the canopy accumulates DOM and should enrich streams at
onset of significant precipitation and just prior to rising discharge. Figure 5 shows results from two
storm events, one each from Arboleda and Taconazo, which confirm this supposition. The TF:soil
ratio for DOM sampled in each stream over the 12-hour period of observation was highest as
discharge was rising and then tapered off to a constant background during peak discharge and
during the falling discharge (Figs. 4A,C).

This pattern is consistent with an influx of throughfall (and perhaps stemflow though we
did not have observations of it) as precipitation fell through the canopy and contributed to the
initial surface runoff into the stream. Then, as flood stage was reached and organic-rich surface
soil regions of the watershed were activated, the stream DOM quality becomes more influenced
by soil leachate. The ratio was linearly correlated with Sgr values (Figs. 4B, D) which is consistent
with the Sr values for throughfall (0.92+0.19) and soil DOM (0.76+0.08). Therefore, we
hypothesize that the extensive canopy in the watersheds of these streams contributes substantial
DOM to them during storm events.

513C-DOC values for both streams were highly variable (range: -21 to -37%o) but well
within terrestrial DOM values from temperate and tropical streams and rivers [Spencer et al. 2010;
Bass et al. 2011; Lambert et al. 2016]. However, neither the Arboleda nor the Taconazo exhibited
a significant difference in 5*C-DOC value between baseflow and stormflow (Table 3). Sources of
DOM from RGW, soil leachate, or throughfall exhibited a narrower range in §**C-DOC values (-
26.2 to -32.8%0) whereas precipitation §'3C-DOC values were as highly variable as the streams
(Table 7). The wide range in §**C-DOC values was surprising and suggested variability in §3C-
DOC values of the DOM sources themselves.

Fresh plant litter exhibits a range of §13C values (e.g., -25 to -30%o) in tropical ecosystems,
based on differences among plant species [Hammond et al., 2005]. Previous research on
Peperomia, a common plant species in La Selva, found §*°C values of -22.3 to -33.8%o, which
overlaps the range of §*3C-DOC values we measured in the Arboleda and Taconazo [Ting et al.,
1985]. The variation in 8*3C-DOC values within the same species could be due to seasonal changes
[Tieszen, 1991]. Therefore, the heterogeneity of plant types and seasonal differences might partly
explain the underlying variability in our §3C-DOC values, and suggests that these §*3C values
reflect combinations of fresh plant-derived DOC in throughfall and soil DOM leached from the
surrounding watershed.
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Figure 5. Changes in relative abundance of throughfall (TF) and soil sources of DOM to the
Arboleda (A, B) and Taconazo (C, D) streams. A and C: ratio of TF to soil during a storm
event plotted along with discharge. B and D: regression of ratio as a function of the spectral
slope ratio value, Sr.

Lloret et al., [2016] have recently used 5'3C values to demonstrate the importance of plant
litter to stream DOM pools in contrast to soil OM. Fresh plant litter consistently exhibited depleted
513C values (-29 to -30%o). However, these workers also discovered variability in isotope values
between soil DOM extracted in water (-26 to -29%o) and to samples collected from lysimeters
(wells; -30 to -34%o). The difference is attributed to an enrichment of soil OM of up to 4%e. relative
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to plant material. Comparing wetland soils to hillslope soils during a storm event in the Kervidy-
Naizin catchment (Brittany, France), a similar enrichment of §*3C-DOC values was observed -28
to -23%o [Lambert et al., 2011]. The possible mechanism behind this enrichment is adsorption of
13C-enriched carboxyl moieties onto soil inorganic particles. The resulting leached DOM is
likewise enriched in 13C.

SUVAs4 values and 8*3C values provided a framework to explain the variability of DOM
sources to the Costa Rican streams, summarizing both effects of RGW and of soil and throughfall
on stream DOM (Fig. 6). The DOM sources plotted along a gradient between enriched §*3C-DOC
value of low aromaticity (precipitation and RGW) and depleted §*C-DOC values of high
aromaticity (throughfall). Notably, the high SUVA2s4 values (>2.0 L mg C** m™) and §*C-DOC
values <28%o found in throughfall are consistent with a recent study of throughfall from trees in
the coastal southeastern US, in which high resolution mass spectrometry was used to quantify
aromaticity [Stubbins et al., 2017]. Soil DOM plotted in between these end members likely for
reasons previously discussed. Mean Arboleda and Taconazo values were plotted at baseflow and
at stormflow with error bars representing standard deviations for both parameters. Mean stormflow
values for each stream and mean Taconazo at baseflow plotted between the soil DOM and
throughfall DOM values, implying the effect of both terrestrial sources on DOM quality.

Figure 6. DOM stable
carbon isotope
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Heterogeneity in the results probably result from variable mixtures of these sources as well
intense microbial recycling of organic matter in this warm tropical environment. It was also clear
that the mean values of SUVA2s4 and §3C-DOC for the Arboleda plotted closer to the Guacimo
Spring values, which RGW. Interestingly, the stormflow mean §*C-DOC values for both streams
was roughly 1%o higher than baseflow mean values, a result which may be due to the difference in
riparian wetland vs. hillslope soil sources of DOM as observed in the Kervidy-Naizin catchment.
Inmandar et al. [2011] used a detailed study of stream and source DOM absorbance and
fluorescence properties along with end-member mixing analysis (EMMA) to demonstrate that
storm event DOM is enriched in aromatic and humic features, while baseflow DOM was less
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aromatic and enriched in proteinaceous material. Their results are consistent with our findings for
the Arboleda and Taconazo in that multiple sources — including throughfall, litter leachate and
shallow soil water — produce DOM having high aromaticity (high SUVA2s4 values). Although
surface flowpaths exert a major control on DOM exports in streams, RGW appears to modulate
this balance by creating a continuous export of water and solutes through the Arboleda during
baseflow and stormflow [Ganong et al., 2015]. The relationship of SUVAzs4 to §**C-DOC is a
clear linkage between the optics and chemistry of DOM in these streams and provided unique
insight into the strong influence both of soil leachate and throughfall in shaping the DOM quality
of these streams.

5.4. DOC Exports in Tropical Streams and the Role of RGW

DOC exports computed for the Taconazo were similar to DOC exports from other tropical
and temperate watersheds, however the Arboleda exhibited much higher DOC exports than the
Taconazo or many other streams. The Taconazo DOC export values fell within a range seen in
other systems, ranging from small forested temperate and tropical streams to the Amazon River
from 0.74 g C m2 yr! to 9.40 g C m2 yr! (Table 8). Estimates of Taconazo DOC export in this
study also are similar to those calculated in 2006: 4.0 g C m? yr! [Genereux et al., 2013].
However, Arboleda DOC export calculated in this study was much higher than in 2006 [Genereux
et al. 2006]. DOC export for the Arboleda was greater than many other studies, including
comparatively large DOC exports from the tropical Q. Sonadora in Puerto Rico (6.59 g C m2 yr
1y and the Penobscot River in the northeastern US [Aitkenhead and McDowell 2000; Spencer et al.
2013]. However, the DOC export of the Arboleda was similar to Guadeloupe (French West Indies),
particularly during the flood level exports. In Guadeloupe, the low water level exports ranged from
0.4t0 1.7 g C m? yr' and the flood level exports ranged from 11.3 to 42.2 g C m2 yr! [Lloret et
al., 2011].

Storms exert an important control on DOC exports, representing about 30-70% of seasonal
exports from catchments [Hinton et al. 1998; Raymond and Saiers 2010]. To assess the influence
of storms on DOC flux from the Arboleda and Taconazo watersheds three storms were sampled
every hour for 12 hours on three days in June 13, 2013, June 14, 2013, and June 25, 2013 (Table
9). The M5 method was used to compute storm fluxes (Equation 1). However, in this instance K
represented the volume of water discharged per storm. In the Arboleda all three storms have a
higher estimated flux (in only 12 hours) than the mean daily flux of 2.22 x 10* g C d™. The range
of these storms was nearly 4-fold in DOC flux. In the Taconazo the mean daily flux was 2.13 x
103 g C d'* and the range of DOC flux during storm events was nearly an order of magnitude larger.
Similar to aforementioned studies of temperate watersheds, both the Taconazo and the Arboleda
potentially export the majority of DOC during storms. However, the influence of IGF was apparent
in that the magnitude of DOC flux contributed by a storm was proportionally less in the Arboleda
than in the Taconazo. This result was consistent with the constant flow (and hence constant export)
of DOC via the Arboleda due to the presence of regional groundwater.
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Table 9. DOC exports for Arboleda and Taconazo streams compared to other tropical and
temperate streams and large rivers.

Site Export (g C m2yr?)
Tropical streams

Arboleda, Costa Rica? 23.96
Taconazo, Costa Rica? 3.06
Arboleda, Costa Rica® 14.10
Taconazo, Costa Rica® 4.00
R. Tempisquito, Costa Rica® 3.7
R. Tempisquito Sur, Costa Rica® 2.7
Q. Kathia, Costa Rica® 1.9
Q. Zompapa, Costa Rica® 4.3
Q. Sonadora, Puerto Rico® 7.43
Q. Toronja, Puerto Rico® 3.30
Rio Isocacos, Puerto Rico® 9.40
Juruena headwaters, Brazil® 3.15
Capesterra, French West Indiesf 5.7
Deshaies, French West Indies' 1.60

Waikulu Stream, Hawaii — baseflow?
Waikulu River, Hawaii — stormflow?
Temperate streams

Big Hollow Creek, Ohio" 4.40
Satellite Branch, North Carolina" 0.74
Batvia Kill, NY' 4.6
W. B. Neversink, NR Frost Valley, New York' 5.7
W. B. Neversink, NR Claryville, New York' 1.7
Big Elk Creek, Maryland’ 1.8
Oberer Seebach, Austria® 4,01
Large rivers

Amazon 4.4
Congo' 34
Essequibo’ 5.4
Mekong' 1.4
Fly' 8.6
Orinoco' 45
Parana 2.1
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This study, ® Genereux et al., [2006], “Newbold et al., [1995], “Aitkenhead and McDowell, [2000], ¢Johnson et al.,
[2006], Lloret et al., [2011], *Wiegner et al., [2009], "Mulholland et al., [1997], 'Raymond and Saiers, [2010], IDhillon
and Inamdar, [2013], kFasching et al., [2015], 'Raymond and Spencer, [2014]

Table 10. Estimated DOC flux by each stream during three storm events in 2013.

Event Arboleda Flux (g C storm™)  Taconazo Flux (g C storm™)
Storm 1 2.37 x 10* 2.38 x 10°
Storm 2 7.91x 10* 1.98 x 10*
Storm 3 5.83 x 10* 5.66 x 10°

6. Conclusions

Emerging details on the variability of DOM dynamics in tropical ecosystems suggests that
wet and dry periods result in different amounts of DOC being exported and, similar to temperate
ecosystems, much of this export is event driven [Raymond and Saiers, 2010; Bass et al., 2011;
Spencer et al., 2012]. Recent work at La Selva has shown that RGW adds complexity to this
dynamic, driving higher export of DOC even with comparatively lower DOC concentrations that
surface waters [Genereux et al., 2013; Ganong et al., 2015]. Here, we have demonstrated that
stream DOM chemistry is similarly affected by RGW and strongly influences the quality of the
DOM exported.

A major finding of this study is that the DOM properties in regional groundwater bears
striking similarity to oligotrophic oceanic DOM: a lack of measureable fluorescence, yet CDOM
absorption spectral features resembling photobleached surface seawater. This finding implies that
substantial degradation — possibly by subsurface microbes — exerts a major control on DOM in
groundwater systems. The possibilities for similar biogeochemical processing of DOM in deep
groundwater systems and the ocean — which can operate on similar timescales of 1000s of years —
demand further investigation.

A second major finding was that stormflow exerted clear changes on the quality of DOM
in streams by mobilizing more aromatic DOM and increasing the concentration of CDOM in
streams. The sources of DOM in the Arboleda and Taconazo at stormflow and baseflow was very
similar, as indicated by a wide range of §**C-DOC values in both streams showing no statistically
significant difference between flow regime or between streams. We believe this is evidence that
the DOC in runoff to the streams during storms is comprised primarily of material leached from
fresh plant litter which is mobilized in throughfall (and possibly stemflow) as well from organic-
rich surface soils. Future work should investigate how storms in tropical watersheds influence the
relative proportions of throughfall and stemflow to soil sources of DOM to streams, which could
be an important dynamic in inland stream carbon cycling. Results from studies of lignin, an
aromatic biopolymer of terrestrial vegetation considered to be recalcitrant to microbial
degradation, in upstream waters of the Amazon River suggest a very rapid degradation of terrestrial
DOM leading to a baseline stable state [Ward et al., 2015]. This result is consistent with the
baseline DOM properties of the Arboleda and Taconazo reflecting partially-degraded DOM and
being markedly different from throughfall or soil-leached DOM. The transfer of canopy carbon
into stream networks where it likely is rapidly metabolized is being realized as an important flux
between terrestrial and aquatic ecosystems [Stubbins et al., 2017]. Throughfall DOM in streams
may therefore be converging flowpath “hot spots” during the “hot moments” of storm events,
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representing poorly quantified C fluxes that warrant further study [McClain et al., 2003; Cole et
al., 2007].

Exports of DOC from the Arboleda and the Taconazo showed that regional groundwater
was very influential in the amount of carbon exported in surface water stream systems. In stream
ecosystems with sufficient canopy in their watersheds, the connection of carbon biogeochemistry
to forest dynamics and regional hydrogeology may be stronger than previously realized when
considering the effect of DOM inputs from throughfall in addition to regional groundwater. Both
clearly need consideration in future work because both exert strong controls on DOM quality as
well as quantity.
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Deep groundwater-derived CO, as a source for plant photosynthetic
uptake in a Costa Rican rainforest
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Abstract

The role of export of carbon via surface waters has been increasingly appreciated as an
important component of ecosystem carbon budgets. However, the role of groundwater as
an input of carbon to ecosystems is relatively poorly known. In a lowland rainforest in
Costa Rica, inputs of geological (deep crustal) dissolved inorganic carbon (DIC) in
regional groundwater greatly increase stream water carbon concentrations. Here we test
if that groundwater-derived carbon represents a significant source of CO, for
photosynthesis of riparian plants in the recipient watershed. We compared the isotopic
signatures of air, plant tissue and soil near two weir-equipped streams with different
inputs of high-DIC regional groundwater; the Taconazo has no inputs, and about 40% of
stream discharge of the Arboleda is derived from regional groundwater. Concentrations
of CO; in air along the Taconazo remained in the normal range of forest canopy CO,
concentrations. In contrast, CO, concentrations in air along the Arboleda occasionally
exceeded 1000 ppm and below the weir by the splash zone were often higher than 1500
ppm and occasionally exceeded 3000 ppm. Elevated CO; in air was also found at a small
waterfall on the Quebrada Sura, the higher order stream into which the Arboleda flows.
We found slightly higher §"*C-CO; in air above the Arboleda compared to the Taconazo,
consistent with an enhanced flux of isotopically-heavy CO, from the Arboleda. Keeling
plots of air samples taken at the Arboleda and Sura deviated from those over the
Taconazo and clearly indicated a source of CO, other than atmospheric air and
respiration. Measurements of **C-CO; in air near the Arboleda clearly revealed the
presence of geological CO, derived from regional groundwater. 5'°C of leaf samples
taken at the two streams were not strongly different, but **C measurement of leaves and
soils indicate the presence of groundwater-derived carbon. Our data indicate that CO,
dissolved in regional groundwater delivered from upslope catchments in the Central
Cordillera to lowland watersheds supplements photosynthesis of riparian plants,
especially near areas of turbulent water flow. This pathway represents another source of
carbon for photosynthetic fixation in the ecosystem, in addition to the atmosphere.

1Department of Biological Sciences. Florida International University, Miami, FL 33199, USA. 2Current
address: La Selva Biological Station, Organization for Tropical Studies, Puerto Viejo de Sarapiqui, Costa
Rica. *Department of Marine, Earth, and Atmospheric Sciences, North Carolina State University, Raleigh,
NC 27695-8208, USA
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Introduction

The role of export of carbon via surface waters has been increasingly appreciated as an
important component of ecosystem carbon budgets (Richey et al. 2002, Mayorga et al.
2005, Cole et al. 2007, Dinsmore et al. 2010). The carbon (C) may be derived from
ecosystem-derived sources such as dissolution of limestone (Plummer and Sprinkle
2001), export of soil respiration (Johnson et al 2008, Oquist et al. 2009), and breakdown
of ecosystem carbon stores (Mayorga et al. 2005). Most research on this topic has
focused on transport of C by shallow water arising from local rainfall within watershed.
However, in some watersheds, C may be introduced from deep regional groundwater
sources from upland recharge areas through interbasin groundwater flow (IGF, Genereux
et al. 2005, Téth 2009). In volcanic regions, this groundwater may be exposed to
magmatic sources of CO, that may result in accumulation and transport of dissolved
inorganic carbon (DIC) by the groundwater that ultimately mixes with surface derived
water. The role of deep regional groundwater as a source of CO, into ecosystems is
poorly known. Failure to correctly attribute these sources of the C to IGF rather than
local shallow groundwater will result in erroneous estimates of carbon export from such
watersheds (Genereux et al. 2013). Furthermore, the regional groundwater-derived
carbon could potentially support increased stream productivity or, via degassing,
terrestrial plant photosynthesis.

In a lowland rainforest in Costa Rica, inputs of elevated DIC in the form of
dissolved CO; in regional groundwater greatly increase stream water carbon
concentrations in some watersheds. At this site, DIC from IGF experiences little to no
within-watershed sequestration and thus augments the C flux out of the watershed as
stream flow and degassing flux from the stream. If IGF-derived CO; is a significant
source to terrestrial plants, it should be included as a flux component in the ecosystem
carbon balance that is not measured by eddy covariance methods. Here we compare
concentration of CO, in air and the 5"°C and **C values of CO; in the air, plants, and soil
adjacent to streams with and without regional groundwater inputs. We used a paired
watershed approach comparing a stream without inputs of regional groundwater, the
Taconazo, with a stream with 40% of its discharge derived from IGF, the Arboleda
(Figure 1, Genereux et al. 2005, Zanon et al. 2014). We conducted additional
measurements on the Quebrada Sura, the higher order stream fed by the Arboleda

Study site

The study was conducted at Organization for Tropical Studies La Selva Biological
Station in the Atlantic lowlands of Costa Rica (10° 25" 19" N 84° 00 '54"W, 35 to 135 m
elevation). The forest is categorized at premontane tropical moist forest with an average
annual rainfall of 4 m (Sanford et al. 1994). The study focused on a pair of watersheds,
each equipped with v-notch weirs, with different inputs of high-DIC regional
groundwater. The Taconazo watershed has no IGF, whereas about 40% of stream
discharge of the Arboleda is a result of IGF (Genereux et al 2013). Secondary
observations were made at the head waters of both of these streams; the headwaters of the
Arboleda are above the zone of regional groundwater release and represent an area
without regional groundwater inputs. Additional measurements were made at a small
cascade in Quebrada Sura (Figure S1), the higher order stream the Arboleda joins about
250 m upstream of the cascade.
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Groundwater-derived carbon in air above streams

Figure 1. Study site general location within Costa Rica
(inset) and paired streams and sampling locations.
Modified from Oviedo-Vargas et al 2015).
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Concentrations of CO; in air
along the Taconozo and at the
weir remained in the normal
range of forest canopy CO,
concentrations (< 600 ppm,
Figure 2A). Concentrations of
CO; in air at the headwaters of
the Arboleda, upstream of the
zone of regional groundwater
discharge, were similar to those
at the headwaters and the weir
of the Taconazo (data not
shown). In contrast,
concentrations of CO; in air just
upstream of the Arboleda weir
near calm water occasionally
exceeded 1000 ppm and were
generally above normal
nighttime and early morning
values of canopy storage of
respiratory CO,, and values
below the weir by the splash
zone were often higher than
1500 ppm and occasionally
exceeded 3000 ppm (Figure
2B). A cascade on the Sura 250
m downstream of the
confluence with the Arboleda
(the source of the IGF) also
showed elevated CO; (Figure
2C). These results are
consistent with the high
degassing rates estimated using
tracers and flux chambers in
previous studies by Oviedo-
Vargas et al. (2015, 2016).
Normalized by watershed area,
an estimated 299 g C m?ytis
lost from the Arboleda
catchment compared to 48 g C
my™* for the Taconazo
(Oviedo-Vargas et al. 2015).



The values §*C-CO; in air above the Arboleda were somewhat enriched compared to
those from the Taconazo, with values from the Sura intermediate (Figure 3A), but the
differences were not significant in all cases and do not definitively indicate the presence
of a source of *C-CO, other than the bulk atmosphere and respired CO5.

The 8*3C of CO, derived from regional groundwater at this site (-4.8 %o, Genereux et al.
2013) is distinctly different from that of atmospheric air (-8.6 %o0). However, the CO; in
air in the vegetation boundary layer layer is a typically a mixture of the background
atmospheric CO, and the CO, from sources within the ecosystem, largely respiration of
plants and soil organisms metabolizing organic matter derived from plants with the Cs
photosynthetic pathway (-20 to -31 %o, Sternberg et a. 1989). Consequently, samples
taken in the morning before air mixing occurs typically are more depleted than those
taken in the afternoon when air throughout the canopy is well mixed with atmospheric air

(Figure 3A).

Figure 3. Measurements indicate only a slight effect of regional groundwater on 5*3C of
air, plant leaves, and soil at Arboleda and Sura sites compared to the Taconazo. Values

are mean + 1 SD, n = 5 for air and plants and n = 6 for soil).
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When 5%3C is plotted
vs. 1/[COy], the IGF-
derived CO; is
readily apparent
(Figure 4). If the
only ecosystem
source for CO; is
respiration, as is the
case for the air above
the Taconazo, the
result is a straight
line (a Keeling plot,
Keeling 1958, Pataki
et al. 2003), with
lower 8*3C at higher
CO, concentrations
and the y-intercept
the 8'°C of the
respired CO,. In



contrast, the points for the Arboleda and Sura fall well off the Keeling plot line for the
Taconazo because of their higher concentrations, indicating the additional source of
degassed CO; from regional groundwater. The distance of the points from the
respiratory/atmospheric line indicates the level of contribution of CO, from IGF.
Sampling time significantly affected §**C, with morning measurements generally lighter
than afternoon measurements, likely a reflection of respiratory CO, build-up in mornings
and mixing of boundary layer air with bulk atmosphere air in the afternoons.

As was the case for the’*C-CO, analysis, air taken adjacent to the Arboleda and Sura for
analysis of *C was strongly influenced by CO, from IGF. Samples for A*CO,-C in air
collected adjacent to the Arboleda weir in the unmixed layer early in the morning ranged
from — 292 to -450 %o, corresponding to 2710-4750 year bp (Figure 5A). Samples from
the Sura cascade were -138 to -280 %o, corresponding to 1140-2590 year bp. Samples
upstream at the Arboleda well ranged from 0 to -58 %o (modern to 425 year bp). In
contrast, samples collected at the Taconazo weir ranged from 9 to -26 (modern to 155 y
bp, Figure 5a).

Figure 5. A**C measurements indicated that regional groundwater carbon is found in air,
plant leaves, and soil at Arboleda and Sura sites, but not the Taconazo. Values are mean + 1
SD, n= 3 for air and leaves, n = 6 for soil.
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Groundwater-derived carbon in plant tissue

Leaf tissue samples from wet season and dry season all showed very light §*3C values
between -30 and -38 %o from all locations (Figure 4B). These signatures were found
despite clear evidence that CO, enriched for **C is degassing from the Arboleda. Only
one of the three species was significantly heavier at the Arboleda (Crinum). In principle,
the influence of this air may be detectable through the **C of carbon in plants growing
near water bodies with regional groundwater inputs. If CO, from regional groundwater is
released in forest understory under calm conditions, high concentrations of isotopically-
heavy CO, should be available for photosynthetic uptake that would enrich leaf tissues
for 1°C. That this signal was not clearly detectable is a result of several factors. First, the
difference between the §'°C of CO, from regional groundwater and that of the bulk
atmosphere is small (-4.8 vs. -8 %0). Second, photosynthetic uptake of CO, discriminates
against *3C, resulting in §'*C of leaf tissue ranging from -20 to -31 %o for C; plants
exposed to atmospheric air (Kohn 2010). In the forest understory where calm conditions
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allow significant canopy storage of respiratory CO,, plants may be taking up depleted
CO;, derived from Cj3 plant tissue-based respiration, especially in the morning hours
before canopy air mixing (CO; recycling; Sternberg et al. 1989), resulting in tissue as
light as -38 %o. The &™*C of soil respiratory CO, measured at La Selva (in the same week
as the data in Figure 4) near the canopy flux tower (Loescher et al. 2003) was 26.9+ 0.2
SE. Thus, recycling of respiratory CO; and build-up of regional groundwater derived
CO; have opposing effects on leaf §*C and the recycling may mask the regional
groundwater effect. The calm conditions that allow build up of IGF-derived isotopically
heavy CO, also allow build up respiration-derived isotopically light CO,. In contrast, in
areas or at times where air is well-mixed during the day and photosynthesis is taking up
regional groundwater CO, mixed with atmospherically-derived CO,, the signature of
plants should be heavier. Depending on the local conditions, open canopy over large
stream with good mixing of atmospherically-derived CO, down to forest floor or closed
canopy over small stream with little mixing, uptake of CO, derived from regional
groundwater may or may not be detectable in the §'3C of leaf tissue. §"*C is also strongly
indicative of plant water use efficiency in response to changes in soil moisture (Farquhar
et al. 1989); under dry conditions, discrimination is reduced and leaf tissue values are
enriched for **C. However, the dry season in the study region is relatively mild and not
likely to be a major factor in these riparian habitats.

Leaf samples of two plant species taken adjacent to the weirs of the Arboleda and the
Taconazo showed highly statistically significant differences in A**C among sites (Figure
5B). Plants near the Arboleda weir contained old carbon (-245 — 484 %o, 2200 to 5200
years bp), whereas those at the Taconazo had modern carbon (>modern). These results
differ from those of the 8*3C of plant tissue that did not definitively show the heavier
groundwater signal. This result can be attributed to the large difference between A¥C of
CO; in modern air vs A*C of the groundwater-derived CO, (~40 vs -400 %o,
respectively) compared to a difference in between IGF-CO, and bulk atmosphere CO, of
about 4 %0 and IGF-CO, and respiratory CO, of about 23%eo.

Groundwater-derived carbon in riparian soil

We tested riparian soil for evidence of groundwater-derived carbon, which should be a
more integrative measure of the importance of this carbon. Soil samples taken at the
Arboleda weir and Sura cascade showed evidence of IGF delivered carbon in the soil
carbon in the form of depleted A™C levels (Figure 5C). However, the signal was much
smaller than that of **C in leaf tissue of riparian plants and not statistically significant
becaue of a mix of samples with clearly old carbon with samples with >modern carbon.
The samples from the Arboleda well and the Taconazo weir and well were all modern
(Figure 5C), and in fact, enriched (AC = 56-68%o) relative to the background measured
for air and leaf tissue at the Taconazo (~20 %o). The small signal of IGF carbon in the soil
likely arises because most of the soil carbon is derived from overstory tree leaves and
roots from CO, fixed at the canopy level that would not have been exposed to much of
the IGF derived-CO,. Also, the background level of soil carbon seen for the Taconazo
weir and well corresponds to an enriched bomb **C background of soil carbon fixed
approximately 10 y prior to the year of sample collection (2015). These values suggest a
slow turnover of soil carbon resulting in all values shifted toward more enriched. In the

111



case of the Sura cascade, the site is subject to frequent floods that scour the rocky
substrate preventing accumulation of deep soil at the site. As a result, there is little
riparian vegetation growing in the area below the cascade although the site has nearly full
canopy coverage in the overstory.

Our data conclusively show that dissolved carbon dioxide upwelling in water from a
distant catchment supplements plant photosynthesis along a stream in Costa Rican
rainforest. While CO, release from vents and springs directly adjacent to mantle
outgassing are well known to affect plant growth both positively and negatively, Raschi
et al 1997, Badiani et al 1999, in the present case the CO, is delivered via water flow
from a catchment many kilometers distant. The quantity of carbon released from the
study catchment is substantial, equivalent to 24 - 27% of annual soil respiration estimates
for 2013 to 2015 (1119 to 1267 g m?yr™) and 8 — 11% of previous estimates of total
ecosystem efflux (2670+260 to 3560+180 g myr™, Loescher et al. 2003, Cavaleri et al.
2008, respectively). As might be expected, degassing was more prevalent in high
turbulence areas. Waters of the Arboleda are relatively calm, so degassing could
potentially be much higher with different stream bed configurations. Spot measurements
of *3C in a calm area of upwelling on the Arboleda, a nearly impenetrable swamp,
suggest these areas may be releasing more CO, than the stream. Efflux rates at the points
of upwelling require further study. Although leaf samples showed very strong A¥C
signatures of IGF, soil samples were not suggestive of incorporation of large amounts of
the IGF CO, into the ecosystem. Stream degassing occurs continuously, so much of the
CO; released during nighttime may be vented or leave the watershed by advection
without being taken up by photosynthesis.

The Arboleda is just one of several streams with inputs of IGF at the study site, and it is
likely that IGF may be occurring throughout the region. Geological conditions under
which IGF may be transporting C are quite common globally (Genereux et al. 2013), so
ecosystem studies in these regions would be advised to evaluate the possibility of IGF
delivery of CO..

Methods

Detecting groundwater-derived CO, in air

Groundwater-derived CO, can potentially be detected both from above-normal local
atmospheric concentrations as well as from the carbon isotopic composition of the COs.
Typical concentrations in the forest understory range from 400 to 500 ppm during the
daytime and up to 600 ppm at night when mixing is reduced and soil and tree respiratory
CO; builds up in the canopy (canopy storage, e.g., Loescher et al. 2003). Concentrations
greater than 600 ppm can generally be assumed to be inputs from an additional source.

The §*3C of CO; derived from regional groundwater at this site (-4.8 %o, Genereux et al.
2009) is distinctly different from that of atmospheric air (-8.4 %o). Similarly, A*C of
DIC in groundwater corresponds to an age of 2400 to 4000 year bp (Genereux et al.
2009) whereas A'C of air is currently 40 %o and falling as atomic bomb testing elevated
YC is incorporated into biomass.
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Diel courses of CO, concentrations above streams

Concentrations of CO; in air near streams were recorded by a GMP343 CO, transmitter
(Vaisala, Helskini, Finland) over multiple 24 hr periods in the upper headwaters of the
streams, in waters near wells approximately 100 m above each of the weirs, near the
pools above the weirs, in the splash zone below the weirs, as well as at the cascade on the
Sura. Data were stored as 5 min averages with maxima and minimum using Campbell
21X or CR200 dataloggers (Campbell Scientific, Logan UT, USA).

Measurements of 0C-CO, and A¥C-CO, of air samples

Samples of air for §:*C-CO, were taken by 30 ml syringe from unmixed (early morning)
and mixed (afternoon) air near the wells and weirs of each of streams and the Sura
cascade and stored in 12 ml screw-capped Exetainer vials (Labco Limited, Ceredigion,
United Kingdom) for analysis of [CO,] and 8*3C. Exetainers were prepared using two
different approaches. Initially, sample vials were flushed three times with N, gas with a
syringe and then pressurizeded with 20 ml of nitrogen prior to sampling. During
sampling, the vials were flushed three times with sample air and then pressurized with a
20 ml of sampled air. For collection of sample air, a battery-operated pump (Model
NMPO015, KNF Neuberger, Trenton, NJ, USA) connected to at least 3 m of bev-a-line
tubing with a weighted end pulled air from the desired sample location. Air was sampled
from the tubing using a three-way valve and syringe with a one-way valve. Following
sampling the one-way valve was closed, a needle installed on the valve, and the needle
was flushed with excess sample prior to injection into the vial. Vials not pressured at the
time of sampling were rejected for use. In later samples when a vacuum pump became
available, vials were evacuated prior to use. During sampling the vials were flushed
twice with the air sample and then filled with 20 ml of sample air. Vials not under
vacuum at the time of sampling were rejected for use. Samples were shipped as soon as
possible to the University of California Davis Stable Isotope Facility where they were
measured by ThermoScientific PreCon-GasBench system interfaced to a
ThermoScientific Delta V Plus isotope ratio mass spectrometer (ThermoScientific,
Bremen, DE). Carbon dioxide concentrations were measured during sampling by
drawing the sample air through a LI-840 infrared gas analyzer (LI-COR, Inc, Lincoln NE,
USA) or Vaisala GMT 221 CO, transmitter with the calibration shroud (Vaisala, Inc,
Helsinki, Finland). For some measurements, the sample tube inlet was placed adjacent to
the sample space of a Vaisala GMP343 open path CO, transmitter and readings recorded
at the time of sampling.

Samples for A¥*C-CO, of air were taken at the two well sites, below the two weirs, and at
the Sura cascade (n = 3 for all but the Taconazo well site, n =2). For measurement of
A¥C-CO, in air samples, air was drawn through a molecular sieve (Alltech 13 X) for 5
min at ~1 Ipm using a micropump (KNF Model NMP015) following procedures
described by Schuur and Trumbore (2006). Carbon dioxide was desorbed from the sieves
by heating, cryogenically trapped and purified and converted to graphite. A replicate for
the Taconazo well was lost in the trapping process. Samples were sent for analysis to the
National Ocean Sciences Accelerator Mass Spectrometry facility (NOSAMS, Woods
Hole Oceanographic Institute, Woods Hole, MA, USA).
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Soil respiration rates and 5~C-CO, of respiration

Soil respiration consistently represents one the largest components of ecosystem CO,
efflux to the atmosphere, provides a good reference for assessing the scale of IGF
delivery of CO,, and is one of the simplest of the efflux components to measure. We
measured soil respiration twice monthly from 2012 to 2016 across a subset of long-term
study plots stratified for soil type and slope (Clark and Clark 2000). These plots are
those measured by Schwendenmann et al. (2003) with the addition of three plots that
improved representation of the range of the soil phosphorus levels. Soil respiration
measurements were made using a static chamber system with a LI-COR 840 CO,/H,0O
infrared gas analyzer and a Campbell CR200 datalogger for data recording. Eight
aluminum 20 cm internal diameter chamber bases at each plot were fitted with a PVC cap
for 5 minutes of recording of the increase in CO, concentration that was used to calculate
flux rates.

Keeling plots for determination of the §'*C-CO, of soil respiration were taken near the
base of the ecosystem flux tower at the site (Loescher et al. 2003) in April 2014. For the
measurements, a LI-COR 840 CO,/H,0 infrared gas analyzer configured in a closed loop
with 1 Ipm flow rates was linked to an aluminum cap that was attached to 20 cm ID
aluminum bases that had been placed in the soil more than 48 h prior to measurements.
Measurements were conducted at night. Prior to the measurements, an auxiliary 3 Ipm
pump connected to a soda lime scrub tube was placed in a closed loop to remove all CO;
except that derived from soil respiration. The pump was run for 12 min, sufficient time
for the chamber air to run through the scrub at least 12 times and concentrations to drop
below 150 ppm. Following scrubbing, the chamber was connected to the 1 Ipm pump
system and samples were taken by 30 ml syringe approximately every two minutes from
an inline three-way valve and injected into previously evacuated 12 ml Exetainer vials
following procedures described above for air samples. Three replicates were made with
seven samples each spanning a range of over 300 ppm CO,.

Detecting groundwater-derived CO, in plant tissue and soil

Measurement of 5"°C and A™C of plant tissue

An exploratory set of leaves was collected at the weirs of the two streams as well as their
headwaters, and at two other areas of groundwater upwelling. Later, a regular schedule
of leaf sampling was instituted whereby leaf tissue of three species was collected at both
sites in wet season and dry season of 2011, 2013, and 2014. Single leaves of each species
were collected below the weir and at four locations upstream of the weir at approximately
50 m intervals. The ideal design would be to use replicate samples of the same species at
both streams but that proved to be impractical because of the uneven distribution of the
plants and small number of the plants at the stream bank access points. Two of the
species were shared between the two sites, a lily, Crinum erubenscens and a fern
(Tectaria incisa). The third species collected at each site was different (Piper reticulatum
at the Arboleda and Spathiphyllum leave at the Taconazo). At the Taconazo, flooding
after initial sampling reconfigured the stream bank removing some individuals of the
fern, which was substituted with leaves of another species of fern at some of the upstream
locations. A final collection of leaves was taken in the end of the dry season in May
2015 with six replicate leaves from three shared species at the Taconozo and Arboleda
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weirs. These species were a T. incisa, C. erubenscens, and Goeppertia micans. A fourth
species was collected but the species at the two sites differed (Selaginalla at Taconazo
and Cylcanthus at the Arboleda). Leaf samples were collected, returned to the lab in
Florida (permit DEVS 227-2015), cleaned of any mud or sediment, and oven dried at 65
C for 48 hr. Dried leaves were returned to the laboratory at Florida International
University where samples were brushed off with a fine artists paintbrush to remove any
loose soil or leaf particles and lightly rinsed with deionized water. A ~5 mg intact leaf
blade sample without midrib was sent for analysis of **C to the NOSAMS facility at
Woods Hole Oceanographic Institute (http://www.whoi.edu/nosams/home). The
remainder of the leaf samples were ground with a Spex Certiprep for analysis for §"°C at
the Florida International University Stable Isotope Facility using a Finnigan Delta C EA-
IRMS.

Measurements of 5-C and A*C of soil

Soil cores approximately 10 cm deep and 1.5 cm diameter were taken for §'°C and A™C
analysis in November 2015 at the Arboleda and Taconazo weirs, approximately 100m
upstream of both weirs, and at the Sura cascade. Soils at the Sura cascade were very thin
as the stream passes through a rocky channel and flooding frequently scours the bank.
Samples were air dried before shipping in sealed scintillation vials to a USDA-approved
soils lab. Samples were sterilized by autoclave prior to pulverizing with a mortar and
pestle. Powdered samples were shipped to the NOSAMS facility for §°C and **C
analysis.
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Figure S1. Sura cascade approximately 250 m downstream of junction of
Sura and the Arboled.
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