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Abstract Freshwater discharge affects the biogeochemistry of river-influenced nearshore environments
by contributing with carbon and nutrients. An increase in human activities in river basins may alter the natural
riverine nutrients and carbon export to coastal ecosystems. Along a wide latitudinal range (32°55′S–40°10′S),
this study explores the role of climate and land use in determining the nutrient and carbon concentrations in
the river mouth and fluxes to adjacent coastal areas. Between winter 2011 and fall 2012, we collected monthly
samples in five river mouths in central southern Chile and at rocky shore sites affected by river plumes. Basins
were characterized by different land uses and meteorological conditions along this latitudinal range. Water
samples were collected for pH measurements, nutrients, dissolved organic and inorganic carbon, particulate
organic carbon, and isotopic signatures (δ13C). Our results show a north-south gradient in concentrations
of nutrients and carbon. The highest concentrations were observed in the Maipo basin, which presents the
highest percentage of urban-industrial activities. Nutrients and carbon contributions, in most cases, were lowest
in the southern Valdivia basin, which has the least human intervention and a greater percentage of vegetation.
The Biobío River had the highest nutrient and carbon fluxes, in most cases, due to its high river discharge. Our
results show the influence of river plume effects on carbon and nitrogen concentrations in river-influenced rocky
shore sites. Moreover, our study suggests that land use might influence some parameters of carbonate system in
rivers and river-influenced rocky shore environments. River-influenced rocky shore environments may exhibit
suppression in aragonite saturation state with implications for calcifiers inhabiting these marine environments.

1. Introduction

Riverine carbon fluxes to the adjacent coastal ocean are an important part of carbon exchange between
terrestrial, oceanic, and atmospheric environments [Sabine et al., 2004]. Terrestrial primary production and
chemical weathering take up a significant amount of the atmospheric carbon, transporting it from terrestrial
ecosystems to the ocean [Regnier et al., 2013]. As a consequence, river discharge contributes significantly to
the marine organic and inorganic matter pools in nearshore environments [Depetris, 1996; Raymond et al.,
2008; Schlünz and Schneider, 2000]. The chemical composition of riverine discharge is highly diverse because
they have different origins [Dagg et al., 2004; Goñi et al., 2003] influenced by natural (e.g., geological and
climate) and anthropogenic factors (e.g., population density, and land use) [Barnes and Raymond, 2009;
Mattsson et al., 2009; Raymond et al., 2008]. At present, increasing anthropogenic activities in river basins
constitute a significant regional and global stressor that impacts the natural riverine nutrient and carbon
export to marine ecosystems [Jickells, 1998; Regnier et al., 2013]. Typically, disturbances in carbon subsidies
can significantly alter carbonate chemistry and therefore influence the levels of alkalinity [Raymond and Cole,
2003] and dissolved inorganic carbon exported to river-influenced nearshore environments [Barnes and
Raymond, 2009]. Consequently, the nutrient and carbon fluxes along the land-ocean continuum are now
recognized to be an important component of global carbon budgets [Regnier et al., 2013].
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Human activities significantly influence the water chemistry of river basins in central southern Chile [e.g., Little
et al., 2008; Oyarzun et al., 2007; Ribbe et al., 2008]. According to previous studies, over the last few decades
changes in land use of prairie, shrubland, forestry plantations, and agricultural areas are responsible for a
significant decrease in native vegetation [e.g., Echeverria et al., 2006; Lara et al., 2012; Schulz et al., 2010].
Furthermore, some of these areas have also experienced substantial impacts on their hydrological conditions
due to reductions in rainfall and river discharge attributed to climate change, resulting in uncertain future
conditions [Comisión Económica para América Latina y el Caribe, 2009].

Few studies have evaluated the riverine nutrient and carbon export to coastal ecosystems in Chile [Iriarte
et al., 2012; Pizarro et al., 2010; Vargas et al., 2013]. Moreover, although freshwater discharge in central
southern Chile generates small- to intermediate-size plumes, with localized effects on specific coastal areas of
about 20–50 km along the shore [Narváez et al., 2004; Piñones et al., 2005], we do not know whether these
buoyant river plumes impact the carbonate system (e.g., pH, pCO2, and Ω) with potential implications for
rocky shore calcifiers inhabiting close to river mouth areas.

Based on this rationale, our goals are to (1) quantify the contributions of nutrients and carbon transported from
five major river basins in central southern Chile to the adjacent coastal area, (2) determine the relationship
between riverine nutrients and inorganic/organic carbon considering the climate regime and land use along
the different river basins, and (3) estimate the influence of river discharge on the carbonate system in rocky
shore marine habitats affected by the buoyant river plumes. Although riverine carbon fluxes are a minor
component of the global carbon circulation, they are very sensitive to local, regional, and global changes.
Therefore, the present study constitutes important information for predicting the future impact of natural and
anthropogenic drivers on global carbon budgets along the land-ocean continuum.

2. Materials and Methods
2.1. Description of Study Sites

The present study was conducted in five river basins of central southern Chile located between 32°55′ and 40°10′
south latitude: Maipo, Rapel, Maule, Biobío, and Valdivia River basins (Figure 1). These basins have areas between
10,275 and 24,264 km2 [Piñones et al., 2005; Pizarro et al., 2010] with latitudinal climatic regimes varying from
temperate Mediterranean with a long dry season in the north, to temperate rain with a Mediterranean influence
in the south [Dirección General de Aguas (DGA), 2004a, 2004b, 2004c, 2004d, 2004e]. During each field campaign,
water samples were collected from two different locations for each river basin: at the river mouth and in the
rocky shore area influenced by river discharge (between 0.5 and 4.4 km from the river mouth). The field
sampling at the river mouths was conducted every month for 1 year, from July 2011 to June 2012. Samples from
rocky shore/intertidal with river influence were collected from September 2011 to June 2012. We have defined
this river-influenced rocky shore sites based on the use of Moderate Resolution Imaging Spectroradiometer
imagery of normalized water-leaving radiance at 555nm (nLw555). The turbid signature of river plumes allows
the use of high-resolution ocean color remote sensing for detecting spatial plume patterns. The nLw555 spatial
distribution presents a coherent shape with respect to the spreading of river plumes off central Chile and can
be highly correlated to surface salinity [Saldías et al., 2012]. Here we used daily nLw555 images for each coastal
region adjacent to the river basins for producing an annual (June 2011 to July 2012) average composite of river
plume influence. The processing of the nLw555 imagery was done using NASA’s software Sea-viewing Wide
Field-of-view Sensor Data Analysis System and following high-resolution procedures. A detailed explanation
regarding processing options including atmospheric corrections and flags can be found in Saldías et al. [2012].
Finally, the nLw555 fields were normalized by the average pixel at the river mouth to produce relative coastal
maps of river plume influence (Figure 1).

2.2. Hydrography and Land Use Data

Monthly river discharge and rainfall data were obtained from the Dirección General de Aguas (www.dga.cl) of
the Chilean Ministry of Public Works. Rainfall and river discharge data were not available for the Rapel basin.
Characterization and identification of land use in the basin was done according to aerial photographs and
satellite imagery [CONAF-CONAMA-BIRF, 1999]. This information was analyzed and processed using the
specialized program ArcMap™ version 10.1 [Environmental Systems Research Institute, 2012]. For this analysis,
five land use types were considered: urban, agricultural, prairies, forestry, and native. These types were based
on definitions made by CONAF-CONAMA-BIRF. [1999].
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2.3. Water Sampling

Surface samples (~3 L) were collected from the central channel of the river and adjacent coastal area using a
clean, sample-washed, plastic bucket. Water samples were kept cold and dark until analysis, conducted on
average within 1–7h of sample collection. Temperature and conductivity were measured immediately before
water sampling, using a multiparameter probe (Wissenschaftlich-Technische Werkstätten GmbH, Weilheim,
Germany). Subsamples were taken for nutrient analysis (25mL), including silicic acid (Si(OH)4), nitrate (NO

�
3 ),

nitrite (NO�
2 ), orthophosphate (PO4

3�), dissolved organic carbon (DOC; 40mL), particulate organic carbon (POC;
0.5–2.5 L), dissolved inorganic carbon (DIC; 40mL), and the δ13C signatures for all carbon pools.

2.4. Nutrient Concentrations and Fluxes

Samples for nutrient analyses were filtered through GF/F glass fiber filters and frozen at �20°C until analysis
in the laboratory. NO�

3 , NO
�
2 , and PO4

3�concentrations were determined via spectrophotometry following
Parsons et al. [1984] and Murphy and Riley [1962]. Si(OH)4 concentrations were determined following Koroleff
[1972]. Riverine nutrient fluxes (mol s�1) to coastal areas were determined using nutrient concentrations
(μmol L�1) in conjunction with the monthly average river flow (m3 s�1).

Figure 1. Map including river basins considered in this study: (a) Maipo, (b) Rapel, (c) Maule, (d) Biobío, and (e) Valdivia.
(right column) Maps of river plume influence have been included for each coastal region based on the average nLw555
composites normalized by the pixels at the river mouth. Thus, the colors represent the fraction of influence with respect to
the maximum signal at the river mouth. The sampling sites in the river mouth areas are indicated with filled black circles,
and sampling sites in adjacent river-influenced rocky shore sites is represented with a filled gray circles.
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2.5. Dissolved Inorganic Carbon, Dissolved/Particulate Organic Carbon, δ13C, and Fluxes

For dissolved carbon (DOC and DIC) and δ13C, a 40mL subsample was collected with a sterile syringe and
filtered through a Swinnex® filter holder (25mm) containing a precombusted (4–5h at 450°C) GF/F filter. The
samples were collected directly in 40mL I-CHEM® 200 Series glass vials, preventing the formation of any
bubbles. Samples were not poisoned, because that could alter δ13C estimates [Vargas et al., 2013]. The septa of
the vials were replaced with butyl rubber septa to prevent diffusion of CO2. Samples were refrigerated at 5°C
until analysis. For POC and δ13C, a subsample (0.5 to 2.5 L) was filtered through combusted (4–5h at 450°C) GF/F
filters to concentrate particles. Filters were dried at ~60°C for 24 h and held in a desiccator until analyzed. All
samples were run on an OI Analytical total inorganic carbon-total organic carbon (TIC-TOC) Analyzer Model
1030, first run to determine the parts per million C organic/inorganic concentration, then for the δ13C isotope.
The TIC-TOC analyzer was interfaced with a Finnegan Mat Delta Plus isotope ratio mass spectrometer for
analysis by continuous flow (continuous flow isotope ratio mass spectrometer). Data were normalized using
internal standards. The analytical precision was 2% for the quantitative measurements, and ±0.2‰ for the
isotopes. Analyses were conducted in the G. G. Stable Isotope Hatch, Laboratories at the University of Ottawa,
Canada. The carbon fluxes were determined using the same method described for nutrient fluxes.

2.6. Analysis of pH

The pH analysis in Rapel, Maule, and Biobío River mouths and rocky shore area were carried out using the
spectrophotometric method as described by Dickson and Goyet [Department of Energy (DOE), 1994], using a
Shimadzu® UV mini-1240 spectrophotometer, the nonpurified indicator m-cresol purple [DOE, 1994], and a
1 cm quartz cell using deionized water as blank (milli-Q water). The pH calculations were performed using
the indicator equilibrium constant from Mosley et al. [2004] and Clayton and Byrne [1993] for salinity < 30
practical salinity unit (psu) and salinity> 30 psu, respectively, with the molar absorptivity ratios from Clayton
and Byrne [1993]. The pH measurements in the Maipo and Valdivia River study areas were conducted by
potentiometric measurements calibrated using a tris (2-amino-2-hydroxymethyl-1,3-propanediol) buffer
[Clayton and Byrne, 1993; DOE, 1994]. The estimated analysis error for this analysis was estimated as<0.009 pH
for acid waters (pH~ 7.2) and 0.006 pH for surface waters (pH~ 8). All pH measurements were standardized to
total scale (pHT) for comparison among river basins.

2.7. Estimation of Other Carbonate System Parameters

The pH and DIC data were used in the CO2SYS program [Lewis and Wallace, 1998] to calculate partial pressure
of CO2 (pCO2) and aragonite saturation state (ΩAr). The dissociation constants for carbonic acid (K1 and K2)
were those of Mehrbach et al. [1973] refitted by Dickson and Millero [1987], using the total pH scale for
salinities >30 psu. For estuarine waters between salinity 1 and 30 psu, the constants of Millero [2010] were
used with the seawater pH scale [Millero, 2010; Robbins et al., 2010] and for freshwater the constants from
Millero [1979] were used. The KHSO4 equilibrium constant determined by Dickson [1990] was used for
freshwater, estuarine, and seawater samples.

2.8. Statistical Analysis

For comparison of the concentrations of nutrients (Si(OH)4, NO
�
3 +NO�

2 , and PO4
3�), organic carbon (DOC

and POC), and the inorganic carbon system (DIC, pH, pCO2, and ΩAr) among basins, an analysis of variance
(ANOVA), and the Kruskal-Wallis one-way test were conducted. Spearman correlation was used to test for
the relationship between the concentration of nutrients, organic carbon, and the inorganic carbon system
with land cover (urban, agricultural, prairies, forestry, and native forest) and climate variables (discharge
and precipitation) in the river mouth. Furthermore, the Spearman correlation was used for determining the
relationship between nutrients, organic carbon and the inorganic carbon system in the river mouth with
rocky shore area. Correlation coefficients with p< 0.05 were considered significant. Additionally, Bonferroni
correction was applied to assess the significance of values of p (corrected α=0.007).

3. Results
3.1. Hydrography

For all river basins, water temperature in the river mouths ranged between 8.9 and 28.4°C, with the highest
temperatures during spring and summer (Table 1 and Figure 2a). Conductivity in these same areas fluctuated
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between 0.1 and 35.5mS cm�1. Based on the high
conductivity (>10mS cm�1), the Rapel and
Valdivia Rivers were influenced by tidal intrusion
during sample collection (Table 1 and Figure 2b).
This pattern was especially evident during the dry
season due to the decrease in river discharge to
the coastal ocean (Figure 2d).

Average annual precipitation and river discharge
during the study period ranged from 2.4 to
130.4mm and from 44.5 to 720.3m3 s�1,
respectively, with minimum values during
summer and maximum during winter (Figures 2c
and 2d). Values were lowest in the northern river
basin, Maipo, while levels increased progressively
toward the southern river basins (Table 1 and
Figures 2c and 2d). The highest precipitation was
recorded in the Valdivia basin, whereas the highest
river discharge was observed in the Biobío
basin (Table 1).

The influence of rivers showed variable area of
impact among the study sites. The area of influence
decreased offshore for the northern three study
regions (i.e., off Maipo, Rapel, and Maule), whereas
most of the domain corresponding to the Biobío
and Valdivia basins presented elevated signature
with respect to the river mouth (over 0.4 and
0.5, respectively) (Figure 1). In general, all our
rocky shore sites were highly influenced by the
contiguous rivers, presenting normalized nLw555
values ~0.7–0.8. The rocky shore site located
north of the Maipo River, however, presented the
highest nLw555 values with respect to the river
mouth (>0.9).

3.2. Land Use

The main land cover varies among basins (Figure 3).
For theMaipo and Rapel basins, themain land use is
agricultural activity (16.6% and 25.7%, respectively).
Forestry (16.3%) and agricultural (26.4%) are the
main land uses in the Maule basin, whereas native
forest (30.1%), forestry (26.3%), and agricultural
(16.1%) are the characteristic land uses in the Biobío
basin. Native forest (44.5%) and prairies (23.7%)
occupy the greatest area in the Valdivia basin. The
highest contribution of urban-industrial areas was
observed for the Maipo basin (5.5%) in comparison
with the other basins (<1.1%).

3.3. Nutrient Concentrations

Si(OH)4 concentrations varied from 24 to
347μmol L�1 in river mouths. A clear seasonal
pattern was only evident in the Rapel and Valdivia
basins, with the highest concentration during theTa
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autumn and winter months (Figure 4a). There were significant geographic differences in Si(OH)4 concentration
(ANOVA, F4 = 72.3, p< 0.001), with higher concentrations observed in the Maipo, Biobío, and Maule Rivers
(Table 1 and Figure 4a). NO�

3 +NO�
2 concentration ranged between 0.01 and 112μmol L�1 in river mouths. The

highest concentrations of NO�
3 +NO�

2 were observed during autumn and winter (Figure 4b). A north-south
latitudinal trend is evident, with the highest concentrations in the Maipo River, whereas minimal values were
recorded in the Valdivia River (Table 1 and Figure 4b). PO4

3�concentrations at river mouths varied from 0.01
to 24μmol L�1 throughout the year and did not exhibit any seasonal pattern in any of the river basins. The
highest concentrations were recorded in the Maipo River (Table 1 and Figure 4c). NO�

3 +NO�
2 and PO4

3�

concentrations were significantly different among river mouths (Kruskal-Wallis, H=38.9, p< 0.001 and H=33.3,
p< 0.001, respectively).

All nutrient concentrations in river mouths had a positive correlation with urban land use, whereas only NO�
3

+NO�
2 had positive correlation with agricultural activities (Table 2). Negative relationships were found among

most nutrients at river mouths with prairies, forestry, and native forest (Table 2). Regarding climate variables,
most of the nutrients in river mouths had significant negative correlations with river discharge and
precipitation (Table 2).

Nutrient concentrations in the river-influenced rocky shore sites were typically lower than observed in all
river mouths, and there was no clear seasonal pattern (Table 1). Nutrient concentrations were significantly
different among the various rocky shore sites (Si(OH)4: Kruskal-Wallis, H= 8.6, p< 0.05; NO�

3 +NO�
2 : ANOVA,

F3 = 4.5, p< 0.01; PO4
3�: Kruskal-Wallis, H=15.8, p< 0.01), with the highest Si(OH)4 concentration in the

rocky shore sites influenced by the Valdivia and Biobío Rivers (Table 1). NO�
3 +NO�

2 concentration was
highest in the rocky shore site influenced by Maipo River plume; whereas the highest PO4

3� concentrations
were recorded in the Rapel and Biobío adjacent rocky shore sites (Table 1). Finally, NO�

3 +NO�
2 concentration

in river mouths was correlated positively with that observed at the river-influenced rocky shore sites
(r spearman= 0.39, p< 0.05). This was not the case for PO4

3� and Si(OH)4 concentrations, where they
correlated positively only in the Maipo basin (r spearman=0.68, p< 0.05) and Valdivia basin (r spearman=0.75,
p< 0.05), respectively.

Figure 2. (a) Temperature (°C), (b) conductivity (mS cm�1), (c) river discharge (m3 s�1), and (d) precipitation (mm) in the
Maipo, Rapel, Maule, Biobío, and Valdivia Rivers for the study period between July 2012 and June 2013. Precipitation
and river discharge data were not available for the Maule River basin for this period.
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Figure 3. Map of land cover in (a) Maipo, (b) Rapel, (c) Maule, (d) Biobío, and (e) Valdivia basins.
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3.4. Dissolved and Particulate Organic
Carbon and δ13C

Riverine DOC concentration varied greatly
(14 to 310 μM) (Figure 5a) although a
clear seasonal pattern was not evident.
Large differences in DOC concentrations
were observed among the different river
mouths (Kruskal-Wallis, H=42.4, p< 0.001),
decreasing from north to south (Table 1 and
Figure 5a). The highest DOC concentration
was found in the Maipo River mouth and
the lowest in the Valdivia River mouth
(Table 1 and Figure 5a). DOC concentration
in river mouths showed a significant
positive correlation with urban land use,
whereas it showed a negative correlation
with prairies, forestry, native forest, river
discharge, and precipitation (Table 2).

The DOC isotopic signature (δ13CDOC)
ranged from �31 to �25.7‰ for all river
mouths (Figure 5b). However, isotopic
composition among river mouths was
significantly different (Kruskal-Wallis,
H=40.1, p< 0.001). A decreasing latitudinal
gradient toward the south was also
observed (Figure 5b). More enriched values
of δ13CDOC were observed at the Maipo
basin (�26.3 ± 0.3‰) with low variability
throughout the year (�26.9 to �25.7‰). In
contrast, there was greater variation in the
values found in the Valdivia River mouth
(�31 to �26.9‰), exhibiting lower values
during winter (�31‰).

POC concentration ranged between 2 and 716μM in river mouths, with high variability throughout the year
(Figure 5c) and significant differences among river mouths (Kruskal-Wallis, H= 10, p< 0.05). The highest POC
concentrations were observed at the Rapel, Maipo, and Biobío Rivers, whereas the lowest concentrations
occurred in the Valdivia and Maule Rivers (Table 1 and Figure 5c). The POC concentration in river mouths had
a significant positive correlation with urban land cover and a negative correlation with prairies and native
forest (Table 2).

In the river-influenced rocky shore sites, POC concentrations ranged between 5.6 and 165.8μM, with the
highest concentrations in the Valdivia marine sites (Table 1 and Figure 5e). The POC concentration in river
mouths did not correlate with POC in the river-influenced rocky shore sites (r spearman=�0.05, p> 0.05).

POC isotopic composition (δ13CPOC) in river mouths varied greatly throughout the year (�31.8 to �21.4‰)
(Figure 5d), but δ13CPOC did not differ significantly among river mouths (Kruskal-Wallis, H=4.79, p> 0.05). In
order to determine potential sources of organic carbon, we plotted the δ13CPOC and C:N measured at the
corresponding river mouths. The information was related to potential carbon sources established in the literature
[Bianchi, 2007; Kendall et al., 2001] (Figure 6a). The C:N values varied between 4.6 and 10.2. We were able to
establish that δ13CDOC and δ13CPOC did not show any relationship (r spearman=0.09, p> 0.05) (Figure 6b).

The δ13CPOC in the adjacent rocky shore sites (�26.4 to �17.8‰) was enriched in comparison with samples
from the river mouth, and it showed a smooth seasonal variability (Figure 5f). We found that the δ13CPOC was
significantly different among rocky shore sites (Kruskal-Wallis, H= 8.74, p< 0.05) with values slightly more
enriched during spring and summer.

Figure 4. Concentrations of (a) silicic acid (μmol L�1), (b) nitrate
+ nitrite (μmol L�1), and (c) orthophosphate (μmol L�1) in the river
mouths of Maipo, Rapel, Maule, Biobío, and Valdivia Rivers between
July 2011 and June 2012.
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Table 2. Spearman Correlationa

Climate Land Cover

Discharge (m3 s�1) Precipitation (mm) Urban (%) Agricultural (%) Prairies (%) Forestry (%) Native (%)

Nutrients and Organic Carbon
Si (OH)4 (μmol L�1) �0.40** �0.58*** 0.42*** 0.08 �0.42*** �0.13 �0.36**

NO�
3 + NO�

2 (μmol L�1) �0.48*** �0.53*** 0.66*** 0.44*** �0.66*** �0.68*** �0.76***

PO4
�3 (μmol L�1) �0.39** �0,3 0.65*** 0.16 �0.65*** �0.52*** �0.63***

DOC (μM) �0.49*** �0.54*** 0.80*** 0.33* �0.80*** �0.59*** �0.77***

POC (μM) �0.34* �0.26 0.40** 0.18 �0.40** �0.28* �0.37**

Carbonate System
DIC (μM) �0.90*** �0.62*** 0.72*** 0.26* �0.72*** �0.84*** �0.79***

pH 0.02 �0.42** 0.26 0.62*** �0.26 �0.30* �0.38**

pCO2 (μatm) �0.54*** �0.25 0.37** �0.20 �0.37** �0.27* �0.30*

ΩAr �0.06 0.21 �0.45*** �0.30* 0.45*** 0.11 0.38**

aSpearman correlations were between (a) concentrations of nutrients and organic carbon, and (b) carbon systems in the river mouths with river discharge, pre-
cipitation, and land cover. Significant statistical correlations are as follows: * = p< 0.05, ** = p< 0.01, and *** = p< 0.001. In bold are showed significant correlation
after a Bonferroni correction of values (α = 0.007) [Quinn and Keough, 2002].

Figure 5. (a) DOC concentration (μM), (b) δ13 CDOC (‰), (b) POC concentration, and (d) δ13CPOC in the river mouth areas
for the different river basins between July 2011 and June 2012. (e) POC concentration and (f) δ13CPOC are also included
from samples collected at the river-influenced rocky shore sites for 26 the period between September 2011 and June 2012.
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3.5. Dissolved Inorganic Carbon,
δ13C, and pH

The DIC concentrations between all of
the river mouths varied greatly (i.e.,
from 431 to 4758μM; Figure 7a), with
significant differences among river
mouths (Kruskal-Wallis, H=45.2,
p< 0.001). The highest concentration
was observed at the Maipo basin,
whereas the lowest was observed
in the Biobío basin (Table 1 and
Figure 7a). A significant positive
correlation was observed between
DIC concentration and both DOC
(r spearman= 0.54, p< 0.05) and NO�

3

concentrations (r spearman= 0.53,
p< 0.05) measured at the river mouths
(Figures 8a and 8b). DIC concentration
was positively correlated with urban
land use and negatively correlated with
the other land uses. The DIC
concentrations also were correlated
negatively with river discharge and
precipitation (Table 2).

A wide range of DIC concentration (961
to 2493μM) was observed in the
rocky shore sites (Figure 7b) and the
concentrations were significantly
different among areas (Kruskal-Wallis,
H=14, p< 0.01). The lowest values were
observed in the site associated with the
Valdivia River plume, especially during

the rainy season (Table 1 and Figure 7b). DIC concentration in the river mouths had significant positive
correlations with that observed for the adjacent rocky shore sites (r spearman=0.61, p< 0.001).

DIC isotopic composition (δ13CDIC) at the river mouths was highly variable (�14.9 to +0.7‰) with no clear
seasonal pattern (Figure 7c). δ13CDIC was significantly different among river mouths (Kruskal-Wallis, H= 22.7,
p< 0.001), with the lowest values observed in the Maipo (�10.1 ± 1‰), Biobío (�10.7 ± 1.6‰), and Maule
(�10.3 ± 1.3‰) Rivers. In contrast, the Valdivia basin had the most enriched value of δ13CDIC (�2.6 ± 4‰).
A negative correlation (r spearman=�0.657, p< 0.05) between the riverine DOC concentration and δ13CDIC
values was observed (Figure 8c). δ13CDIC values in the rocky shore sites had a much smaller range of variation
compared to river mouths, ranging from �1.2‰ to 2.5‰, with no significant differences among them
(Kruskal-Wallis, H= 1.5, p> 0.05) (Figure 7d).

The pH in river mouths ranged from 6.650 to 8.989 (Figure 7e). In most cases, pH showed a clear seasonal
variability, increasing during spring and decreasing at the beginning of autumn. The pH values were
significantly different among river mouths (ANOVA, F4 = 11.8, p< 0.001). The pH measured at the Rapel
basin generally showed more alkaline values (8.365 ± 0.321), whereas less alkaline freshwater was observed
at the Valdivia basin (7.574 ± 0.368). We found a positive correlation between pH in the river mouths and
agricultural land use, whereas pH correlated negatively with native forest and precipitation (Table 2).

The pH at the adjacent river-influenced rocky shore sites ranged between 7.502 and 8.198 (Figure 7f). A
seasonal pattern was observed with the lowest pH during late summer and autumn (Figure 7f). The pH values
were different among the rocky shore sites (ANOVA, F3 = 4.5, p< 0.01). Higher values were observed in the

Figure 6. Relation between (a) C:N with δ13CPOC (‰) and (b) δ13 CPOC
(‰) with δ13 CDOC (‰) in the river mouths of each river basin, between
July 2011 and June 2012.

Journal of Geophysical Research: Biogeosciences 10.1002/2014JG002699

PÉREZ ET AL. ©2015. American Geophysical Union. All Rights Reserved. 682



Figure 7. Year-round temporal trend in (a, b) DIC (μM), (c, d) δ13 CDIC (‰), (e, f ) pH, (g, h) pCO2 (μatm), and (i, j) ΩAr in the
river mouths of each river basins and in the adjacent river-influenced rocky shore sites, respectively. The dotted line in
Figures 7g and 7h represent the atmospheric CO2 (400 μatm) level. The dotted line in the ΩAr Figures 7i and 7j indicates
thermodynamic equilibrium with respect to the mineral phase (Ω = 1).
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Valdivia river-influenced area (7.928 ± 0.176), while the
lowest were found in the area influenced by Biobío river
discharge (7.723 ± 0.114).

3.6. Parameters: pCO2 and ΩAr

The calculated pCO2 values varied over a wide range
(103 to 6365μatm) at the river mouths and were generally
above atmospheric saturation (~400μatm at the time)
(Figure 7g). Results showed significant differences among
river mouths (Kruskal-Wallis, H=29.6, p< 0.001). The pCO2

values in the Maipo River mouth (3679±1565μatm) were
3.3 to 4.6 fold higher than in other basins. Although the
correlation was not significant, the negative relationship
between pCO2 and δ13CDIC suggests that highest pCO2

levels were associated to depleted DIC, especially for
Maipo River (Figure 8d). Significant positive correlations
were found between pCO2 at river mouths and urban
land use (Table 2). Furthermore, a negative correlation
between pCO2 with prairies and river discharge was also
found (Table 2).

For the rocky shore sites, pCO2 values varied 216 to
1595μatm (Figure 7h) and differed significantly between
the areas (ANOVA, F3 = 3.08, p< 0.05). For almost all rocky
shore sites, pCO2 was above atmospheric saturation.

The ΩAr was consistently below 1.0 in river mouths, with
the highest values in late spring and early autumn.
There were significant differences found between river
mouths (Kruskal-Wallis, H= 24.7, p< 0.001) (Figure 7i). The
Rapel and Valdivia Rivers showed the highest ΩAr, mostly
during spring and summer, while the lowest ΩAr levels
were observed in the Biobío River. Significant positive
correlations were found betweenΩAr at river mouths with
prairies and native forest, while negative correlations
were found between ΩAr and urban land use (Table 2).

The ΩAr at the rocky shore sites were much higher
although there were periods when Ω dropped below 1.0,
most notably in the area influenced by Biobío and Valdivia
river discharge (Figure 7j). The ΩAr values did not vary
significantly among rocky shore sites (ANOVA, F3 = 2.3,
p> 0.05). The highest values were observed from spring
until the beginning of summer, while the lowest levels
were found during autumn.

3.7. Nutrient and Carbon Fluxes

Nutrient and carbon fluxes showed a clear seasonal
variability, with the highest values during autumn and
winter (Figure 9). Fluxes were significantly different

Figure 8. Relationships between (a) DOC (μM) versus DIC (μM),
(b) NO� (μmol L�1) versus DIC (μM), (c) DOC (μM) versus δ13

CDIC (‰), and (d) pCO2 (μatm) versus δ13 CDIC (‰) in the river
mouths of each river basin between July 2011 and June 2012.
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among river mouths (Kruskal-Wallis, Si(OH)4: H= 27.7, p< 0.001; NO�
3 : H= 13.7, p< 0.01; NO�

2 : H= 23.3,
p< 0.001; PO4

3�: H=19.14, p< 0.001; DOC: H=24.54, p< 0.001; POC: H= 19, p< 0.001; DIC: H= 17.6,
p< 0.001). The largest fluxes of Si(OH)4 (167 ± 91mol s�1), DIC (534 ± 308mol s�1), DOC (59 ± 34mol s�1), and
POC (54 ± 75mol s�1) were associated with the Biobío River basin, whereas the lowest fluxes were seen at the
Maipo River basin (14 ± 8mol s�1; 175 ± 94mol s�1; 9 ± 6mol s�1; 6 ± 11mol s�1, respectively) (Figure 9). The
highest NO�

3 +NO�
2 fluxes occurred in Maule basin (8 ± 6mol s�1) and the largest PO4

3� (0.7 ± 0.6mol s�1)
was associated with the Maipo River basin.

4. Discussion
4.1. Nutrient and Carbon Biogeochemistry in Relation to Climate and Land Use

Since climate (e.g., rainfall) constitutes one of the key controlling factors of export of terrestrial matter to
fluvial systems, many studies have shown that precipitation and river discharge are positively related with the

Figure 9. Monthly riverine fluxes (mol s�1) of (a) silicic acid, (b) nitrate + nitrite, (c) orthophosphate, (d) dissolved inorganic
carbon, (e) dissolved, and (f) particulate organic carbon (μM), between July 2011 and June 2012.
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seasonal variability in nutrients and carbon contributions from river basins to the adjacent sea [e.g., Cai et al.,
2008; Mattsson et al., 2009; Savage et al., 2010; Stedmon et al., 2006]. Indeed, in our study we have found that
the largest carbon and nutrient export to coastal areas occurred during periods of maximum rainfall and
river discharge. Nevertheless, the trade-off between the river flow and concentrations are highly relevant in
determining the resulting riverine nutrient and carbon fluxes. For instance, Si(OH)4 concentration was on
average larger at the Maipo River than Biobío River, but considering that river flow is higher at the Biobío River,
the final contribution of riverine Si(OH)4 is the largest for all river basin studied (Figure 9). Moreover, Biobío
River plume area is also affected during spring-summer for upwelling events, which also might contribute
with Si(OH)4 to nearshore areas [Vargas et al., 2007]. Our estimates are limited in terms of temporal coverage
(i.e., once per month), and they cannot represent a precise estimate of nutrient and carbon fluxes to coastal
ocean; however, the large spatial scale involved in the present study (>800 km among river basins) and all the
chemical variables considered (i.e., nutrients and carbon pools, and isotopic information) provide unique
information regarding the magnitude of seasonal riverine contribution along central southern Chile (between
32 and 40°S).

Accordingly, nutrient and carbon concentrations in river mouths were clearly influenced by land use, as the
largest concentrations occurred in areas with higher urban and agricultural density. Urban and agricultural land
use are indeed considered sources of nutrients and carbon due to wastewater discharge, intensive use of
fertilizer, and accelerated chemical weathering [e.g., Barnes and Raymond, 2009; Savage et al., 2010; Seitzinger
et al., 2005; Weston et al., 2009]. In our study, the Maipo basin has the largest agricultural and urban area,
including 40% of the country’s population [DGA, 2004c]. The highest NO�

3 +NO�
2 and PO4

3�concentrations in the
Maipo River were 26 and 180 times higher than what was found in the other basins, respectively. Furthermore,
PO4

3� concentration was above the range of total phosphate for unpolluted basins (0.3–1.6μmol L�1) [Wetzel,
2001]. Consequently, the riverine PO4

3� export was up to 73 times higher than what was exported from
others basins, despite the fact that the Maipo River discharge was 10 to 16 times lower than recorded in other
rivers. The DIC concentrations in the Maipo basin were between 2 and 5 times higher than those found in
other basins. A similar situation has been reported by Barnes and Raymond [2009], working in basins of varying
land use, where urban contributions of DIC were 2 and 7.8 times higher than observed for agricultural and
forested basins, respectively.

It is expected that terrestrial vegetation and soils are a significant source of DOC to rivers and estuaries
[Bauer and Bianchi, 2011]. However, the complexity of soils and soil hydrology, as well as the processes
controlling the mobilization of dissolved compounds, make it difficult to establish a direct linkage between
sources and the DOC pool in river waters [Schulze and Freibauer, 2005]. Nevertheless, in our study the largest
DOC contributions were expected in association with forest and prairie areas and low DOC concentrations
were expected from agricultural land cover, since it is well known that harvest removes most organic matter,
while mechanical plowing oxygenates the land, enhancing the degradation of organic matter [Mattsson
et al., 2009; Stedmon et al., 2006]. However, in this study the highest DOC concentrations were significantly
correlated with urban and agricultural land uses. In this respect, Sickman et al. [2010] found a predominance
of old DOC in an agriculturally dominated river basin suggesting a significant remobilization and loss of
old soil organic matter caused by agriculture and urbanization. In consequence, old DOC from ancient
vegetation can be remobilized and released to river basin due to anthropogenic activities. Similarly, Petrone
et al. [2011] have shown that high DOC concentrations (>1000μM) in agrourban streams appear to result
from the destabilization of legacy soil organic matter due to urbanization and agricultural development or
even can be currently produced from patches of native vegetation. The positive correlation between
DOC and DIC (Figure 8a) suggests that a common process promotes the increase of both inorganic and
organic dissolved carbon pools, especially in the Maipo River, where both high DIC and DOC were observed.
Based on these antecedents [Petrone et al., 2011; Sickman et al., 2010], we suggest that destabilization of
aged soil DOC due to these anthropogenic activities is responsible not only for DOC but also for DIC release
to the Maipo River. Indeed, our results also provide evidences that the highest pCO2 and DIC concentrations
occurred in river basins where agricultural land and urban areas had the largest coverage percentage.
Similar results have been also observed for other human-disturbed rivers [Zhang et al., 2009]. These results
support the idea that both anthropogenic sources (e.g., wastewater and industrial or agricultural sources)
and human activities (e.g., changing land uses) may be more influential than natural carbon sources
[McTiernan et al., 2001].

Journal of Geophysical Research: Biogeosciences 10.1002/2014JG002699

PÉREZ ET AL. ©2015. American Geophysical Union. All Rights Reserved. 686



Changing land use has been proven to impact riverine nutrient and carbon concentrations with significant
influences on the biogeochemistry of the adjacent coastal ocean [e.g., Beman et al., 2005; Dai et al., 2008;
Nixon, 1995; Savage et al., 2010; Seitzinger et al., 2005; Weston et al., 2009]. The effect of these contributions
depends on various factors, such as the physical characteristics and magnitude of riverine inputs [Jickells,
1998]. In conclusion, and as expected, we have found that nitrogen and carbon concentrations in the rocky
shore sites (Figure 1) were influenced by riverine inputs, mainly in the most agricultural/urban basin. This
suggests that land use in river basins of central southern Chile may have a significant impact on nutrients and
carbon concentrations in the coastal ocean, at least, in the nearshore areas where riverine plumes exist.

4.2. Sources of Organic and Inorganic Carbon

Organic carbon composition in fluvial systems depends on allochthonous and autochthonous contributions,
such as terrestrial plants (C3-C4), organic matter from soil, microalgae, and macrophytes [Kendall et al., 2001;
Ogrinc et al., 2008]. Unfortunately, there is a considerable overlap in δ13C values of different major sources of
DOC and POC within rivers and estuarine systems. The plot between δ13CPOC and C:N (Figure 6a) reflects
allochthonous and autochthonous sources of POC. The main signatures come from freshwater microalgae
and terrigenous sources, including C3 plants and C3 plant-dominated soils [Bianchi, 2007; Kendall et al., 2001;
Ogrinc et al., 2008]. Some more enriched values in the Rapel and Valdivia basins were probably influenced by
a marine/estuarine plankton carbon source [Bianchi, 2007; Kendall et al., 2001]. The δ13CDOC range was similar
to that found for δ13CPOC, but we did not find any significant correlation (Figure 6b), which suggests that the
direct source of DOC is not the same as that of POC [Vargas et al., 2013]. Similar values were observed by
Vargas et al. [2013] for δ13CDOC and δ13CPOC along the Biobío River basin. Moreover, for the Valdivia River, the
different range observed between δ13CDOC (�31.02 to �26.9‰) and δ13CPOC (�28.5 to �21.53‰) clearly
suggests that different sources and processes are controlling the fluxes of both fractions, with more influence
of marine POC, in contrast to the evident control of riverine/terrestrial DOC in the bulk of the dissolved
carbon fraction [Raymond and Bauer, 2001]. Indeed, POC concentration in the river-influenced rocky
shore site in Valdivia was higher than observed in the river/estuarine environment, especially during
spring/summer months, which suggest the influence of marine phytoplankton carbon with enriched δ13C
(�18 to �20‰). More enriched δ13CDOC values for the Maipo River also suggest a major influence of DOC
mobilized from agriculture soils [Moyer et al., 2013], which is consistent with its larger contribution to land use
in this river basin (Table 1).

The DIC composition in fluvial systems may be influenced by atmospheric CO2 (i.e., air-water exchange), plants
(i.e., C3-C4), weathering (i.e., silicate or carbonate rocks), biological riverine processes (e.g., photosynthesis,
respiration, and methanogenesis), and influx of soil CO2 through base flow and interflow (i.e., respiration of soil
organic matter) [Brunet et al., 2009; Chakrapani and Veizer, 2005; Ferguson et al., 2011]. As reported for most
riverine systems, DIC concentrations were always higher than DOC [e.g., Aldrian et al., 2008; Brunet et al., 2009;
Ferguson et al., 2011; Thomas et al., 2005]. More depleted values δ13CDIC were observed in Maipo, Maule, and
Biobío, ranged between �14.87 and �7.54‰, typically corresponded to δ13C values for DIC, with HCO3

�

resulting from both soil CO2 and carbonate dissolution [Khadka et al., 2014]. Indeed, a mixing of the isotopic
signature of the soil CO2 (�21‰ assumed as C3 plants) and the carbonate rocks (0‰) might result in mean
values of approximately �9 to �11‰ [Barth et al., 2003]. Furthermore, the positive correlation between NO�

3

and DIC concentrations suggests that part of the DIC pool may also have come from nitrification [Barnes and
Raymond, 2009]. Acid forms produced by nitrification, such as nitric acid (HNO3), are used in weathering,
contributing to the dissolution of carbonate, which increases DIC [Barnes and Raymond, 2009; Raymond and
Cole, 2003; Semhi et al., 2000]. This relationship has been found in agricultural river basins (e.g., theMaipo basin)
with elevated levels of nitrogen and where fertilizer and manure produce nitrified acids and increase DIC from
rock weathering [Barnes and Raymond, 2009; Oh and Raymond, 2006]. Contrasting lithology (e.g., carbonate
or clastic sedimentary rocks versus metamorphic rocks or granites) among river basins might also result in
significant differences in δ13CDIC values from rock weathering [Zhang et al., 2009].

Biological processes, such as primary production decrease the pCO2 and enrich the isotopic signature due to
plants preferring the lighter isotope (12C) for photosynthesis [Brunet et al., 2009]. In contrast, respiration
produces carbon forms with a depleted isotopic signature and increases the pCO2 [Ferguson et al., 2011].
Based on such differences, the observed δ13CDIC and pCO2 relationship suggests that respiration predominates
in the Maipo basin, with a high pCO2 (>1500μatm), probably due to the high concentration of organic matter
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associated with anthropogenic activities along the basin (Figure 8d). In fact, the negative correlation between
the riverine DOC and δ13CDIC also reflects the oxidation of some organic matter leading to higher δ13CDIC values
[Khadka et al., 2014], especially during low discharge/precipitation and high temperature periods occurring
in spring/summer. The Maule and Biobío basins also showed a δ13CDIC typical of respiration by terrestrial
organic matter [Dubois et al., 2010], but with a level of pCO2 lower than rivers with intense anthropogenic
alteration such as the Maipo basin. Unfortunately, it is difficult to isotopically differentiate the proportion of
DIC coming from respired riverine DOC and POC, soil CO2, and/or rock weathering. Moreover, we have only
sampled at the river mouth areas, and both DIC concentration and δ13C values may change differentially along
the river itself in response to several biogeochemical processes, including carbon degradation, photosynthesis,
respiration, chemolithoautotrophy, and CO2 exchange with the atmosphere.

In contrast, enriched δ13CDIC in the Rapel and Valdivia basins suggest that marine photosynthetically fixed
carbonmay significantly influence the δ13CDIC [Dubois et al., 2010; Schulte et al., 2011]. The sampling station at
the Valdivia River mouth corresponds to an estuarine system, which is typically characterized by a high
phytoplanktonic biomass [Aguilera et al., 2013; Ramírez et al., 1989]. Although photosynthesis:respiration
(P:R) ratio was not measured in the present study, a low P:R ratio is characteristic of most estuarine systems
[e.g., Battin et al., 2008; Bauer and Bianchi, 2011; Borges, 2005; Brunet et al., 2009; Cole and Caraco, 2001], which
indeed the enrich δ13CDIC values by introducing additional CO2 that results from respiration of riverine
and marine photosynthetically fixed carbon and allochthonous DOC-POC. This, in turn reduces the pH and
carbonate saturation state in this estuarine system [Schulte et al., 2011]. The pCO2 was oversaturated in most
cases for this study site, indicating a dominance of respiration processes from autochthonous and/or
allochthonous organic carbon [Dubois et al., 2010].

4.3. Carbonate Systems Parameters

Our results provide evidence that riverine contributions may influence the DIC concentration in adjacentmarine
rocky shore sites influenced by river plumes. Hence, our results also suggest that anthropogenic alterations
along river basins (e.g., damming, changing land uses, and wastewater) could affect the biogeochemistry of
adjacent nearshore areas. The coastal ocean might also influence river mouths and estuarine areas with marine
DIC as has been reported by Daniel et al. [2013]. However, in our study, samples from each river basin were
collected at the river mouth areas with a lowmarine intrusion, with the exception of some periods in Rapel and
Valdivia River.

DIC values found in samples collected in the rocky shore sites were generally in the range reported by the
literature [Cai et al., 2004; Ribas-Ribas et al., 2011], excluding those higher concentrations recorded in the site
affected by the Maipo River plume, which showed the highest concentration of riverine DIC. Another possibility
of elevated DIC concentrations in those samples is the technical procedure for sample preservation for δ13CDIC.
Li and Liu [2011] suggested for determination of δ13CDIC that filtration and preservation in cool conditions
constitute the best procedure for sample preservation, because the isotopic signature might be affected by
using any kind of poisoning. In our study, we have prioritized δ13C estimates over DIC concentration in order to
obtain accurate estimates regarding the different sources of DIC for the different river basins.

The pCO2 values in river mouths and river-influenced rocky shore sites suggest the dominance of heterotrophic
processes, as pCO2 values was inmost cases oversaturated relative to atmospheric equilibrium. In consequence,
river mouths and the river-influenced rocky shore sites off central southern Chile might constitute a CO2

source, mostly as a result of the riverine DIC fluxes, especially in anthropogenically intervened river basins (e.g.,
Maipo River). This condition has also been widely reported for other estuaries [e.g., Borges, 2005; Borges et al.,
2006; Cai, 2011] and river-influenced coastal sites [Cai et al., 2006; Torres et al., 2011]. Nevertheless, we do
not know the potential bias in our estimations of both pCO2 and ΩAr since most of the uncertainty in our
spectrophotometric pH measurements are typically associated to the dye purity [Yao et al., 2007], and in our
present study we have not used ultrapure reference materials.

ΩAr values estimated for these sites showed on average that they slightly exceeded the equilibrium state
(Ω= 1). These results are highly relevant for rocky shore invertebrates, most of them correspond to marine
calcifiers, which require high aragonite values for proper development [Barton et al., 2012; Gazeau et al., 2007,
2010; Salisbury et al., 2008]. For instance, although ΩAr values are oversaturated [Salisbury et al., 2008], clams
require values higher than 1.6 during larval stages to adequately incorporate CaCO3 [Salisbury et al., 2008].
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Furthermore, exposure to low values ofΩAr (1–3) in an early state of development affects growth and survival
of midstage clams [Barton et al., 2012].

Most studies have shown that anthropogenic CO2 emissions are a principal driver of alterations in marine
carbon chemistry [e.g., Doney et al., 2009; Orr et al., 2005]. However, here we have shown that the carbonate
system of localized rocky shore sites, where many species of marine calcifiers inhabit, can be affected by
riverine plumes with significant DIC contributions [e.g., Borges and Gypens, 2010; Duarte et al., 2013].
Consequently, land use along river basins may modify not only nutrient fluxes but also the riverine inorganic
and organic carbon sources, which might significantly affect the biogeochemistry and the marine life
inhabiting river-influenced rocky shore sites [Duarte et al., 2013; Ran et al., 2013]. The results of our study
support the idea that both land use and climate variables affect nutrient and carbon concentration in the
river mouths of different basins along a latitudinal range of central southern Chile. Considering the
acceleration of anthropogenic disturbances along river basins in South America and the resulting potential
alteration of the carbonate system in river-influenced areas, our current knowledge regarding CO2 fluxes is
still insufficient to derive precise conclusions regarding the influence of land use changes on the
biogeochemical processes in the land-ocean interaction zone.

5. Conclusions

Here we have studied the role of climate and land use in five different river basins along central southern
Chile (32°55′S–40°10′S) on the nutrient and carbon concentration and fluxes to the adjacent coastal area. We
also aimed to evaluate the influence of these riverine discharges on the carbonate system of rocky shore sites
influenced by the buoyant river plume. The main conclusions of our study are outlined below.

Land use and climate variables affect nutrients and carbon concentrations in river mouth and fluxes to
adjacent coastal area. River basins with a large coverage urban-industrial and agricultural showed the highest
concentrations of nutrients, DOC and DIC, whereas basins with greater percentage vegetation and less
human intervention had the lower concentrations. Moreover, the largest contributions to adjacent coastal
area were related to periods of maximum rainfall and river discharge. Our results also demonstrated the
influence of river discharge over nitrogen and carbon concentrations in river-influenced rocky shore sites.

According to δ13C analysis freshwater microalgae and terrigenous sources constituted the main sources of
DOC and POC in riverine systems, whereas nitrification, carbonate dissolution, and soil CO2 constituted the
main source of DIC.

In most cases, respiration process predominated in river mouth and rocky shore sites, with pCO2 values
mostly oversaturated, resulting in a potential net source of CO2. Furthermore, ΩAr was undersaturated in
some rocky shore sites during periods of high river discharges. The results suggest the influence of riverine
DIC over pCO2 in rocky shore areas influenced by river discharges. In consequence, the land use and climate
variables along river basin might have a significant impact on biogeochemistry not only in riverine systems
but also in the adjacent rocky shore environment and biota influenced for such fluvial discharges.
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