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N. Gutiérrez-Sibaja®, M. Martinez-Arroyo?, E. Ortiz-Apuy?, J. Salgado-Lobo?,
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Q. Jiménez-Madrigal*, O. Vargas-Gutiérrez®, and C. Birkel®

IStable Isotope Research Group, School of Chemistry, Universidad Nacional, Heredia, Costa Rica, 2Chemistry School,
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Resources Laboratory, Agronomical Research Center, Universidad de Costa Rica, San Pedro, Costa Rica, f’Department of
Geography and Water and Global Change Observatory, University of Costa Rica, San José, Costa Rica

Abstract Dissolved organic carbon (DOC) transport and export from headwater forests into freshwaters
in highly dynamic tropical catchments are still understudied. Here we present a DOC analysis (2017) in a
pristine and small (~2.6 km?) tropical catchment of Costa Rica. Storm flows governed a rapid surface and
lateral allochthonous DOC transport (62.2% of the annual DOC export). Cross-correlation analysis of rainfall
and stream discharge indicated that DOC transport occurred on average ~1.25 hr after the rainfall maxima,
with large contributions of event water, ranging from 42.4+0.3% up to 98.2+0.3% of the total discharge.
Carbon export flux (annual mean=6.7+0.1 g C - m™ - year'") was greater than values reported in subtropical
and temperate catchments. Specific ultraviolet absorbance indicated a mixture of hydrophobic humic and
hydrophilic nonhumic matter during both baseflow and storm events. Our results highlight the rapid
storm-driven DOC transport and export as well as low biogeochemical attenuation during baseflow episodes
in a climate sensitive hot spot. By understanding the key factors controlling the amount of organic carbon
transported to streams in dynamic tropical landscapes, better global- and catchment-scale model
assessments, conservation practices, and water treatment innovations can be identified.

Plain Language Summary Humid tropical forests represent ~20% of the global soil organic
matter reservoirs. Nutrient availability coupled with transport and export of dissolved organic carbon
(DOC) from forests into freshwater ecosystems is still poorly understood in the tropics. Here we present a
study of DOC dynamics in a humid tropical catchment of central Costa Rica. Overall, DOC was transported
from the forest to the stream on average within ~1.25 hr after large rainfall events. Storm flows were
dominated by event water (recent rainfall) in the catchment. Fluvial carbon flux exported from the
catchment was estimated at 6.7+0.1 g C - m™ - year ". Our results highlight the rapid DOC transport and
export during storm flows as well as low biodegradation during baseflow episodes. These findings may
contribute to improve model calibration and validation considering the limited high-resolution DOC data in
dynamic tropical landscapes.

1. Introduction

Biogeochemical characteristics of soils coupled with climate conditions play a remarkable role in controlling
hydrological responses (i.e., storage and release of water and solutes; McDowell & Asbury, 1994) in tropical
forested ecosystems. Global carbon models (based on net primary productivity scenarios) posed humid
tropical forests as hot spots of soil organic carbon (SOC) vulnerability considering the potential
intensification of rainfall and temperature regimes, and consequently, acceleration of SOC degradation,
transport, and export (Kochy et al., 2015; Schmidt et al., 2011). However, the mechanisms governing storage,
transport, and export of organic matter from headwater forested ecosystems to lowlands remain poorly
understudied in highly dynamic tropical regions (Butman et al., 2015; Masese et al., 2017; Pesantez et al.,
2018). In particular, high-resolution sampling comprising storm and baseflow events is often scarce, which,
in turn, limits fluvial carbon budget estimations worldwide.
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Soils in the humid tropics are characterized by high concentrations of iron and aluminum oxides, low pH,
and relatively large porosities and water contents. These factors have a great influence on the ability to store
SOC (Dubinsky et al., 2010) and on the bioavailability of organic matter related-nutrients (i.e., N, P, and
trace elements) in aquatic food webs (Brandao et al., 2018). In such ecosystems, rainfall seasonality has been
identified as one of the main drivers of allochthonous carbon transport to aquatic environments (Osburn
et al., 2018; Suhett et al., 2007). Exported DOC (ranging from ~1.1-2.7 Pg C/year from terrestrial ecosystems
to inland waters and oceans; Aufdenkampe et al., 2011; Regnier et al., 2013, Khadka et al., 2014) is further
decomposed (both biologically and photochemically) to CO, (~1.2 Pg C/year) downstream from the head-
water forests and can be easily degassed within the surface water network before even reaching the coastal
regions. A portion (~0.6 Pg C/year) is stored as sediments in inland waters, and finally ~0.9 Pg C/year is
released to the oceans (Aufdenkampe et al., 2011). Hereby, wetlands play a remarkable role in controlling
carbon sequestration (Aiken & Cotsaris, 1995; Cook et al., 2017; Dittmar et al., 2006; Moyer et al., 2015) from
inland sources. Overall, half of the carbon exported from inland waters reaches the oceans as organic mole-
cules (Aarnos et al., 2018; Battin et al., 2009). Therefore, quantification of riverine carbon fluxes from
dynamic tropical forests may contribute to (a) validate global predictions and (b) reduce uncertainties of car-
bon sequestration estimates under different climate change scenarios (Shih et al., 2018; Tranvik et al., 2018).

SOC and DOC transport/export studies have been limited in Costa Rica, and in general, in the high elevation
forests across the tropics. Grieve et al. (1990) in a pioneering work, reported an increased trend in the organic
matter content from 18 to 49% in a transect from 100 to 2,600 m above sea level (asl), coupled with a
decreased trend in clay content (from 80 to 10%) and free iron ratio (from 0.3 to 0.1) in central Costa Rica,
indicating a clear potential of SOC reservoirs in high-elevation landscapes. More recently, Osburn et al.
(2018) quantified the quality and fluxes of DOC during storm and base flows for two locations in a tropical
rainforest in northeastern Costa Rica. The authors determined one of the largest DOC export fluxes in a
forested tropical catchment (13.79 + 2.07 g C - m™ - year™). Contrary to the latter findings, Pesantez et al.
(2018) reported that changes in land cover and use are the most important predictor of DOC concentrations
in high-elevation ecosystems of Ecuador, with minimal influence of precipitation conditions. Table 1 shows
a summary of DOC export fluxes in a wide range of tropical, temperate, arctic, and large river systems across
the globe for comparison purposes. Commonly, headwater catchments in the tropics exhibited a large poten-
tial to export greater amounts of DOC when compared to less dynamic landscapes in temperate or artic
regions, which emphasizes the need to improve DOC and fluvial carbon flux assessments in well-known
sensitive ecosystems in the tropics under the premise of future rainfall/temperature spatio-
temporal changes.

In this paper we focus on the seasonal changes (baseflow and storm events) of DOC in a pristine and small
(~2.6 km?) humid forested catchment of central Costa Rica to assess the governing mechanisms on DOC
variability. High-resolution (15-30 min) hydro-meteorological data (i.e., stream discharge, rainfall, and soil
conditions) were combined during a hydrological year with baseflow and stormflow DOC sampling, soil
characterization, isotope hydrograph separation and mean transit times, and weekly physical and chemical
stream water characteristics to evaluate two fundamental research questions for tropical regions: (1) to what
extent does event or preevent water and biogeochemical processes govern DOC transport and export? and (2)
what is the discharge-weighted carbon annual flux and how much is contributed by baseflow and
storm events?

We hypothesize that (a) DOC is largely and rapidly transported during large rainfall events with minimal
biogeochemical attenuation during intermittent baseflow episodes and (b) dynamic headwater tropical
catchments may contribute large amounts of organic matter to lowland freshwater ecosystems during rapid
pulses. Our results provide high-resolution evidence (from local to global) to validate coupled DOC-
hydrological modeling at the catchment scale (Birkel et al., 2017) and may improve spatial distributions of
global riverine DOC yields (Li et al., 2019) for the Mesoamerican region.

2. Materials and Methods
2.1. Study Area Description

This study was conducted at the Wildlife Refuge Cerro Dantas located within the Braulio Carrillo National
Park, on the Caribbean slope of central Costa Rica (Figure 1a). Cerro Dantas is part of the Barva volcano

SANCHEZ-MURILLO ET AL.
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Table 1

Riverine DOC Export Flux Comparison Including Tropical, Temperate, Arctic, and Large River Systems

Site DOC export flux (g C - m?. year'l) Reference

Tropics

Awout River, Cameroon 7.93 Brunet et al. (2009)
Arboleda, Costa Rica 13.80 Osburn et al. (2018)
Taconazo, Costa Rica 2.62 Osburn et al. (2018)

R. Tempisquito, Costa Rica 3.70 Newbold et al. (1995)

Q. Toronja, Puerto Rico 3.30 Aitkenhead and McDowell (2000)
Rio Isocacos, Puerto Rico 9.40 Aitkenhead and McDowell (2000)
Juruena headwaters, Brazil 3.15 Johnson et al. (2006)
Capesterra, French West Indies 5.70 Lloret et al. (2011)

Waikulu Stream, Hawaii, USA 0.83 Wiegner et al. (2009)
Waikulu River, Hawaii, USA 1.28 Wiegner et al. (2009)
Quebrada Grande, Costa Rica 6.7+0.1 This study

Temperate and Arctic

Lena River, Russia (Arctic) 2,93 Raymond et al. (2007)

Yukon River, Canada and AK, USA (Arctic) 2,60 Raymond et al. (2007)

Deer Creek, CO, USA. 2.20 Brooks et al. (1999)

Wild River at Gilead, ME, USA 4.80 Raymond and Saiers (2010)
Satellite Branch, North Carolina, USA 0.74 Mulholland (1997)

Big Elk Creek, Maryland 1.80 Dhillon and Inamdar (2013)
Oberer Seebach, Austria 4.01 Fasching et al. (2015)

Large rivers

Amazon 4.40 Raymond and Spencer (2015)
Congo 3.40 Raymond and Spencer (2015)
Essequibo 5.40 Raymond and Spencer (2015)
Mekong 1.40 Raymond and Spencer (2015)
Fly 8.60 Raymond and Spencer (2015)
Orinoco 4.50 Raymond and Saiers (2010)
Parana 2.10 Raymond and Saiers (2010)
Global mean 1.08 Li et al. (2019)

Note. Global DOC export mean is also included as a reference (Li et al., 2019).
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Figure 1. Study area. (a) Quebrada Grande (2.6 km?) catchment including sampling site locations (CDA, CDM, and CDB); hydrometric data, dissolved organic
carbon, and stable isotope samples were collected near CDB. Catchment slope (in degrees) is color-coded. The upper-left inset shows the location of study site in
central Costa Rica. (b) Quebrada Grande is located within the Barva volcano edifice. The catchment (yellow bold line) drains to the Caribbean basin within a
relative complex topography. (c and d) Photographs showing the typical aspect of this mixed primary and secondary forested catchment.
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edifice, and the parental material is primordially basaltic and andesitic volcanic rocks (Figure 1b; Sanchez-
Murillo et al., 2016). Quebrada Grande is a small (2.6 km?) and mixed primary and secondary forested catch-
ment with minimum anthropogenic activity in the last 100 years. Catchment elevation ranges from 1,949 up
to 2,200 m asl with relative steep slopes (up to 43°; Figure 1a). The area is part of the Payment for
Environmental Services (i.e., payment for forest conservation and ecosystem services) scheme of a local
drinking water operator (Arriagada et al., 2015; Berbés-Blazquez et al., 2017; Wallbott et al., 2019).

2.2. Vegetation Characteristics

Quebrada Grande is categorized as a premontane rainforest catchment comprising mostly secondary forest
(70-80 years old) with few reminiscences of relict primary forest (>100 years old) within the riparian zones
and the highest portion of the catchment; Figure 1c). This type of forest is also under the influence of exces-
sive humidity, partially due to the influence of the Caribbean trade winds rainfall regime (Sanchez-Murillo
& Birkel, 2016) and strong orographic effects. The canopy reaches 25-30 m in height and intermingle with
the middle stratum, which is the product of the large number of epiphytes of different groups (i.e., mosses,
ferns, orchids, bromeliads, and ericaceae; Figure 1d). The understory is mostly dominated by palms
and bamboo.

2.3. Hydrometeorological Data

Stream discharge and climate conditions were analyzed to better understand the biogeochemical response of
the catchment during a hydrological year. Hydrometeorological and soil conditions (30-min resolution)
were recorded with a Vantage Pro2 weather station (Davis Instruments, USA) installed since October
2015. Using the sudden salt injection method (volume used= 1-2 L; electrical conductivity [EC]~130,000
uS/cm; Moore, 2005; Richardson et al., 2017), weekly discharge measurements (i.e., during baseflow and
storm events) were conducted for over 2 years to establish a robust rating curve. The mountainous nature
of the stream (with abrupt channel and riparian slopes, large cobbles, high flow debris, and low EC) limits
the use of digital or propelled flowmeters. Stream height (m) variations were measured every 15 min with a
AS950 pressure transducer (Hach, USA). Stream heights were converted to discharge values (m?/s) using a
best fit exponential equation (y=1.77¢*%%; r*=0.87). Weekly instantaneous measurements of stream height
were also conducted to calibrate the pressure transducer (+0.1 cm) if required. A cross-correlation analysis
between rainfall and stream discharge was applied to determine the stream lag time response to rainfall
events using the statistical programming language R (R Core Team, 2014).

2.4. Stream Monitoring

Stream chemistry was measured to analyze the effects of DOC inputs during baseflow and storm events to
the aquatic chemistry. Weekly pH, EC (uS/cm), oxidation-reduction potential (ORP, mV), and stream tem-
perature (°C) were measured during 2017 using a HI98194 multiparameter sonde (Hanna Instruments,
USA). Routinely laboratory and filed electrode calibrations were carried out using certified standard solu-
tions for pH (buffers: 4.0, 7.0, and 10.0), EC (84 and 1,413 uS/cm), and ORP (470 and 240 mV). Stream tem-
perature (+0.01 °C) was also recorded continuously (15-min resolution) using a AS950 sensor (Hach, USA).

2.5. Rainfall and Stream Stable Isotope Sampling

Stable isotope hydrograph separation and mean transit times were computed to assess the role of preevent
(old water) versus event water (new water) on DOC transport and export. Daily rainfall (N=242) was col-
lected during 2017 using a passive collector (Palmex Ltd., Croatia; Groning et al., 2012). Samples were fil-
tered using a Midisart PTFE (polytetrafluorethylene) 0.45-um syringe membrane (Sartorius AG,
Germany), transferred to 30-ml HDPE (high-density polyethylene) vials, and stored at 5°C until analysis.
Weekly stream samples (N=52) were collected using 30-ml HDPE (high-density polyethylene) bottles.
Samples were filtered using a Midisart PTFE (polytetrafluorethylene) 0.45-um syringe membrane
(Sartorius AG, Germany) and stored at 5°C until analysis.

Stable isotope analysis was conducted at the Stable Isotope Research Group facilities of the Universidad
Nacional of Costa Rica using a Cavity Ring Down Spectroscopy water isotope analyzer L2120-i (Picarro,
USA) and a water isotope analyzer LWIA-45P (Los Gatos Research Inc., USA). The secondary standards
were Moscow Tap Water, MTW (5°H = —131.4 %o, 8'0 = —17.0 %o), Deep Ocean Water, DOW (5°H =
—1.7 %o, 8'*0 = —0.2 %), and Commercial Bottled Water, CAS (8°H = —64.3 %o, 5'°0 = —8.3 %o). MTW
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and DOW standards were used to normalize the results to the VSMOW2-SLAP2 scale, while CAS was used
as a quality control and drift control standard. The analytical long-term uncertainty was + 0.5 (%o; 10) for
8*H and + 0.1 (%o; 10) for §'%0 (Ramirez-Leiva et al., 2017). Stable isotope compositions are presented in
delta notation 8 (%o, per mil), relating the ratios (R) of **0/*°0O and *H/'H, relative to Vienna Standard
Mean Ocean Water (V-SMOW).

The contribution of event water contributions to the total discharge was calculated as follows:

_ Qs(as_ao)
Qn - (an_so)

where Q, and Q, are the new water and total discharge. J;, 8,,, and J,, correspond to the isotopic composition
of the stream, old water (baseflow), and rainfall (new water). Stream isotopic composition before each rain-
fall event was selected as baseflow (preevent water) based on the hydrograph. Nonstationary (Birkel et al.,
2011) MTT reflects a proxy for the average water velocity in transit time distributions (McDonnell &
Beven, 2014). The MTT was calculated using a lumped convolution integral and an exponential distribution
as transfer function following Sanchez-Murillo et al. (2015).

2.6. DOC Sampling and DOC Quality

Stream samples for DOC and optical properties of the dissolved organic matter (DOM) analysis were col-
lected during baseflow (N=22) and storm events (N=14) from the beginning of May 2017 to the end of
November 2017. Stream samples were classified as baseflow or storm events based on the hydrograph and
prevailing rainfall conditions in the catchment. Stream samples were collected in precleaned 1-L HDPE bot-
tles. Bottles were rinsed at least two times with stream water before collection. Samples were filtered within
6 hr using 0.45-pum cellulose filter into 250-ml precleaned bottles and stored at -10°C until analysis. Prior to
analysis, samples were thawed to room temperature and each sample was properly mixed with no significant
precipitates observed.

Chromophoric dissolved organic matter (CDOM) absorbance at 254 nm (Azsa, m™) was measured (Method
5910B; American Public Health Association (APHA), 2005) using a UV-1800 ENG120V spectrophotometer
(Shimadzu Corp., Japan). After the optical measurements were performed, samples were transferred to pre-
cleaned glass vials and acidified with 85% phosphoric acid to a pH ~2 for DOC analysis. DOC concentration
was measured using a Fusion Total Organic Carbon Analyzer (Teledyne Tekmar, USA). A standard curve for
DOC was conducted using seven calibration solutions (i.e., stock solution of anhydrous primary-standard-
grade potassium biphthalate, CsHsKO,) ranging from 0 to 10 mg C/L (Method SM5310 C; APHA, 2005).
The quantification and detection limits were 0.05 and 0.03 mg C/L. A certified standard of 2.0 mg C/L
was used as a quality and drift control during the analysis. The standard deviation of the results varied from
0.02 up to 0.3 mg C/L. The A,54/DOC ratio (i.e., the specific UV absorption known as SUVA,s,) was calcu-
lated to evaluate the presence of aromatic groups (Weishaar et al., 2003) in the DOM. Samples were analyzed
at the Research Center of Environmental Protection (CIPA) of the Instituto Tecnol6gico de Costa Rica
(Cartago, Costa Rica).

Mean annual carbon flux (g C - m™ - year™*) was calculated following Osburn et al. (2018). Here the annual
export is calculated using the annual stream discharge and discharge-weighted mean DOC composition in
the stream water. Empirical DOC and discharge relationship was simulated using a best fit parsimonious
(3-parameter) hyperbola equation (r*=0.49) as follows:

aQ
b+Q

where DOCg;, corresponds to the simulated concentration, DOC, represents baseflow DOC (2.93 mg/L), a
(3.33) and b (0.11) are fitting parameters, and Q is the known stream discharge. Error propagation in MTT,
event water contributions, and annual carbon flux was estimated using the root mean square method
(Topping, 1972).

DOCgim = DOC, +

2.7. Soil Sampling and Analysis

Soil sampling sites were selected at top (CDA), middle (CDM), and bottom (CDB) catchment sites, across a
hillslope transect from 1,949 up to 1,996 m asl. Approximately 2 kg of soil in sterile plastic bags and
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undisturbed triplicate soil core cylinders (diameter=>5.18 cm and height=4.92 cm) were collected using small
augers for chemical and physical analyses. Samples were transported within 8 hr to the laboratory facilities.
Soil texture (ASTM: D 422-63), volumetric water content (ASTM: D 6780-02), and hydraulic conductivity
(ASTM: D 5084-00) were measured at the Chemistry School of the Universidad Nacional (Heredia, Costa
Rica), while soil pH (ASTM: D 4972-13), soil acidity (United States Department of Agriculture (USDA).
Soil Survey Staff, 2014; in cmol/L), total soil carbon and nitrogen content (United States Department of
Agriculture (USDA). Soil Survey Staff, 2014; in %), major cations (Ca, Mg, and K; United States
Department of Agriculture (USDA). Soil Survey Staff, 2014; in cmol (+)/L), and other nutrients (P, Fe, Zn,
Cu, Mn, Al; United States Department of Agriculture (USDA). Soil Survey Staff, 2014; in mg/L and g/kg)
were analyzed at the Soil and Foliar Laboratory, Agronomical Research Center, Universidad de Costa
Rica (San José, Costa Rica), and the Chemical Services Laboratory, Universidad Nacional (Heredia, Costa
Rica). C/N ratios and the percentage of organic matter were also estimated.

3. Results

3.1. Hydro-meteorological Conditions

The rainfall regime in Quebrada Grande was characterized by heavy cumulative rainfall throughout the year
(5,465 mm; Figure 2a). Monthly rainfall ranged from 178 mm (February) to 767 mm (December). Maximum
daily rainfall ranged from 31.2 to 250.0 mm, with an average rainfall intensity of 2.42 mm/min. Ambient
temperature ranged between 24.0 and 6.7 °C (Figure 2b), with a mean annual value of 15.2 °C. Relatively
low temperatures denoted the influence of cold fronts between mid-November and February. Relative
humidity was consistently high with a mean value of 97%. Overall, the abundant rainfall turns Quebrada
Grande catchment in a highly dynamic system with recurrent high flows, near-saturated soils, and a shallow
water table throughout the year.

Storm flows were characterized by large debris and cobbles transported along with a notable yellow/light
brown pigmentation of the stream water. Stream temperature fluctuated between 10.4 and 16.8 °C, with a
mean value of 14.1°C (Figure 2b). Quebrada Grande discharge ranged from 0.12 to 6.13 m®/s (Figure 2c).
A cross-correlation analysis between rainfall and stream discharge indicated that storm flows likely occurred
on average within ~1.25 hr after the rainfall maxima (Figure 2d).

3.2. Isotope Hydrograph Separation and MTTs

The isotopic composition exhibited a bimodal pattern (W-mode type) throughout the year (Figure 2c). The
latter is consistent with the pronounced intraseasonal oscillation modes of Central America rainfall that
result in two or three depleted excursions during the wet season (May-November) and two enriched pulses
during the Mid-summer drought (July-August) and the months of the strongest northeasterly trade winds
(January-February; Sinchez-Murillo & Birkel, 2016). Rainfall isotope modes define the input composition
into the catchment, whereas stream isotope pulses denote how the water and solutes are stored and released.
The water isotope estimations and inferences provided knowledge on DOC water sources and potential
transport flow paths.

Stream isotopic composition clearly depicted the isotopic variations in the rainfall modes (Figure 2c).
Catchment processes such as infiltration and mixing with previous isotopic conditions resulted in a relative
attenuation of the stream isotopic response. The event water contributions (catchment MTT=3.2+0.5
months) during storm flows ranged from 42.4+0.3% up to 98.2+0.3% (e.g., tropical storm Nate event; 4-5
October 2017; 314 mm in 48 hr). Consistent near-saturated soils promoted a rapid transport of a combined
throughfall and soil DOC to the stream network.

3.3. Stream and Soil Chemistry Characteristics

Stream water commonly exhibited acidic (mean pH=5.96), low conductivity (mean EC=8.0 uS/cm), well
oxygenated (mean DO=7.1 mg O,/L), and oxic (mean OR212 mV) conditions (Figures 3a-3c). In summary,
stream water revealed natural conditions of a headwater tropical catchment with turbulent mixing, whereby
water-rock transit times are short, and soil and vegetation leachates mainly control the aquatic chemistry
(da Costa et al., 2017).
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Figure 2. Time series during 2017 and rainfall and discharge cross-correlation. (a) Thirty-minute rainfall (mm) and cumu-
lative rainfall (mm). (b) Ambient (30 min) and stream temperatures (15 min; °C). (c) Fifteen-minute stream discharge
(m3/ s) and water stable isotope (5180 in %o) variations in rainfall and stream water. (d) Maximum cross correlation in the
stream lag response to rainfall events in Quebrada Grande catchment occurred on average ~1.25 hr after the rainfall
maxima. Each vertical blue line presents a 15-min interval.
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Figure 3. Box plots of physical, chemical, and optical dissolved organic matter properties at Quebrada Grande catchment.
(a) Stream electrical conductivity (uS/cm), (b) stream pH, (c) stream ORP (mV), (d) soil temperature (°C), (e)
Chromophoric dissolved organic matter absorbance at 254 nm (Ajs4, m’l), and (f) specific UV absorption (SUVA,54 L mg
-t m™). The black dots represent outliers.

CDOM (Ajsq, m™) and DOC concentration exhibited a significant linear correlation (*=0.88; Figure 4a);
however, DOC varied throughout the year (Figure 4b). Storm DOC ranged from 3.74 to 7.65 mg/L, with a
mean value of 5.51 + 0.91 (1o), reaching an asymptotic value near ~8 mg/L as discharge increases
(Figure 4c). Intermittent baseflow conditions were characterized by variable DOC, ranging from 0.89 to
4.97 mg/L, with a mean value of 3.41 + 0.97 (10). Mean annual carbon flux was 6.7+0.1 g C - m™ - yr'' in
concordance with recent values reported by Osburn et al. (2018) in Costa Rica (1.9 — 13.79 6.7+0.1 g C -
m? - year) and with other tropical regions (Table 1). CDOM ranged from 2.3 up to 31.2 m™, while A,s4/
DOC ratio (i.e., the specific UV absorption known as SUVA,s,) varied from 2.6 to 4.3 L mg - ct-mt

The soils were classified as sandy-loam andosols with relatively high volumetric content (~70-83%) and a
perennial and shallow water table (~80-cm depth) at the bottom of the catchment (CDB; Table 1).
Hydraulic conductivity across the sampled hillslope transect ranged from 0.21 cm/hr (CDA) up to 2.06
cm/hr (CDB). Soil temperature seasonality was low, with a mean annual value of 16.9+0.3 °C (Figure 3d).
Steady saturation and a moderate daily ambient temperature oscillation provided a nearly uniform soil ther-
mal regime. Acidic conditions (soil pH range: 4.1-4.8; soil acidity range: 2.26-3.70 cmol/L) and high organic
carbon content (up to 41.3%) were coupled with high iron and aluminum concentrations (Table 2). Total car-
bon content ranged from 15.8 % (CDB) and 28.9 % (CDA). Total nitrogen content ranged from 0.97 % (CDB)
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Figure 4. Stream discharge, dissolved organic carbon (DOC), and chromophoric dissolved organic matter (CDOM) rela-
tionships. (a) CDOM (Ajs4, m_l) and DOC (mg C/L) linear regression. (b) Fifteen-minute stream discharge (m3/s),
baseflow, and storm-event DOC (mg/L) variations. (c) Baseflow (blue circles) and storm events (black triangles) DOC (mg
C/L) variations from May through November 2017 in Quebrada Grande catchment. DOC (pink squares) was simulated
using a best fit parsimonious (3-parameter) hyperbola equation (r*=0.49). Inset pictures denote the distinct stream water
pigmentation during baseflow or storm flow events.

and 1.93 % (CDA). The lower carbon/nitrogen and trace element content at the bottom of the hillslope

(dynamic saturation area) denoted the

large solute leaching during storm flows from this area in

comparison with the larger concentrations measured at the top of the transect. An inverse situation was
found in terms of total aluminum composition, whereby high Al content (Table 2) was measured at the
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Table 2

Physical and Chemical Soil Characteristics Along a Representative Hillslope
Transect in Quebrada Grande Catchment

bottom of the hillslope, probably due to the large capacity of DOC to bind
soluble Al in organic chelation forms (Cory et al., 2006). Likewise, the pre-

sence of organic acids lowering soil pH (Table 2) can inversely increase Al

Variable CDA CDM CDB solubility. In addition, iron reduction conditions have also been correlated
Sandy Sandy Sandy ~ with DOC transport in small catchments (Knorr, 2013). Large soil iron
Texture loam loam loam concentrations and consistent saturated conditions favored a reduction
Volumetric water content (%) 82.6 78.9 78.1 scenario for rapid DOC mobilization.
Hydraulic Conductivity (cm/hr) 0.21 1.68 2.06
Acidity (cmol/L) 3.70 2.68 2.26
pH a1 &7 8 4. Discussion
Total Carbon content (%) 28.9 19.1 15.8
Total Nitrogen content (%) 1.93 1.24 0.97 4.1. Key Drivers Controlling Tropical DOC Transport and Export
C/N ratio 15.0 154 16.3 o ) ] )
Organic matter content (%) 413 273 2.6 Riverine DOC (i.e., baseflow and storm events) is rarely documented in
Trace elements (mg/L) small headwater catchments across the tropics, whereby heavy rainfall,
Fe 520 283 498 dynamic riparian areas, steep slopes, soil characteristics, low stream water
P 9.0 20 2.0 pH, and high solar radiation exposure (Figure 1) are key features control-
(Z:E ;g ;8 23 ling SOC mobilization (Lee et al., 2019; Shih et al., 2018; Wymore et al.,
Mn 4.0 50 20 2017). This study demonstrated that large daily rainfall up to 250 mm (a
Major cations (cmol/L) typical rainfall amount during tropical storm passages; Zhang et al,,
Ca 21 1.7 0.98 2017) and sustained saturation within riparian areas (Figures 2a and 5)
Mg 0.94 0.37 0.38 led to rapid allochthonous DOC transport to the stream network
EE C (cmol/L) (7):(2)9 2:;2 (3):;2 (Figure 4b). Quebradzjl Grande, as other humid tropical headwater catch-
Al (g/keg) 241 271 18.72 ments, was characterized by a fast runoff response (also known as wave

celerity; McDonnell & Beven, 2014), which turns in, prompt solute trans-
port (~1.25 hr; Figure 2d), reaching a DOC maximum near 8 mg
C/L (Figure 4c).

This flushing hypothesis (Mei et al., 2014) explains the first-order mechanism of DOC transport at Quebrada
Grande. Organic solutes are leached from near-surface horizons by a rising water table (~80-cm depth) fol-
lowed by a rapid lateral transport of these materials to the stream via saturation excess runoff in the riparian
areas, soils saturated throughout the catchment, and shallow groundwater discharge similar to another
forested and steep mountainous catchment in northern Costa Rica as described by Dehaspe et al. (2018).
The latter runoff generation is in contrast to other steep, tropical catchments with a dominating subsurface
stormflow on volcanic substrate mainly due to different soil physical characteristics (Mufioz-Villers &
McDonnell, 2012). Figure 5 illustrates a conceptual scheme of DOC transport and export in a typical tropical
headwater catchment. DOC pools are denoted from S1 to S7. Although SOC (including litter leachate) near
the riparian areas constitutes the main carbon pool in headwater tropical catchments, organic matter from
throughfall (1-61 mg/L) and stemflow (7-482 mg/L; often stored and released from mosses, ferns, lichens,
and bromeliads) may also contribute a significant DOC pulse during large rain events (Bischoff et al.,
2015; da Costa et al., 2017; Van Stan & Stubbins, 2018) to the overall fluvial carbon budget.

Different DOC sources are often combined near the stream channel within a dynamic saturation area (CDB
in Figure 1a), whereby a rapid rising water table intersects DOC-rich soil horizons (Table 2; up to 41.3% in
organic matter content) similar to extratropical catchments as for example in the UK uplands (Birkel et al.,
2014). The latter explained the high DOC concentrations measured during large storm events (Figure 4).
DOC during baseflow exhibited large variations as a result of a potential low biogeochemical attenuation
since water logging sustained soil temperature nearly constant at 16°C (Figure 3d). In addition, deep seepage
to the bedrock may result in low DOC concentrations in regional groundwater flow within these humid and
dynamic ecosystems (Osburn et al., 2018).

In contrast to most studies from forested catchments showing predominantly preevent water contributions
to stormflow (Klaus & McDonnell, 2013), the high correlation between large rainfall events and runoff gen-
eration with high event water contributions (ranging from 42.4+0.3% up to 98.2+0.3% of the total discharge)
indicated that surface and shallow lateral fluxes with more limited subsurface mixing governed DOC trans-
port to the stream (Mei et al., 2014; Shih et al., 2018; Suhett et al., 2007; Wymore et al., 2017) with a
relatively quick response time after the rainfall maxima. The latter coupled with moderate to steep slopes
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Figure 5. Conceptual model of dissolved organic carbon (DOC) transport and export in a dynamic headwater tropical
catchment.

(Figure 1a) favored rapid DOC leaching from the canopy and understory providing fresh litter material
(Figures 1c and 1d) as well as DOC from the rich organic soil surface toward Quebrada Grande.

Global DOC export usually ranges from 1 to 15 g C - m” - year™ (Neff & Asner, 2001), with a mean annual
value of 1.08 g C - m? - year* (Li et al., 2019; Table 1). While large tropical river systems (e.g., Amazon,
Mekong, Orinoco, Parana; Table 1) exhibited DOC export values between ~2-5 g C - m? - year'l, pristine
and dynamic tropical forested catchments, such as Quebrada Grande, revealed a significant potential to
export greater DOC amounts, in most cases, than temperate and arctic streams or large river systems (Lee
et al., 2019). Baseflow and storm events contributed 37.8% and 62.2%, respectively, to the total discharge-
weighted DOC export from Quebrada Grande (6.7+0.1 g C - m™ - year*). Despite that stream water transit
times are nonstationary (Birkel et al., 2011), MTT reflect a proxy for the average water velocity in transit time
distributions (McDonnell & Beven, 2014) in first-order streams across tropical mountainous watersheds. The
MTT of such tropical catchments are often shorter than large river systems; therefore, lower DOC degrada-
tion results in significant fluxes comparable to export in large riverine systems (Lloret et al., 2011).

Typically, SUVA,s, is strongly correlated with the hydrophobic organic acid fraction and constitutes a useful
proxy of aromatic content and molecular weight DOM (Chowdhury, 2013; Hansen et al., 2016; Spencer et al.,
2012; Weishaar et al., 2003). In general, the aromaticity content and molecular weight increase as SUVA,s4
increases during the rising limb. In Quebrada Grande, baseflow periods exhibited a large SUVA,s, variabil-
ity, suggesting a mixture of aliphatic and aromatic compounds and weak DOC subsurface biodegradation or
sorption. The decreasing SUVA,s, trend during large storm flows indicated that these events were most
likely dominated by a mixture of low- weight aliphatic compounds (Weishaar et al., 2003) during the falling
limb. The highly significant linear relationship (*=0.88) between DOC and CDOM (Figure 4a)
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demonstrated that automated and systematic sampling during storm events and baseflow periods in a hydro-
logical year can be used to estimate carbon fluxes when instrumental capabilities may limit DOC analysis on
regular basis.

4.2. Tropical Storm DOC and Water Resources Implications Under a Changing Climate

The presence of natural SOC in drinking water sources is associated, among others, with color, taste and
odors, metal complexation, higher disinfectant demand, bacterial regrowth in distribution systems, and dis-
infection by-product precursors. In tropical regions, El Nifio-induced droughts (Vignola et al., 2018) have
increased the exploration of high-elevation water sources such as forested headwater catchments, whereby
spring flows are perennial (Salas-Navarro et al., 2018), and streams exhibit little anthropogenic influence.
Our study explored, by first time, DOC transport and export with implications for large lowland urban areas
in Central America, since previous studies (Osburn et al., 2018, and references therein) have been focused in
regions with low population densities.

Quebrada Grande DOC variations with relatively high concentrations not only during storm flows but also
during baseflow recession periods poses a challenge for drinking water operators. Low ambient and soil tem-
peratures, reducing conditions due to consistent water logging (Figure 3), and high iron and aluminum
oxide content (Table 2) limit SOC degradation, providing a carbon-rich reservoir (e.g., canopy, understory,
and soil surface). The latter coupled with a large rainfall regime favors rapid DOC transport to the streams,
and consequently, a significant carbon export to the lowland urban areas.

5. Conclusions

Our DOC data highlight the rapid surface and lateral DOC export in a humid tropical catchment and evi-
denced the governing control of large rainfall events and a rapid water table increase in such carbon trans-
port, a common feature in most of the Caribbean slope of Central America. The short nonstationary MTT in
the catchment reduced the expected DOC attenuation (i.e., sorption and microbial degradation) during base-
flows (Neff & Asner, 2001; Schwendenmann & Veldkamp, 2005), resulting in large variability.

During large rainfall events, isotope hydrograph separation estimated up to 98.2% event water contributing
to the total discharge. Such events mostly transported litter material from the canopy and understory as well
as from the rich organic soil surface at Quebrada Grande within a dynamic saturation area, exemplified by
high DOC concentrations and rapid yellow/brown stream pigmentation. SUVA;s4 indicated a mixture of
hydrophobic humic and hydrophilic nonhumic matter during both baseflow and storm events. Mean annual
carbon flux (6.7+0.1 g C - m™ - yr'") highlights the importance of these headwater ecosystems on regulating
riverine lowland carbon budgets.

CDOM appears to be a reliable proxy to estimate DOC variations, when systematic sampling throughout
storm and baseflow events are conducted (Rochelle-Newall et al., 2014). Further carbon isotope and optical
analyses (i.e., 8'3C in DIC and DOC and fluorescence emission-excitation spectrums; Chen et al., 2003) are
required to distinguish between the different chemical structures (aliphatic and aromatic) contributing to
the overall DOC in the stream. Temperature and rainfall intensity as well as land use changes may signifi-
cantly alter carbon fluxes and consequently CO, emission to the atmosphere (Pesintez et al., 2018) under
a changing climate; therefore, detailed DOC assessments are needed in climate sensitive hot-spots such as
Central America.

Drinking water operators should pay careful attention to the exploration of new water sources in tropical
forested catchments, whereby rapid solute transport coupled with high DOC concentrations may turn in a
high chlorine demand and a potential formation of disinfection by-products in the resultant drinking water
(Bower, 2014). However, this study may help to design and seek for better surface water treatment options.
Likewise, our results highlight the importance of the Payment Environmental Services scheme of Costa Rica
(Pagiola, 2008) as a conservation initiative that helps to protect carbon-rich forest degradation (since ~30
years ago), and ultimately, a large spectrum of ecohydrological services.

In developing tropical countries, the recurrent lack of (a) high-resolution hydrological networks (for water
quality and related fluxes), (b) field optical and remote sensors, and (c) reliable analytical facilities limit
the spatio-temporal assessment of traditional solutes (major ions, heavy metals, and trace elements) and
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emergent pollutants. Tetzlaff et al. (2017) highlighted the value of long-term monitoring networks to
improve our understanding of the ecohydrological catchment functioning under a changing climate.
However, in the tropics rapid and high-resolution assessments arise as a reliable solution to enhance the
physically based processes governing water and solute transport (Riveros-Iregui et al., 2018). This study is
an example of a 1-year assessment that can (a) provide useful information for water resources managers
and (b) be transferred to other similar headwater catchments across the humid tropics.
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