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Exploring Dissolved Organic Carbon Variations in a High Elevation Tropical Peatland Ecosystem: Cerro de la Muerte, Costa Rica
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Tropical peatlands are distributed mainly in coastal lowlands; however high elevation regions exhibit a large prevalence of small and fragmented peatlands that are mostly understudied. Artificial drainage of peatlands to expand the area of cattle farming, horticulture, and urbanization is increasing carbon losses to the atmosphere and streams worldwide. Here, we present an exploratory characterization of dissolved carbon optical properties in ombrotrophic peat bogs of the Talamanca range of Costa Rica, across an altitudinal gradient (2,400–3,100 m a.s.l.) during the rainy season. Dissolved organic matter (DOM) sources and decomposition processes were evaluated in the light of dissolved organic and inorganic carbon (DOC and DIC), optical properties, and major water chemistry. DOC concentrations ranged from 0.2 up to 47.0 mg/L. DIC concentrations were below 2 mg/L and δ13CDIC values indicated a mixture between soil organic matter, CO2 in soil water, and to a lesser degree DIC derived from bacterial CO2. Absolute fluorescence intensity of humic-like peaks was 6–7 times greater than fresh-like peaks across all sites. Fluorescence peak ratios coupled with the biological and humification indexes point to a greater relative contribution of recalcitrant soil-derived DOM. Excitation/Emission matrices denoted a high prevalence of humic and fulvic acids in the peat bogs, with moderate intensities in soluble microbial by-products-like and aromatic protein regions at three sites. Our data provides a baseline to underpin tropical carbon dynamics across high elevation peatlands.
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INTRODUCTION

Peatlands are a type of wetlands which are defined as having saturated soils, dense vegetation, anoxic conditions, and large deposits of partially decomposed organic plant material or peat (i.e., soil organic matter 30–50% in a 20–40 cm profile) (Yu, 2011; Page and Baird, 2016; Bourgeau-Chavez et al., 2018; Villa et al., 2019; Ribeiro et al., 2021). Peat accumulates as a result of the long-term imbalance between carbon production and decomposition (Hapsari et al., 2017; Bourgeau-Chavez et al., 2018). Tropical peatlands play an important role in the global carbon cycle due to their immense storage capacity, preserving between 469 and 694 Gt C in a relatively small area (90–170 Mha), equivalent to one third of the total global carbon pool (Müller et al., 2015; Gumbricht et al., 2017; Hapsari et al., 2017).

Tropical peatlands are distributed mainly in the river deltas and coastal plains, although mountainous areas also contain many small and fragmented peatlands (Hribljan et al., 2016; Hapsari et al., 2017; Lourençato et al., 2017; Silva et al., 2019). Mountainous peatlands offer a broad spectrum of ecosystem services, such as regulating stream discharge and lowland flooding, sediment and nutrient retention, carbon storage, and are home of a large number of endemic species (Kimmel and Mander, 2010; Ribeiro et al., 2021). Artificial peatland drainage may result in the net loss of the C storage function and in a large release of greenhouse gases to the atmosphere (e.g., CO, CO2, and CH4; Page and Baird, 2016).

Despite the recent research interest and new data available about the key role of peatland worldwide, the carbon quality (i.e., humic and fulvic acids, protein and microbial-like materials) and ecohydrological functioning of high elevation peatlands remain understudied in the tropics mainly due to sampling sites accessibility during the rainy season (Gandois et al., 2014; Hribljan et al., 2016; Pesántez et al., 2018).

Tropical peatlands, especially those in freshwater swamp forests, are mostly fed by partially decayed organic matter, which is often composed of recalcitrant plant litter that decomposes under acidic and anaerobic conditions at particularly slow rates (Bourgeau-Chavez et al., 2018; Cooper et al., 2019; Leng et al., 2019). In general, the decomposition process is regulated by local precipitation amount and seasonal perched water tables, which determine the shape and extent of the peatland surface and specify the ultimate stable morphology, and hence the carbon storage, within the adjacent network of rivers or canals (Villa et al., 2019). Therefore, a substantial reduction in rainfall may alter the peat surface dynamics, which in combination to warm temperatures may lead to higher rates of mineralization and degassing of the partly decomposed organic matter within peatlands (Li et al., 2007; Fenner and Freeman, 2011; Lourençato et al., 2017; Leng et al., 2019).

Dissolved organic carbon (DOC) in peatlands can originate from several sources, including recent photosynthetic by-products, decomposition, and dissolution products within the peat column (Moore et al., 2013). DOC in peatlands reflects the carbon source characteristics and transformations, namely vegetation, peat/soil respiration, and microbial activity (Cooper et al., 2010; Marx et al., 2017). The advent of cost-effective laboratory techniques, such as absorbance and fluorescence, has promoted the use of dissolved organic matter (DOM) as an environmental tracer in many ecosystems (Cook et al., 2017; Dalmagro et al., 2017; Park and Snyder, 2018; Chaves et al., 2020).

Contrary to boreal and temperate peatlands where seasons control freezing and thawing, as well as microbial activity, DOM composition in wet tropical peatlands is mainly shaped by the large rainfall variability (Bispo et al., 2016). For example, during drought periods perched water tables are lowered, which in turn produces oxic conditions and stimulates phenol oxidase enzymes, therefore reducing the overall concentration of polyphenolics and their inhibitory effect on DOC decomposition via hydrolase enzymes (Ritson et al., 2017 and references therein).

Natural drainage of these systems are then important pathways for terrestrial carbon export in the forms of DOC, particulate organic carbon (POC), and dissolved inorganic carbon (DIC) (Kiew et al., 2018; Waldron et al., 2019). In some regions such as Southeast Asia, however, increasing human disturbances of tropical peatlands by fire and artificial drainage for agriculture have resulted in emissions of stored carbon at very fast rates (Page et al., 2002; Couwenberg et al., 2010; Itoh et al., 2017; Cooper et al., 2019). Therefore, an assessment of the stability of these tropical carbon stocks across different ecosystems is necessary to estimate the potential effects of increasing anthropogenic disturbances (Drake et al., 2019; Ribeiro et al., 2021).

In Central America, examples of these high mountain peatlands or bogs, known as “Turberas de Altura” (Gómez, 1986) are found between 2,400 and 3,100 m a.s.l. along the continental divide of the Talamanca range in Costa Rica (Brak et al., 2005; Corrales Ulate, 2018; Figure 1). These peat-forming bogs are restricted to small and poorly drained depressions subject to seasonal flooding (during the rainy season from May to November; Amador, 1998), and with an area just over 235 ha (Jiménez, 2016). In this region, soil organic carbon ranged from 31 up to 43% in the first 50 cm of the soil profile (Corrales Ulate, 2018). Given the limited information and current anthropogenic pressure across mountainous ecosystems of Costa Rica (Corrales Ulate, 2018; Stan and Sanchez-Azofeifa, 2019), there is an urgent need to understand the high elevation peatlands potential for carbon storage and export in a changing climate and land use scenario.


[image: Figure 1]
FIGURE 1. (A) Talamanca range overview and elevation gradient of Costa Rica. (B) Landsat image of the peatland study area (also known as Turberas de Altura) within the high elevation Páramo ecosystem, including site locations and main streams. (C) Typical peatland condition throughout the wet season. El Empalme y El Indio represent the lowest and highest sampling sites, respectively.


Here we present an exploratory characterization of DOM optical properties in peat bogs of the Talamanca range across an altitudinal transect (from 2,400 to 3,100 m a.s.l.) during a complete wet season. DOM sources and decomposition processes were evaluated with respect to DOC concentrations, optical properties, and major water chemistry composition. We hypothesize that water depth, temperature seasonality, and solar radiation exert a large control on DOC properties within the high elevation peat bogs.

Our data provides a baseline to underpin carbon dynamics of high mountain peatlands in the Central American region, which in turn may help to allocate efforts and resources for conservation strategies under the Payment for Environmental Services (i.e., payment for forest conservation and ecosystem services) scheme (Arriagada et al., 2015; Berbés-Blázquez et al., 2017; Wallbott et al., 2019) across these sensitive ecosystems.



STUDY AREA

Study sites are located in the Pacific domain of the Talamanca range, Costa Rica (Figure 1A). During the last glacial maximum, this region was glaciated with an ice cap of roughly 5 km2; the latter is evidenced by smoothed, grooved, and channeled andesite bedrock surfaces (Lachniet and Seltzer, 2002). Long-term weathering has facilitated the formation of concave landforms, which in turn facilitates water accumulation in such topographic depressions. These peat-forming bogs are found between 2,400 and 3,100 m a.s.l. and cover small areas (up to 0.5 ha), whereby surface drainage is relatively poor.

Meteorological conditions across this gradient are fairly similar throughout the wet season. Water table fluctuation is mostly controlled by the seasonal rainfall input with ~80% of the annual rainfall falling between May and November (Figure 2). The greatest variation in temperature and relative humidity was observed during the dry season (December–April, Figure 2). During the wet season, rainfall input leads to saturated soils and anoxic conditions, peat accumulation, and water acidification. In general, solar radiation effective hours range from 4 to 8 per day during the wet and dry seasons, respectively. More than 100 species of forbs, grasses, and sedges have been reported from the Páramo peat bogs of Costa Rica (Gómez, 1986). Table 1 summarizes the main vegetation and morphological characteristics of the study sites obtained from field observations.


[image: Figure 2]
FIGURE 2. Study area meteorological conditions during 2019. Black bars denote rainfall in mm/h. Red and blue lines correspond to hourly ambient temperature and relative humidity fraction, respectively.



Table 1. Summary of main vegetation and morphological characteristics of the study sites.
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METHODS


Sample Collection

Seven highland peat bogs were studied during the 2019 wet season (Figure 1B) (7 monthly sampling campaigns). Peat bog samples for the analysis of DOC/DIC, optical properties, stable isotopes, and major ions were collected during the wet season, from the beginning of May through the end of November, 2019. Site accessibility and water storage within the peatlands were key factors to select the sites (Figure 1C).

Carbon and major ions samples were collected on monthly basis in pre-cleaned 250 mL glass amber bottles (including oven-heated treatment) covered with aluminum foil to prevent samples from solar/light radiation. Stable isotopes samples were collected in 50 mL pre-cleaned HDPE bottles with plastic inserts to prevent evaporation. Sampling bottles were rinsed at least three times with the peatland water before collection. Rainfall monitoring for stable isotopes analysis was conducted using a passive Palmex collector (daily collection; N = 103) (Gröning et al., 2012; Esquivel-Hernández et al., 2021). During transportation and after filtering, all samples were stored at 5°C until analysis. Electrical conductivity (EC, μS/cm), pH, turbidity (NTU), and f DOM (QSU; quinine sulfate units) were recorded using a pre-calibrated multi-parameter sonde EXO1 (YSI Inc., USA) immediately after sample arrival at the laboratory.



Water Stable Isotopes Analysis

Samples were analyzed at the Stable Isotopes Research Group laboratory at the Universidad Nacional (Heredia, Costa Rica) using an IWA-45EP water analyzer (Los Gatos Research, Inc., California, USA) with a precision of ±0.5‰ for δ2H and ±0.1‰ for δ18O (1σ; 8 injections). Stable isotope compositions are expressed as δ18O or δ2H = (Rs/Rstd – 1)·1,000, where R is the 18O/16O or 2H/1H ratio in a sample (s) or standard (std) and reported in the delta-notation (‰) relative to V-SMOW/SLAP scale. The instrument accuracy was assessed with a combination of in-house and primary international water standards (SMOW and SLAP). Deuterium excess was calculated as d-excess = δ2H – 8·δ18O (Dansgaard, 1964).



DOC Analysis

DOC contents were measured using a TOC analyzer (Aurora 1030W, OI Analytical) following the Heated-Persulfate Oxidation Method 5310C (APHA AWWA, 2005). Each water sample was filtered using 0.45 μm PTFE filter into 100 mL pre-cleaned vials. A standard curve was conducted using six calibration solutions (i.e., stock solution of anhydrous primary-standard-grade potassium biphthalate, C8H5KO4) ranging from 0 to 100 mg C L−1 (Method SM5310 C; APHA AWWA, 2005). The quantification and detection limits were 0.05 and 0.03 mg C L−1 (Sánchez-Murillo et al., 2019).



δ13CDIC Analysis and Total Alkalinity

Filtered aliquots (0.45 μm cellulose filter) (6 mL) were pipetted into Exetainer® vials. An automated DIC sample preparation system (Picarro AutoMate FX system, USA) was utilized to inject a 10% phosphoric acid solution into each sealed vial to liberate CO2 from the sample. Additionally, a stream of dry and ultra-pure nitrogen was bubbled through the acidified solution to flush the released CO2 from the vial headspace. The CO2 was captured into gas sampling bags of a Picarro LiaisonTM Universal Interface before being analyzed using Cavity Ring Down Spectroscopy (CRDS, Picarro G2201-i). After each measurement, the instrument and the gas sampling bag were purged with fully dry and ultra-pure nitrogen between successive DIC/δ13C measurements. The corresponding uncertainty for δ13C in DIC is ±0.1‰ (1σ). Calibration was done using the following standards: University of McGill, Canada: CO2 mixing ratio: 1,553 ppmv, δ13CO2 = −43.15‰, Heredia's compressed air: CO2 mixing ratio: 419.1 ppmv, δ13CO2 = −10.09‰, NOAA gas standard: CO2 mixing ratio: 394.85 ppmv, δ13CO2 = −8.292‰. Stable isotope compositions are expressed as δ13C = (Rs/Rstd – 1)·1,000, where R is the 13C/12C ratio in a sample (s) or standard (std) and reported in the delta-notation (‰) relative to VPDB scale (Craig, 1957).

The total alkalinity of each sample (reported as CaCO3) was also calculated from the average CO2 concentration measured during the isotope analysis. The CO2 concentration measured by the CRDS was standardized against Na2CO3 solutions (Sigma Aldrich, >99.0%, 5–100 mg/L). These standard solutions were analyzed following the same procedure described above. Given the small volume of sample that is analyzed by this method, only those water samples with a total alkalinity >10 mg/L were quantified.



Major Ions Analysis

Major ions samples were filtered using 0.45 μm PTFE and/or PVDF filter into 5 mL HDPE pre-cleaned poly vials. Ion chromatography (Thermo Scientific ICS-5000+, CA, USA) was used to analyze lithium, ammonium, sodium, potassium, magnesium, calcium, bromide, chloride, fluoride, nitrite, nitrate, and sulfate [DL (mg/L): 0.011, 0.035, 0.64, 0.20, 0.19, 0.23, 0.50, 0.23, 0.18, 0.26, 0.22 and 0.20, respectively]; to ensure the quality of the analysis, procedural blanks and recovery standards were performed in each batch of samples.



DOC Optical Properties

The water column of these shallow wetland ponds may be completely anoxic but due to sampling constraints we were unable to confirm that water samples were kept anoxic prior to measurement of optical properties.

DOC excitation-emission matrices (EEMs) were measured (in absolute fluorescence intensity) using a FP-8300 spectrofluorometer (Jasco, Tokyo, Japan) equipped with double monochromators both at the excitation and the emission sides. Excitation wavelength were set up in the range of 200–450 nm with sequential increments of 5 nm with an integration time of 0.5 s and increments of 1 nm in the emission wavelength for the range of 280–550 nm. Spectral corrections for the EEMs were done with sample blanks that were carried out using deionized water type I in each batch of samples under the same conditions to eliminate water Raman peaks (Huguet et al., 2009).

Chromophoric dissolved organic matter (DOM) absorbance at 254.7 nm (a254, m−1) was measured (Method 5910B; APHA AWWA, 2005) using UV-spectrophotometry (Jasco VP-750, Tokyo, Japan). For all the samples, the absorbance of a blank sample prepared with deionized water type I was measured as a spectral correction using quartz cells of 1 cm path length. EEMs diagrams are presented following Chen et al. (2003) wavelength boundaries (in absolute fluorescence intensity). It is important to highlight that the lack of a proper inner filter effect correction limited the comparative potential of our exploratory results with other studies.



Statistical and Optical and Data Analysis

EEMs were analyzed as a qualitative tool for assessing the principal sources of DOC in the water. The well-known Coble peaks (Coble, 1996) (in absolute fluorescence intensity), the fluorescence index (FI) (Mcknight et al., 2001), the humification index (HIX) (Zsolnay et al., 1998) and the autochthonous biological activity index (BIX) (Huguet et al., 2009) were calculated using the staRdom package (Pucher et al., 2019). Fluorescence measurements (including ratios) are not corrected for the strong absorption of these samples, so our results must be considered carefully in comparison with other studies. Nonetheless, the patters we observed are informative for this preliminary investigation into DOM properties in these understudied systems.

Spearman (1904) correlation coefficients and principal component analysis (PCA) were applied to further identify common parameters that are influencing dissolved carbon optical properties. Data below quantification limits (QL) were transformed to tie ranks before performing multivariate analysis (Helsel, 2012). Principal component analysis was carried out through the FactoMineR package (Lê et al., 2008), the data were scaled for unit variance in order to avoid some variables become dominant because of their intrinsic differences in units and variability; while the number of final dimensions were not constrained. In order to evaluate differences between parameters within each sampling site or sample campaign, we compute a one factor permutation test (Blair et al., 1994; Good, 2000), where the results that have been obtained by parameter (e.g., BIX) for each factor (e.g., sampling site) were shuffled 5,000 times doing a resampling procedure to estimate different means.

In addition, an exploratory correlation matrix was conducted using the corr R package (Friendly, 2002; R., Core Team, 2019; Wei and Simko, 2021). All variables exhibiting collinearity were removed prior the analysis. Only significant Spearman correlations (α = 0.05) were visualized (see Supplementary Figure 1).




RESULTS AND DISCUSSION


Peat Bogs Water Chemistry

Figure 3 shows a summary of the main water chemistry characteristics across the study sites. Peat bogs exhibited low EC in the range of precipitation (from 5 to 35 μS/cm) with acidic conditions between 4 and 6 pH units (Figures 3a,b). Major ion concentrations were relative low (Cl− <3.5 mg/L; [image: image] < 4 mg/L; [image: image] < 1.2 mg/L; Ca+2 <2 mg/L), suggesting slow rock weathering rates and minimal anthropogenic effects (Markham and Otárola, 2021) (Figures 3d–f). Turbidity averaged ~5 NTU across the hydrological year, with the exception of Torres 1 site (up to 30 NTU) (Figure 3c). Based on the water chemistry characteristics, the study sites are defined as ombrotrophic bogs (i.e., mainly fed by precipitation) (Lindsay, 2016).


[image: Figure 3]
FIGURE 3. Box plots (with individual data points) of physico-chemical (EC, pH, turbidity), water stable isotopes (δ18O and d-excess), major ions (Cl−, [image: image], [image: image], Ca2+), dissolved inorganic carbon (DIC), and carbon stable isotopes (δ13CDIC). Sampling sites are color-coded and plots include 25th, 75th, median, and outliers. El Empalme and El Indio represent the lowest and highest sampling sites, respectively (see Figure 1).


DIC concentrations were below 2 mg/L and δ13CDIC compositions indicated a mixture between soil organic matter, soil CO2, CO2 in soil water, and in less degree DIC derived from bacterial CO2 (mean δ13CDIC = −18.0 ± 4.7‰) (Pawellek and Veizer, 1994; Horgby et al., 2019) (Figures 3i,j). Water stable isotopes indicated a clear meteoric origin (Esquivel-Hernández et al., 2018, 2019, 2021) for this high elevation Páramo ecosystem, with δ18O values ranging from −5.4 to −12.1‰, with a mean value of −9.2 ± 1.4‰. Similar to high elevation glacial lakes in this region (Esquivel-Hernández et al., 2018), the shallow peat bogs are also exposed to evaporation during the dry season (Figures 3g, 4). Deuterium excess values indicated evaporation losses during the dry season (down to −1.5‰) and moisture recycling during the rain events of the wet season (up to +15.7‰) (Sánchez-Murillo et al., 2020) (Figure 3h). During the dry season (December to April), the strengthening of the easterly trade winds (Amador, 1998) results in low intensity horizontal rainfall events (Bruijnzeel et al., 2010), which in turn maintain the peat bogs near saturation; while water logging occurs mainly from mid-May to the end of November.


[image: Figure 4]
FIGURE 4. Dual isotope diagram including peat bogs (pink squares) and rainfall (gray dots) during the 2019 hydrological year at the Páramo ecosystem. The local meteoric water line (LMWL) during 2019 (black line) is included as reference (Esquivel-Hernández et al., 2021).




Dissolved Carbon Content and Optical Properties

Figure 5 shows a temporal variation of DOC across all sites vs. rainfall amounts. During the wet season (mid-May to November), rainfall inputs are critical to sustain saturated soils and maintain anoxic conditions, which in turn exert a large control on carbon storage and humification processes. At the end of the dry season (April to mid-May), DOC concentrations were relative high across almost all the sites (up to ~50 mg/L). DOC concentrations were stabilized below ~15 mg/L as the rainy season progressed. Cerro Vueltas and El Indio sites (highest elevation sites; Figure 1) exhibited a rather uniform DOC pattern from July to November, with DOC values below 10 mg/L.


[image: Figure 5]
FIGURE 5. DOC (mgC/L) temporal variation. Sampling sites are symbol and color-coded. El Empalme and El Indio represent the lowest and highest sampling sites, respectively (see Figure 1).


Figure 6 summarizes the dissolved carbon optical properties throughout the hydrological year. In general, ~91% of the dissolved carbon in the peat bogs corresponded to organic carbon. DOC concentrations ranged from 0.2 up to 47.0 mg/L (Figure 6b). Páramo DOC concentrations are relatively high when compared to other tropical water reservoirs. For example, Osburn et al. (2018) and Sánchez-Murillo et al. (2019) reported stream DOC concentrations ranging from 7.65 up to 11.52 mg/L, respectively, during storm events in swamp primary and secondary forests of the Caribbean slope of central Costa Rica. Williams et al. (2001) and Pesántez et al. (2018) reported mean DOC concentrations in Páramo wetlands and natural forests of the Ecuadorian Andes of 23.0 and 11.0 mg/L, respectively. Dalmagro et al. (2017) found significant DOC differences between the dry (~2 mg/L) and wet (~6 mg/L) seasons within the large Brazilian Pantanal wetland. Similarly, the authors reported greater DOC concentrations in forested areas than pasture regions. A global meta-analysis of DOC concentrations reported a mean value of 3.87 mg/L across South America river basins (Chaplot and Mutema, 2021).


[image: Figure 6]
FIGURE 6. Box plots (with individual data points) of dissolved and optical organic carbon properties, including: dissolved organic carbon (DOC), a254, f DOM, SUVA index, Coble's peaks (C, A, M, T, and B; in absolute fluorescence intensity), and ratios (C:T; C:A; and C:M), fluorescence index (FI), humification index (HIX), and biological index (BIX). Sampling sites are color-coded and plots include 25th, 75th, median, and outliers. El Empalme and El Indio represent the lowest and highest sampling sites, respectively (see Figure 1).


El Indio site consistently reported low DOC concentrations and humic-like intensities, whereas protein-like intensity peaks were stronger than the rest of the peak bogs. Large DOC concentrations at El Empalme site (lower elevation and near anthropogenic influence, see Figure 1) were consistently linked to humic-like intensity peaks C, A, and M (i.e., recalcitrant material) (Coble, 1996; Hansen et al., 2016) (Figures 6e–g). Protein-like intensity peaks (B and T) (better refer as fresh-like material) were particularly lower in Salsipuedes 2 and Torres 1 sites (Figures 6h,i).

SUVA254 is often related to hydrophobic organic acid fraction and constitutes a useful proxy of aromatic content and molecular weight of DOM (Weishaar et al., 2003). SUVA254 values varied from 0.02 up to 8.72 L mgC−1 m−1, with Salsipuedes 2 and Torres 1-2 sites exhibiting greater aromatic content than the rest of the peat bogs (Figures 6a–c). Despite the pristine nature of these high elevation peatbogs, it is important to remark that re-oxygenation of any reduced iron could lead to elevated absorbance (and thus SUVA254 values) not linked to DOM absorbance (Poulin et al., 2014).

In general, the intensity of humic-like peaks was 6–7 times greater than fresh-like peaks across all sites. C:T ratios (an indication of the amount of degraded vs. fresh-like material) were greater at Salsipuedes 2 and Torres 1 (Figure 6j). Overall C:T ratios averaged 10.9, indicating a greater relative contribution of soil-derived DOM (Hansen et al., 2016). C:A ratios (an indication of the amount of humic-like vs. fulvic-like material) were <1 at three sites (Cerro Vueltas, El Indio, and Torres 2) indicating more prevalence of fulvic-like material (Figure 6k). C:M ratios at Salsipuedes 2 and Torres 1-2 sites exhibited greater values than the rest of the peat bogs, which in turn may suggest larger compositions of diagenetically altered material (microbial activity in sediments and soils) (Figure 6l).

The biological index (BIX) (an indication of autotrophic activity; Huguet et al., 2009) was below 1 across all sites (Figure 6o) indicating that DOM in the peat bogs was not recently produced. The latter clearly correspond to relative high values of humification (HIX; an indicator of humic substance content; Zsolnay et al., 1998) between 0.76 and 0.99. HIX values in natural waters range from 0.6 to 0.9 (Hansen et al., 2016) (Figure 6n). However, Dalmagro et al. (2017) have reported mean HIX values >10 whithin the large Brazilian Pantanal wetland. El Indio site exhibited the lower HIX values corresponding with low intensities in peaks C, A, and M (Figure 6n). The contribution of terrestrial to microbial sources to the DOM pool was evaluated with the fluorescence index (FI) (Mcknight et al., 2001). In natural water and tropical wetlands FI values ranged between 1.2 and 1.8 (Hansen et al., 2016; Dalmagro et al., 2017). In the peat bogs, FI values varied between 1.6 and 2.0, with a prevalence of microbial sources at Cerro Vueltas, El Indio, Salsipuedes 1, and Torres 2. FI values at Salsipuedes 2 and Torres 1 indicated a tendency toward more terrestrial DOM derived sources (Figure 6m).



Excitation/Emission Fluorescence Matrices (EEMs)

Based on the EEMs regions defined by wavelength boundaries (Chen et al., 2003 and references therein), El Empalme site exhibited strong intensities in a region dominated by humic acid-like substances (Region V), followed by a moderate intensity in the fulvic acid-like region (Region III), with minimal influence of protein or microbial by-product like contents (Figure 7). This is supported by strong C, A, and M peaks and high humification processes from terrestrial derived DOM (Figures 6e–g).


[image: Figure 7]
FIGURE 7. Aggregated fluorescence excitation/emission matrices (EEMs) per sampling site. The inset shows five EEM regions defined by wavelength boundaries (Chen et al., 2003 and references therein) in absolute fluorescence intensity. El Empalme and El Indio represent the lowest and highest sampling sites, respectively (see Figure 1).


In contrast, El Indio and Torres 2 sites reported moderate intensities in Regions V-III, with also moderate signals in Regions I-II (i.e., aromatic proteins), corresponding to high FI and BIX values, and the lower HIX values. EEMs denoted a high prevalence of humic and fulvic acids in the peat bogs, with moderate to low intensities in soluble microbial by-product-like and aromatic proteins regions at Cerro Vueltas, El Indio, and Torres 2 (Figure 7).



Exploring Water Chemistry and Dissolved Carbon Relationships

PCA dimensions 1 and 2 together explained 68.8% of the total variance in the data set (Figure 8). Dimension 1, which explained 48.5% of the total variance, showed strong positive loadings for variables associated with humification processes (e.g., peaks C, A, and M; ratios, HIX, DOC, and a254) and thus, fungal degraded by-products. On the other hand, dimension 2 which explained 20.4% of the total variance, showed positive loadings for parameters related with protein-like materials (peaks T and B), pH, and microbial derived DOM.


[image: Figure 8]
FIGURE 8. Principal component analysis biplot explaining 68.9% of the total variance in two dimensions, including individual variable factor loadings (blue color scale) and distribution between the sampling sites (color-coded dots). El Empalme and El Indio represent the lowest and highest sampling sites, respectively (see Figure 1).


The PCA output also allowed the visualization of sampling sites within the framework of dimensions 1 and 2. El Empalme exhibited a high positive score on the dimension 1 axis, related with the presence of humic-like intensity peaks. Cerro Vueltas site showed a low positive score on the dimension 2, associated with microbial derived indexes (FI and BIX). Salsipuedes 2 and Torres 1 were related to humification ratios, whereas El Indio and Torres 2 were not related with a clear pattern between the PCA dimensions. Salsipuedes 1 was associated with moderate positive scores to humic-like and protein-like peaks.




CONCLUSIONS

Our study revealed that fluorescence intensity of humic-like peaks was 6–7 times greater than fresh-like peaks across all sites throughout a wet season. Second order indexes (BIX, and HIX) point to a greater relative contribution of recalcitrant soil-derived DOM with a high prevalence of humic and fulvic acids in the peat bogs. Evidence of fresh organic material from soluble microbial by-products and aromatic protein were detected in less degree, indicating also active microbial activity as a secondary decomposition pathway.

Our study comprises one exploratory sampling campaign during a complete hydrological year which limits the ability of exploring the impacts of inter-annual rainfall variability on DOC transport and export. However, from mid-May to the end of November, rainfall inputs are critical to sustain saturated soils, anoxic and acid conditions, which in turn exert a large control on carbon storage and humification processes. Our data revealed a clear seasonal pattern during the hydrological year. At the end of the dry season (April to mid-May), DOC concentrations were relatively high in almost all the sites. As the rainy season progressed, DOC concentrations decreased below 10 mg/L.

Since the Central America region has been experiencing recurrent droughts, it is expected that DOC concentrations may be significantly higher during post-drought events (enzymatic flush mechanism). Dry and oxic conditions reduces DOC decomposition due to the inhibitory effect of phenolic compounds on microbial activity (Fenner and Freeman, 2011). Our study also suggest that more robust sampling efforts using at higher temporal and spatial resolution using optical absorbance and fluorescence spectroscopic techniques (Dalmagro et al., 2017) are needed to underpin the potential impact of climate variability over DOM stocks, sources, and export, as well as microbial community changes between the dry and wet seasons (Stegen et al., 2016).

Further research on the relevance of photodegradation on temporal DOM dynamics of these highland peatbogs would also be of interest considering the high UV radiation to which the Páramo ecosystems are subjected to. Similarly, lowland drinking water operators should pay careful attention to DOM export (Osburn et al., 2018; Sánchez-Murillo et al., 2019), since high DOC concentrations particularly after prolonged droughts, may act as a substrate for microbial growth and may react during chlorination to form disinfection byproducts in the resultant drinking water (Ritson et al., 2017).
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Elevation
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Main characteristics

This site presents heterogeneous vegetation of secondary forest mixed with pasture and shrubs, due to
human activities (ie., cattle farms, crops). In the rainy season, this peat bog forms small intermittent
ponds of lttle depth (water column depth <60.cm). In the dry season, the soils remain between field
capacity and saturation. Tadpoles and aquatic insects have been observed in these ponds.

The vegetation s represented by a continuous strip of montane forest with scattered arborescent ferns,
Iridaceae, Ciperaceae, and mosses covering the ground. These peat bogs are permanent and shallow
(water column depth <60 cm) with visible draining channels covered by herbaceous vegetation. In the
dry season, the soils remain between field capacity and saturation.

Vegetation is characterized by montane forest, with tree ferns, mosses, Ciperaceae (grass-like), and
bromeliads. These peat bogs are comprised of small, shallow lagoons during the rainy season. In the dry
season, the soils remain between field capacity and saturation.

‘The vegetation s represented by secondry subalpine forest, and Péramo grassiands, with the presence
of arborescent ferns, mosses, bromeliads, and Chusquea. Both peat bogs are mostly seasonal. In the
dry season, the soils remain between field capacity and saturation.
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