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Abstract: The Atchafalaya River (AR), North America’s largest swamp river, annually discharges a 
large volume of freshwater (nearly 200 km3), delivering ~25% of the Mississippi River’s (MR) flow 
and the entire Red River’s (RR) flow into the Gulf of Mexico. Studies have reported higher levels of 
organic carbon in the AR’s outlets compared to the MR’s outlet, raising questions about local carbon 
sources. In this study, we investigated dissolved organic carbon (DOC) and dissolved inorganic 
carbon (DIC) inputs into the AR from the RR and MR using DOC and DIC concentrations, mass 
loading, and isotopic signature (δ13C) analyses. Monthly river water sampling was conducted in the 
MR and RR near their confluence where the AR is formed from May 2015–May 2016. DIC 
concentrations in the RR were found to be only half of those found in the MR, while the RR’s DOC 
concentrations were on average 1.8 times higher than those found in the MR. Based on the models 
developed for this study period, the RR’s contribution to DIC mass loading in the AR represented 
1.41 teragrams (Tg) (or, 29.7%) of the total 4.76 Tg DIC transported by both tributaries, while its 
contribution to DOC mass loading was disproportionately high, accounting for 1.74 Tg of the 2.75 
Tg DOC (or, 63.2% of total DOC) entering the AR. Both δ13CDIC and δ13CDOC showed significantly 
more negative values in the RR than those found in the MR. Significant correlation between δ13CDIC 
and δ13CDOC isotope values in the RR indicated interrelation of dissolved carbon processing, which 
was not observable in the MR. These results strongly suggest that the RR is an extremely significant 
source of DOC to the AR, and thus the Gulf of Mexico, and additionally plays an important role in 
diluting the anthropogenically enhanced DIC fluxes of the MR. 

Keywords: dissolved organic carbon; dissolved inorganic carbon; river biogeochemistry;  
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1. Introduction 

The quantity and quality of carbon exported by rivers to coastal margins has important impacts 
on coastal and marine ecosystem health and functioning, and are important to the development of 
global carbon budgets [1,2]. Draining a total land area of approximately 3.2 million km2, the 
Mississippi River (MR) is one of the largest rivers in the world and plays an important role in global 
river carbon export [3–6]. The river has two main outlets to the Gulf of Mexico: the Mississippi River 
main stem (also known as the Lowermost Mississippi River), and the Atchafalaya River (AR) which 
also carries the total flow of the Red River (RR). Over the past three decades, on average, the MR 
annually discharged 474 km3 [7] and the AR discharged 199 km3 [8] of freshwater into the Northern 
Gulf of Mexico (NGOM), carrying large quantities of carbon to Louisiana’s coastal margins. Due to 
these large inputs, the river plumes from the Mississippi-Atchafalaya River System (MARS) dominate 
biogeochemical cycling in the NGOM [9,10]. Inputs of anthropogenic riverine carbon may play a role 
in coastal ecosystem disruption; for example, organic matter exported by the MARS may contribute 
up to 23% of the O2 demand that is necessary for the perpetuation of seasonal severe hypoxic 
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conditions in the Gulf of Mexico [11,12]. Though coastal systems have gained increasing recognition 
as influential components of global carbon budgets [13,14], carbon dynamics in coastal regions such 
as the NGOM remain complicated and poorly characterized due to a lack of geographically specific 
estimates of carbon export [1], thus preventing integration into global carbon assessments. Though 
the MR has been relatively well studied, carbon constituents in the large and influential AR swamp-
river basin remain poorly characterized. 

The AR is often considered simply as a distributary of the MR, but the large and less 
anthropogenically impacted RR may have an important influence on both the quantity and quality 
of riverine dissolved inorganic carbon (DIC) and dissolved organic carbon (DOC) passing through 
the AR into the NGOM. The fraction of the Atchafalaya River’s flow contributed by the RR can vary 
anywhere from 7% to 70% throughout a given year [15]. The waters of the AR therefore display large 
temporal variations in chemical composition according to the relative contributions of its tributaries. 
For example, a study on nitrate in this system concluded that although approximately one-third of 
the Atchafalaya River’s average flow came from the RR, a nearly negligible 3% of the AR’s total mass 
load of nitrate was delivered by the RR [15]. This means that the RR has the capacity to play an 
important role in diluting the large loads of nutrients in the Atchafalaya [16] entering the NGOM 
from the agriculturally dominated Mississippi River watershed. The RR may also differ greatly from 
the diverted portion of the MR in terms of dissolved carbon mass constituents delivered to the AR. 
The potential effect of the RR on the MR’s anthropogenically impacted DIC and DOC loads is 
therefore critically important to consider when evaluating the export of dissolved carbon from the 
MARS into coastal systems. 

DOC in the MR has been demonstrated to be largely refractory, with only about 3% of DOC 
contributing to the labile carbon pool [17]. Measurements conducted in the Atchafalaya Bay and MR 
delta have indicated, however, that the AR carries higher concentrations of DOC, which has also been 
shown to be of higher quality than DOC in the MR [18]. It has been speculated that the higher DOC 
concentrations found in the AR are due to inputs of organic material from within the AR’s floodplains 
[18], but the RR’s potential importance as a source for this more labile organic material remains poorly 
investigated. Information regarding the differences in composition and the quality of carbon inputs 
from the RR and MR tributaries remains sorely lacking. 

Riverine stable carbon isotope analysis describes the ratio of 13C/12C in a sample of water,  
which can be used to identify major sources of dissolved carbon as it interacts with the atmosphere, 
sediment, and biosphere; isotopic constraining of carbon sources and in-stream processing provides 
useful information regarding the quality of carbon constituents. Carbon originating, for example, 
from the atmosphere, plants using the C4 pathway, plants using the C3 pathway, carbonate 
weathering, algal production, and soil leachates, all have different isotopic signatures [19–23]. Within 
aquatic systems, the δ13C values of these terrestrially-derived carbon sources are further impacted by 
riverine biogeochemical processes; photosynthesis and atmospheric degassing preferentially remove 
12C [24], which leaves the remaining aquatic carbon pool enriched in 13C, resulting in a positive shift 
in δ13C values; meanwhile respiration processes contribute to 13C uptake, and subsequently more 
negative isotope values [25]. Studying isotopic composition of dissolved carbon in the RR and MR 
outflows into the AR may provide useful insight into the potential sources and processes that are 
responsible for dissolved carbon constituents entering the Atchafalaya River Basin, reflecting water 
quality and ecological functioning. 

This study aimed to determine the relative contribution of the Red River to dissolved carbon 
dynamics in the Atchafalaya River. Specifically, the study set out to (1) collect water samples and 
conduct in-situ measurements at locations near the confluence of the MR and RR over a 1-year period; 
(2) analyze riverine dissolved organic and inorganic carbon concentrations in and their mass loads of 
these tributaries to the Atchafalaya; and, (3) identify composition and source of dissolved organic 
and inorganic carbon with isotopic signature of δ13C at a wide range of flow conditions and relative 
discharge contributions by the Red River. The data collected in this study describes how the waters 
of the Atchafalaya River are compositionally affected, in terms of both quantity and quality of 
dissolved carbon constituents, by the relative chemical contributions of the Red River. 
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2. Materials and Methods 

2.1. Study Area 

This study was conducted near the confluence of the Red River and the Mississippi River at the 
Old River Control Structure (ORCS) in central Louisiana, USA (Figure 1). The 2189 km long Red River 
originates from northwestern Texas and flows eastward to Oklahoma and Arkansas and north 
Louisiana before joining the diverted water from the Mississippi to form the Atchafalaya River.  
The Red River drains 169,890 km2 of land, originating in a semiarid climate, passing through a wide 
variety of ecosystems, and encountering a subtropical humid environment, with annual precipitation 
reaching ~1500 mm at its confluence in central Louisiana. The western portion of the river flows 
through areas that are composed of 40%–60% rangeland and 30% cropland, while the eastern portion 
is 50% forested, 20% cropland, and only 10% pasture. The Red River Basin is thus very different than 
that of the Mississippi River Basin, which is predominately cropland (58%) over its 3 million km2. 

 
Figure 1. (Left) The Mississippi River drainage basin with two outlets: the Lowermost Mississippi 
River and the Atchafalaya River, which discharge a combined flow of approximately 680 km3 
annually into the Gulf of Mexico; (Right) the Old River Control Structure (ORCS), where the 
Mississippi River’s water is diverted to join the entire flow of the Red River, forming North America’s 
largest swamp river—the Atchafalaya. The Atchafalaya River contributes a combined annual flow of 
approximately 200 km3 to the Gulf of Mexico. In this study, we collected water samples at two 
locations: on the Red River and on the Mississippi River at Angola Landing (red dots). River discharge 
records at Simmesport and Old River Outflow Channel (red triangles) were obtained from U.S. 
Geological Survey and U.S. Army Corps of Engineers, respectively. 

2.2. Water Sampling and Field Measurements 

To determine the Red River’s contribution of dissolved carbon to the Atchafalaya, we collected 
monthly water samples on the Red River, about 400 m above the confluence of the Red River and Old 
River Outflow Channel, and on the Mississippi at Angola Landing, Louisiana (Figure 1), which is 
about 15 km downstream of the ORCS. It is assumed that the water chemistry at Angola Landing 
represent well that of diverted Mississippi River’s water that is flowing through the Old River 
Outflow Channel. Sampling trips were conducted over a wide range of flow conditions (Figure 2), 
with four sampling trips taking place during low flow conditions, and nine trips taking place during 
high flow conditions (Figure 2) based on the long term average reported by Xu [26]. Several of these 
trips took place during periods where the Red River contributed a higher percentage of flow to the 
Atchafalaya River than did the Mississippi River, offering great sample diversity. 



Water 2017, 9, 871 4 of 17 

 

 
Figure 2. Daily inflows from the Mississippi River’s Old River Outflow Channel (OROC) and the Red 
River (RR) into the Atchafalaya River (AR) during May 2015–31 May 2016. The inflows of the Red 
River were calculated as the difference between the AR’s discharge at Simmesport (obtained from the 
United States Geological Survey) and the OROC’s discharge (obtained from the United States Army 
Corp of Engineers). Diamonds depict water quality sampling and field measurement dates. 

During each monthly sampling event, surface water samples were collected from boat launches 
at each site from the depth of 30–50 cm below water surface using an extendable sampler. Although 
it has been demonstrated that chemical constituents in fast-flowing waters of the AR are uniformly 
mixed [27], three samples were collected for each constituent to be analyzed, and were mixed to 
ensure a representative composite sample. Samples for DOC analysis were stored in 250-mL High 
Density Polyethylene (HDPE) bottles. Samples for DIC analysis were septum-capped in 20 mL glass 
vials and were immediately placed on ice, along with the DOC samples. All of the bottles for DIC 
stable isotope analyses were filled without headspace, and were closed with butyl rubber/PTFE septa. 
All of the bottles were thoroughly acid-cleaned and rinsed using river water before use. Duplicate 
samples were collected at one site per trip for quality control purposes. All of the water samples were 
stored in a cooler with wet ice during transportation. DIC samples were refrigerated until chemical 
analysis, while DOC samples were filtered using 0.45 μm nylon syringe filters (Environmental 
Express, Charleston, SC, USA) and were frozen immediately upon return from sampling. In addition 
to the river water sampling during monthly field trips, ambient water parameters, including 
dissolved oxygen (DO), pH, temperature, and specific conductance were recorded using a YSI 556 
multi-probe meter (YSI Inc., Yellow Springs, OH, USA) at each location. Turbidity was measured 
with a 2100P Turbidimeter (Hatch Company, Loveland, CO, USA). 

2.3. Sample Analysis 

Upon returning to the lab, the samples to be analyzed for DOC and DIC were shipped on ice to 
University of California Davis Stable Isotope Facility (http://stableisotopefacility.ucdavis.edu/). UC 
Davis provides δ13C isotope analysis of DIC by trace gas using a GasBench II system interfaced to a 
Delta V Plus IRMS (Thermo Scientific, Bremen, Germany), and δ13C isotope analysis of DOC using 
an O.I. Analytical Model TOC Analyzer (OI Analyticl, College Station, TX, USA) interfaced to an 
isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK). For further details on laboratory 
methods, refer to http://stableisotopefacility.ucdavis.edu/. 
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Stable isotope values are expressed as deviations per mil (‰) from Vienna Pee Dee Belemnite 
(VPDB), which is a standard reference material based on the ratio of 13C/12C found in a highly 13C-rich 
belemnite fossil according to the formula: 

𝛿𝛿13𝐶𝐶 ‰ = �
𝑅𝑅sample
𝑅𝑅standard

− 1�  ×  1000 (1) 

where R is the ratio of the numbers (n) of the heavy and light isotope of an carbon (13C/12C ) in the 
sample and the reference [28]. 

2.4. Carbon Mass Transport Calculation 

To estimate dissolved carbon loading with monthly sampling data, rating curves were 
developed with daily discharge records (Q) and DIC and DOC measurements for the Red River and 
the Mississippi River’s water from the Old River Outflow Channel. Discharge records of the 
Atchafalaya at Simmesport were gathered from the United States Geological Survey (USGS), and 
discharge records of the Old River Outflow Channel were collected from the United States Army 
Corps of Engineers (USACE). The discharge of the Red River was computed as the difference between 
the AR’s and OROC’s discharges. 

A basic power law model for loading (L), L = aQb, was used, which can be log-transformed to a 
linear equation: 

ln(𝐿𝐿𝑖𝑖(𝑡𝑡))  =  𝐴𝐴 + 𝑏𝑏 ln (𝑄𝑄day(𝑡𝑡)) +  𝜀𝜀(𝑡𝑡) (2) 

where Li(t) is the daily mass load of dissolved carbon constituents in metric tonnes, i is the type of 
element for a certain site, Qday(t) is the daily flow volume in cubic meters, A (i.e., ln a) and b are the 
model parameters, and ε is an error term that is assumed to be normally distributed. A and b were 
determined using the SAS 9.4 software package (SAS Institute) and tested for Normality. The 
parameter fitting statistics were summarized in Table 1 and Figure 3. 

Table 1. Statistics of parameterization (A and b) for Equation (2), regression coefficient (R2), root mean 
square error (RMSE), and standard error at a 95% confidence interval. The equation was used to 
estimate daily loads of dissolved inorganic carbon (DIC) and dissolved organic carbon (DOC) from 
the Mississippi River through the Old River Outflow Channel (OROC) and the Red River (RR). 

Site Load A b R2 RMSE ε 

OROC 
DIC −8.799 0.903 0.851 0.243 ±0.243 
DOC −17.413 1.275 0.895 0.276 ±0.276 

RR 
DIC −4.957 0.667 0.928 0.193 ±0.192 
DOC −15.459 1.204 0.955 0.268 ±0.268 

2.5. Estimation of Riverine pCO2 

The partial pressure of carbon dioxide in water was calculated according to the method shown 
by Cai and Wang [29], which uses DIC concentration and measured pH data in the equation: 

𝑝𝑝CO2 =
[CO2]
𝐾𝐾𝐻𝐻

=  
𝐶𝐶𝑇𝑇 {𝐻𝐻}2

({𝐻𝐻}2 + {𝐻𝐻}𝐾𝐾1 +  𝐾𝐾1𝐾𝐾2)𝐾𝐾𝐻𝐻
 (3) 

where CT is the measured DIC value in mM, {H} = 10-pH, KH is the solubility constant [30], and K1 and 
K2 are the dissociation constants of carbonic acid. Since sampled waters possessed salinity 
measurements of less than 0.2, the K1 and K2 of Harned and Davis [31] and Harned and Scholes [32] 
were used, respectively, for salinities near 0. KH, K1, and K2 are all adjusted for absolute water 
temperature. The parameter settings are summarized in Table S1 in Supplementary Materials. 
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Figure 3. Statistical performance of the rating curves (Table 3) for estimating DOC and DIC daily mass 
loads of the Mississippi River (above) and Red River (below). The X axis are ln(Qday) and the Y axis 
are ln(Li) in Equation (2). 

2.6. Statistical Analysis 

As mentioned above, regression analysis was used to develop rating curves for mass loading of 
DOC and DIC. The Shapiro-Wilk test was used to test all of the water parameters (including DOC, 
DIC, pCO2, and δ13C) for normality, and the results showed large p-values (mostly > 0.6, v.s. p > 0.05, 
which is required for rejecting Null hypothesis), indicating a normal distribution of the data. A paired 
t-test was used to determine if a significant difference existed in the parameters between the Red 
River’s and Mississippi River’s waters. All of the statistical analyses were performed with the SAS 
Statistical Software package (SAS Institute Inc., Cary, NC, USA). 

3. Results 

3.1. River Flow and Ambient Conditions 

During the study period from May 2015 through May 2016, the flow of the Red River entering 
the Atchafalaya River averaged 4429 (standard deviation: ±2550) m3·s−1, ranging from negligible flow 
in the fall to 10,137 m3·s−1 in March. Mean daily discharge from the Old River outflow channel into 
the Atchafalaya was 4473 (±2477) m3·s−1; with a minimum flow rate of 481 m3·s−1 in November and a 
maximum discharge of 12,063 m3·s−1 in January. The combined flow from the two rivers averaged 
8901 (±3885) m3·s−1 at Simmesport, falling as low as 2166 m3·s−1 in late October and reaching a 
maximum rate of 17,443 m3·s−1 in mid-January. On average, the Red River contributed ~46.5% of the 
Atchafalaya River’s flow, with a maximum contribution of ~85% in April 2016. The waters of the Red 
River made up a greater portion of the AR’s daily flow at Simmesport than did the MR on 47.6% of 
days included in the sampling period (n = 397 days). Mean daily discharge rates varied somewhat 
dramatically by season. Lowest average daily flows at Simmesport occurred throughout fall (3126 
m3·s−1), followed by summer (10,401 m3·s−1), and spring (10,619 m3·s−1), with highest average daily 
flow occurring in winter (11,234 m3·s−1). 
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It is important to note that discharge at Simmesport during this 13-month period (8901 m3·s−1) 
was much higher than the long-term (1978–2004) annual average (6547 m3·s−1), as reported by Xu [26], 
and also exceeded values reported by USGS for Water Years 2010–2015, which averaged 6187 m3·s−1 
(with yearly averages ranging from 4967 m3·s−1 to 7229 m3·s−1). Hence, the wet year may have 
discharged higher quantities of carbon and other elements. 

Waters of the Red River showed significantly higher temperature (p < 0.0001), but no significant 
differences in dissolved oxygen saturation, turbidity, or pH (Table 2). 

Table 2. Average ambient conditions (±standard deviation) of waters of the Mississippi River at 
Angola and the Red River above the confluence with the Mississippi River. The different letters within 
a column indicate significant difference at α < 0.05. 

Site Temperature (°C) DO (%) pH Turbidity 
MR 18.0 ± 8.0 84.6 ± 24.1 7.3 ± 0.9 80.2 ± 45.9 
RR 21.4 ± 7.1 75.4 ± 24.6 7.6 ± 0.6 113.7 ± 75.6 

3.2. DOC and DIC Concentrations and Ratios 

Dissolved organic carbon and dissolved inorganic carbon concentrations showed a clear 
distinction between the waters of the RR and MR. DOC concentrations in the Red River (average: 871 
µmol·C·L−1, Table 3) were significantly higher than in the samples collected from the MR (509 
μmol·C·L−1), typically nearly twice as high (177% higher on average), while the RR’s DIC concentrations 
(average: 1034 µmol·C·L−1) were typically half of those (49.2% lower) found in the MR at Angola 
(average: 1939 µmol·C·L−1). The variable mixing of the waters of these two rivers to form the 
Atchafalaya therefore results in complex trends in dissolved carbon at Simmesport, depending on 
the relative contribution of each river at any given point on the hydrograph. 

Table 3. DOC and DIC concentrations (μmol·L−1) in the RR and Mississippi River (MR) during each 
sampling event. Different letters in averages indicate a statistically significant difference (α = 0.05). 
The river flows were low from August to November in the study period (see Figure 2). 

 
DOC DIC 

RR MR RR MR 
13 May 2015 1225 454 718 1993 
21 June 2015 692 - 1343 - 
22 July 2015 749 451 1148 2052 

30 August 2015 533 465 1582 2345 
20 September 2015 678 336 1927 2667 

29 October 2015 433 229 1051 2027 
22 November 2015 1169 640 750 1908 
9 December 2015 914 552 895 1766 
31 January 2016 1139 711 - - 

28 February 2016 1034 583 804 1586 
27 March 2016 1044 502 511 1048 
17 April 2016 917 567 759 2019 
19 May 2016 801 610 928 1921 

Mean 871 a 509 b 1035 c 1939 d 
Std dev ±249 ±133 ±407 ±409 

Notes: “a–d” means with the same letter are not significantly different 

During the period of low flow from August through November, DOC fell to somewhat lower 
concentrations relative to the rest of the sampling period, while DIC concentrations were relatively 
heightened. DIC was highest in the RR in August and September and were the lowest in March, and 
DIC in the MR showed the same trend. The RR’s DOC concentration was measured at its lowest in 
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October and highest in May 2015, and the MR’s DOC concentration was also lowest in October, but 
highest in January. 

The ratios of DIC:DOC in these two rivers also differed greatly (Figure 4). The MR’s mean 
DIC:DOC was 4.4, and never fell below 2. The ratio of DIC to DOC in the MR was especially high 
(nearing 9) during September and October, when DOC in the MR dropped to the lowest observed 
concentrations (Table 3). The RR’s DIC:DOC, however, was often below 1, and never exceeded 3. 
Seasonal variations in DIC:DOC in the RR were less extreme than those in the MR, but showed similar 
increase in fall months. 

 

Figure 4. Ratio of DIC to DOC in the Atchafalaya River’s two tributaries before their confluence on 
monthly sampling dates from May 2015 to May 2016. 

3.3. pCO2 Fluctuations 

Based on calculated pCO2, waters from both of the rivers were found to be consistently saturated 
with CO2 relative to atmospheric pressure (Figure 5), with the exception of December 2015, where 
pCO2 fell to 227 µatm. The MR was significantly (p = 0.012) more saturated than the RR in terms of 
pCO2. Carbon dioxide pressure in the MR ranged from 730 µatm (March 2016) to 3595 µatm (May 
2015), and from 227 µatm (December 2015) to 3328 µatm (May 2015) in the RR, and both rivers 
showed lower pCO2 in the winter and higher pCO2 in the summer. pCO2 could not be calculated for 
either site in January 2016 due to a lack of DIC measurements, or in March 2016 due to pH probe 
malfunction. 
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Figure 5. Calculated pCO2 in the Atchafalaya River’s two tributaries before their confluence from 
sampling dates from May 2015 to May 2016 (no calculation is available for sampling events on  
31 January 2016 or 27 March 2016; see Table S1 in Supplementary Materials). The dashed line 
represents atmospheric CO2 conditions. 

3.4. DOC and DIC Mass Transport 

For the sampling period, the discharge rating curve model estimated that the Red River 
contributed 1.41 teragrams (Tg) of the 4.76 Tg DIC calculated mass load passing through the 
Atchafalaya River at Simmesport (or, 29.7% of total DIC), and 1.74 Tg of the 2.75 Tg DOC calculated 
mass load passing through Simmesport (or, 63.2% of total DOC) (mass load at Simmesport is 
assumed to equal the combined loads calculated for the RR and MR). The relative contributions of 
the Red River and the Mississippi River to the AR’s dissolved carbon budget varied seasonally 
according largely to discharge. On average, the Red River contributed 30.8% of the daily total DIC 
mass load to the Atchafalaya River, ranging from negligible contributions when discharge was 
minimal, to a maximum of upwards of 65% in November 2015 and May 2016 when RR’s waters made 
up more than 80% of the AR’s flow (Figure 6). 
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Figure 6. Monthly mass fluxes of DIC and DOC of the Mississippi River at the ORCS and Red River 
before the confluence with the Old River. The river flows were low from August to November in the 
study period (see Figure 2). 

The Red River’s total contribution to DOC mass loading in the AR was disproportionately high, 
especially in comparison to its contribution to DIC flux (Figure 6). On average, the Red River 
contributed 57.5% of the daily total DOC mass load to the AR, ranging from negligible contributions 
when the discharge was minimal, to maximums of greater than 90% in November 2015 and May 
2016. The RR frequently contributed a greater percentage of the AR’s DOC mass load than did the 
MR (observed on 62% of n = 397 days). However, it rarely contributed a greater portion of the 
Atchafalaya’s total DIC (observed on 8% of n = 397 days). 

3.5. Isotopic Signature of Dissolved Carbon 

δ13CDIC values varied significantly (p < 0.0001) between the RR and MR, which had average values 
of −15.3 ± 1.9 and −12.0 ± 0.9 (‰ VPDB), respectively (Figure 7). Both tributaries to the Atchafalaya 
showed enrichment in 13CDIC throughout summer before becoming more depleted throughout late 
fall and winter. δ13CDIC values in the RR showed a strong positive relationship with DIC 
concentrations (R2 = 0.71, p = 0.006), but δ13CDIC values in the MR showed no significant relationship 
with the DIC concentrations (R2 = 0.21, p = 0.15). 
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Figure 7. δ13CDIC (‰Vienna Pee Dee Belemnite (VPDB)) and δ13CDOC (‰ VPDB) signatures in the AR’s 
two major tributaries, the RR and MR, before their confluence. 

δ13CDOC values were also found to differ significantly (p = 0.03) between the AR’s two tributaries. 
Average values in the RR and MR were −28.3 ± 0.6 and −27.8 ± 0.5 (‰ VPDB), respectively (Figure 6). 
DOC in the RR was generally slightly more depleted in 13C than the MR. There was no clear 
seasonality of δ13CDOC values; depletion and enrichment was somewhat chaotic throughout the study, 
but both rivers showed a similar overall trend. The majority of values remained well within the range 
of −27 to −29 (‰ VPDB) for all of the sampling locations. Isotopic composition of DOC did not exhibit 
significant correlation with DOC concentration values at either site (RR: R2 = 0.28, p = 0.06; MR: R2 = 0.01, 
p = 0.75) and was not clearly related to any seasonal trends in DOC concentrations. 

4. Discussion 

4.1. Red River Influence on AR Carbon Concentrations and Mass Loads 

The Red River significantly impacted dissolved carbon loading in the Atchafalaya River. The 
Red River’s average contribution to DOC mass loading in the Atchafalaya River was much greater 
than its contribution to DIC mass loading. The RR more often contributed greater amounts of DOC 
than did the MR, but its estimated contribution to DIC mass loading was less than that of the MR 
during 92% of the study period. Overall, the Red River contributed 29.7% of the total calculated mass 
load of DIC passing through the Atchafalaya River at Simmesport, but a much greater total of 63.2% 
of DOC calculated mass load passing through Simmesport. 

A 2012 study characterized AR and MR DOC using chromophoric dissolved organic matter, 
total dissolved lignin phenols, amino acids, and neutral sugars during five cruises in the NGOM [18]. 
The study suggested that the RR may account for only ~13% of the elevated DOC concentrations in 
the AR when compared to the MR, attributing the remainder to inputs from the AR’s floodplains. 
This present study suggests, however, that the RR may have a much greater contribution to DOC 
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mass loading in the AR than has been previously indicated. The RR did not contribute directly to the 
enhancement of DIC loads, but rather had a dilution effect on the MR’s high DIC concentrations. 
However, by providing large loads of DOC, which may be rapidly mineralized to DIC, the RR may 
still have an indirect impact on end-member DIC export from the AR. 

4.2. Sources and Processes Determining Dissolved Inorganic Carbon in the AR 

Significant differences in carbon isotope values between these two tributaries indicate different 
sources, and potentially different quality, of carbon constituents. Based on the relative abundance of 
C3 and C4 plants in the Mississippi River Basin (~72.7% and ~27.3%, respectively), Dubois et al. [25] 
estimated that soil respired CO2 in the MR basin should have an average isotopic signature of 
~−23.5‰. According to carbonate dissolution stoichiometry, the final δ13CDIC value can be estimated 
as a 1:1 mixture of dissolved carbonates, which typically have a value near 0‰ [20], and dissolved 
soil CO2. Therefore, we would expect the average δ13CDIC value in the lower Mississippi River to be 
half of the Dubois et al. reported soil CO2, i.e., ~−11.75‰, assuming an equal contribution of soil 
emission and carbonate dissolution. The average value found in this study, −12.0 ± 0.9‰, agrees well 
with this expected value. This value is subject to enrichment by diffusion processes (+4.4‰; [33]), as 
well as by gas transfer (+0.85‰; [34]). 

Using the methodology of Dubois et al. [25], we can attempt to estimate an average expected 
isotopic value for the CO2 Red River basin’s soil, which heavily influences aquatic δ13CDIC. Nearly half 
of the vegetation in the RR basin is estimated to be made up by grasses [35], and between 60% and 
70% of those grass species are estimated to use the C4 photosynthetic pathway [36]. Assuming 65% 
of grasses in the Red River Basin use a C4 pathway, the relative abundance of C3 and C4 plants in the 
basin would be 67.5% and 32.5%, respectively. Based on this, it can be roughly estimated that the Red 
River Basin soils have an average soil CO2 isotopic value of about −22.8‰, and an average δ13CDIC 
signature of about −11.4‰ in the river water. This estimated value departs greatly from the average 
value found in this study, −15.3 ± 1.9 ‰, which may indicate interesting sources and processing of 
carbon in this system. 

Due to the nature of this study, it is impossible to constrain with exact certainty which processes 
are responsible for the very negative signature of DIC in the RR. However, existing literature allows 
us to point to several probable causes. The differences in isotope values may be partially attributed 
to climate conditions in the RR basin. The western grassland-dominated portion of the basin 
experiences arid, low precipitation conditions, occasionally lacking flow altogether, while the 
temperate, forested eastern region of the basin experiences high rainfall (~1500 mm annually). DOC 
is known to be exported at higher rates in accordance with rainfall and higher discharge [18,37–40]. 
The majority of soil carbon in the RR then, likely comes from the C3 dominant temperate eastern 
region, which would partially explain lower values than what would be observed if precipitation was 
equal in the C4 dominated western region. 

Voss et al. [41] showed that in-stream processes such as respiration and photosynthesis were 
primary drivers determining δ13CDIC values, and that in-stream signatures were distinct from their 
source signatures. The discrepancy between the expected and reported δ13CDIC values for the RR could 
be indicative of the importance of in-stream respiration in its warm waters, which causes more 
negative values through the removal of 13C from the aquatic carbon pool [25]. The significantly lower 
δ13CDIC values in the RR as compared to the MR may then also be indicators of a more active biotic 
community and greater overall rates of respiration. This study indicates both inputs of carbon from 
the RR’s temperate forested landscape and active in-stream processes as contributing to the highly 
negative δ13CDIC values that were found during this study. 

The more negative isotopic values of DIC in the RR are typically observed in regions that are 
less degraded by anthropogenic alteration, whereas 12C depleted values, such as those found in the 
MR, are characteristic of human-dominated watersheds with large agricultural and urban centers, 
where heightened DIC concentrations lead to increased weathering and atmospheric degassing [42]. 
These values might illustrate important differences in the quality of carbon sources in these two 
rivers. 
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The highest δ13CDIC values occurred in both rivers in September, which corresponded with the 
highest concentrations of DIC in both rivers. CO2 degassing can occur more rapidly when there is a 
greater difference between partial pressure of carbon dioxide in the air and in the water, as would be 
indicated by heightened DIC concentrations [43]. Calculated pCO2 values based on reported DIC 
concentrations demonstrated that both tributaries to the AR were supersaturated with carbon dioxide 
in respect to the theoretical atmospheric value of ~390 ppm [44]. Atmospheric degassing causes the 
preferential loss of the 12C isotope, resulting in a carbon pool that is enriched in 13C, which may 
provide an explanation for the more positive δ13CDIC values occurring in the MR (i.e., [45]). However, 
seasonally, highest pCO2 values (and thus highest rates of evasion) occurred in the winter and did 
not correspond with the increased values of δ13CDIC in late summer and early fall months (Figures 4 
and 6). Though degassing likely impacted DIC isotopic composition in both rivers, it is clear that it 
was not a controlling factor. Since discharge was lowest when the δ13CDIC values were highest (Figures 
2 and 6), riverine DIC may have been more strongly influenced by local soil weathering and 
groundwater, which are both relatively enriched in 13C [14,46,47] during these low flow, high 
concentration conditions. Since the RR contributed ~46.5% of the AR’s flow but only ~30.8% of daily 
DIC mass load on average, its impacts on isotopic values of the AR’s waters are proportionally less 
than that of the MR. The δ13CDIC signature of carbon exported to the NGOM can thus be expected to 
more closely resemble the less negative DIC isotopic values that are found in the MR. 

4.3. Differences in Dissolved Organic Carbon Sources Entering the AR 

The AR’s δ13CDOC values, on the other hand, can be expected to be somewhat dominated by the 
significantly more negative signatures that are representative of the RR, since it contributed an 
estimated ~57.5% of the AR’s daily DOC mass load on average. The MR and RR’s relative influences 
on organic carbon isotopic signatures in the AR should then be closer to a 1:1 mixing ratio. δ13CDOC 
values retain information about terrestrial sources [41], so although the flow of the MR dominates the 
AR, organic carbon in the AR can be expected to be highly reflective of the organic material that is 
found in the soils of the RR basin. In a recent study of isotope signatures in the upper MR, Voss et al., [41] 
revealed that δ13CDOC values became more negative with increased forest cover. This may further 
implicate the forested eastern region of the RR as the primary contributor of carbon in the RR. 
However, reliable interpretation of δ13CDOC signatures is complicated by the overlapping signatures 
of major DOC sources [48], thus making it difficult to constrain the age or bioavailability of carbon in 
these tributaries. 

The preferential use of atmospheric 12C for photosynthetic processes gives fresh plant material a 
more negative signature; more negative δ13CDOC signatures in the RR could then also indicate higher 
concentrations of plant material or algal signatures as a consequence of higher in-stream primary 
production [41,49]. Additional information on the quality of riverine organic matter can be obtained 
by determination of chlorophyll a [50,51], which is derived from pigmented plant material and algal 
production. Higher chlorophyll a content generally indicates younger and less degraded organic 
material, since chlorophyll a is rapidly degraded in the presence of light and oxygen, thereby 
becoming more depleted in older material [52]. A 2010 study of the Red River basin found that the 
25th percentiles of chl-a concentrations measured throughout the basin from 1996–2006 dramatically 
exceeded USEPA recommended values, particularly in the basin’s largest ecoregions [53]. Low ratios 
of DIC:DOC in the RR, generally below 1 (Figure 4), may also indicate the conversion of aqueous CO2 
to organic C by phytoplankton via in-stream primary production. The RR’s heightened DOC 
concentrations depleted in 12C found during this study, in conjunction with knowledge of high chl-a 
content, may indicate that the RR plays a significant role in delivering large quantities of bioavailable 
organic material to the Atchafalaya River. 

While there was no relationship between δ13CDOC and δ13CDIC values in the MR (R2 = 0.05, p = 0.50), 
there was a relatively strong negative relationship between δ13CDOC and δ13CDIC values in the RR  
(R2 = 0.57, p < 0.01). This suggests that the sources and the processing of DIC and DOC in the RR are 
closely interrelated. Coupling of DIC and DOC processing can occur when DIC is produced as a direct 
result of mineralization of DOC, or when DIC is taken up to produce organic material in stream [54]. DOC 
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concentrations in the RR were relatively low during low flow conditions, while DIC concentrations 
were relatively higher, exhibiting the largest DIC:DOC ratios that were observed during this study 
period. This may be partially due to the increased residence time during low flow conditions where 
bio-mineralization processes can significantly impact concentrations [55]. It has been demonstrated 
that the active consumption of dissolved organic matter occurs at the highest rates when DOM is 
produced in-stream and is less altered, and that these processes were more likely to occur in low flow 
conditions [56]. The relationship between δ13CDOC and δ13CDIC in the RR (and lack of relationship in 
the MR), the RR’s low DIC:DOC ratios, and isotopic indication of respiration and algal production, 
all may point to autochthonous production of DOC as a major contributor to the RR’s high DOC 
loads. The seemingly active production and remineralization of carbon in the RR could have 
important impacts on nutrient cycling in the AR and subsequently in the NGOM. The impacts of the 
RR’s large and potentially biologically active organic carbon loads on the formation of the annual 
hypoxic dead zone in the NGOM warrant further study. 

5. Conclusions 

This study provides insights into the role the Red River plays in tributary input of dissolved 
carbon to the Atchafalaya River, the North America’s largest swamp river, filling in a knowledge gap 
that is important to understanding carbon dynamics in the Mississippi-Atchafalaya River System. 
While the Mississippi River delivered the vast majority of DIC to the AR, the Red River was found to 
contribute to over half of the total DOC entering the AR, which is greater than previously expected. 
We found significantly higher isotopic depletion in both dissolved organic carbon and dissolved 
inorganic carbon (δ13CDIC and δ13CDOC) in the Red River than those of the Mississippi River. This, in 
conjunction with significant differences in DIC and DOC concentrations and mass loads, 
demonstrates notable differences in the sources and quantity of carbon delivered to the AR by these 
two tributaries. The study strongly suggests disproportionately high mass contributions of DOC of 
potentially different quality to the AR via the RR, as well as an important dilution effect on the 
anthropogenically-enhanced DIC flux from the diverted portion of the MR. The contribution of the 
Red River thus represents a significant component of dissolved carbon dynamics in the Atchafalaya 
River, and should be taken into account when developing carbon budgets for the Northern Gulf of 
Mexico. The RR likely plays a critical role in determining end-member contributions of the AR to the 
coast, impacting estuarine and coastal processes, as well as CO2 flux to the atmosphere. Since this 
study was conducted during a relatively high-flow year, additional work must be done to determine 
whether the RR is the major contributor of DOC across all of the flow conditions. 

Supplementary Materials: The following are available online at www.mdpi.com/2073-4441/9/11/871/s1, Table 
S1: Parameters and constants used in the calculation of pCO2 values. 
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