
1 

 

Riverine biogeochemistry from the Andes to the ocean: longitudinal 

patterns along a Mediterranean Andean catchment in central Chile 
 

Morgane Derrien1*, Simona Retelletti Brogi2,3, Céline Lavergne,4,5,6, Zoé Hayet1, Mario Flores7, 

Fernando Lizana8, Polette Aguilar-Muñoz5,6,9, Leo Chasselin10, Chiara Santinelli3 5 

1BioGeoQuím Lab, Instituto de Ciencias Agroalimentarias, Animales y Ambientales, Universidad de O’Higgins, San 

Fernando, 3007000, Chile 
2Istituto Nazionale di Oceanografia e di Geofisica Sperimentale, Trieste, 34010, Italy 
3Consiglio Nazionale delle Ricerche (CNR), Istituto di Biofisica, Pisa, 56124, Italy 
4Marine Biology and Oceanography department, Institut de Ciènces del Mar (ICM), Consejo Superior de Investigaciones 10 

Científicas (CSIC), Barcelona, 08003, Spain 

5HUB AMBIENTAL UPLA, Universidad de Playa Ancha, Valparaíso, 2340000, Chile 
6Departamento de Ciencias y Geografía, Facultad de Ciencias Naturales y Exactas, Universidad de Playa Ancha, Valparaíso, 

2340000, Chile 
7Carrera de Pregrado Ingeniería Ambiental, Universidad de O'Higgins, San Fernando, 3007000, Chile 15 
8Magíster de Ciencias Ambientales y de la Tierra, Instituto de Ciencias Agroalimentarias, Animales y Ambientales (ICA3), 

Universidad de O’Higgins, Rancagua, 2820000, Chile  
9Centro de Investigación Oceanográfica COPAS COASTAL, Universidad de Concepción, Concepción, 3349001, Chile 
10Centre de Recherches en Environnement Côtier, Université de Caen, Luc-sur-Mer, 14530, France 

Correspondence to: Morgane Derrien (morgane.derrien@uoh.cl) 20 

Abstract. Rivers act as dynamic connectors between terrestrial and marine ecosystems, transporting and transforming 

materials along the aquatic continuum. We investigated longitudinal biogeochemical patterns across the Rapel catchment 

(central Chile) by integrating dissolved organic matter (DOM) characterization, dissolved metals and nutrients, and 

microbial community profiling from the Andean headwaters to the Pacific Ocean. Headwaters were characterized by low 

DOC and nutrient concentrations, high protein-like fluorescence, and diverse microbial assemblages dominated by 25 

Flavobacterium, Polaromonas, and Rhodoferax. Downstream, agricultural and mining activities increased nutrient and metal 

concentrations and altered microbial community composition with an increasing prevalence of hgcI_clade. The Rapel 

Reservoir emerged as a major biogeochemical discontinuity, promoting DOM transformation, restructuring microbial 

assemblages, and modifying downstream chemical conditions. Overall, tributary inputs, land use, and hydrological 

regulation disrupted simple longitudinal patterns and generated distinct biogeochemical processing zones. These findings 30 

highlight the interplay between downstream transport and local processing in shaping riverine functioning in Mediterranean 

Andean catchments and provide a basis for assessing future climate and land-use impacts on riverine biogeochemistry. 

1 Introduction 

Rivers act as dynamic connectors between terrestrial and marine ecosystems, transporting to the ocean dissolved organic 

matter (DOM), nutrients, metals, and microbes derived from soils, groundwater, tributaries, and in-stream production, all of 35 
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which are continuously transformed along the aquatic continuum (Doretto et al., 2020; Wollheim et al., 2022). These 

transformations regulate freshwater quality, ecosystem functioning, and the export of carbon and nutrients from continents to 

the ocean, linking inland processes with regional and global marine biogeochemical cycles (Aufdenkampe et al., 2011; 

Regnier et al., 2022; Ward et al., 2017). Riverine biogeochemistry is not indeed regulated solely by downstream transport. It 

emerges from the continuous interaction between hydrology, landscape connectivity, biological activity, and local 40 

environmental conditions operating along the longitudinal continuum, from mountain headwaters to the estuarine interface, 

where sources, transport, and transformation processes remain tightly coupled. 

The River Continuum Concept (RCC) offers a useful framework for interpreting longitudinal patterns in riverine 

biogeochemistry (Vannote et al., 1980). RCC postulates that the structure and function of river ecosystems change 

predictably along the continuum, reflecting shifts in hydrology, energy sources, and biotic interactions (Ortiz Muñoz and 45 

Kominoski, 2025; Ruiz-González et al., 2015). Headwaters are typically dominated by allochthonous inputs of organic 

matter and strong hydrological control, whereas downstream reaches become progressively influenced by in-stream 

production and transformation processes. Although this conceptual model remains fundamental to limnology, increasing 

evidence suggests that many contemporary river systems deviate from this idealized continuum due to hydrological 

regulation, land-use change, and anthropogenic disturbance (Doretto et al., 2020; Roebuck et al., 2020). In catchments, 50 

watersheds, reservoirs, tributary inflows, agricultural runoff, anthropogenic activities, and urban pressure can introduce 

abrupt discontinuities in physicochemical conditions and material transport. These discontinuities may alter DOM 

composition, nutrient cycling, metal mobility, and microbial community dynamics, effectively reshaping downstream 

biogeochemical functioning. As a result, river systems may behave less as linear continua and more as mosaics of 

interconnected biogeochemical processing zones. Recent conceptual theories, including the river as a chemostat (Creed et al., 55 

2015), the Pulse-Shunt Concept (Raymond et al., 2016), and the bending DOM framework (Casas-Ruiz et al., 2020), 

increasingly emphasize the importance of hydrological variability, residence time, and localized processing hotspots in 

controlling riverine carbon and nutrient dynamics along the fluvial gradient.  

Despite these advances, integrative studies simultaneously examining organic matter composition, inorganic chemistry, and 

microbial diversity across complete river continua remain limited (Bambakidis et al., 2024; Regnier et al., 2022). Such 60 

integrative approaches are essential for capturing the spatial and temporal complexity of riverine biogeochemistry and 

assessing how natural gradients and anthropogenic pressures jointly shape biogeochemical fluxes across entire watersheds or 

catchments (Amaral et al., 2016; Kothawala et al., 2020). 

In this study, we investigated the longitudinal biogeochemical dynamics of the Rapel catchment in central Chile, a large 

Andean-to-coastal Mediterranean ecosystem covering approximately 14,000 km². The basin encompasses strong altitudinal 65 

and hydrological gradients, contrasting land uses, intense agricultural and mining activities, and the presence of one of the 

largest reservoirs in central Chile. Together, these characteristics make the Rapel catchment an ideal system to explore the 

interplay among natural environmental gradients, anthropogenic pressures, and hydrological regulation interact to shape 

riverine biogeochemistry along the aquatic continuum. To address this objective, we combined DOM characterization, 
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dissolved metal and nutrient analyses, together with microbial community profiling based on 16S rRNA gene metabarcoding 70 

across the catchment, from the Andean headwaters to the estuarine outlet. Rather than considering these compartments 

independently, we aimed to evaluate how DOM, inorganic chemistry, and microbial community structure co-vary along the 

river continuum and how these relationships are influenced by environmental conditions, land use, and flow regulation. The 

objectives of this study were to (1) characterize the longitudinal dynamics of DOM concentration and composition from 

upstream to downstream sectors; (2) assess spatial variations in microbial community diversity and composition along the 75 

continuum; and (3) better understand the coupled biogeochemical-microbial interactions at the catchment scale. By 

integrating these multiple dimensions across the entire catchment, this study provides new insights into the functioning of 

regulated Mediterranean climate Andean rivers and into how anthropogenic pressures reshape riverine biogeochemical 

organization from the headwaters to the coastal ocean. 

2 Material and Methods 80 

2.1 Study area 

The Rapel catchment is located in central Chile (34°S-71°W) within the Libertador General Bernardo O’Higgins Region, 

covering approximately 13,700 km², which corresponds to almost the entire region, extending from the high Andes to the 

Pacific Ocean. Its strong altitudinal gradient, with elevations ranging from over 5,000 m a.s.l. in the eastern Andean 

headwaters to sea level at the coast, generates marked climatic and ecological contrasts, encompassing glacial areas, 85 

mountain ranges (The Andes and the Coastal Cordillera, respectively), steep valleys, agricultural plains, and coastal 

lowlands  (Cornwell et al., 2020). The Rapel catchment is formed by the confluence of the Cachapoal and Tinguiririca rivers 

and drains westward into the Rapel Reservoir (artificial reservoir) and then via the Rapel River it reaches the Pacific Ocean, 

after 310 km, in Navidad. The climate is Mediterranean-temperate, with a prolonged dry summer (November-March) and 

cold winters (May-August). Annual precipitation varies between 450 and 1,050 mm, falling mostly during the austral winter 90 

as snow above ~1,500 m a.s.l. and rain at lower elevations (Bennison et al., 2021).  Interannual variability in precipitation is 

high and influenced by large-scale climatic modes such as the El Niño–Southern Oscillation (ENSO), making the system 

particularly sensitive to climate change and long-term shifts in precipitation regimes (Jaksic, 1998). Hydrologically, the 

catchment has a mixed snow–rain regime, with snowmelt and rainfall driving seasonal flow variations. Average annual 

discharges recorded between 1981 and 2010 for the main tributaries of the Cachapoal and Tinguiririca Rivers are 89.0 m³/s 95 

and 50.2 m³/s, respectively (DGA, 2015). Once reunited in the Rapel Reservoir (695 Mm³), one of Chile’s largest artificial 

lakes, the water discharge is regulated for hydropower generation, irrigation, and domestic use. These characteristics of the 

catchment create a strong spatial heterogeneity in water chemistry and ecological conditions along the longitudinal 

continuum. Land use follows the altitudinal gradient. The upper Andean zone (i.e., above 2000 m a.s.l.) is sparsely 

populated, and vegetation is largely absent (~18% of the total area).  At lower elevations, native vegetation communities 100 

predominate, including forest and grazing lands (~25%). Further downstream, the middle and lower reaches support 
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intensive agricultural activities, including vineyards, fruit orchards, and croplands, which are sustained by irrigation 

networks and livestock farming (~50% of the total area) (Fig. S1). The catchment also hosts significant mining operations, 

particularly in the upper area of the Cachapoal River (>0.5%), which contribute to metal inputs and potential contamination. 

In contrast, the two main cities of the region (i.e., Rancagua and San Fernando) and the downstream sectors are increasingly 105 

influenced by urban and recreational developments associated with the Rapel Reservoir and coastal zone (~5%) (Fig. S1) 

(CONAF, 2024; Cornwell et al., 2020). 

To examine the complete river continuum, 25 sampling sites were selected along the catchment, from the Andes to its mouth 

in Navidad (Fig. 1), of which 11 were within the Cachapoal subcatchment (hereinafter station name beginning with C-, i.e., 

C-C1), 8 within the Tinguiririca subcatchment (hereinafter station name beginning with T-, i.e., T-T1), and 6 within the 110 

Rapel subcatchment (hereinafter station name beginning with R-, i.e., R-R1). The choice of the sites aimed to represent the 

main streams and tributaries in order to capture the riverine biogeochemistry along the longitudinal gradient (e.g, 

headwaters, transition zone, and floodplain). In addition to considering confluences, land-use changes, and topographic 

variability, only sites with easy access and moderate elevation were chosen to minimize fieldwork constraints.  

 115 

 

Figure 1 - Map of the study area and its location in Chile. Sampling site locations and names are indicated on the map. 

Station names beginning with C- indicate the samples collected within the Cachapoal subcatchment (blue area in the map). 
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Station names beginning with T- indicate the samples collected within the Tinguiririca subcatchment (green area in the map). 

Station names beginning with R- indicate the samples collected within the Rapel subcatchment (red area in the map). 120 

 

2.2 Samples collection 

The sampling campaign was conducted between 13 and 22 November 2024 (spring in the Southern Hemisphere). Physico-

chemical parameters (temperature, pH, dissolved oxygen (DO), electrical conductivity (EC), and total dissolved solids 

(TDS)) were measured in situ at each site using a Hanna HI 98194 multiparametric probe (Hanna Instruments, Italy). 125 

Nitrates were also measured in situ using a TriOS OPUS probe (TriOS Mess- und Datentechnik GmbH, Germany). Water 

samples were collected into 1 L HCl-cleaned polycarbonate bottles (Nalgene) and filtered on-site using a Sterivex filter (0.22 

μm, polyethersulfone). Subsamples of the filtrate were collected, after three rinses, into: 40 mL pre-combusted glass vials for 

dissolved organic carbon (DOC) analyses; 250 mL HCl-cleaned polycarbonate bottles (Nalgene) for measuring DOM 

fluorescence (FDOM) and total dissolved nitrogen (TDN); 100 mL HNO3 cleaned HDPE bottles for the determination of 130 

metals and metalloids. The filters were used for the microbial diversity analyses. Samples for DOC and metals were 

immediately acidified using Sovrapure HCl and HNO3, respectively. All the water samples were conserved in a cooler and 

finally stored at 4°C upon returning to the laboratory, within the day. Sterivex filters were frozen at -20°C. 

2.3 Samples collection 

The analyses for DOC and TDN were carried out through high temperature combustion (HTC) method by using a TOC-L 135 

analyzer (Shimadzu corporation, Japan) equipped with a TN module following the SOPs of Halewood et al. (2022). The 

measurement's reliability was verified daily using consensus reference material (CRM; (Hansell, 2005) - CRM batch n° 02-

23, MSR nominal concentration 55-57 μM C and 6-7 μM N) at the beginning and at the end of each sample’s run.  

Metals, metalloids, and some nonmetals (S and P) were measured on pre-acidified filtered samples (SW-846 Test Method 

3005A, EPA) using an inductively coupled plasma to optical emission spectrometry (ICP-OES, iCAP Pro, ThermoScientific, 140 

USA). 

Tridimensional Excitation-Emission Matrices (EEMs) of fluorescence were measured using an Aqualog spectrofluorometer 

(Horiba, Japan) with excitation ranging from 250 to 450 nm (5 nm interval) and emission ranging from 212 to 620 nm (0.8 

nm interval). The TreatEEM software (Omanovic et al., 2023) was used to remove the Rayleigh and Raman scatter peaks 

and to normalize fluorescence to Raman Units (R.U.). Parallel Factor Analysis (PARAFAC) was carried out by using the 145 

drEEM toolbox (Murphy et al., 2013). A 4-component model was validated (98.9% explained variance, Fig. S2) and the 

components were compared with similar components reported in the literature using the OpenFluor database (Murphy et al., 

2014) and attributed to specific groups of fluorophores (Table S1).  
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2.4 Microbial diversity 

Microbial DNA was extracted from the collected Sterivex filters. The filters were thawed on ice and opened under sterile 150 

conditions in a laminar flow hood using a scalpel that had been disinfected with 70% ethanol and exposed to UV light. The 

filter was divided in half; one half was stored as a backup in a cryotube, while the other half was used for extraction with the 

DNeasy PowerSoil Pro kit (QIAGEN, USA) according to the manufacturer's protocol, with elution in 50 µL. 

The extracted DNA was quantified using the Qubit 4 Fluorometer (Thermo Fisher Scientific, USA), using the Qubit dsDNA 

HS Assay kit (Thermo Fisher Scientific, USA). A verification PCR was performed to ensure the quality of the extracted 155 

DNA.  Briefly, the 16S rRNA gene was amplified using the following primers: EUB1 (GAGTTTGATCCTGGCTCAG, 

(Liesack et al., 1991)) and 519R (GTATTACCGCGGCKGCTG, (Lane, 1991)). The PCR mix for each sample consisted of: 

13.3 µL of ultrapure water, 5 µL of Green Buffer 5X (Promega, USA), 3 µL of MgCl₂ (Thermo Scientific, USA), 0.5 µL of 

dNTPs (Thermo Scientific, USA), 0.5 µL of the forward primer (EUB1), 0.5 µL of the reverse primer (519R), 0.2 µL of Taq 

polymerase (Thermo Scientific, USA), and 2 µL of the extracted DNA (previously diluted if the concentration exceeded 5 160 

ng/µL). The PCR program was run in an Aeris thermocycler under the following conditions: an initial denaturation step at 95 

°C for five minutes, followed by 35 cycles of denaturation at 95 °C for 40 seconds, hybridization at 57 °C for 40 seconds, 

elongation at 72 °C for 40 seconds, and a final extension at 72 °C for five minutes. Metabarcoding sequencing was 

performed using an Illumina NovaSeq 6000 PE250 at Novogene with in-house primers 515F 

(GTGYCAGCMGCCGCGGTAA) and 806R (GGACTACNVGGGTWTCTAAT) for the V4 region of the 16S rDNA gene, 165 

based on the work of Caporaso et al. (2011). 

The sequencing yielded an average of 186,002 ± 45,669 raw reads per sample. The amplicon sequence variants (ASVs) were 

generated and checked for chimeras using the DADA2 pipeline (Callahan et al., 2016) in QIIME2 (v. 2019.7; (Bolyen et al., 

2019)). This process resulted in an average of 155,640 ± 37,086 reads per sample and retained XX% of the raw reads.  

Representative sequences obtained were used for taxonomic assignment, which was performed by comparing the 16S rRNA 170 

gene sequences with the SILVA database version 138.2 database (SSU NR99, full-length sequences; (Quast et al., 2013)), 

using the classify-consensus-vsearch method (Rognes et al., 2016). The generated nucleotide sequences were deposited in 

the public database NCBI under the Bioproject PRJEB114990 and accession numbers ranging from ERR17408622 to 

ERR174086. 

2.5 Statistical analysis 175 

All the statistical analyses were performed in R version 4.5.1 (R Core Team, 2013) using the graphical interface R Studio 

version 2026.01.2+418. The diversity dataset was processed and analyzed using the “phyloseq” package (McMurdie and 

Holmes, 2013). Standard filters were applied at this stage to improve the dataset's quality, including removing singletons and 

taxa classified as unassigned (at the domain level), chloroplast, or mitochondria. The matrix was then normalized by 

rarefaction to 65,000 sequences per sample, and three samples with fewer sequences were removed from the database. The 180 
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ecological analyses described in the following section were performed using this filtered, normalized matrix. Alpha diversity 

was assessed using the observed richness, Chao1, Shannon, and Simpson indices, and beta diversity was analyzed using 

Bray-Curtis distances and PCoA ordinations. For alpha diversity indexes, significant differences between subcatchment (i.e., 

Cachapoal, Tinguiririca, and Rapel) or between catchment zone (i.e., headwaters, transition zone, floodplain) were 

determined through one-way ANOVA and Tukey HSD post-hoc test if assumptions were confirmed. When assumptions 185 

were not confirmed, the Kruskal-Wallis rank sum test was used, associated with the Dunn test (P was adjusted with the 

Benjamini-Hochberg method). A multiple factor analysis (MFA) was performed (MFA function, ‘FactomineR’ package; 

(Husson et al., 2013)) to explore the relationship between microbial composition, metals and metalloids, environmental 

variables, and components of DOM. The variables included in each group have been selected by forward selection using the 

forward.sel function on the standardized matrices. In consequence, the group matrices are composed as follows: 190 

Physicochemistry, 4 variables (pH, Conductivity, temperature, dissolved oxygen); Organic Matter, 4 variables (C1mh, C2th, 

C3p, C4trp); Metals, 16 variables (Al, P, As, Mo, Cd, B, Mn, Fe, Mg, Cr, V, Cu, Ag, Ba, Li, K).  The matrix of the microbial 

composition was built with the 78 most abundant ASVs (>10% of the total community considering all samples). Before 

performing the MFA, the variables were scaled to unit variance. To prevent bias, the elevation was only added as a 

supplementary quantitative variable, not used to build the ordinations. Similarly, for representation purposes, the three 195 

subcatchments (i.e., Cachapoal, Tinguiririca, Rapel) and the three watercatchment levels (i.e., headwaters, transition zone, 

floodplain) were added as supplementary qualitative variables.   

All numerical data supporting this study have been deposited in the Zenodo repository and will be publicly accessible upon 

publication. 

3 Results 200 

3.1 In situ physicochemical conditions  

Across the whole study area, water temperature spanned from 8.6 °C (T-T1) to 23.12 °C (R-R3) (Table S2). The lowest 

temperatures (>12°C) were observed in the headwaters, followed by a progressive increase along the longitudinal gradient, 

with the highest values (>23°C) recorded at sampling points located within the Rapel Reservoir. Salinity values remained 

low (<0.4) across most sampling sites within the catchment (Table S2). pH ranged from 5.97 to 8.90, with most sites 205 

exhibiting circumneutral to slightly alkaline conditions (7.30–8.10). The lowest pH was recorded at C-Coy (5.97), possibly 

due to nearby mining activities, whereas the highest value was recorded at R-R2 (8.90), within the Rapel Reservoir (Table 

S2). Dissolved oxygen (DO) concentrations varied between 4.46 and 11.5 mg/L. The lowest DO was measured at the 

Cadenas creek (C-Ca = 4.46 mg/L), while the highest concentration was observed in the Rapel Reservoir at R-R2 (11.5 

mg/L). Most stations showed well-oxygenated conditions (>8 mg/L) (Table S2). Electrical conductivity (EC) ranged from 39 210 

µS/cm (T-Cl) to 2513 µS/cm at the marine-influenced site (R-Sea). No consistent longitudinal trend was observed, as 

relatively elevated values occurred both in upstream and downstream sections of the catchment. The Tinguiririca 
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subcatchment generally displayed the lowest EC values. Total dissolved solids (TDS) ranged from 19 to 1264 mg/L, with 

maximum concentrations at the sea-influenced site (R-Sea) and intermediate values (135–376 mg/L) across most continental 

stations. Nitrate (NO₃⁻) concentrations displayed pronounced spatial variability, ranging from 4.0 µM (T-Cl) to 274.7 µM 215 

(C-Z). Elevated nitrate concentrations were recorded in the Cachapoal subcatchment downstream, particularly at C-C4 

(193.3 µM), C-Cl (142.7 µM), and C-C5 (127.8 µM) (Table S2).  

3.2 DOC and TDN concentration 

Dissolved organic carbon (DOC) over the entire study area ranged from 9 to 213 µM. The lowest DOC concentrations were 

observed in samples collected in the Andes Mountains, with concentrations increasing downstream (Fig. 2 (a)). In the 220 

Cachapoal River, the concentration was 14 µM in the high mountain (C-C1) and increased after 75 km downstream of the 

site, following the input of Cadenas and Zamorano creeks (C-Ca and C-Z), which had 205 and 120 µM of DOC, 

respectively. In the Tinguiririca River, DOC concentration increased gradually from 11 µM at the highest point of the 

subcatchment to 60 µM before reaching the Rapel Reservoir. Its main tributaries showed similar DOC concentrations as the 

main river, except Chimbarongo Creek (T-Ch), which had a slightly higher DOC concentration (70 µM). Within the Rapel 225 

Reservoir, DOC reached the highest concentration (213 µM in R-R2) and slowly decreased downstream to 56 µM at the 

estuary. Total dissolved nitrogen (TDN; Fig. 2 (b)) ranged between 7 and 329 µM. The lowest concentrations were observed 

in the Andes mountains and increased moving downhill. In the Cachapoal River, the lowest concentration (9 µM) was 

observed in the mountains (C-Cor) and increased after 75 km to reach a markedly higher concentration in the C-C4 site (235 

µM). The maximum concentration of TDN was observed in the Zamorano Creek (C-Z, 329 µM). In the Tinguiririca River, 230 

TDN increased gradually from 10 to 52 µM, and within its main tributaries, the Chimbarongo had a higher concentration (T-

Ch, 60 µM). Within the Rapel Reservoir (R-R1 and R-R2), TDN showed lower values (ranging between 28 and 38 µM) with 

respect to the Cachapoal and Tinguiririca inputs into the lake and increased again downstream the reservoir toward the sea.  

 

 235 
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Figure 2: Dissolved Organic Carbon (DOC) concentration (a) and Total Dissolved Nitrogen (b) in the three 

subcatchments. Dots and lines represent the main rivers; single empty dots represent the tributaries. The code names of the 

sampling sites are shown next to the corresponding dots. Note that the y-axis of DOC concentration has a break between 140 

and 200 μM due to the marked difference between the concentration in C-Ca and R-R2 and the rest of the sites, helping in 240 

highlighting the concentration dynamics in the lower concentration sites. 

 

3.3 DOM optical properties 

The PARAFAC analysis of the EEMs and comparison of the results within the Openfluor database (Table S2) resulted in the 

identification of two humic-like and two protein-like components. C1mh has characteristics that are usually attributed to 245 

humic-like compounds that have been reprocessed by the microbial community. C2th has the typical excitation and emission 

maxima attributed to terrestrial humic-like compounds. C3p has fluorescence maxima that resemble those of protein-like 

compounds in water, i.e., tryptophan, but its excitation maximum occurs at longer wavelengths than the typical protein-like 
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components of DOM. This suggests that its fluorescence may be influenced by factors such as being bonded within bigger 

molecules or complexed with metals (Aiken, 2014). Interestingly this component was found to be more than 98% similar 250 

(Openfluor comparison) to components identified in other regions affected by the presence of ice (Chen et al., 2018; 

Maurischat et al., 2022). C4p fluorescence maxima are those usually related to protein-like fluorescence. 

The percentage of each component of total fluorescence (as the sum of the four components) was calculated and showed that 

in 21 of 25 stations, the percentage of protein-like components (C3p + C4p) fluorescence was predominant (>50%) with 

respect to the humic-like components (C1mh + C2th), reaching up to 96% of total fluorescence (station T-A). Only stations 255 

C-Z, T-T4, R-R1, and R-R4 showed a predominance of humic-like components, having the maximum of 76% in T-T4 

(Table S1). 

To account for the large variability in DOC concentrations across the study area and because of the concentration 

dependence of fluorescence signals, FDOM patterns within the catchment were characterized using concentration-

normalized fluorescence. Normalized fluorescence gives information on the changes in DOM optical properties regardless of 260 

the concentration. Therefore, the fluorescence of each component in each sample was divided by the DOC concentration of 

that sample and reported as R.U. μM-1. The normalized components are indicated by the addition of an asterisk in the 

components’ name (e.g., C1mh*). 

The microbial humic-like C1mh* showed little variation in the two main rivers, Chachapoal and Tinguiririca, ranging 

between 0.19 and 0.25 R.U. μM-1, and no spatial trend was observed (Fig. 3 (a)). The tributaries showed more variability, 265 

ranging from 0.15 to 0.40 R.U. μM-1, with the highest values observed in the Azufre stream. Lower values (< 0.20 R.U. μM-

1) were observed in the Rapel Reservoir, whereas in the effluent towards the sea, C1mh* values were similar to those of 

Chachaopal and Tinguiririca. The humic-like C2th* showed a higher variability, having values ranging between 0 and 0.20 

R.U. μM-1 in the entire catchment (Fig. 3 (b)). In the Cachapoal and Tinguiririca main rivers, an increasing trend was 

observed moving downwards, with the only exception in T-T2, which had lower values. Similarly to C1mh* a decrease in 270 

fluorescence was observed within the Rapel Reservoir, while in the floodplain area, C2th* had similar fluorescence to 

Cachapoal and Tinguiririca in most downstream samples. The protein-like C3p* ranged between 0.06 and 2.84 R.U. μM-1 in 

the Cachapoal and Tinguiririca main streams (Fig. 3 (c)). In Cachapoal, a decreasing trend from the headwaters downstream 

was observed until C-C4, followed by higher values in the C-C5 sampling station. Lower values were observed in the 

Tinguiririca River, except for T-T2, probably due to elevated inputs from the two tributaries, Azufre (T-A) and Claro (T-Cl). 275 

In particular, the Azufre tributary (T-A) showed the highest C3p* value (6.48 R.U. μM-1). A marked enrichment was also 

observed in the sea sample. The tryptophan-like C4p* ranged between 0.07 and 1.58 R.U. μM-1 in Cachapoal and 

Tinguiririca main streams and showed a similar trend to that of C3p*, including the maximum value observed in the Azufre 

tributary (T-A) (Fig. 3 (d)). 

 280 
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Figure 3: Concentration normalized fluorescence of the 4 identified components: microbial humic-likeC1mh* (a), 

terrestrial humic-like C2th* (b), protein-like C3p* (c), and tryptophan-like C4trp* (d) in the three subcatchments. 285 

Dots and lines represent the main rivers; single empty dots represent the tributaries. The code names of the sampling sites 

mentioned within the text are shown next to the corresponding dots. 

3.4 Dissolved metals, metalloids, and nonmetals distribution 

Dissolved metals and metalloids displayed marked spatial variability across the Rapel catchment (Table S2). Major 

elements, including Ca, Na, Mg, K, and S, dominated the dissolved fraction at all sampling sites. Calcium remained 290 

relatively stable across the catchment, with average values ranging between 17 and 24 ppm, with the lowest values observed 

in the Tinguiririca subcatchment, particularly at its headwaters (T-A = 13.569, T-P = 12.403, and T-Cl = 5.164 ppm). By 

contrast, Na, Mg, and K displayed pronounced variability across the catchment, with the highest concentrations recorded at 

the river–ocean interface (R-Sea: Na = 79.169 ppm, Mg = 22.378 ppm; K = 13.890 ppm). Sulfur concentration was also 

elevated at the interface R-Sea (49.829 ppm), although the highest values were observed at specific inland sites, namely C-295 

Coy (99.744 ppm) and R-R2 (51.145 ppm).  

Within the Cachapoal subcatchment, C-Coy was characterized by elevated concentrations of Cu (4.710 ppm), confirming the 

influence of upstream copper mining activities in this tributary, as well as Mn (2.168 ppm) and Zn (0.796 ppm). C-Ca 

exhibited the highest P concentration (0.384 ppm), likely reflecting the influence of agricultural activities in the surrounding 

area. These two sites displayed distinct metal signatures compared to the rest of the catchment. Notably, the Tinguiririca 300 

subcatchment displayed overall lower concentrations of dissolved metals and metalloids, but without following a clear 

longitudinal pattern. In contrast, the Rapel subcatchment stations (R-R1 to R-R5) generally presented intermediate metal 

concentrations for most elements, except for R-R2, which exhibited some of the highest concentrations of major elements 

within the catchment (e.g., Ca, Na, Mg, K, and S), and where Mo was detected with the highest concentration (0.041 ppm). 

3.5 Microbial community structure and diversity patterns 305 

The taxonomic composition of microbial communities varied markedly along the catchment, across altitudinal zones and 

subcatchments, while maintaining a recurrent core set of genera present throughout the system (Fig. 4). In the headwater 

areas, community structure was relatively diverse as indicated by high Shannon index values (Fig. 5), with several abundant 

genera co-occurring across sites. Flavobacterium, Luteolibacter, and Rhodoferax were widely distributed and in some 

locations reached or exceeded 20% of total relative abundance. Additional genera, including Polaromonas, Acidovorax, 310 

Methylotenera, and Mycobacterium, contributed consistently at lower proportions. A substantial fraction of total abundance 

corresponded to taxa grouped as “Others” (approximately 33–61%), representing genera outside the 20 most abundant taxa 

and reflecting a composition along the catchment distributed across multiple lineages. In the transition zone of the 

catchment, community structure was more heterogeneous, with pronounced differences among subcatchments. 

Flavobacterium maintained elevated abundances at several sites, in some cases exceeding 20% in the Cachapoal 315 
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subcatchment. Other taxa, including hgcI_clade, Terrimicrobium, CL500-29_marine_group, Cyanobium_PCC-6307, and 

Sandaracinomonas, contributed substantially at specific locations (i.e., Tinguiririca and Rapel subcatchments), indicating 

spatially structured shifts in dominance. This variability was mirrored in the wide range of the “Others” fraction, which 

exceeded 60% at several sites, suggesting high compositional turnover within this section of the catchment.  

In contrast, the lower zone of the catchment exhibited a more strongly dominated community structure as revealed by lower 320 

Chao1 (Dunn test; Z= 2.53 and -2.47 for headwaters and transition zone, respectively; P < 0.05) and Shannon (Dunn test; Z= 

3.14 and -2.50 for headwaters and transition zone, respectively; P < 0.05) indexes compared to the headwaters and the waters 

from the transition zone (Fig. 5 (a)). The hgcI_clade emerged as the most representative taxon, consistently exceeding 30% 

relative abundance. Although Flavobacterium, CL500-29_marine_group, Terrimicrobium, and Mycobacterium remained 

present, their contributions were comparatively lower.  325 

At the subcatchment scale, the Cachapoal subcatchment displayed relatively diverse communities with moderate abundances 

distributed among multiple genera, including Flavobacterium, Rhodoferax, Acidovorax, Sandaracinomonas, Methylotenera, 

and Mycobacterium. Tinguiririca subcatchment appeared comparatively balanced, with consistent contributions from 

Flavobacterium, Rhodoferax, Luteolibacter, Polaromonas, and Sandaracinomonas, as well as moderate proportions of 

Terrimicrobium and hgcI_clade, without a single overwhelmingly dominant genus as confirmed by high Shannon values. In 330 

contrast, the Rapel subcatchment exhibited lower Chao and Shannon indexes compared to other subcatchments (Tukey HSD, 

P < 0.05, Fig. 5 (b)), characterized by the predominance of hgcI_clade and notable contributions from CL500-

29_marine_group, Cyanobium_PCC-6307, Terrimicrobium, and Mycobacterium, particularly in lacustrine sectors (R-R1, R-

R2, and R-R3). 
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 335 

Figure 4: Microbial community composition and diversity indexes. Relative abundance of the 20 most abundant 

microbial genera retrieved from the 16S gene metabarcoding dataset along the catchment levels (Headwaters, 
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Transition zone, Floodplain) and across the three subcatchments (C - Cachapoal, T - Tinguiririca, and R - Rapel). 

Note that when Genera was not defined, Family is used and the name of the taxonomic group starts by “f_”.  

 340 

 

Figure 5: Alpha diversity indices (Observed richness, Chao1, Shannon, and Simpson) across catchment levels 

(headwaters, transition zone, and floodplain) (a) and subcatchments (b) during the spring season. Boxplots illustrate 

the distribution of alpha diversity metrics among samples collected at each spatial category, highlighting variations in 

microbial community richness and diversity along the longitudinal organization of the catchment. 345 

3.6 Multivariate relationships among microbial, geochemical, and DOM variables 

The MFA allowed visualization of how the river samples clustered based on their biogeochemical signatures, including 

physicochemical parameters, FDOM, prokaryotic community structure, and metal and metalloid concentrations (Fig. 6 (a)). 

Together, the first three dimensions of the ordination represent 47.6% of the variation. The first dimension of the MFA 

discriminated well between the different subcatchments and the catchment levels (e.g., headwaters, transition zone, and 350 

floodplain) (Fig. 6 (b) and (d)). It was mainly characterized by conductivity, temperature, Mg, and V, as well as 

Chitinophagaceae Sediminibacterium and the hgcI_clade bacteria (Fig. 6 (c)). The second dimension allowed the separation 

of most transition zone samples from the other catchment levels. This second dimension was defined mainly by the C1mh 

and C2th humic-like components, B, Li, Sphingomonadaceae Sphingorhabdus, and Microbacteriaceae Rhodoluna bacteria 

(Table S4, Dim2). Interestingly, the third dimension was mainly built by pH, Mo concentrations, and the protein-like 355 
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components C3p and C4trp. Along this third MFA dimension, high values of the C3p and C4trp components were associated 

with a greater abundance of Cyanobacteria, including the filamentous taxa Leptolyngbyaceae Calothrix and Phormidiaceae 

Planktothrix, as well as Microcystaceae Microcystis and Cyanobiaceae Cyanobium PCC-6307 (Table S5, Dim3).    

 

 360 

Figure 6: Multiple factor analysis built with the microbial composition, metals and metalloids, environmental 

variables, and components of DOM. Coordinates of each group, the supplementary groups are plotted in grey (a); 

Individual coordinates on the ordination (Dimension 1 & 2) colored by subcatchment (b); Correlation circle from the 

first two dimensions and considering only the 30 variables with higher contributions (c); Individual coordinates on 

the ordination (Dimension 1 & 2) colored by catchment levels (d). Note that for (b) and (d) panels, the points represent all 365 

the replicates and the open squares are the barycenter of the replicates. The ellipses are confidence ellipses at 95%.   
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4 Discussion 

4.1 Longitudinal co-variance of organic, inorganic, and biological compartments and the relationship with the land 

use  

The Rapel catchment exhibited a strong longitudinal pattern of in DOC (Fig. 2), FDOM (Fig. 3), dissolved inorganic 370 

chemistry (Table S2), and microbial communities (Fig. 4), reflecting the combined influence of natural geomorphological 

gradients and contrasting land-use pressures across the Andes-to-ocean continuum. Along the river network, the changes in 

these biogeochemical variables were not independent but rather covaried spatially, revealing coupled processes operating at 

the catchment scale, as shown by the MFA (Fig. 6). 

The headwater sectors of both Andean subcatchments (i.e., Cachapoal and Tinguiririca) were characterized by cold, well-375 

oxygenated waters with low DOC, TDN, NO₃⁻ concentrations, and EC, except for the Coya stream (C-Coy), likely due to its 

location downstream of copper mining activities. These conditions are typical of high-altitude mountain systems, where 

sparse vegetation cover, limited soil organic matter accumulation, and strong hydrological connectivity with cryospheric and 

groundwater sources exert dominant controls on riverine biogeochemistry (Maurischat et al., 2022; Singer et al., 2012; 

Tanguang et al., 2015). FDOM instead showed unexpectedly high fluorescence of the two protein-like components, C3p and 380 

C4p, across most upstream sampling points (Fig. 3; e.g., different y-axis scales between the protein components and the 

humic ones). This very high fluorescence suggests that DOM was dominated by in situ-produced and possibly labile organic 

matter in these environments. Protein-like fluorescence in high mountains can also be derived from glaciers and snowmelt 

(Drapeau et al., 2025; Dubnick et al., 2022). Indeed, there is strong evidence supporting the in situ production of organic 

matter, particularly protein-like compounds, by photoautotrophic microorganisms within glaciers (Anesio et al., 2009; 385 

Maurischat et al., 2022) or also sea ice (Retelletti Brogi et al., 2018; Stedmon et al., 2011). On one side, and as also reported 

from field and experimental studies, the highest C3p* and C4p* values coincided with the greatest abundance of 

cyanobacteria, including Cyanobium PCC-6307 (Li et al., 2025; Tedetti et al., 2026; Yin et al., 2025). Most of the 

cyanobacteria retrieved were likely not free-living but instead associated with Nostoc cyanobacterial mats observed on 

stream rocks (Hentschke et al., 2025). Cyanobacterial mats act as a dynamic environment where both organic matter 390 

produced and microorganisms can be retrieved in the water and play an important role that may be considered in future 

research (Scott and Marcarelli, 2012). On the other side, the extremely high C3p* and C4p* values observed in the Azufre 

tributary (T-A, Fig. 3 (c) and (d)) are likely related to its distinctive origin within volcanic and hydrothermal-influenced 

environments associated with the Tinguiririca volcanic complex, as observed also in the marine environment (Tedetti et al., 

2026 and references therein). Despite small differences in dissolved metal concentrations and microbial community 395 

composition between the upper locations of both subcatchments, their overall biogeochemical fingerprints remained similar. 

These upstream environments displayed characteristics commonly associated with relatively pristine Andean headwaters, 

where shared lithology, cryosphere weathering, and mountain hydrology appear to exert the primary controls on water 
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chemistry and microbial organization, as has also been observed in other high-mountain regions (e.g., Alpine and Tibetan 

headwaters)  (Brighenti et al., 2026; Garcia et al., 2018; Hotaling et al., 2017; Maurischat et al., 2022).  400 

Moving downstream, the transition zones of both subcatchments showed the clearest influence of anthropogenic land use on 

the river’s biogeochemistry. Elevated NO₃⁻ concentrations coincided with increases in DOC, TDN, EC, and dissolved metal 

concentrations, particularly downstream of tributaries influenced by agricultural activities (Fig. S1). For example, the 

Cadenas tributary (C-Ca) exhibited elevated phosphorus concentrations (Table S2), likely associated with agricultural runoff 

and diffuse inputs from surrounding cultivated areas. These chemically distinct tributaries disrupted simple longitudinal 405 

gradients and generated localized biogeochemical “hotspots” within the river network. In parallel, the transition sectors were 

characterized by a progressive increase in the C2th* humic-like component (Fig. 3 (b)), reflecting the accumulation of 

terrestrial organic matter along the river continuum. The simultaneous enrichment in nutrients, dissolved ions, and DOC in 

these impacted sectors was also accompanied by clear shifts in microbial community composition relative to the upstream 

headwaters. The Cachapoal subcatchment, for instance, was characterized by the occurrence of Betaproteobacteria 410 

Neisseriaceae family within the Cadenas tributary (C-Ca), a bacterial group that can be found in freshwater environments but 

which also includes genera associated with wastewater and anthropogenic contamination (de Santana et al., 2025). In the 

present case, its occurrence may be linked to effluent discharges from the wastewater treatment plant located a few 

kilometers upstream. In contrast, the Tinguiririca subcatchment showed a more pronounced shift in microbial organization, 

characterized by the increased abundance of hgcI_clade and Terrimicrobium. Terrimicrobium has frequently been associated 415 

with surrounding agricultural soils and may reflect terrestrial inputs into the aquatic system, whereas hgcI_clade represents 

one of the most abundant and ubiquitous groups of free-living planktonic bacteria in inland waters worldwide (Wang et al., 

2024). Its high relative abundance in these sectors may also reflect the changing nutrient conditions along the transition zone 

(Ghylin et al., 2014). The Rapel Reservoir represented a major biogeochemical transition zone within the catchment, 

functioning both as a sink and an active reactor for organic and inorganic constituents. DOC reached its highest 420 

concentration within the reservoir, whereas humic-like fluorescence decreased relative to upstream sectors, indicating 

substantial in-reservoir transformation of DOM with the removal of the terrestrial humic-like fraction through processes such 

as photochemical degradation and microbial remineralization. Simultaneously, microbial community composition shifted 

toward the dominance of hgcI_clade and an increased presence of lacustrine-associated taxa such as CL500-

29_marine_group (Wang et al., 2024). The microbial composition within the reservoir was similar to the Tinguiririca 425 

transition zone, suggesting a strong microbial and biogeochemical influence from the Tinguiririca inflow. The local 

enrichment of taxa such as Terrimicrobium, Sandaracinomonas, and Cyanobium within the transition sectors likely reflects 

the increasing influence of nutrient-enriched conditions, total dissolved solids, longer water residence times, and flow 

regulation associated with agricultural landscapes. In parallel, the accumulation of major ions and several dissolved elements 

at R-R2 (Table S2) suggests that hydrological retention and internal biogeochemical cycling contribute to solute enrichment 430 

within the lacustrine system due to its external input from the Alhue stream. This is a small stream coming from outside the 

Rapel catchment that flows into the Rapel reservoir next to the R-R2 sampling site. Together, these patterns indicate that the 
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reservoir and its upstream transition zones act as areas of intensified ecological and biogeochemical transformation within 

the aquatic continuum, decoupling local biogeochemical dynamics from simple upstream–downstream transport. The 

floodplain samples are a reflection of the reservoir pattern for most of the biogeochemical variables. By contrast, the 435 

estuarine interface displays a unique fingerprint due to the seawater input (Anderson and Harvey, 2022; Galletti et al., 2019).  

Overall, the entire Rapel catchment demonstrates that longitudinal riverine organization emerges from the interaction 

between natural altitudinal gradients, hydrological connectivity, and anthropogenic land use. DOC, FDOM, dissolved 

inorganic compounds, and microbial community structure displayed coherent spatial covariation, highlighting the existence 

of tightly interconnected biogeochemical compartments along the aquatic continuum (Fig. 6). Rather than behaving as 440 

isolated components, DOM, dissolved inorganic compounds, and microbial assemblages responded synchronously to shifts 

in environmental conditions and land use, from oligotrophic Andean headwaters to agriculturally and mining-influenced 

transition zones, reservoir processing environments, and estuarine interface. These findings reinforce the importance of 

integrated catchment-scale approaches to understand how natural and anthropogenic pressures jointly regulate riverine 

biogeochemical functioning in Mediterranean Andean catchments. 445 

4.2 Rethinking the river continuum concept and its application in riverine biogeochemistry  

The River Continuum Concept proposed by Vannote et al. (1980) remains one of the foundational frameworks in limnology 

for understanding the longitudinal organization of river ecosystems. The RCC predicts that gradual downstream changes in 

channel morphology, hydrology, light availability, and energy sources should drive corresponding and relatively predictable 

shifts in organic matter composition, nutrient processing, and biological community structure. Within this framework, 450 

headwaters are typically characterized by strong terrestrial influence and heterotrophic processing. In contrast, downstream, 

sections progressively shift toward finer organic matter, greater autochthonous production, and altered community 

composition as materials are transformed along the continuum (Guo et al., 2025; Kamjunke et al., 2026). Microbial 

communities are also expected to vary along the river continuum in response to shifts in organic matter sources, nutrient 

availability, and environmental conditions (Ruiz-González et al., 2015). Headwaters generally sustain diverse microbial 455 

assemblages adapted to heterogeneous and dynamic environments, whereas downstream communities progressively shift 

toward taxa associated with more stable, productive, and internally regulated conditions (Ezzat et al., 2025; Mayol et al., 

2026). However, microbial diversity does not necessarily follow a simple linear downstream pattern (Tan et al., 2025). It 

may instead be highest in intermediate reaches of the river network, where increased environmental heterogeneity and 

mixing of water sources promote greater ecological and functional diversity (Laperriere et al., 2020; Mayol et al., 2026).  460 

Our results from the entire Rapel catchment partially support these expectations, particularly in the upper Andean sectors. 

Beyond these upper sectors, the Rapel catchment departed markedly from the progressive and predictable longitudinal 

organization proposed by the RCC. Instead of a smooth downstream transition, DOM, dissolved metals, nutrients, and 

microbial communities were strongly reorganized by tributary inputs, land use, and hydrological regulation. Mining-affected 

tributaries introduced localized enrichments in Cu, Mn, Zn, sulfate, and NO₃⁻, while agricultural sectors contributed elevated 465 
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nutrient inputs. These anthropogenic inputs generated biogeochemical discontinuities that disrupted any simple continuum-

driven organization and created spatially heterogeneous “hotspots” of processing within the river network. 

The Rapel Reservoir represented the strongest discontinuity within the system and fundamentally altered downstream 

biogeochemical trajectories. Increased residence time within the reservoir promoted DOC accumulation, shifts in DOM 

fluorescence, and major changes in microbial community composition, including the dominance of lacustrine-associated taxa 470 

such as hgcI_clade and CL500-29_marine_group. Simultaneously, the reduction in humic-like fluorescence and the 

persistence of protein-like signatures suggest changes in the DOM pool that can be explained by autochthonous production, 

microbial processing, photodegradation, and sedimentation. In this context, the reservoir did not simply interrupt the river 

continuum physically; the dam effectively fragmented the fluvial system and reset downstream chemical and biological 

conditions, generating a new biogeochemical baseline for downstream reaches. In addition, hydrological regulation 475 

downstream of the dam modified discharge variability and residence time, further limiting the expression of natural 

longitudinal patterns (Liu et al., 2022). Together with tributary inflows and anthropogenic inputs from agricultural and 

mining sectors, these processes generated spatially heterogeneous hotspots of biogeochemical processing across the river 

network. 

These findings show that although the RCC remains a valuable conceptual framework, its predictive power is limited in 480 

regulated and anthropogenically impacted river systems (Doretto et al., 2020; Roebuck et al., 2020). In Mediterranean 

Andean catchments such as the studied one, riverine biogeochemistry appears to be structured not only by longitudinal 

transport but also by major biogeochemical control points, including reservoirs, tributary confluences, anthropogenic 

disturbances, floodplains, and estuarine interfaces (Danczak et al., 2023; Jones, 2010). Our results, therefore, support a more 

dynamic view of the river continuum, where hydrological regulation, land use, and localized processing can override 485 

expected continuum-driven organization. Even the recent alternative conceptual approaches, such as the river as a chemostat 

(Creed et al., 2015), the Pulse–Shunt Concept (Raymond et al., 2016), and the Bending DOM framework (Casas-Ruiz et al., 

2020), which take into account variability, regulation, and localized processing, are not fully able to represent the patterns 

observed in the Rapel catchment. Nonetheless, these theories emphasize the need for more comprehensive studies to 

understand the processes along the river continuum. Indeed, the results of this study suggest that the organization of riverine 490 

biogeochemistry in the Rapel catchment emerges from the interaction between hydrology, land use, local environmental 

conditions, and internal processing across different sectors of the catchment.  

Finally, the observed dynamics within the Rapel catchment suggest how Mediterranean-Andean rivers may respond under 

increasing climate and land-use pressure. Reduced snowpack, glacier retreat, altered runoff seasonality, and increasing 

dependence on reservoirs are likely to strengthen hydrological regulation and further disrupt natural continuum dynamics.  495 

4.3 Implications for the riverine biogeochemistry comprehension 

One of the main implications of this study is that DOM dynamics cannot be interpreted independently of microbial and 

inorganic processes. Variations in DOC concentration and FDOM were closely associated with changes in dissolved metals 
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and microbial community composition, suggesting strong interactions between DOM, microbial communities, and 

geochemical conditions. In particular, the predominance of protein-like fluorescence across most stations contrasts with the 500 

classical view of progressively humified riverine DOM along the downstream continuum. Instead, our observations suggest 

that a fraction of DOM is produced in situ throughout the catchment, including in high-altitude sectors. These findings 

suggest that Andean headwaters and cryosphere-influenced environments may represent important sources of organic matter 

to downstream ecosystems, potentially sustaining microbial activity and carbon processing along the aquatic continuum. 

More broadly, this study reinforces the idea that river corridors are active components of regional carbon and nutrient 505 

cycling rather than passive conduits linking terrestrial and marine ecosystems. The strong spatial heterogeneity observed 

across the Rapel catchment indicates that biogeochemical transformations are intensified at ecological transition zones such 

as tributary confluences, reservoirs, floodplains, and estuarine interfaces. These sectors likely contribute disproportionately 

to DOM transformation, nutrient recycling, and microbial processing at the catchment scale. 

Finally, the results of this study have important implications for future climate and land-use change scenarios in 510 

Mediterranean Andean regions. Glacier retreat, reduced snowpack, altered runoff seasonality, increasing water demand, and 

the growing dependence on reservoirs are likely to modify hydrological connectivity, residence time, and DOM sources 

simultaneously. These changes may alter microbial processing pathways, carbon turnover, nutrient dynamics, and 

contaminant transport across the aquatic continuum. Under these future conditions, the role of regulated reservoirs as 

biogeochemical reactors will likely become even more important in controlling the quantity and quality of material exported 515 

downstream. Predicting the future functioning of Andean river systems will therefore require integrated approaches capable 

of linking hydrology, microbial ecology, organic matter dynamics, and inorganic geochemistry across the entire catchment. 

5 Conclusion 

This study highlights how riverine biogeochemistry in a Mediterranean Andean catchment is structured not only by 

longitudinal transport along the aquatic continuum, but also by strong local controls associated with land use, tributary 520 

inputs, and hydrological regulation. Across the Rapel catchment, DOM concentration and quality, dissolved metals, 

nutrients, and microbial communities showed strong spatial co-organization, revealing tight coupling between organic, 

inorganic, and biological compartments. 

Headwater sectors retained characteristics typical of oligotrophic Andean systems, whereas downstream sections 

progressively reflected the influence of anthropogenic activities and reservoir regulation. The Rapel Reservoir emerged as a 525 

major biogeochemical discontinuity, substantially reorganizing DOM pool and microbial community structure and 

effectively resetting downstream biogeochemical conditions. 

The study demonstrates that the RCC remains a valuable conceptual framework, but that its predictive capacity becomes 

limited in highly regulated and anthropogenically impacted systems. In Mediterranean Andean rivers, ecosystem functioning 

appears increasingly controlled by localized biogeochemical processing zones and hydrological regulation rather than by 530 
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smooth downstream gradients alone. More broadly, this work emphasizes the need for integrated catchment-scale 

approaches combining hydrology, microbial ecology, DOM dynamics, and inorganic geochemistry to better understand and 

predict the functioning of river networks under increasing climate and land-use pressure. 
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