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• Contrasting land use in basins influ-
ences CDOM proportions in river-
coastal continuum.

• CDOM/fDOM proportions fluvial may
influence the carbonate system of
coastal.

• River with high CDOMproportions have
implications for mussel farming.

• High CDOM/fDOMproportion be associ-
ated with corrosive conditions in river
waters.
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Human activities have led to an increase in land use change, with effects on the structure and functioning of eco-
systems. The impact of contrasting land uses along river basins on the concentration of colored dissolved organic
matter (CDOM) reaching the coastal zone, and its relationship with the carbonate system of the adjacent coastal
ocean, is poorly known. To understand the relationship between land use change, CDOM and its influence on the
carbonate system, two watersheds with contrasting land uses in southern Chile were studied. The samples were
collected at eight stations between river and adjacent coastal areas, during three sampling campaigns in the aus-
tral summer and spring. Chemical and biological samples were analyzed in the laboratory according to standard
protocols. Landsat 8 satellite images of the study area were used for identification and supervised classification
using remote sensing tools. The Yaldad River basin showed 82% of native forest and the Colu River basin around
38% of grassland (agriculture). Low total alkalinity (AT) and Dissolved Inorganic Carbon (DIC), but high CDOM
proportions were typically observed in freshwater. A higher CDOM and humic-like compounds concentration
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was observed along the river-coastal ocean continuum in the Yaldad basin, characterized by a predominance of
native forests. In contrast, nutrient concentrations, AT and DIC, were higher in the Colu area. Low CaCO3

saturation state (ΩAr < 2) and even undersaturation conditions were observed at the coastal ocean at Yaldad.
A strong negative correlation between AT, DIC and ΩAr with CDOM/fDOM, suggested the influence of terrestrial
material on the seawater carbon chemistry. Our results provide robust evidence that land uses in river basins
can influence CDOM/fDOM proportion and its influence on the carbonate chemistry of the adjacent coastal,
with potential implications for the shellfish farming activity in this region.

© 2021 Elsevier B.V. All rights reserved.
Mussel-farming activity
Carbonate chemistry
1. Introduction

Land use changes have increased dramatically during the last century
as a consequence of human activities, becoming one of the most critical
global environmental issues worldwide (Foley et al., 2005; Barnes and
Raymond, 2009; Wilson and Xenopoulos, 2009; Regnier et al., 2013;
Graeber et al., 2015). Land use change (e.g., opening of areas for agricul-
ture) causes significant alterations on the structure and functioning of
aquatic ecosystems (Foley et al., 2005; Pielke, 2005; Wilson and
Xenopoulos, 2009; Lambert et al., 2017), interfering with biogeochemical
cycles (Stallard, 1998; Mccallister et al., 2006; Graeber et al., 2015), the
provision of key ecosystem services (Conley et al., 2008; Hooper et al.,
2012; Haregeweyn et al., 2015; Razali et al., 2018), among other environ-
mental impacts. Land for agricultural use corresponds to approximately
40%of the Earth's surface cover, and affects the hydrological, biogeochem-
ical and ecological characteristics of water bodies (Wilson and
Xenopoulos, 2009; Graeber et al., 2015; Tanaka et al., 2016; Razali et al.,
2018). Rivers and streams constitute one of the main carbon transport
mechanisms from soils and river networks to coastal ocean (Barnes and
Raymond, 2009; Bauer and Bianchi, 2011; Regnier et al., 2013).

In Chile, changing land uses through forest plantations and agro-
industrial activities have expanded exponentially during the last
35 years, reducing native forest cover, from 250,000 ha in 1974 to
about 3 million ha in 2016 (Salas et al., 2016; Alvarez-Garreton et al.,
2019). Multiple local and regional impacts are evidenced by the land
use change, chiefly in the volume and type of nutrients transported by
rivers (Correa-Araneda et al., 2017; Fierro et al., 2017), and also, the
ocean acidification produced by the discharge of low-alkalinity fresh-
water and large amounts of organic matter and nutrients to the coastal
ocean (Silva et al., 2011; Vargas et al., 2013; Pérez et al., 2015; Vargas
et al., 2016; Vargas et al., 2018; Lara et al., 2018; Saldías et al., 2019).
For instance, Pérez et al. (2015) found that a river basin in Central
Chile dominated by urban and agricultural uses showed more than
twice-fold DOC concentration, and also resulted in very high DIC con-
centrations (>4000 μmol kg−1).

Different studies have proven that Dissolved Organic Matter absor-
bance and fluorescence (CDOM/fDOM)measurements can be a power-
ful tools to characterizing its content and terrestrial inputs to seawater
and to understand the relationship and implications of terrestrial mate-
rial in the biogeochemistry of aquatic ecosystems (Meybeck and
Vörösmarty, 2000; Coble, 2007; Wilson and Xenopoulos, 2009;
Fellman et al., 2010; Petrone et al., 2011; Nelson and Siegel, 2013;
Nimptsch et al., 2015; Massicotte et al., 2017; González et al., 2019;
García et al., 2018, 2019). CDOM is composed of humic substances
(humic acids, fulvic acids, humins), lipids, proteins and other constitu-
ents (Coble, 2007; Fellman et al., 2010; Nimptsch et al., 2015;
Massicotte et al., 2017). The components of CDOM contribute to biogeo-
chemical cycles inwater and intervene in different processes such as the
attenuation of sunlight in the water column, limiting primary produc-
tion, and producing gases, such as CO2 as a sub-product, among others
(Kutser et al., 2005; Coble, 2007; García et al., 2018; Zhao et al., 2018;
González et al., 2019; Sánchez-Pérez et al., 2020). On the other hand,
fDOM sources in coastal ecosystems derive from both autochthonous
material, such as phytoplankton exudates, and allochthonous subsidies
from riverine discharges, such as soil detritus, and different terrestrial
2

humic compounds (McKnight et al., 2001; Fellman et al., 2010;
Nimptsch et al., 2015; Razali et al., 2018; González et al., 2019).

In consequence, changes in land use caused by human activity mod-
ify CDOM's proportion in river-coastal ocean continuum. Moreover, in-
creasing riverine CDOM contribution to coastal ocean could fuel
bacterial communities, and therefore, the CO2 production (Coble,
2007; Lapierre et al., 2013; Fasching et al., 2014; Roiha et al., 2016),
which in turn can alter the carbonate chemistry of the coastal ocean
(e.g., pH, and carbonate availability; Schulz et al., 2009; Bauer and
Bianchi, 2011; Yang et al., 2011; Bauer et al., 2013; Pérez et al., 2015;
Schönberg et al., 2017; Doo et al., 2020)with potentially negative impli-
cations for marine calcifiers (Salisbury et al., 2008; Fiorini et al., 2011;
Yang et al., 2011; Ashur et al., 2017; Spalding et al., 2017; Doo et al.,
2019; Gao et al., 2019; Doo et al., 2020). Indeed, according to Cai (2011)
estuarine waters are a significant source of CO2 to the atmosphere, with
a global efflux of 0.25 ± 0.25 Pg C y−1, with partial pressure of CO2

(pCO2) varying from ∼400–10,000 μatm. This degassing is largely
supported by the respiration of terrestrial organic matter.

Different studies have focused on the origin and composition of
CDOM in aquatic systems (Wilson and Xenopoulos, 2009; Fellman
et al., 2010; Nimptsch et al., 2014; Nimptsch et al., 2015; Hu et al.,
2017; Zhao et al., 2018; González et al., 2019) and the potential effects
of changing land use on ecosystem services, such as fisheries and drink-
ing water supply (Coble, 2007; Oyarzun et al., 2007; Hu et al., 2017;
Shao and Wang, 2020). However, the connection between land use
change along a river basin and the availability and concentration of
the CDOM flowing into the adjacent coastal areas has been scarcely ex-
plored in the southern hemisphere (Nimptsch et al., 2014; García et al.,
2018; García et al., 2019; González et al., 2019; García et al., 2020).
Moreover, the influence of CDOM and fDOM component proportion
on the carbonate system of the coastal ocean (e.g., DIC, pCO2 and AT),
have not been studied to date.

The main objective of our study was to analyze to what extent con-
trasting land uses can influence the CDOM proportion found along the
river-coastal ocean continuum. Additionally, we explored the potential
relationship between CDOM proportion and the carbonate chemistry
(DIC, total alkalinity, pCO2) in the adjacent coastal zone. To this end,
we use as a model system two small river basins of Chiloé Island, in
northern Patagonia, Chile, with contrasting land uses (spatial scale
<200 km) and an important heterogeneity in terms of geology and
soil types, among others. We hypothesize that different land uses lead
to variation in CDOMproportion,which, in turn, have contrasting effects
on the coastal zone carbonate system. In addition, this study provides
valuable information that should be taken into account in both land
management strategies and marine spatial planning when considering
areas for present and future human activities, such as mussel farming,
of which Chile is one of the world's leading exporters (FAO, 2020).

2. Methods

2.1. Study area

The study was carried out in two river basins with contrasting land
use, the Colu and Yaldad River basin, both located in Chiloé Island
(42°35′39″S and 73°58′05″W), northern Patagonia, Chile (Fig. 1). The



Fig. 1. (a) Map including a general perspective of the Chiloe Island in southern Chile, and a more detailed map highlighting the location of both river basins, (b) Colu River and the
(c) Yaldad River basin. The sampling stations are also included for each river-coastal ocean continuum (d and e, respectively). The sampling stations are identified with a red pin followed
by a number from1 to 8 and the R1 initial for identified the river station. The dashed gray lines in Yaldad Bay (e) represent the location and distribution ofmussel farming long-lines. High
resolution (10 m) Sentinel true color composites for the regions of (f) Colu and (g) Yaldad during February 2020. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Colu River basin (Fig. 1b) is characterized by significant land use change
in contrast with the Yaldad River basin (Fig. 1c) where native forest
dominates the catchment. The Colu River has an extension of
16.98 km (basin 77.31 km2) and the Yaldad River has a length of
17.43 km (basin 271.06 km2). Around 23% of the river basin area and
the Yaldad Lake, the headwater of the river, are within a private conser-
vation area, the Tantauco Park (Biblioteca del Congreso Nacional de
Chile, www.bcn.cl and Dirección General de Agua, www.dga.cl). Both
rivers originate from lagoons, lake Popetán and lake Yaldad, respec-
tively, and discharge into the northern Patagonia Sea, one of the main
mussel farming in Chile (Lagos et al., 2012; SERNAPESCA, 2018;
Yévenes et al., 2021).

The local climate is temperate maritime, with an annual average
temperature of 11 °C and abundant year-round rainfall, ranging from
2000 to 3000mmyear−1, with higher intensity during the Austral win-
ter (Subiabre and Rojas, 1994, Villalobos et al., 2003; Garreaud, 2018;
Lara et al., 2018). The high rainfall feeds the rivers and lakes of the
area and maintains a dense rainforest classified as Valdivian Perennial
Forests (Villalobos et al., 2003; CONAF, 2014). In terms of the lithology
of our studied river basins, the area is characterized by sedimentary
rocks (blocks, silt, clay, gravel), and also metamorphic pelitic schists
for the Yaldad river basin, in both cases characterized by silicate com-
pounds (SERNAGEOMIN, 2003; Suchet et al., 2003). According to the
World Reference Base (WRB) classification, the predominant soils in
the Colu River basin are Andosols (Andosols Umbric Aluandic), derived
from volcanic ash. These soils contain large amounts of organic matter
and are rich in aluminum, iron oxides, and silicates (Gardi et al.,
2014). The Andosols are associated with acidic materials and excess
precipitation, thus providing low pH groundwater to the soils. In the
Yaldad River basin, in addition to the Andosols, there are also Cambisols,
which are moderately developed, removing carbonates or gypsum and
forming clay minerals (Villalobos et al., 2003; Gardi et al., 2014).
3

The adjacent coastal area of northern Patagonia (around 9 and 8 km
from the river mouth, for Colu and Yaldad River mouths, respectively),
is characterized by a bathymetry with a maximum depth of 140 m
(Colu from 20 to 140 m and Yaldad from 20 to 100 m), and a well-
mixed water column (Pinilla, 2012). The tidal amplitude is approxi-
mately 5 m, with a semidiurnal regime (Clasing et al., 1994). Surface
water temperature ranged from 6.0 °C in winter to 16.5 °C in summer
in Yaldad Bay. Surface salinity fluctuated between 28 and 32 psu,
dropping below 25 psu, after strong rainfall events (Clasing et al.,
1994). The main economic activities in the area include fishing, agricul-
ture, extraction of benthic macroalgae, and mussel and salmon farming
(Clasing et al., 1994).

2.2. Sample collection

Surface water samples were collected during themorning and upon
low tide conditions (~1 m depth) from the central channel at the lower
reaches of Colu andYaldad River (R1), togetherwith their respective es-
tuarine zones (rivermouth) and the adjacent coastal areas (Colu coastal
area and in Yaldad Bay) (Fig. 1d, e). Samples were obtained using a
clean, sample-washed, plastic bucket. The samples were taken during
two consecutive days, three field campaigns at eight sampling stations
(one in the lower reaches, one at the river mouth, two samples along
the narrow estuarine area, and four stations distributed in the adjacent
coastal area), with a total of 48 samples per study area. Some laboratory
analyses had replicates and pseudo-replicates (e.g., CDOM, nutrients,
Chl a). The study considered three different field campaigns. Stations
were visited during January 2019 and December 2019 (Austral sum-
mer) and on one occasion during November 2019 (Austral spring). Sur-
face water samples were collected for different chemical analyses,
including CDOM, Total Alkalinity (AT), dissolved inorganic carbon
(DIC), inorganic nutrients (including nitrate, NO3

−, nitrite, NO2
−,

http://www.bcn.cl
http://www.dga.cl


E.D. Curra-Sánchez, C. Lara, M. Cornejo-D'Ottone et al. Science of the Total Environment 806 (2022) 150435
phosphate PO4
3− and silicic acid Si(OH)4), as well as, samples for

estimates of bacterial abundance and chlorophyll-a (Chl a) concentra-
tion (Supplementary Material 1, SM1, Table S1 and Supplementary
Material 2, SM2).

2.3. Hydrography, nutrients, and chlorophyll-a

The river basins were modeled using a Digital Elevations Model
(DEM) obtained from the ALOS PALSAR images with a spatial resolution
of 12.5 m (Alaska Satellite Facility, ASF, https://search.asf.alaska.edu/#/).
Spatial Analyst's Hydrology tool was used to delimit the surface of the
basins in both areas. This was complemented with previous information
obtained from the Dirección General de Agua (www.dga.cl) from the
Chilean Ministry of Public Works.

In the lower reaches and the river mouth, temperature, conductivity
and pHNBS were measured immediately before water sampling using a
multiparameter probe (Thermo Scientific Orion, Model Orion 3 Ross).
Hydrographic characterization in the adjacent coastal ocean included
vertical profiles (upper 5 m depth) of temperature (°C), salinity (psu),
and dissolved oxygen (mL L−1) by using a calibrated CTD (Seabird 19
plus V2 SeaCAT Profiler) (SM1 Table S1).

Samples for nutrient analyseswere collected in triplicate andfiltered
through 0.7 μm(GF/F glassfiber filters), stored in 50mLbottles, and fro-
zen at −18 °C until analysis in the laboratory. NO3

−, NO2
−, PO4

3− and Si
(OH)4 were analyzed following the techniques by Atlas et al. (1971).
Water samples for Chl a analyses were collected at the surface. For Chl
a and phaeopigments, 200 mL of water were filtered through 0.7 μm
GF/F glass fiber filters and immediately frozen (−20 °C) in the dark
until further analysis by fluorometry, using acetone (90% vol/vol) for
the pigment extraction (Turner 10 AU Fluorometer) according to
standard procedures (Holm-Hansen and Riemann, 1978; JGOFS
Protocols, 1994).

2.4. Estimation of the carbonate system parameters

pH (NBS scale)wasmeasured both in freshwater and seawater sam-
ples using anOrion 3 Ross combined pH electrode,whichwas calibrated
against three traceable pH buffers (pH 4.01, 7.00, and 10.01). Samples
for AT were collected along the river-ocean continuum and poisoned
with 60 μL saturated HgCl2 solution and stored in 250 mL borosilicate
BOD bottles with ground-glass stoppers lightly coated with Apiezon
L® grease and kept in darkness at room temperature (Riebesell et al.,
2010). AT was measured by Gran titration (Gran, 1952) using an
open-cell (Dickson et al., 2007) semi-automatic titration system (AS-
ALK2, Apollo SciTech). The AS-ALK2 system is equipped with a combi-
nation pH electrode (8302 BNUWP Ross Ultra pH/ATC Triode, Thermo
Scientific, USA) connected to a pH Benchtop meter (Orion Star A211
pH meter, Thermo Scientific, USA). All samples were analyzed at 25 °C
(±0.1 °C) with temperature regulation using a water-bath (Lab
Companion CW-05G). The accuracy was controlled against a certified
reference material (CRM, supplied by Andrew Dickson, Scripps Institu-
tion of Oceanography, San Diego, USA) and the AT repeatability
averaged ±2–3 μmol kg−1.

Samples for DIC were carefully collected in 50 mL syringes
using a Tygon tube, poisoned with 10 μL of saturated HgCl2
solution and then transferred to 40 mL borosilicate glass vials
and kept in darkness at room temperature. The samples were
analyzed using a DIC autoanalyzer (AS-C3, Apollo SciTech) by
acid extraction, adding a solution of orthophosphoric acid
(H3PO4) and sodium chloride (the concentration of each of
these substances was 6% and 10%, respectively) and quantifying
the CO2 released using a non-dispersive infrared CO2 detector
(Goyet and Snover, 1993) (LI-COR®, model LI-7000). Measurements
were calibrated with reference material (Dr. Andrew G. Dickson,
Scripps Institution of Oceanography, San Diego, USA), and an
accuracy of ±2 μmol kg−1 was determined.
4

2.5. Estimation of other carbonate system parameters

Temperature, salinity, DIC and AT data were used to calculate the
partial pressure of CO2 (pCO2) and the Saturation State of Calcium
Carbonate, more specifically, Omega Aragonite (ΩAr) in both estuarine
and coastal waters. For zero salinity (freshwater), we employed our
measurements of pHNBS and DIC for pCO2 and ΩAr estimates since it is
well known that the contribution of non‑carbonate anions may
overestimate river alkalinity estimates, which cannot directly
contribute to pCO2 (Hunt et al., 2011). Analyses were performed using
the CO2SYS software forMSExcel 2.1 (Pierrot et al., 2006).Wehave con-
sidered the dissociation constants of carbonic acid (K1 and K2) from
Millero (1979) for river samples. For the estuarine and coastal zone,
we used the constants K1, K2 from Lueker et al. (2000). KHSO4was de-
termined by Dickson (1990) for both freshwater and seawater samples.

2.6. Concentration and composition of colored dissolved organic matter
(CDOM)

Samples were collected from surface waters and filtered by swinex
with 0.2 μm GF/F filters, previously conditioned in the field with
100 mL of chromatographic water in triplicate and stored in 40 mL
amber vials, previously pre-combusted for 7–8 h at 480 °C. Samples
were stored (maximum 72 h) at a temperature of 4 °C until their anal-
ysis in the Laboratory of Bioassays and Applied Limnology, Institute of
Marine and Limnological Sciences, Faculty of Sciences, Universidad Aus-
tral de Chile, Valdivia, Chile (Nimptsch et al., 2014; Nimptsch et al.,
2015). Dissolved organic matter (DOM) presents a chromophoric and
fluorescent fraction that are optically measurable, called Colored Dis-
solved Organic Matter or chromophore (CDOM) and fluorescent DOM
(fDOM) (Coble, 2007; Loginova et al., 2016; Osburn et al., 2016; García
et al., 2020; Sánchez-Pérez et al., 2020; Wünsch and Murphy, 2021).
The absorbance of CDOM (Aλ) was determined by a UV-2401 UV–VIS
spectrum of absorbance (Shimadzu, Duisburg, Germany) within wave-
length range 190 to 800 nm. This measurement was converted to
CDOM absorption (m−1) according to the methodology proposed by
the American Public Health Association (APHA, 2005), our absorbance
coefficient was 440, also known as water color. The composition of
fDOM was determined by fluorescence spectroscopy with an Agilent
Cary Eclipse Fluorescence Spectrophotometer. The size of the cuvettes
used for measurements were 1 cm for fDOM components (R.U) and
5 cm for CDOM (m−1). Fluorescence was taken with 240 at 450 nm ex-
citation wavelengths (5 nm steps) and emission from 300 to 600 nm
(2 nm steps) with a slit width of 5 nm. The absorbance was scanned
from 190 to 800 nm (Nimptsch et al., 2014; Nimptsch et al., 2015). Ab-
sorbance and fluorescenceweremeasured at room temperature (25 °C)
and expressed in Raman units (R.U) (Lawaetz and Stedmon, 2009). The
composition and potential sources of the DOM, were estimated using a
Parallel Factor Analysis Model (PARAFAC). The PARAFAC analysis iden-
tified five components, which were detected in our samples as compo-
nents of the fDOM(SM1, Tables S2 and S3). Thosefive componentswere
classified according to Coble et al. (1998) and Fellman et al. (2010): UVC
humic-like acids (H.A UVC), UVA humic-like acids (H.A UVA), Protein-
like, Fulvic-like acids (F.A) and Tyrosine-like (Coble et al., 1998;
Fellman et al., 2010; Murphy et al., 2010; Cawley et al., 2012;
Nimptsch et al., 2015; González et al., 2019). The five PARAFAC compo-
nents identifiedwere split-half validated (SM1, Figs. S1 and S2), and the
best model fit was established by random initialization (Stedmon and
Bro, 2008).

2.7. Bacterioplankton abundance

Samples for bacterial abundance (cells mL−1) were preserved in
sterile 50 mL vials and fixed with 2% v/v glutaraldehyde. For freshwater
and seawater samples, 7 and 5 mL were filtered, respectively, and
stained with 300 and 250 μL of 4′, 6-diamidino 2-phenylindole (DAPI),

https://search.asf.alaska.edu/#/
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respectively. All samples were filtered under a low-pressure vacuum
(<80 mm Hg) on black polycarbonate filters (0.2 μm pore size).
Bacterioplankton abundance (BA) was counted by epifluorescence mi-
croscopy (Porter and Feig, 1980) using a microscope OLYMPUS® IX-
51 model U-MWU2 (with UV filter for DAPI, with 1000×magnification,
plus 10× eyepieces). Bacterial biomass was estimated using a conver-
sion factor of 20 fg C cell−1 (Lee and Fuhrman, 1987). The abundance
of organisms was expressed as the number of cells per volume cells
mL−1 (Porter and Feig, 1980).

2.8. Land uses classification from satellite images

The land cover of the two study areaswas obtained from the Landsat
8 OLI image classification for images recorded in 2020. The images were
obtained from the USGS Earth Explorer website (USGS Earth Explorer,
https://earthexplorer.usgs.gov/) of data set Landsat Collection Level-1.
The processing of the images includes radiometric, geometric and topo-
graphic corrections, with a spatial resolution of 30 m. Categorization
wasmade from six easily identifiable land cover types: (1) native forest,
(2) scrubland, (3) coverless, (4) grasslands (includes crop rotations, ag-
riculture, livestock and grasslands improved with phosphorus mainly
fertilizers), (5) water bodies (rivers, lakes and lagoons) and (6) wet-
lands. These categories were simplified and adapted from the “General
System of Classification of Vegetation” developed for the project
“Inventory and Evaluation of Native Plant Resources in Chile” (CONAF,
2014).

The supervised classification method was used to identify ground
cover on the satellite images. This method consisted of selecting rep-
resentative areas of each land use (Chuvieco, 1998; Chuvieco, 2010;
Aguayo et al., 2009; Yin et al., 2017; Chen et al., 2020; Hao et al.,
2021). The statistical criterion of maximum likelihood (Aguayo
et al., 2009; Chuvieco, 2010) was chosen to build the spectral signa-
ture to classify the images according to the previously defined cate-
gories. This was supported by the Confusion Matrix method, which
evaluates the accuracy of the classification (Chuvieco, 1998;
Chuvieco, 2010), and complemented with three sources of informa-
tion: the cartographic database of the Cadastre and Evaluation of
Native Vegetation Resources of Chile, of the zones (CONAF, 2014),
high-resolution images available in Google Earth (http://earth.
google.com), and 99 control points taken in the field for those cover-
ages that presented greater confusion (López et al., 2001; Aguayo
et al., 2009; Hao et al., 2021). The software used was the open source
QGIS 3.14 (OSGeo Foundation).

2.9. Statistical analysis

A two-way analysis of variance (two-wayANOVA)was used to com-
pare physico-chemical parameters between campaigns (3 levels: Janu-
ary, November, December) and zones (2 levels: Colu and Yaldad) for
the sampling stations located in the coastal zone. In the case of the single
sampling stations located at the rivers, we used t-tests compare the
physico-chemical parameters both study zones pooling samples across
campaigns. Spearman rank correlations were used to examine the
non-parametric relationships between nutrient concentration, CDOM
and inorganic carbon system (DIC, AT, pCO2 and ΩAr). We tested the
influence of river and seawater on the CDOM, fDOM components with
the carbonate system using linear regression. To synthesize the multi-
variate relationships among the physical-chemical characteristics of
the seawater and land use patterns of both river basins, we carried out
a principal component analysis (PCA) on the environmental data and
land use data. Finally, a literature review was conducted to correlate
land usewith CDOMand fDOMcomponents. Variableswere normalized
for statistical analyses by lg10 (Temp., Salt, OD, Chl a, nutrients, AT, DIC,
pCO2, ΩAr, CDOM, fDOM components), square root (Bacterial Abun-
dance), and square root (Bacterial Abundance). The analyses can be
reviewed in Supplementary Material 3 (SM3).
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3. Results

3.1. Hydrography

Considering both study areas, water surface temperature along the
river-coastal ocean continuum fluctuated between 10 and 16 °C (SM1,
Fig. S3a). The highest temperatures were recorded in Colu compared
to the Yaldad area in January and December (Austral summer), with
16.4 and 16 °C for Colu and Yaldad, respectively. In contrast, low tem-
peratureswere observed duringNovember (Austral spring)with lowest
value of 10.7 °C for Colu (SM1, Fig. S3a). Significant differences in sur-
face water temperature in the coastal zone where observed between
areas (two-wayANOVA, Zone, df=1, F=193.935, p<0.001), between
campaigns (two-wayANOVA, Campaign, df=2, F=41.045, p<0.001),
and a significant interaction between zones and campaigns (two-way
ANOVA, interaction Zone × Campaign, df = 2, F = 30.385, p < 0.001;
SM3, Table S1.1). We observed no significant differences between
Colu and Yaldad Rivers.

We did not observe significant salinity differences between the
coastal zone of Colu and Yaldad, nor between sampling campaigns
(SM3, Table S1.2). However, the interaction between zones and cam-
paigns was significant (two-way ANOVA, interaction Zone × Campaign,
df= 2, F= 5.354, p=0.007). The lowest salinity values were recorded
during the January andDecember campaigns (Austral summer) for Colu
(29.8 psu) and Yaldad (25.9 psu), respectively, and specifically associ-
ated with the river mouth (SM1, Fig. S3b).

Surface coastalwaterswere similarly and relativelywell‑oxygenated
across the study areas and field campaigns, with values that fluctuated
between 4.5 mL L−1 and 6.1 mL L−1 (SM1, Fig. S3c). However, a signif-
icantly lower oxygen concentration (3 to 3.8 mL L−1) was observed in
January (Austral summer) at Yaldad Bay stations (Two-way ANOVA,
Campaign, df=2, F=172.950, p<0.001, interaction Zone×Campaign,
df = 2, F = 46.628, p < 0.001; SM3, Table S1.3).

3.2. Nutrient concentrations and chlorophyll-a

We registered NO2
− + NO3

− concentrations for the different
campaigns along the river-coastal ocean continuum in each study site
that ranged from 1.1 μM to 19.8 μM (Fig. 2), with significant differences
between the coastal zone of Colu and Yaldad Bay (two-way ANOVA,
Zone, df = 1, F = 377.098, p < 0.001) and between campaigns (two
way ANOVA, Campaign, df = 2, F = 120.294, p < 0.001). There was a
significant interaction between sampling campaigns and study zones
(two-way ANOVA, interaction Zone × Campaign, df = 2, F = 74.768,
p<0.001; SM3, Table S1.4). A large variance (mean±SD)wasobserved
for average nutrient concentrations, especially NO2

− + NO3
−

concentrations during the November and December campaigns in the
Colu area. The NO2

− + NO3
− concentrations at the rivers were

commonly lower than those observed at adjacent coastal areas (Fig. 2,
SM2). Indeed, the lowest NO2

− + NO3
− concentrations were observed

at the river stations (R1) with a minimum value of 1.1 μM for both
rivers during the January campaign (Fig. 2), although we found
significant differences between the rivers (t-test = 2.458, df = 22,
p = 0.022; SM3, Table S2). The highest concentrations of NO2

− + NO3
−

were observed in spring at the stations furthest from the Colu River
mouth (Fig. 2a).

PO4
3− concentrations fluctuated between 0.02 and 2.69 μM in both

study areas (Fig. 2), with significant variation between zones and
sampling campaigns, for marine stations (Two-way ANOVA, Zone,
df = 2, F = 9.862, p = 0.002; Campaign, df = 2, F = 14.204,
p < 0.001; interaction Zone × Campaign, df = 2, F = 9.321, p < 0.001,
SM3, Table S1.5). The highest PO4

3− concentrations were observed in
Colu bay during November and December (Fig. 2a), whereas PO4

3−

concentration was lower in the Yaldad bay, especially during
December (Fig. 2b). Significant differences were found between Colu
and Yaldad rivers (t-test = 2.783, df = 6, p = 0.032; SM3, Table S2).

https://earthexplorer.usgs.gov/
http://earth.google.com
http://earth.google.com


Fig. 2.Mean (±SD) Surface chlorophyll a and nutrient concentration (NO2
−+NO3

−, PO4
3, Si(OH)4) along the river-coastal ocean continuumat (a) Colu and (b) Yaldad area, during the three

different campaigns (separated by vertical dashed lines). R1 represents the river station in each basin. Standard deviation values that were very large were labeled within the graph. The
symbols for the variables nitrite + nitrate (red square), phosphate (blue circle) and silicate (green triangle) represent the parameter values at each sampling station. The bar above each
symbol represents the standard deviation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Surface Si(OH)4 concentration ranged from 2.17 to 276.73 μM.
Significant differences were observed between campaigns in both
coastal zones (Two-way ANOVA, Campaign, df = 2, F = 9.966,
p < 0.001; interaction Zone × Campaign, df = 2, F = 21.247,
p < 0.001; SM3, Table S1.6). On the contrary, differences were not sig-
nificant between the Colu coastal ocean and Yaldad Bay. Indeed, con-
centrations in the Colu River basin, Si(OH)4 were typically higher at
the river mouth (R1) and estuarine area (Stn 2), than adjacent coastal
areas (Fig. 2a). In contrast, the lowest Si(OH)4 concentration between
rivers, was observed at Yaldad River (R1) (Fig. 2b; t-test = 3.933,
df = 21, p = 0.001).

Surface Chl a concentration was highly variable along the river-
coastal ocean continuum, both spatially and temporally (Fig. 2). A
large variance (mean± SD) was observed among Chl a concentrations,
especially during January and December campaigns in Colu and Yaldad
coastal areas, respectively. Surface Chl a concentration showed signifi-
cant differences only between campaigns in Colu coastal zone and
Yaldad Bay (Two-way ANOVA, Campaign, df = 2, F = 133.827,
p < 0.001; interaction Zone × Campaign, df = 2, F = 290.406, p =
0.002; SM3, Table S1.7). The highest Chl a concentrations in the adjacent
coastal area were observed in Austral summer for Colu River basin
(5.73 μg L−1, January), and Yaldad River basin (2.81 μg L−1, December).
Significant differences were found between Colu and Yaldad rivers (t-
test = 3.346, df = 34, p = 0.001). Indeed, low Chl a concentrations
were typically associated to high nutrient loads in both coastal areas
(Fig. 3. Spearman R2 = −0.62, p < 0.001 for NO2

− + NO3
− and

Spearman R2 = −0.59, p ≤0.001 for PO4
3−). This significant correlation

between Chl and nutrients (NO2
− + NOз

−, PO4
3−, Fig. 3) was most

marked at the Colu River area (Fig. 2a).
6

3.3. Carbonate system along the river-coastal ocean continuum

The pHNBS along the river-coastal ocean continuum for both areas
ranged from 6.372 to 8.324 (Fig. 4). In both areas, pHNBS was lower
(from 6.372 to 7.643) at the river station in comparison with the
estuary and adjacent coastal area (from 7.546 to 8.324), for Colu and
Yaldad, respectively (Fig. 4, SM2). pHNBS at the river station (R1) was
lower at Yaldad than Colu, with significant differences between both
river stations (t-test = 2.628, df = 10, p = 0.025; SM3, Table S2).
There were significant differences in coastal pHNBS between zones and
sampling campaigns (Two-way ANOVA, Zone, df = 7, F = 123.532,
p < 0.001; Campaign, df = 2, F = 75.185, p < 0.001; interaction
Zone × Campaign, df = 2, F = 168.842, p < 0.001; SM3, Table S1.8).
The lowest pHNBS values at the coastal stations were observed during
the November campaign (pHNBS 7.546) in the Colu (Fig. 4a). pHNBS

showed a strong and significant positive correlation with chlorophyll
(Spearman R2 = 0.70, p < 0.001; Fig. 3).

Along the river-coastal ocean continuum of both areas, AT and DIC
ranged widely from 28.6 to 2203.4 and 22.5 to 2181.7 μmol kg−1, re-
spectively (Fig. 4, SM2), mostly due to very low AT and DIC values ob-
served in the river station (R1) of both areas. A large standard
deviation (mean ± SD) was observed for the average AT and DIC con-
centrations, especially during the December campaigns in the Yaldad
area (Fig. 4b). Riverine DIC concentration was significantly different be-
tween river basins, with significantly higher DIC values observed at Colu
River (273 to746 μmolkg−1), thanYaldadRiver (19.2 to52.2μmolkg−1)
(t-test = 3.450, df = 7, p = 0.011, SM3, Table S2). Something similar
happened with AT, where the lowest values between rivers were
recorded during the December campaign in the Yaldad River



Fig. 3. Spearman correlation rank for all the physical-chemical variables determined along the river-coastal ocean continuum at both river basins. The color represents whether the
correlation is positive (red) or negative (blue), whereas the color and the size of the circle represents the intensity of the correlation. The larger the circle, the stronger the correlation.
The asterisks inside each circle (*) indicate the correlation significance (*p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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(28.6 μmol kg−1) (t-test = 3.393, df = 9, p = 0.008; SM3, Table S2).
Significant differences were observed between zones and sampling
campaigns in Colu coastal zone and Yaldad Bay for AT (Two-way
ANOVA, Zone, df = 1, F = 21.465, p < 0.001 and Campaign, df = 2,
F = 13.321, p < 0.001; interaction Zone × Campaign, df = 2, F =
15.904, p < 0.001; SM3, Table S1.9) and DIC (Two-way ANOVA, Zone,
df = 1, F = 8.550, p = 0.005 and Campaign, df = 2, F = 8.448,
p < 0.001; interaction Zone × Campaign, df = 2, F = 6.037, p = 0.004;
SM3, Table S1.10), respectively. AT and DIC showed a strong and signifi-
cant positive correlation (Fig. 3, Spearman R2 = 0.90, p < 0.001).

Similar to other carbonate system parameters, pCO2 was extremely
heterogeneous along the river-coastal ocean continuum, ranging from
186.4 μatm to 1849.5 μatm (Fig. 5). High pCO2 (1720 μatm) was
observed at Colu River during both January and November (Fig. 5a,
R1). In contrast, despite the low pHNBS observed at Yaldad River (6.37
Fig. 4.Mean (±SD) surface pHNBS, total alkalinity (AT), and dissolved inorganic carbon (DIC) a
different campaigns (separated by vertical dashed lines). R1 represents the river station in eac
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to 6.65), the low DIC concentration (<50 μmol kg−1) determined a rel-
atively low pCO2 (<500 μatm) during all sampling periods (SM2). A
large variance (mean ± SD) was observed for the average pCO2

concentrations, especially during the December campaigns in the
Yaldad area (Fig. 5b). pCO2 levels were significantly different between
both river (t-test = 4.007, df = 7, p = 0.005, SM3, Table S2), with
lower pCO2 at Yaldad area (mostly <200 μatm) in comparison to Colu
area (from 500 to 1717 μatm). Similarly, significant differences
between zones and sampling campaigns were observed in the pCO2 of
the coastal zone of Colu and Yaldad Bay (Two-way ANOVA, Zone,
df = 1, F = 7.985, p = 0.006; Campaign, df = 2, F = 5.089, p =
0.008; interaction Zone × Campaign, df = 2, F = 8.384, p = 0.001;
SM3, Table S1.11).

ΩAr during the study ranged from 0.47 to 2.83 (Fig. 5). A large
standard deviation (mean ± SD) was observed for the average ΩAr
long the river-coastal ocean continuum at (a) Colu and (b) Yaldad area, during the three
h basin.



Fig. 5.Mean (±SD) surface partial pressure values of CO2 (pCO2) and saturation state of aragonite (ΩAr) along the river-coastal ocean continuumat (a) Colu and (b) Yaldad area, during the
three different campaigns (separated by vertical dashed lines). R1 represents the river station in each basin. Standard deviation values that were very large were labeledwithin the graph.
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concentrations, especially during the December campaigns in the
Yaldad area (Fig. 5b). Significant differences were observed between
Colu coastal zone and Yaldad Bay (Two-way ANOVA, Zone, df = 1,
F = 27.322, p < 0.001; interaction Zone × Campaign, df = 2, F =
31.094, p< 0.001; SM3, Table S1.12), but differences between sampling
campaignswere not significant. The lowestΩAr valueswere observed in
the coastal area of Yaldad, especially during December (ΩAr = 0.47). In
contrast, saturated waters were observed during all sampling
campaigns at the Colu river-influenced coastal area (Fig. 5a, ΩAr 1.37
to 2.83). A strong and negative significant correlation was observed be-
tween pCO2 and ΩAr (Fig. 3, Spearman R2 = 0.85, p ≤ 0.001).

3.4. CDOM and fDOM concentration and composition

The values of CDOM and the fDOM components (UVC humic-like
acids, UVA humic-like acids and Fulvic-like acids, Fig. 6) were signifi-
cantly different (t-test, p ≤ 0.05) between Colu and Yaldad River (SM3,
Table S2). There were no significant differences between rivers for
Protein-like and Tyrosine-like components (SM3, Table S2). Particu-
larly, CDOM was significantly higher both in the river and adjacent
coastal ocean at Yaldad area than Colu. Maximum CDOM proportions
at the river station were different between Colu and Yaldad (R1, 2.77
and 5.34m−1, respectively; t-test=−9.574, df=10, p<0.001). Signif-
icant differenceswere observed for CDOMand all fDOMparameters, be-
tween zones and sampling campaigns, in the Colu coastal ocean and
YaldadBay (Two-wayANOVA,Zone, Campaign, interactionZone×Cam-
paign, p < 0.006, SM3, Tables S1.13, S1.14, S1.15, S1.16, S1.17 and
S1.18). Humic acids, especially Humic-like acids UVC were significantly
higher (Two-way ANOVA, Zone, df = 1, F = 100.531, p < 0.001; cam-
paign, df = 2, F = 30.492, p < 0.001; interaction Zone × Campaign,
df = 2, F = 35.183, p < 0.001) in Yaldad Bay than Colu coastal zone
(Fig. 6b and c, SM3, Table S1.14). Protein-like components were higher
during January in the adjacent coastal ocean at the Colu area (Two-way
ANOVA, Zone, df = 1, F = 7.563, p = 0.006; Campaign, df = 2, F =
38.104, p < 0.001; interaction Zone × Campaign, df = 2, F = 20.992,
p < 0.001, Fig. 6e, SM3, Table S1.16), together with maximumal Chl a
concentrations (Fig. 2a). There was also a strong and significant positive
correlation between Chl a and proteins (Fig. 3, Spearman R2 = 0.68,
p < 0.001). A small standard deviation (mean ± SD) was observed for
the average concentrations of CDOM and fDOM components during
the sampling campaigns for both study areas (Fig. 6).

The Spearman correlation analyses showed a strong significant cor-
relations (p < 0.001) between CDOM and components such as humic-
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like acids (UVC and UVA), Fulvic-like acids and Tyrosine-like (Fig. 3).
Furthermore, the correlation analyses also evidenced strong negative
correlation between CDOM with AT and DIC along the entire river-
coastal ocean continuum (Fig. 3).

A positive linear relationship was found among CDOM, Humic-like
acids (UVC, UVA), Fulvic-like acids with salinity (R2 = 0.5) in both
study areas (SM3, Table S3), showing an increasing contribution of
humic-like DOM derived from the catchments towards the coastal
river-ocean continuum. In addition, a high linear correlation (R2 =
0.7) was also found among CDOM, Humic-like acids (UVC, UVA),
Fulvic-like acids, salinity with DIC and AT, respectively, in both study
areas, (SM3, Figs. S1 and S2).

3.5. Bacterioplankton abundance

Bacterioplankton abundance (BA)was only analyzed in two seasons,
November (Austral spring) and December (Austral summer), pooling
all stations in each area (SM1, Fig. S4), BA ranged from 169 × 103 to
1297×103 cellsmL−1 (SM2). Significant differenceswere not found be-
tween the two rivers (t-test= 3.214, df= 2, p=0.085). Themaximum
BA for the river stations was observed at Colu (300 × 103 cell mL−1)
whereas the highest BA for the coastal area stations was observed at
Yaldad Bay (1297 × 103 cell mL−1) in both cases during the December
campaign. Significant differences were observed between zone and
sampling campaign in the coastal zone of Colu and Yaldad Bay (Two-
way ANOVA, Zone, df = 1, F = 22.884, p < 0.001 and Campaign, df =
7, F = 4.865, p = 0.037, SM3, Table S1.19). The Spearman correlation
analyses showed a strong and significant positive correlation
(p < 0.001) among bacterioplankton abundance with chlorophyll
(Spearman R2 = 0.61) and pHNBS (Spearman R2 = 0.73). No
significant correlations where observed between BA and pCO2, omega
nor DIC.

3.6. Land use

Therewere striking differences in land use between Colu and Yaldad
basins (SM1, Fig. S5). The Colu basin exhibited reduced forest cover
(~25%), scrublands and grasslands with 38% and 34% cover dominate
land use, respectively (SM1, Fig. S5a). In stark contrast, the Yaldad
basin showed a near-continuous cover of native forest, which covered
82% of the total area (SM1, Table S4 and Fig. S5b). The use of grasslands
included agriculture, livestock grazing and grasslands improved with
fertilizers (Odepa, 2009, https://www.odepa.gob.cl/).

https://www.odepa.gob.cl/


Fig. 6. Mean surface proportion of CDOM (a) and fDOM composition, including Humic-like acids UVC (H.A UVC) (b), Humic-like acids UVA (H.A UVA) (c), Fulvic-like acids (F.A) (d),
Proteins-like (e) and Tyrosine-like (f), along the river-coastal ocean continuum at Colu and Yaldad area, during three different campaigns (J = January; N = November and D =
December). The bar above each symbol represents the standard deviation (±SD). R1 represents the river station in each basin.

Fig. 7. PCAMar Colu Yaldad. PCA-based clustering of temperature (Temp.), salinity (Salt.),
dissolved oxygen (DO2), chlorophyll (Chl a), nutrients (nitrite + nitrate, phosphorus,
silicate), carbonate system (pHNBS, AT, DIC, ΩAr, pCO2), CDOM and humic-like acid
components (H. A UVC and H.A UVA), fulvic-like acids (F.A), Protein-like, Tyrosine-like
and soil uses (Glassland, Urban, Scrubland, Wetland, Native Forest, Water body). Only
for the variables in Yaldad Bay (red circles) and the coastal area of Colu (black circles).
The axes correspond to the first two principal components, which together explain 71%
of the total variance. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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A principal component analysis (PCA) for all the stations with
marine influence allowed us to examine the influence of land use as a
driver of the spatial structure of the different physical/chemical param-
eters. The PCA performed on our environmental data yielded three
principal components that together explained 84% of the total variance
and the reduced dimensionality allowed for a clear separation between
the two basins (Fig. 7). The first principal component (PC1) explained
54% of the interaction between variables; it was characterized by signif-
icant positive coefficients (weights > 0.6) assigned to the variables
CDOM, humic-like acids (UVC and UVA), fulvic acids, tyrosine, temper-
ature, pCO2 and the land uses native forest, wetland and water body. A
negative but significant coefficient was associated with nutrient con-
centration (nitrite + nitrate and phosphate), AT, DIC, ΩAr, grassland,
scrubland and urban land use. Principal component two (PC2)
accounted for 17% of the interaction, with a high but positive
coefficient for silicate concentration, oxygen and negative for pHNBS

and salinity. Principal component three (PC3), which explained 12%,
grouped the variables protein and chlorophyll with a high and
positive coefficient (Fig. 7). A grouping of the variables into four groups
was observed according to the correlation and influence between them.

4. Discussion

4.1. Physical-chemical spatial variability along the river-ocean continuum

In northern Patagonia, and particularly over Chiloé Island, the
precipitation regime together with the lithological characteristics, and
the influence of anthropogenic activities, determine the riverine contribu-
tion of nutrients and inorganic carbon to the adjacent coastal areas (Iriarte
et al., 2007; Oyarzun et al., 2007; Silva, 2008; Silva and Vargas, 2014).
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In our study, the highest phosphate and nitrate+ nitrate concentra-
tionswere recorded in theColu River,where land usewasdominated by
anthropogenic activities. Similar results from different riverine systems
have shown that urban and grassland uses (agricultural and livestock)
in the watersheds contribute significantly to phosphorus and nitrogen
export from the river to the estuary, and then, to the adjacent coastal
waters (e.g., Seitzinger et al., 2005; Stedmon et al., 2006; Barnes and
Raymond, 2009; Weston et al., 2009; Savage et al., 2010; Petrone
et al., 2011; Ilnicki, 2014). In contrast, in the Yaldad River, nutrient con-
centrations were significantly lower considering that it is a more pris-
tine area, with a significant contribution of native forest cover
(Fig. 2b). Regarding nutrient concentrations in the adjacent coastal
areas influenced by these freshwater discharges, our results evidenced
the influence of the contrasting land uses (SM1 Fig. S5), with higher
concentrations of phosphate and nitrates at the surface of the river-
coastal ocean continuum at Colu compared to Yaldad (Fig. 2a). Indeed,
these results contrast previous observations in the northern Patagonia
sea, where lower surface concentrations of phosphate and nitrates
were found (e.g., Silva, 2008), and probably from marine origin.

Terrestrial subsidies of silica and carbon to river waters are typically
influenced by the dominant weathering regimes (e.g., silicate vs. carbon-
ate weathering; Dürr et al., 2005, 2011; Tipper et al., 2006; Zhang et al.,
2009), the lithological characteristics of the basin (e.g., Amiotte et al.,
2003; Dürr et al., 2005, 2011; Gurumurthy et al., 2012; Tsering et al.,
2019), and precipitation (leaching from the rock) (e.g., Tipper et al.,
2006; Nather-Khan and Firuza, 2010; Gurumurthy et al., 2012; Tsering
et al., 2019). Nonetheless, it can be also modified by changing land uses
(Amiotte et al., 2003; Conley et al., 2008; Zhang et al., 2009; Nather-
Khan and Firuza, 2010; Struyf et al., 2010). Different authors have
shown the importance of outcropping and weathering of silicate rocks
for atmospheric CO2 uptake, DIC release and alkalinity export from rivers
to the adjacent sea (Amiotte et al., 2003; Tipper et al., 2006; Fortner et al.,
2012). In terms of the lithology of our studied river basins, the area is
characterized by silicate compounds (SERNAGEOMIN, 2003). Given the
similar lithology for both basins, we would have expected that Si(OH)4
concentrations were similar in both rivers. However, silica
concentrations were on average higher (>150 μM) at the Colu River,
which suggests that agricultural pasture use could also provide
additional silica inputs to riverine waters in conjunction with other
factors (e.g., pH of waters and howmuchmechanical or chemical erosion
exists in the basin). Indeed, it has been previously reported that agricul-
tural development (e.g., fertilizers, land clearing, deforestation) can result
in increased silica input in surface runoff (streamwater) and into the hy-
drographic basin (Barth et al., 2003; Conley et al., 2008; Zhang et al., 2009;
Nather-Khan and Firuza, 2010; Fortner et al., 2012).

In terms of inorganic carbon, Barnes and Raymond (2009) con-
ducted a similar study in small basins with different land uses, and sim-
ilar hydrological characteristics than those of our study area. They
observed that basins with agricultural use exported approximately 3.9
times more DIC than forested basins, as a result of accelerated chemical
weathering of the rock and additions of fertilizers and manure. In our
study area, DIC concentrations at the Colu River basin were on average
ten times higher than in the Yaldad River basin, whose predominant
land use was associated with grassland and native forest, respectively
(Fig. 4, SM1 Fig. S5). In this respect, different authors have suggested
that lithology and soil remobilization by anthropogenic activity such
as agriculture and urbanization can release large amounts of DOM and
DIC from the basin soil into the riverine water (e.g., Stedmon et al.,
2006; Barnes and Raymond, 2009; Wilson and Xenopoulos, 2009;
Zhang et al., 2009; Sickman et al., 2010; Petrone et al., 2011; and
Graeber et al., 2015). Activities such as irrigation, land plowing, and in-
tensive fertilization for agriculture purposes, may favor processes of
rock dissolution and organic matter degradation which may contribute
to increasing organic and inorganic carbon flux to the river (Barth et al.,
2003; Barnes and Raymond, 2009; Abrantes et al., 2013; Graeber et al.,
2015; Guo et al., 2015; Pérez et al., 2015). Based on these observations
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and our land use analyses, our results clearly evidence that not only
high DIC concentrations but also high pCO2 and AT observed at the
Colu River basin could be the result of grassland – agricultural use
(Figs. 4a and 5a, SM1 Fig. S5a). These results agree with observations
for other small rivers and river-coastal ocean areas upon high anthropo-
genic disturbances (e.g., Oyarzun et al., 2007; Zhang et al., 2009; Bauer
and Bianchi, 2011; Fierro et al., 2021). The physicochemical conditions
in the adjacent coastal ocean showed the influence of the contrasting
land use between both river basins over the seawater carbon chemistry
of the adjacent coastal, where the highest DIC and AT values were
observed in the river-influenced Colu coastal stations.

4.2. CDOM distribution along the river-ocean continuum

Patterns of land use in watersheds constitutes one of the key factors
in the export of terrestrial organic matter into river systems and adja-
cent coastal zones (Jørgensen et al., 2011; Graeber et al., 2015; Osburn
et al., 2015; Massicotte et al., 2017). This remote region of northern Pat-
agonia contains short-length and low discharge rivers, which have been
poorly studied. Unfortunately, due to the lack of information about river
discharge in the area, it was not possible to quantitatively estimate the
fluxes of terrigenous material into the coastal ocean. Notwithstanding,
both basins share a similar topography, but the Yaldad catchment is
3.5 times larger than Colu (Fig. 1), hence larger streamflows are ex-
pected from the former than the latter. Thus, the present study is a
first approximation to assess the influence of contrasting land uses on
CDOM proportion and fDOM components in the river and adjacent
coastal zone, as there is insufficient research in the river-coastal ocean
continuum of northern Patagonia.

Our results show a significantly higher concentration of CDOM and
fDOM in the adjacent coastal area of Yaldad, compared to the Colu
area in northern Patagonia. These differences could be due in large
part to the different land uses in these basins. It is well known that al-
lochthonous sources of CDOM to the coastal ocean derive mainly from
the degradation of terrestrial vegetation (e.g., native forests, wetlands
and scrublands) and soil organic matter from tributary hydrographic
basins (Coble, 2007; Nelson and Siegel, 2013; García et al., 2018; Zhao
et al., 2018; Sánchez-Pérez et al., 2020). This allochthonous organicmat-
ter is constituted of a complexmixture of higher molecular weight, aro-
maticity andmore refractory compounds, e.g., humic-like acids UVC and
UVA, fulvic-like, lignin and tannins (Stedmon et al., 2007; Fellman et al.,
2010; Graeber et al., 2015; Osburn et al., 2016; Roiha et al., 2016;
Lambert et al., 2017; Shao and Wang, 2020).

In this sense, the Yaldad basin, with about 82% of its area covered by
native forest, showed four times higher CDOM proportion than the Colu
basin, which was predominantly covered by grassland and scrubland
(SM1, Fig. S5). In addition, the highest concentrations of fulvic-like and
humic-like acid fDOM components (UVC and UVA) were observed in
the river stations of both basins and in the adjacent coastal area of Yaldad
Bay (Fig. 6b, c and d). The autochthonous origin of CDOM and fDOM re-
sults from the degradation of organicmatter produced in situ by living or-
ganisms (e.g., phytoplankton exudate, microbial reworking) and is
mainly constituted by labile compounds (e.g., protein-like and tyrosine-
like), which are rapidlymineralized by bacteria and other aquatic hetero-
trophs, thus releasing inorganic nutrients usable by othermembers of the
microbial network (Williams et al., 2010; Lambert et al., 2016; González
et al., 2019; Martínez-Pérez et al., 2019). Consequently, our results sug-
gest that in our stations with a higher marine influence (Fig. 1d, e),
protein-like and tyrosine-like concentrations (Fig. 6e, f) could be the re-
sult of the local autochthonous phytoplankton production, which was
also evidenced by high chlorophyll concentrations (Fig. 2), especially in
Yaldad Bay (1.5 ± 0.1 μg L−1). These results were similar from those ob-
served by Nimptsch et al. (2015) and González et al. (2019) in northern
Patagonia, where they reported that autochthonous tyrosine-like sub-
stances were mainly the result of bacterial metabolism and exudate
from primary producers.
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The PCA analysis illustrated the effects themultivariate structure high-
lights the role that the extensive cover of native forest and wetlands had
on the concentration of CDOM and humic components in the Yaldad area
and its divergence with grassland (agriculture), scrubland and urban use
and nutrients (Fig. 7). At the same time, the carbonate systemparameters
seemed to be more strongly driven by land use in the Colu basin.

In our study, the concentration of CDOMand fDOMcomponents var-
ied in quantity along the river-coastal ocean continuum (Fig. 6), de-
creasing from the river to the adjacent coastal zones in both basins, as
observed for different aquatic ecosystems (e.g., Wilkinson et al., 2013;
Hu et al., 2017; Massicotte et al., 2017; García et al., 2018; Sánchez-
Pérez et al., 2020). The spatial variation in concentrations could be asso-
ciated with degradation and transformation processes undergone by
CDOM and allochthonous fDOM components along the continuum
(e.g., photobleaching, microbial consumption and production, mineral-
ization, chemical degradation, sedimentation, flocculation and produc-
tion by photosynthetic organisms) (Fasching et al., 2014; Lambert
et al., 2016; Roiha et al., 2016; Massicotte et al., 2017; Martínez-Pérez
et al., 2019). These processes should operate actively to decrease the
molecular weight of organic matter and subsequently its reactivity
along the river-coastal ocean continuum (Fasching et al., 2014;
Lambert et al., 2016; Hu et al., 2017; Massicotte et al., 2017).

4.3. Influence or riverine CDOM and other fDOM components on the
carbonate chemistry in the adjacent coastal area

The input of dissolved organic matter to aquatic ecosystem by an-
thropogenic processes influences CO2 fluxes through processes such as
eutrophication and acidification (Meybeck and Vörösmarty, 2000;
Wilson and Xenopoulos, 2009; Feely et al., 2010; Regnier et al., 2013;
Graeber et al., 2015). However, research focused on the influence of
the allochthonous input of CDOM and fDOM on the carbonate system
(pH, AT, pCO2, DIC) of the coastal zone is scarce, and difficult to assess.
According to our results, the differences in land use between basins
clearly influenced the CDOM and fDOM proportion in the rivers and
the adjacent coastal zone. Moreover, the clear statistical relationships
between these compounds, provides a strong indication of the influence
and impacts of CDOM and fDOM on the surface water carbonate system
parameters (AT and DIC).

Different authors argue that inputs and degradation of allochthonous
organic material can change the amount and character (e.g., more or
less labile) of DOM in rivers and estuaries (Stedmon and Markager,
2005; Stedmon et al., 2006; Burns et al., 2008; Bauer and Bianchi, 2011;
Petrone et al., 2011). Similarly, anthropogenic inputs of organic matter
also influence DIC and pH in the river-coastal ocean continuum (Barth
et al., 2003; Barnes and Raymond, 2009; Feely et al., 2010). Our results
showed that the Yaldad River, with predominantly native forest cover,
presented the highest CDOM and fDOM values (SM1, Fig. 5b), while car-
bonate system values were the lowest (AT, DIC and pH) (Fig. 4b). In con-
trast, the freshwater at Colu River, a grassland-dominated basin, displayed
a lowCDOMproportion and pCO2, AT, DIC valueswere significantly higher
(Figs. 4a and 5a). These findings are in agreementwith similar report sug-
gesting that the input of allochthonous material not only increases the
concentrations of dissolved and particulate organic carbon (Silva, 2008;
Silva et al., 2011; McDonald et al., 2013; Cai, 2011) but also can affect
other chemical parameters such as DIC, pH and pCO2 (Pérez et al., 2015;
McDonald et al., 2013; Cai, 2011).

In our study, statistical analyses showed that there were significant
differences between zones and between sampling campaigns in river
and sea stations, for parameters such as pCO2, pH, DIC, AT, CDOM and
fDOM. During the December sampling campaign in the Yaldad area, it
coincidedwith abundant rainfall and high river flow,which caused a di-
lution of both total alkalinity and DIC. Under low alkalinity conditions,
reduced buffering capacity of river water resulted in low pH values,
but not necessarily high DIC or pCO2 concentration. Other authors
have observed similar conditions and processes. For example
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Humborg et al. (2010), Cai (2011), Butman and Raymond (2011) and
Lapierre et al. (2013) propose that low DIC, and consequently low
pCO2, conditions can occur in large rivers with high flow or in areas
with high rainfall. These authors speculate on some possible causes of
these conditions e.g., as river flow increased the residence time of or-
ganic matter in the water column was shorter, decreasing exposure to
photochemical and bacterial decomposition. Butman and Raymond
(2011) posit that regionally, carbon dioxide evasion from streams and
rivers is positively correlated with annual precipitation.

CDOMwas negatively correlated with AT and DIC, which could have
been influenced through the co-variation with salinity, as freshwater is
gradually diluted in the coastal ocean. However, the strength of the cor-
relation was slightly higher with CDOM than with salinity (Fig. 3).
CDOM was significantly higher in Yaldad, and in this area, it showed a
clear trend from high CDOM/low DIC concentration in inland waters
to low CDOM/high DIC inmarinewaters (SM3, Fig. S1c) along the salin-
ity gradient (Fig. S2a, c). This finding could be supported by the fact that
photo-production of DIC from CDOM can be an important transforma-
tion process of CDOM along the estuarine system (Guo et al., 2012). In
addition, we can also observe that river-influenced waters in Yaldad
were more commonly sub-saturated in terms of CaCO3 (ΩAr < 1), at
least during our observations, in comparison to Colu (SM3, Fig. S2d).

We expected more elevated pCO2 values in the river basin with
higher CDOM proportions (Yaldad), but the opposite trend was ob-
served. However, other authors (e.g., Cai, 2011; McDonald et al., 2013;
Lapierre et al., 2013; Fasching et al., 2014) did not find a strong and sig-
nificant correlation between pCO2 and CDOM in riverine systems, as in
our results (Fig. 3). These authors speculate that the CDOM proportion
is one of several factors that can influence pCO2 in water bodies. For
example, precipitation contributes to the release of CO2 to the
atmosphere (Butman and Raymond, 2011) and the stream flow,
turbulence and size of rivers can increase gas exchange with the
atmosphere, thus lowering pCO2 (Humborg et al., 2010; Lapierre et al.,
2013; Cai, 2011). Moreover, the type of water (fresh or seawater) and
ecosystem (river, lake, estuary, sea) also influences the interactions
between chemical processes (Cai, 2011).

Nevertheless, despite we did not find a clear relationship between
CDOM and pCO2 at the adjacent marine area, highest pCO2 levels were
observed in Yaldad upon relatively high CDOM proportions. Even
more, extremely high pCO2 levels match with periods of high
bacterioplankton abundance (SM1, Fig. S4), which could have been
fueled by both autochthonous material, but with the significantly
higher concentration of allochthonous organic material evidenced
from the high concentration of humic-like acids in Yaldad (UVC and
UVA; Fig. 6b, c). In this regard, it is known that the coastal carbonate sys-
tem may be modified by photochemically and microbial processes,
through degradation and respiration of both autochthonous and alloch-
thonous CDOM, releasing CO2 into seawater, which can generate an
increase in pCO2 (Humborg et al., 2010; Lapierre et al., 2013;
Wilkinson et al., 2013; Fasching et al., 2014; Roiha et al., 2016).
Moreover, the potential for biogeochemical processing, coinciding
with low DIC and AT values and high CDOM and fDOM described
above, are well aligned with the significantly lower pH observed in
both rivers, particularly Yaldad (Figs. 4b and 6). On the other hand,
the stable pH observed along the coastal zone stations of both study
zones, was associated with low CDOM and fDOM values and elevated
DIC and AT which significantly influence the buffer capacity of
seawater. Variations in the carbonate system could be even more
important during some months/periods of the year (e.g., during higher
rainfall events), where an increased concentration of allochthonous ter-
restrial CDOM/fDOM could play major role on the carbonate chemistry
of the adjacent coastal ocean, becoming more important than the local
metabolism driven by autochthonous primary production and respira-
tion (Feely et al., 2010; Williams et al., 2010; Bauer and Bianchi, 2011;
Jørgensen et al., 2011; Lambert et al., 2016; Roiha et al., 2016;
Martínez-Pérez et al., 2019).
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Although the results are preliminary, they suggest that the contrasting
land uses and physical-chemical degradation processes acting on the
CDOM and fDOM components could influence the parameters of the car-
bonate system in the surface waters of the adjacent coastal zone. Never-
theless, our observations suggest the influence of terrestrial material
(CDOM/fDOM) on sweater chemistry, but we still needmore research ef-
fort to explore more directly the potential role of CDOM on carbonate
chemistry. In consequence, we interpret our results with caution, as bio-
geochemical processes in the river are different from those occurring in
seawater, in addition to the differences between watersheds.

4.4. Implications of riverine CDOM for the shellfish farming activity

One of the main socio-economic activities of northern Patagonia is
farming of Mytilus chilensis (Mytilidae, Rafinesque, 1815), an activity
where Chile ranks among the top five worldwide (FAO, 2020). Most of
the mussel cultivation systems in the region are located in river-
influenced embayments much like the ones located near some of our
sampling stations (Fig. 1e). As discussed in the previous section, native
forests coverage along the Yaldad River determined a high CDOM and
fDOM concentration along the river-coastal ocean continuum, which
in turns could occasionally determine CaCO3 undersaturated waters
(ΩAr < 1) of high pCO2. Different experimental studies have
demonstrated the negative impact of high pCO2/low ΩAr waters on
mussel's physiology (e.g., Navarro et al., 2013; Thomsen et al., 2013;
Ventura et al., 2016; Saavedra et al., 2018; San Martín et al., 2019;
Saavedra et al., 2020). Upon such conditions, biogenic calcification,
growth, survival, immune response, and other processes can be im-
paired (e.g., Araneda et al., 2016; Castillo et al., 2017; Saavedra et al.,
2018; Ramajo et al., 2021; Yévenes et al., 2021). Earlier studies on
M. chilensis fromNavarro et al. (2013, 2016) have reported the negative
impact of high pCO2 conditions on the scope of growth, one of themost
sensitive measures of stress, which is also considered a suitable
parameter for measuring effects on fitness (Widdows, 1985).
Nevertheless, exposure to episodic events of high CDOM/fDOM, and
high pCO2 could also drive local adaptation in such mussel
populations (e.g., Navarro et al., 2013; Vargas et al., 2017), and/or high
food availability and/or seston concentration in this river-influenced
area (as evidenced by high Chl a concentration, Fig. 3a) could confer
them resistance to such stressful conditions. Adaptation and adaptive
plasticity of organisms to environmental stressors has been studied in
different aquatic ecosystems. For example, Van Colen et al. (2020) dem-
onstrated that feeding plasticity on clam (Scrobicularia plana) had indi-
rect impacts by reducing the vulnerability of herbivores to high pCO2

and temperature. Ventura et al. (2016) observed that organisms such
as mussel larvae (Mytilus edulis) have high thresholds (rate) of
tolerance to acidified and sub-saturated seawater in which larval
growth is sustained. Additionally, Thomsen et al. (2013) concluded
that the blue mussel Mytilus edulis could tolerate high ambient pCO2

when food supply is abundant at the Kiel Fjord (in Western Baltic
Sea). Nevertheless, future research should be accomplished for
exploring how persistent/chronic is this exposition to corrosive waters
driven by the riverine/terrestrial CDOM export to the coastal ocean,
and how marine organisms can physiologically regulate the exposition
to such riverine fluxes, especially under scenarios of changing land
uses, climate change, and hydrological cycles. In this context, our results
are highly valuable for territorial planning strategies andmarine spatial
planningwhen considering both present and/or future areas for mussel
farming activity in this and other similar coastal areas worldwide.

5. Summary

Our results evidence that contrasting land uses may influence the
concentration of colored dissolved organic matter (CDOM/fDOM) in
the river-coastal ocean continuum, and this in turn may influence the
carbonate system (AT and DIC) of the adjacent coastal zone. Despite
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that the negative correlation between CDOM with AT and DIC could
have been influenced through the co-variationwith salinity, as freshwa-
ter is gradually diluted in the coastal ocean, the strength of the correla-
tion was slightly higher with CDOM than with salinity. In the Yaldad
basin with predominance of native forest, higher concentration of
CDOM and low values of AT and DIC were observed in river and in the
coastal zone. In contrast, the river basin with greater human interven-
tion, presented significantly higher values of nutrients, AT and DIC.
Overall, the results provide a first approximation demostrating that
land uses along river basins can influence the concentration of CDOM/
fDOM and on the carbonate chemistry of the adjacent coastal waters,
with possible implications in the sustaintability of ecosystem services,
such as shellfish farming activities.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.150435.
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