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The abundance and fluxes of selected dissolved trace elements (TE), nutrients, and dissolved organic car-
bon (DOC) were quantified in the Atchafalaya River Basin to better understand its influence on the chem-
ical regime of the Louisiana Shelf, a region where bottom water hypoxia occurs annually during late
spring to early fall. Water samples were collected from throughout the entire Atchafalaya River Basin
including from the Mississippi and Red Rivers as well as basin swamp waters during April and
November 2010, and June 2011, which represent ‘‘typical” high and low, and ‘‘unusual” high river dis-
charges, respectively. Within the total dissolved (<0.45 mm) pool, most of the TEs were mainly partitioned
to the <0.02 mm dissolved phase with the exception of Cr, Cs, Fe, Pb and Zn which were dominantly in the
colloidal (0.02–0.45 mm) phase. In the Atchafalaya River, seasonal concentration variations in nutrients,
DOC and most TEs were similar to those in the Mississippi River, reflecting a major contribution of water
from the Mississippi River. Contributions of the Red River to the Atchafalaya River’s DOC and nutrients
were estimated to be 1–35%, similar to previous estimates for this system. The Red River contribution
to the fluxes of Co, Cr, Cs, Fe, Mn, Pb, Rb, and Zn was generally disproportionally high (>20%), exceeding
its hydrological contribution (�10%) to the Atchafalaya River, due to greatly enriched concentrations of
these elements in the Red River. The Atchafalaya River Basin wetland/floodplain contribution to chemical
constituents was noticeable, accounting for more than a 20% decrease of some elements (Cd, Cs, Cr, Cu, Fe,
Mo, P, U, and Zn). Mn was the only element with persistent addition during all sampling campaigns.
However, the contributions from the Red River were greater than the wetland/floodplain contributions
for DOC, nutrients and most of TEs (except Mn), suggesting that the Red River plays a disproportionate
role in regulating water quality in the Atchafalaya River. Overall, the Atchafalaya River with its chemical
modification of Mississippi River water via contributions from the Red River and interactions with flood-
plain wetlands, plays a critical role in chemical distributions on the Louisiana Shelf in the Northern Gulf
of Mexico. Thus, the Atchafalaya River contribution should be adequately accounted for in biogeochem-
ical studies and models of trace elements and nutrients on the Louisiana Shelf, particularly during periods
of bottom water hypoxia.

� 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Freshwater wetlands, including marshes, floodplains, and
swamps, are an interface between the land and river water, and
play an important role in regulating water quality in rivers and
ultimately the estuaries and coastal zones fed by those rivers
(Correll et al., 1992; Cai et al., 2016). In fact, some wetlands are uti-
lized for the treatment of waste waters polluted with nutrients,
heavy metals, and organic contaminants (Verhoeven et al., 2006
and references therein; Mays and Edwards, 2001). Wetlands in
lower floodplains also could play a significant role in the produc-
tivity and water quality of coastal ecosystems by regulating nutri-
ent and organic matter transport to the coastal ocean (Verhoeven
et al., 2006). Thus, biogeochemical processes in these wetland sys-
tems may additionally impact other coastal environmental pro-
cesses such as bottom water hypoxia. Despite their potentially
great importance, the role of floodplain wetlands in affecting the
coastal ocean is not well-understood, particularly along the Louisi-
ana coast in the northern Gulf of Mexico where bottom waters
experience seasonal hypoxia (Rabalais et al., 2010).
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Many biogeochemical processes can affect the distributions of
chemical constituents from wetlands. In general, nutrients, dis-
solved organic matter (DOM), and major and trace element (TE)
distributions within wetlands systems can be affected by biological
uptake (Junk et al., 1989; Bayley, 1995; Fisher and Acreman, 2004;
Weis and Weis, 2004), microbial activity (Chow et al., 2013;
Mulholland, 1981; Roden and Wetzel, 1996; Hamilton et al.,
1997), adsorption onto particles (Olivie-Lauquet et al. 2001), redox
processes (Olivie-Lauquet et al. 2001), sedimentation (Grybos
et al., 2007), and seasonal hydrological changes such as extent of
flooding (Kerr et al., 2008). Thus, depending on the seasonal and
temporal variations of environmental conditions, wetlands can
act as either sinks (e.g., Emmett et al., 1994; Fisher and Acreman,
2004; Khan and Brush, 1994) or sources (Rücker and Schrautzer,
2010; Kerr et al., 2008; Christopher et al., 2006; Seyler and
Boaventura, 2003; Dawson et al., 2008; Mulholland, 1981; Noe
and Hupp, 2007; Hansson et al., 2005; Kinsman-Costello et al.,
2016).

Indeed, other recent studies have also suggested that wetlands
can be both material sources and sinks, depending on the seasonal
changes in hydrology as well as chemical speciation of the ele-
ment. For instance, Cai et al. (2016) and Shim et al. (2017) investi-
gated floodplain wetland influence on carbon speciation and TEs in
a southern Mississippi/Louisiana (East Pearl River) system having
similar climate and physiographic characteristics to the study area
discussed here. Based on a mass balance approach of annual C
fluxes, Cai et al. (2016) revealed that the Pearl River wetlands could
reduce the dissolved inorganic and particulate organic carbon
export fluxes by 24% and 40%, respectively, but enhance the annual
riverine DOC export by 25% at the same time. Shim et al. (2017)
reported downstream variations of TEs in the East Pearl River,
which were linked to river stage. Specifically, they noted a down-
stream increase (by 20% or more) of TEs (e.g., Fe, Mn, Zn, Cd) that
was observed only during moderately high discharge, but not dur-
ing the highest and low river discharges. They interpreted their
observations as indicating inputs from floodplain wetlands during
moderately high river discharge, rate-limiting of wetland inputs
during the highest river discharges, and saltwater intrusion as well
as hyporheic zone interactions during low river discharge.

The Atchafalaya River carries about 30% of the combined flow of
the Mississippi and Red Rivers and the basin of the Atchafalaya
contains the largest wetlands in North America (Ford and
Nyman, 2011). Although the Atchafalaya River is a significant con-
tributor of water and other fluvial materials to the Louisiana Shelf,
studies of how the Atchafalaya River Basin wetlands modify the
fluxes of nutrients and DOC are still limited (Scott et al., 2014;
Shen et al., 2012; Turner et al., 2007; Lane et al., 2002), and the
basin’s effect on dissolved TE fluxes has yet to be determined. So
far, studies of the Atchafalaya River Basin’s role on chemical con-
stituents have found significant DOC and nutrient alterations in
the basin. Shen et al. (2012) reported that DOC was about 150%
higher in the Atchafalaya River compared to the Mississippi River
due to the input from wetland waters in the Atchafalaya River
Basin. Lambou and Hern (1983) explained that the increased DOC
in Atchafalaya River waters was due to primary production within
overflow areas during high river discharge relative to low river dis-
charge. Turner and Rabalais (1991) reported relatively lower
nitrate and silicate (31% and 6%, respectively) and higher total
phosphorous (30%) in the Atchafalaya River than in the Mississippi
River and suggested that these differences were probably due to
differences in the contribution from the Red River. However,
nitrate input from the Red River was found to be negligible,
accounting for <3% in comparison to total loading of nitrate from
the Mississippi River (Turner et al., 2007). Xu (2006) reported
about 27% removal of total Kjeldahl nitrogen by comparing compo-
sition of waters entering and exiting the Atchafalaya River Basin.
The removal was closely related to the interaction of river water
with the swamp, where denitrification was found to be a major
process for nitrogen removal (Xu, 2006; Lindau et al., 2008;
Scaroni et al., 2011). During the 2011 flooding of the Atchafalaya
Basin, Scott et al. (2014) demonstrated floodplain reduction of
the Atchafalaya River’s nitrate load and a small increase in phos-
phate and ammonium loads. Reiman et al. (2018) examined the
flux of ‘total recoverable’ metals through the Atchafalaya Basin.
However, for most elements their method determines a largely
particulate metal fraction of their unfiltered samples. Thus, not
surprisingly, they found that the Atchafalaya wetlands were a sink
for total recoverable metals just as they are for suspended sedi-
ments. However, this provides limited insight into how the wet-
lands affect transport of metals in the dissolved and colloidal
phases, which is likely the more important, bioactive phase for
most trace elements.

Despite this prior work, no studies have yet examined the effect
of the Atchafalaya River Basin on dissolved TE fluxes to the Louisi-
ana Shelf. Clearly, though, various processes including biological
uptake, microbial remineralization of organic matter, and changing
redox state as well as input from the Red and Mississippi Rivers
could affect trace element distributions in the basin. Therefore,
we hypothesize that 1) chemical contributions from the Red River
and wetland interactions can be significant, altering the chemical
compositions of the Atchafalaya River, and 2) Red River and wet-
land contributions vary seasonally following the changes in river
discharges and floodplain inundation. Herein, we report our inves-
tigations of DOC, nutrient, and dissolved trace element distribu-
tions in waters from the Atchafalaya River Basin, including the
main river channels and surface waters of the surrounding
swamps. The objective of this study was to quantify the contribu-
tions from the Red River and wetlands within the basin to chemical
fluxes through the Atchafalaya River to the Louisiana Shelf during
different flow stages.
2. Methods and materials

2.1. Site description

Ford and Nyman (2011) characterize the Atchafalaya River
Basin as having one of the largest and most undeveloped flood-
plains in North America (Fig. 1). Agriculture is common upstream
in the Atchafalaya River Basin, while downstream it retains
‘‘pristine” river floodplain forest including bayous, lakes, and
swamps, which extend about 120 km in length (north to south)
and 25–35 km in width (Ford and Nyman, 2011). The eastern and
western boundaries are constrained by artificial levees to prevent
flooding, and levees on river itself have isolated large portions of
the floodplain from the Atchafalaya River at all but the highest
river stages during the spring flood pulse (Fontenot et al., 2001).
Construction activities related to navigation, flood control, and oil
and gas canals have altered the historic water flow patterns,
reduced water circulation, and a large portion of wetland areas
in Atchafalaya River Basin are experiencing low dissolved oxygen
concentrations (Fontenot et al., 2001; Sabo et al., 1999).

Sampling locations (Fig. 1) were chosen to include the major
water sources to the Atchafalaya River Basin (Mississippi and Red
Rivers), the main exits for water into Atchafalaya Bay (including
the mouth of the Atchafalaya River and the Wax Lake outlet), plus
other sites in the main channels and swamps throughout the basin.
Swamp sampling sites (ARS1-3) were located in the upper part of
the Atchafalaya swamp, and include the swamp inner-channel
(ARS3), which frequently connects to the main river channel. How-
ever, during June 2011, when parts of the Atchafalaya River Basin
were flooded due to the opening of the Morganza Spillway, some



Fig. 1. Sampling locations in the Atchafalaya River basin. The white rectangle in the US map shows the location of the study area. White circles represent sampling locations,
and red circles are towns/cities. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

D. Joung et al. / Journal of Hydrology X 2 (2019) 100018 3
adjustment of the sampling locations was necessary. That is, the AR
4–5, and 7–10, ARWL, and ARS3 sites were not accessible due to
flooding. Also, at that time, we were not able to access the exact
same swamp sites as in the previous sampling campaigns, and
so, water samples were collected near the previous sites (Supple-
mentary Table 4).
2.2. Sample collection

Sampling campaigns were conducted during April and Novem-
ber 2010, and June 2011 with different river stages. River dis-
charges in April and November 2010 were at high and low stages
that are typical of the annual river flow cycle (Fig. 2 and supple-
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Fig. 2. River discharges (103 m3/s) in the Atchafalaya River Basin and sampling
times.
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mentary Fig. 1). During June 2011, unusually high Mississippi River
discharge resulted in the opening of the Morganza Spillway, inun-
dating large areas of swamp and floodplains in the Atchafalaya
River Basin. The spillway is designed to reduce downstream flood
pressure in the lowermost Mississippi River basin during major
flood events. This was only the second time the spillway was
opened since its completion in 1954.

Surface waters were collected for nutrient, dissolved organic
carbon (DOC), and trace element analysis. Immediately after col-
lection, nutrient and DOC samples were filtered in the field using
0.45 mm pore size filters (Whatman Puradisc) and kept in an iced
cooler for transport back to the lab where they were frozen until
analysis. Trace element samples were collected at the same time
as nutrients and DOC, using clean sampling techniques (Shiller,
2003). Specifically, an acid-cleaned polyethylene bottle was
attached to a non-metallic pole (approximately 5 m length), and
the bottle was rinsed 3 times with ambient water. After sample
collection, the sample bottle was tightly capped and doubly bagged
in new plastic zipper bags and stored in an iced cooler. These sam-
ples were then filtered using 0.45 mm (Whatman Puradisc) and
0.02 mm (Whatman Anotop) pore size filters, using acid-cleaned
syringes for ‘‘total dissolved” (<0.45 mm) and the <0.02 mm dis-
solved fractions, respectively (Shiller, 2003). The colloidal (0.02–
0.45 mm) phase was determined by the difference between the
<0.45 mm and <0.02 mm dissolved fractions. This filtration was con-
ducted in a small plastic tent within 2–8 h of sample collection.
The trace element samples were subsequently acidified in our
clean lab to pH < 2 by addition of ultra-clean 6 M HCl (Seastar
Baseline). A small boat was used for the stations that were not
accessible by foot. For ancillary data, portable sensors were used
for the determination of conductivity, salinity, and temperature
(Model 30, YSI Inc.) and pH (Oakton pH 110 series, USA).

2.3. Measurements of nutrients, DOC, and trace elements

The frozen nutrient and DOC samples were thawed overnight at
room temperature just before the measurements. Nutrients were
analyzed using an Astoria-Pacific A2C2 nutrient auto-analyzer
(Astoria-Pacific International, Oregon USA). The detection limits
for nutrients were 0.1, 0.05 and 1 mmol/L for nitrate, phosphate
and silicate, respectively. Concentrations of DOC were determined
using a Shimadzu TOC-V total organic carbon analyzer employing
the high temperature combustion method (Guo et al., 1995). For
DOC measurements, samples were acidified with concentrated
HCl to pH � 2 immediately before measurement to remove all
the dissolved inorganic carbon. Concentrations were calculated
using calibration curves that were generated at the beginning of
the sample analysis. Certified DOC standards (University of Miami)
and ultrapure water were measured every eight samples during
the run as samples to check the performance of the instrument
to ensure the data quality. Three to five measurements were made
for each sample, and the precision was <2%.

The TE sample analysis was followed well-established proce-
dures, which can be found elsewhere (e.g., Shiller, 2003, Joung
and Shiller, 2016; Shim et al., 2017; Boyle et al., 2012). Briefly sam-
ples were analyzed using a sector field-inductively coupled
plasma-mass spectrometer (SF-ICP-MS; Thermo-Fisher Element
2) as previously described in Shiller (2003). For analysis, samples
were diluted 33% by addition of ultra-pure 0.3 M HNO3 (Seastar
Baseline) containing 17 nM In as an internal standard. Arsenic,
Ba, Cd, Co, Cr, Cs, Cu, Fe, Mn, Mo, Ni, Pb, Rb, Re, Sr, U, V and Zn were
analyzed on the SF-ICP-MS using a Teflon spray chamber and neb-
ulizer. Selected elements were determined at low (Cd, Cs, Pb, Re
and U), medium (Co, Cr, Cu, Fe, Mn, Mo, Ni, Rb, Sr, V and Zn), and
high resolution for As. To determine concentrations, standard
curves were generated at the beginning of each of the analytical
runs. The analytical performance was checked by measuring a
standard and blank after every 8 sample measurements during
each analytical run. The detection limits are shown in Supplemen-
tary Table 1, and the recovery of reference materials can be found
in Shim et al. (2017).

2.4. River discharge, input and export fluxes estimation

Hydrological data was obtained from the US Army Corps of
Engineers (http://www.mvn.usace.army.mil/). For the Red River
input to the Atchafalaya River Basin, the daily discharge from the
Red River at Alexandria and the Black River at Acme, LA were com-
bined (Fig. 1). For the Mississippi River flow into the Atchafalaya
River Basin, the daily discharge was obtained by subtracting the
Red River input from the discharge at Simmesport, LA. The Missis-
sippi River flow through the birdfoot delta was taken from the
gauge at Tarbert Landing, MS, which is located below the Old River
Control Structure where the Mississippi River division is located.
During June 2011 flood, the additional Mississippi River discharge
to the Atchafalaya River Basin through the Morganza Spillway was
obtained from Scott et al. (2014). We note that the hydrological
imbalance between inputs (discharge at Simmesport, plus Mor-
ganza Spillway for June 2011) and outputs (discharge at Wax Lake
outlet + Morgan City) was 1%, 5%, and <1% for April and November
2010, and June 2011, respectively.

To estimate the contributions of various sources to chemical
fluxes in the Atchafalaya River Basin, we started by calculating
the input concentrations of constituents from the Red and Missis-
sippi Rivers:

IR ¼ fRR � CRR þ fMR � CMR

where IR is the theoretical fluvial input concentration to the basin
derived by assuming conservative mixing of Red and Mississippi
River waters, the f’s are the percentages of water in the Atchafalaya
River derived from the Red and Mississippi River, and the C’s are the
concentration (<0.45 mm fraction) of the constituent in each river.
We use this theoretical conservative estimate of the input concen-
tration rather than the measured concentration at AR1 since that
station is located >60 km downstream from the mixing point of
the two rivers. To estimate the relative contribution of the Red River
to the constituent flux through the basin, we simply took the ratio
of fRR � CRR/IR � 100%.

Contributions of wetlands/floodplains to chemical flux modifi-
cations were estimated by simple concentration comparisons
between the most upstream site (AR1 = Input) and the lower Atch-
afalaya River Basin (flow-weighted average of sites AR10 and
ARWL = Output). The wetland constituent contribution propor-
tions were calculated by ((Output-Input)/Input) � 100%. Thus, neg-

http://www.mvn.usace.army.mil/


Table 1
Total dissolved (<0.45 mm) chemical constituents in Atchafalaya River Basin. Full data set can be found in Supplementary materials.

Cont.€ DOC NO3
� PO4

� Si(OH)4 As Ba Cd Co Cr Cs Cu Fe Mn Mo Ni Pb Rb Re Sr U V Zn
(%) (mmol/kg) (nmol/kg)

April 2010
MR 87 298 117.3 1.60 117 14.8 447 0.12 1.01 1.6 0.023 19.6 518 31 8.04 23.9 0.183 14.4 0.086 1887 4.3 24.7 6.1
RR 13 510 2.1 0.95 62 11.6 481 0.09 2.89 3.7 0.081 16.2 5340 1375 5.41 23.8 0.982 28.9 0.012 2635 2.7 31.1 12.1
AR1 325 113.6 1.34 109 14.5 448 0.11 1.09 1.9 0.037 17.8 1358 35 6.87 23.5 0.412 16.0 0.074 1947 3.8 24.2 6.1
Lower ARB* 314 102.4 1.02 103 13.5 446 0.11 1.24 1.7 0.030 17.8 1287 144 7.11 24.0 0.416 17.5 0.060 2091 3.5 25.0 6.6
Swamp** 900 1.5 1.68 131 28.6 1392 0.04 3.81 0.4 0.014 2.67 958 13,003 3.22 15.9 0.016 22.7 0.016 10,922 4.3 6.2 2.2
Theo. RR + MR# 326 102.3 1.51 110 14.4 451 0.12 1.26 1.9 0.031 19.2 1145 205 7.70 23.9 0.287 16.3 0.076 1984 4.1 25.5 6.8
RR’s Cont. (%)§ 20 0 8 7 11 14 10 30 26 35 11 61 87 9 13 44 23 2 17 9 16 23
ARB’s Cont. (%)¥ �3 �10 �24 �5 �7 �1 1 13 �12 �20 0 �5 311 3 2 1 9 �19 7 �8 3 9

November 2010
MR 91 296 101.8 1.13 222 25.5 546 0.12 1.26 1.1 0.014 19.1 258 48 19.01 26.2 0.081 15.5 0.135 2540 7.8 40.3 4.3
RR 9 332 4.3 0.68 153 26.2 583 0.06 0.79 0.4 0.020 11.3 229 442 12.66 11.6 0.047 34.7 0.020 2866 1.4 31.0 1.3
AR1 331 108.2 1.88 227 27.4 647 0.17 1.24 1.1 0.014 20.1 233 30 23.58 28.4 0.071 18.3 0.141 3313 9.6 45.6 7.1
Lower ARB 346 102.8 1.94 232 26.6 619 0.09 1.41 1.1 0.014 20.7 252 73 15.31 26.0 0.083 17.5 0.130 2808 6.8 46.2 5.3
Swamp 713 1.5 1.47 275 22.3 1582 0.03 2.00 0.3 0.013 1.44 1306 5062 3.11 9.9 0.013 32.1 0.014 12,134 4.0 3.8 2.5
Theo. RR + MR 299 93.0 1.09 216 25.6 549 0.11 1.22 1.1 0.015 18.4 255.3 83 18.44 24.9 0.078 17.2 0.125 2569 7.2 39.4 4.0
RR’s Cont. (%) 10 0 6 6 9 10 5 6 4 12 5 8 48 6 4 5 18 1 10 2 7 3
ARB’s Cont. (%) 5 �5 3 2 �3 �4 �45 13 �2 �3 3 8 141 �35 �8 17 �4 �8 �15 �29 1 �26

June 2011
MR 90 282 94.3 2.00 145 20.7 456 0.11 1.24 1.8 0.038 20.2 1547 68 10.41 25.9 0.477 15.5 0.078 1757 2.9 28.9 8.1
RR 10 701 7.0 2.09 112 19.5 271 0.07 1.68 4.5 0.125 18.7 8098 289 3.67 30.8 0.855 45.1 0.009 828 0.3 36.8 26.9
AR1 370 74.9 2.30 137 20.9 425 0.09 1.48 2.2 0.048 21.2 2514 168 8.12 26.7 0.638 21.2 0.062 1589 2.6 31.1 9.4
Lower ARB 357 51.9 2.31 146 23.6 454 0.06 1.56 1.5 0.029 16.1 1824 485 7.67 24.4 0.560 20.0 0.065 1570 1.7 26.9 7.8
Swamp 581 1.2 9.67 178 30.2 531 0.06 2.77 0.9 0.017 7.2 2406 2087 4.62 18.2 0.187 30.4 0.055 1523 0.3 11.5 7.6
Theo. RR + MR 324 85.6 2.01 141 20.6 438 0.10 1.29 2.1 0.047 20.1 2202 91 9.73 26.4 0.515 18.5 0.071 1664 2.7 29.7 10.0
RR’s Cont. (%) 22 1 10 8 9 6 6 13 22 27 9 37 32 4 12 17 24 1 5 1 12 27
ARB’s Cont. (%) �3 �31 0 7 13 7 �30 5 �33 �39 �24 �27 188 �6 �8 �12 �6 4 �1 �35 �14 �18

*: Lower ARB: averaged (discharge-weighted) concentrations between AR10 and ARWL. For June 2011, we used concentrations in AR6.
**: Concentrations of chemical constituents in swamp waters were averaged value from 2 (June 2011) and 3 (April and November 2010) different locations.
§ and ¥: contributions of Red River and wetlands/floodplains, respectively. Red River contributions = Red River concentration/total theoretical chemical concentrations (Red + Mississippi Rivers) � 100. ARB (wetlands/floodplains)
contributions = (output concentrations at lower ARB – Input at AR1)/Input) � 100, and thus, the negative values indicate removal of the constituents while flowing through the lower ARB.
#: Theoretical chemical concentrations based on conservative mixing between the Red River and Mississippi River (i.e., faction of Red River discharge � concentrations + fraction of Mississippi River discharge � concentrations).
€: Hydrological contributions.
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Fig. 3. Distributions of pH, DOC, nitrate, phosphate and silicate during April (circles) and November (triangles) 2010, and June 2011 (diamonds). Mainstem sampling sites are
shown on the x-axis from upsteam locations to downstream (see Fig. 1); swamp water sampling sites are shown in the shaded area. Sites in eastern and western sides of basin
are not presented here, but are included in Supplementary Tables 2–4 and Supplementary Figs. 1-3. Error bars were not expressed but were typically less than 2% of the
values.
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ative values indicate a removal during interactions between wet-
lands/floodplains and river water (Table 1). In June 2011, due to
our inability to collect samples from AR10 and ARWL, we used con-
centrations of constituents at site AR6 to represent the lower Atch-
afalaya River Basin concentrations (i.e., Output). For estimating the
effects of Red River and wetlands contributions to the Atchafalaya
fluxes, we considered only concentration differences >20% to be
significant (Shim et al., 2017). This accounts for both analytical
error and possible short-term temporal variability in river concen-
trations as well as uncertainty in river mixing ratios, and is based
on the highest standard deviation (i.e., 7% for U) of the reference
materials and the estimated input/output discharge imbalance
for the Atchafalaya River Basin. Thus, 20% or greater differences
represent at least twice the flux uncertainties (e.g., Shim et al.,
2017). For DOC and nutrients, we accepted differences of 10% or
greater as significant variations because the standard variation of
DOC reference materials was typically <2%.

3. Results

River discharges varied significantly seasonally (Fig. 2 and sup-
plementary Fig. 1). Discharge for the Atchafalaya River at Simmes-
port, LA was 10.2 � 103 and 2.8 � 103 m3/s during April and
November 2010, respectively, whereas it was 15.9 � 103 m3/s dur-
ing June 2011. In June 2011, the additional Mississippi River dis-
charge to the Atchafalaya River Basin through the Morganza
Spillway was >2.8 � 103 m3/s for the two weeks of the spillway
opening (Scott et al., 2014). Results for DOC, nutrients, TEs, and
ancillary parameters such as pH, conductivity, and temperature
are shown in Figs. 3 and 4, and Supplementary Figs. 2–4 and Sup-
plementary Tables 2–4. Though seasonal variations of TEs and
nutrients were observed in the most eastern (ARE1) and western
(ARW1) sides of the basin, their contributions to the fluxes in the
Atchafalaya River main stem are likely unimportant due to low
water flows and concentrations similar to the main stem; thus,
the data for these stations are listed in the supplementary figures
and tables and not further displayed herein.

DOC concentrations were always higher in the Red River than
the Mississippi River during our studies (Fig. 3 and Supplementary
Tables 2–4). The DOC concentrations showed low variability along
the river from AR1 to the Atchafalaya River outlets (AR10 and
ARWL) except for a DOC maximum in the middle of basin (AR4)
during April and November 2010. In swamp waters (ARS1-3),
DOC concentrations were in general about 2 to 3-fold higher than



Fig. 4. Example distributions of total dissolved (<0.45 mm) Cu, Fe, Mn, Pb, V, and Zn during April (circle) and November (triangle) 2010, and June 2011 (diamond).
Distributions of other trace elements as well as dissolved (<0.02 mm) and colloidal (0.02–0.45 mm) phases are shown in Supplementary Figs. 1-3. Mainstem sampling sites are
shown on the x-axis from upsteam locations to downstream (see Fig. 1); swamp water sampling sites are shown in the shaded area. Sites in eastern and western sides of basin
are not presented here, but are included in Supplementary Tables 2–4 and Supplementary Figs. 1-3. Error bars were not experessed but were typically less than 2% of their
concentrations.
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the concentrations in the Atchafalaya River main channel waters
throughout the study. Nitrate and silicate concentrations were
higher in the Mississippi River than the Red River in all sampling
periods. Phosphate was also slightly higher in the Mississippi River
than the Atchafalaya River during April and November 2010,
though concentrations were comparable in both rivers during June
2011. At the mid-basin station where the DOC maximum was
observed (AR4), nitrate and silica showed a minimum during April
and November 2010; however, phosphate showed a minimum
only in November and not in April 2010. In the lower basin
(AR6-10) and the Wax Lake outlet (ARWL), concentrations of all
studied nutrients generally showed little variability along the flow
path. Swamp waters showed very low nitrate concentrations
relative to the Atchafalaya River mainstem regardless of season.
Phosphate concentrations in waters from swamps were lower than
the concentrations in the mainstem of the Atchafalaya River except
during June 2011 as well as waters from ARS2. Silicate concentra-
tions in swamp waters were higher in comparison to main channel
waters. Ammonia and nitrite were generally very low throughout
the basin, <1% of the nitrate concentrations, except in swamp
waters where ammonia was as high as 20 mmol/kg during Novem-
ber 2010 (Supplementary Tables 2–4).

Dissolved trace element distributions are shown in Fig. 4 (see
also Supplementary Tables 2–4 and Supplementary Figs. 1–3).
Most of the studied trace elements were mainly in the <0.02 mm
dissolved fraction except for Cr, Cs, Fe, Pb and Zn. Among those five
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elements, Fe and Pb were the most extreme in that the 0.02–
0.45 mm colloidal phase accounted for >80% of the total dissolved
(<0.45 mm) pool. For Cr, Cs and Zn, the colloidal phase was consid-
erable, accounting for over 50% for many samples.

Total dissolved (<0.45 mm) Cd, Cu, Re, U and Mo concentra-
tions were higher in the Mississippi River than Red River during
our sampling campaigns, whereas total dissolved Cs, Fe, Mn and
Rb were higher in the Red River than Mississippi River. Other
elements showed seasonal changes in which source had the
higher concentration. For example, total dissolved Ba was higher
in the Mississippi than Red River during June 2011, but it was
lower in the Mississippi than Red River during the other sam-
pling campaigns. In general, total dissolved Cd, Cr, Cs, Fe, Mn,
Pb and Zn in the mainstem of the Atchafalaya River were higher
during April 2010 and June 2011 than during November 2010. In
contrast, concentrations of total dissolved As, Ba, Cu, Mo, Ni, Re,
Sr, U and V were higher in the Atchafalaya River mainstem dur-
ing November 2010 than the other two periods. Other elements,
including total dissolved Co and Rb also varied seasonally, but
with slightly higher (�5%) concentrations in June relative to
April and November. In the mid-basin (AR4) where the DOC
maximum and low nitrate concentrations were observed, total
dissolved Cd, Re, U, and Ni concentrations showed a minimum,
whereas a maximum was observed at that site for Fe, Mn and
Co. In swamp waters, total dissolved Fe, Mn and Co were
enriched in comparison to the main channel waters, whereas
total dissolved Cd, Ni, Cs, Re, V, Cr, Pb, Cu and Mo were rela-
tively low in swamp waters. Other elements such as As, Ba,
Rb, Sr and Zn showed similar concentrations in the mainstem
and swamp waters.
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4. Discussion

4.1. Distributions of DOC, nutrients, and trace elements

Seasonal variations of DOC, nutrients, and trace elements were
observed in the Atchafalaya River Basin as well as the Mississippi
and Red Rivers (Figs. 3, 4 and Supplementary Tables 2–4 and Sup-
plementary Figs. 2–4). Where applicable, these observations are
similar to previous reports for the main channel (Shen et al.,
2012; Duan et al., 2007, 2010; Bianchi et al., 2004; Dubois et al.,
2010; Shiller, 1997, 2002; Stolpe et al., 2010). The seasonal varia-
tions of DOC, nutrients and some trace elements in the Mississippi
River have been suggested to result from temporal changes in rel-
ative tributary contributions (e.g., Ohio, Missouri, and Upper Mis-
sissippi Rivers) to the Mississippi River main stem (Shen et al.,
2012; Duan and Bianchi, 2006; Bianchi et al., 2004, 2007; Duan
et al., 2007, 2010; Shiller, 1997, 2002) and from redox effects
(Shiller, 1997, 2002; Shiller and Stephens, 2005). This may also
lead to seasonal variability of the chemical constituents in the
Atchafalaya River, since the Mississippi River is the major hydro-
logical contributor to the Atchafalaya River, accounting for typi-
cally >85% of the Atchafalaya River discharge.

Similar to previous observations within the Atchafalaya River
Basin, DOC was enriched in swamp waters (e.g., stations ARS1-
ARS3) relative to main channel river waters, likely due to decom-
position of plant detritus and DOC production in the swamp (Cai
et al., 2016; Shen et al., 2012; Lambou and Hern, 1983; Battle
and Mihuc, 2000). Nitrate and phosphate were, however, depleted
in Atchafalaya River Basin swamp waters. This is typical in swamp
waters and is generally the result of biological activity such as
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uptake and/or denitrification as well as ammonification (Lindau
et al., 2008; Scaroni et al 2010, 2011; Strohm et al., 2007), and for-
mation of ferrous phosphate minerals (e.g., vivianite) under
organic-enriched, anoxic conditions (Withers and Jarvie, 2008;
House, 2003). The high ammonium concentrations in swamp
waters may have been derived from decomposition of wetland
vegetation, as observed in other natural wetlands (García-García
et al., 2009).

Swamp waters were enriched with total dissolved (<0.45 mm)
Fe, Mn and Co, while Cd, Cu, Mo, Re, Sr, and V were depleted, rel-
ative to the concentrations in the main channel waters. This is
likely due to reductive dissolution (Fe, Mn and Co), adsorptive loss
into the sediment (Mo, Re, U and V), and/or formation of mineral
phases (Cd, Cu) under reducing conditions in swamp sediments/
pore waters (Tribovillard et al., 2006; Elbaz-Poulichet et al.,
1997; Jacobs et al., 1985; Shea and Helz, 1988; Jiann et al., 2005).

In the mainstem of the Atchafalaya River, some metals co-
varied with other metals. For example, there were positive correla-
tions between colloidal Fe and colloidal Co, Cr, Cs, Pb, and Zn, and
between colloidal Mn and only colloidal Co (not with others for
Mn) regardless of season in the mainstem of the Atchafalaya River
(Fig. 5 and Supplementary Figs. 5 and 6). In contrast, in the
<0.02 mm dissolved phase, Fe was not correlated with Co, Cr, Cs,
Pb and Zn. The similar distributions of Cr, Cs, Pb and Zn in the col-
loidal phase suggest either their adsorption onto Fe/Mn-(oxy)
hydroxides and concurrent removal (Zachara et al., 2001; Means
et al., 1978; Johnson et al., 1992; Brick and Moore, 1996; Shiller,
1997; Pokrovsky and Schott, 2002; Gossuin et al., 2002), and/or
the same sources (i.e., Mississippi or Red Rivers) for the colloidal
TEs. However, these Fe-metal relationships were not observed in
swamp waters. This is probably related with great concentration
differences between Fe and other elements, in that Fe concentra-
tions (both phases) were at least 2–3 orders of magnitude higher
than other elements in swamp waters, which hinders observation
of small changes of these elements relative to Fe. Or, it may simply
reflect more metal-organic matter complexation relative to metal-
Fe-hydroxides in organic rich swamp water than river main chan-
nel waters (Grybos et al., 2007). For As, Ni and Rb (regardless of
size), we do not observe any correlation with pH, DOC, or colloidal
Fe/Mn, and this is probably due to other parameters having the
dominant influence on their behaviors (e.g., sulfur or clay minerals;
Cempel and Nikel, 2006; Ferguson and Gavis, 1972; Butterman and
Reese, 2003).

With other biogeochemical parameters such as DOC and pH,
however, we have not observed correlations (Supplementary
Figs. 7–9) that have commonly been observed in other systems.
In particular, Fe and Mn often co-vary with DOC and pH (as for acid
leachable metals under low oxygen). Thus, significant correlations
between Fe/Mn and DOC (or pH) have been commonly reported in
wetland systems (Shim et al., 2017; Mora et al., 2010; Olivie-
Lauquet et al., 2001; Pokrovsky and Schott, 2002; Küchler et al.,
1994; Viers et al., 1997, 2000; Brick and Moore, 1996). This good
correlation implies that there can be a single dominant process
affecting TE distribution in some wetlands systems, such as activity
of microorganisms (Olivie-Lauquet et al., 2001) or biological
(macrophytes, perennial tree) uptake (Viers et al., 2005). Though
these activities would likely occur in the Atchafalaya River Basin
as well, nonetheless, our observations suggest that the TE distribu-
tions in the Atchafalaya River Basin were governed not by the sin-
gle dominant factor, but by the combination of multiple
parameters such as hydrological regime, redox conditions, pH,
DOC, and biological (plant and microbial) activity as well as chang-
ing proportions in and of the different element sources (Red River,
Mississippi River, and swamp).
4.2. Contributions of DOC, nutrients and trace elements from the Red
River and wetlands

4.2.1. Input from the Red River
As mentioned earlier, the Atchafalaya River is comprised of the

combined flow of the entire Red River discharge and a fraction of
the Mississippi River. Typically, 85% of the discharge of the Atcha-
falaya is Mississippi River water (Fig. 2). Note that because our first
sampling site (AR1) was located �60 km downstream from where
the Red River enters the Atchafalaya River, there may be floodplain
input or removal in that 60 km reach (see below and Table 1). Thus,
in the estimates in this section, instead of using actual concentra-
tions at AR 1, we used theoretical concentrations of chemical con-
stituents estimated assuming conservative mixing between Red
and Mississippi Rivers waters.

During our sampling periods, the Red River contributed 9–13%
of the Atchafalaya River water (Table 1). However, despite its rela-
tively low hydrological contribution, the Red River contribution to
the Atchafalaya River flux of some constituents exceeded its hydro-
logical contribution. For example, due to the substantially higher
DOC concentration in the Red River than in the Mississippi River
(Supplementary Tables 2–4), DOC from the Red River accounted
for over 20% of the DOC entering the Atchafalaya River Basin (i.e.,
Red + Mississippi Rivers) during April 2010 and June 2011, and
10% for November 2010. Shen et al. (2012) roughly estimated the
Red River as contributing about 13% of the DOC flux in the Atcha-
falaya River Basin (Red + Mississippi Rivers + Swamp), which is
comparable with our estimate. In contrast, due to the low nitrate
in the Red River (<10 mmol/kg) compared with the Mississippi
River (�100 mmol/kg), the Red River diluted the Mississippi River’s
nitrate by about �10%. Phosphate and silicate were also usually
lower in the Red River than in the Mississippi River.

The Red River was a significant source to the Atchafalaya River
for some TEs (Table 1). During April 2010 and June 2011, the Red
River contributed >20% of the total dissolved (<0.45 mm) Co, Cr,
Cs, Mn, Fe, Pb, Rb, and Zn inputs from the Mississippi and Red Riv-
ers, i.e., an amount in excess of the Red River’s contribution to the
Atchafalaya discharge. This was due to the 5–10-fold higher Red
River concentrations of these elements as compared with the Mis-
sissippi River. During November 2010, the Red River contributions
of these elements were relatively low in comparison to the other
two periods because of both seasonally low Red River concentra-
tions and also the low Red River discharge contribution to the
Atchafalaya River. Manganese was the most extreme case, in that
its concentration was 45-fold higher in the Red River than the Mis-
sissippi River during April 2010, and 5–10-fold greater during
November 2010 and June 2011. This indicates that about 87% of
Mn loading into the Atchafalaya River Basin was derived from
the Red River during April 2010 and �40% for other two periods.
Thus, the Red River can play a disproportionate role (relative to
its water discharge) in the supply of some constituents (DOC and
certain trace elements) into the Atchafalaya River Basin, though
it is still usually not the main source of these constituents to the
basin or the Louisiana Shelf.

In Table 1, we compare estimates of the initial composition of
the Atchafalaya River Basin based on conservative, discharge-
weighted mixing of Red and Mississippi Rivers concentrations with
observed concentrations at AR1. Differences between the two
numbers reflect both non-conservative mixing (e.g., adsorption/
desorption due to differences in pH, DOC, and SPM) as well as
additional inputs to the Atchafalaya River as it flows through the
northern part of the floodplain. Among DOC and nutrients, only
phosphate during one sampling (November 2010) was observed
to mix non-conservatively. Among the trace elements (<0.45 mm),
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As, Ba, Co, Cs, Cr, Cu, Fe, Ni, Re, Rb, and V always mixed roughly
conservatively. Only Mn was observed to behave non-
conservatively during all three sampling campaigns, showing
removal in April and November 2010 but addition during June
2011. During April 2010, Pb showed addition with only Mn show-
ing removal. During November 2010, Cd, Mo, PO4, Sr, U, and Zn
showed addition with Mn again being the only element to show
removal. During June 2011, Mn and Pb showed addition with no
elements showing removal. Note that although overland flow of
Mississippi River water due to the opening of the Morganza Spill-
way in May/June 2011 provided an extra input to the Atchafalaya
River, the extra >2800 m3/s flow through the spillway (Scott
et al., 2014) only changed the water mixing ratio slightly, even
assuming that all of this flow reached AR1, which it did not.

Because mixing experiments were not performed, it is difficult
to ascribe causes to the apparent non-conservative behaviors.
However, because the upper Atchafalaya River is highly leveed, it
seems more likely that observed increases in constituent concen-
trations are due to desorption processes or hyporheic input rather
than to an overland input from the surrounding floodplain. We also
note that the least amount of non-conservative behavior was
observed during ‘‘typical” high discharge (April 2010) and the
greatest amount during the lowest discharge (November 2010).
This either indicates that at low discharge additional sources
(hyporheic or anthropogenic) are relatively more important or that
with increased velocity at high discharge, river flow would be too
fast to fully interact with floodplains. The observation that Mn is
the only constituent to show removal may indicate that the Missis-
sippi River is ‘‘seeding” the more Mn-rich Red River waters with
Mn-removing microbial activity (e.g., Shiller and Stephens, 2005).

4.2.2. Interaction with wetlands in the Atchafalaya River Basin
Another important factor potentially altering the chemical con-

stituents in the Atchafalaya River Basin is the interactions with the
wetlands/floodplain in the mid- to lower basin. Though conserva-
tive behavior appears to characterize the mixing of most of the
TEs up to the initial Atchafalaya River sampling location (AR1),
concentration changes going downstream are not always smooth
or monotonic. For instance, during April and November 2010, the
mid-basin (AR4) showed increased concentrations of DOC, Co, Fe,
Mn and Zn, and decreased concentrations of nitrate, silicate, Cd,
Cr and Ni relative to surrounding stations (Figs. 3 and 4, Supple-
mentary Figs. 2–4). A similar phenomenon was observed at
ARW2 (see Supplementary Figs. 2–4). Compositionally, the
observed concentration changes at AR4 and ARW2 are consistent
with what would be expected from input of water from the wet-
lands. However, the fact that those changes do not persist down-
stream suggests that these sampling sites were at locations of
incomplete mixing of wetland and river water. Nonetheless, these
more swamp-like element distributions in mid-basin clearly indi-
cate that there was an input (or interaction) from the surrounding
wetlands either by overland flow or groundwater.

In Table 1, we also compare the concentrations of chemical con-
stituents between the input to the basin at AR1 and the output
from the lower Atchafalaya River Basin to understand the modifi-
cation created by interaction between river water and the flood-
plain. For the lower Atchafalaya River Basin output, we used a
flow-weighted average of our samples at the mouth of the river
(AR10) and at the Wax Lake delta (ARWL), except in June 2011
when we used the concentration at AR6. As noted above, the AR1
composition already accounts for the Red River input and in-
stream process (e.g., biological uptake, desorption, hyporheic inter-
action) up to that point as well as some of the extra Mississippi
River input through the Morganza Floodway in June 2011.

The DOC output concentrations differed little from the input
during all our sampling periods with concentration variations
<15 mmol/kg (or <5%) between in-/output, suggesting insignificant
DOC input or sources and sinks were balanced. For nutrients, dur-
ing April and November 2010 the differences of export relative to
input for nitrate and silicate were insignificant. However, during
June 2011 nitrate was removed by 23 mmol/kg (or 31%) relative
to the concentration at AR1 while river flows the Atchafalaya River
Basin. Our result is similar to that of Scott et al. (2014) who like-
wise found about 30% removal of nitrate in the basin during June
2011 which they attributed to denitrification. Phosphate was
removed by 0.3 mmol/kg in the Atchafalaya River Basin during April
2010, whereas during the other two sampling campaigns, the
input/output differences were insignificant.

For trace elements (<0.45 mm), some showed different seasonal
behaviors (removal or addition) and changes in the magnitudes of
their input–output differences. For example, during April 2010,
only Mn varied significantly with addition of over 100 nmol/kg,
while other elements varied within our limitation (20%). During
November 2010, Mn was again the only element showing an
increase, while Cd, Mo, U and Zn decreased slightly, but by and
large most elements were unchanged during passage through the
basin. However, during June 2011, more elements were affected
than at the other two times including apparent removal of Cd, Cr,
Cs, Cu, Fe, and U as well as input of Mn.

Our swamp water results generally support the idea that the
input/output concentration differences are due to input/removal
by the wetlands. That is, although there were significant spatial
variations in concentrations in our swamp samples, nonetheless,
the swamp water samples were greatly enriched in Mn and Fe
(November only) and depleted in Cd, Cs, Cr, Cu, Fe, and U relative
to the concentrations in main river channel waters (Table 1;
Fig. 4). Manganese was the most extreme in that its average con-
centrations were >10-fold greater (>10� in June 2011 and >100�
greater in April and November 2010) in swamp waters than in
main river channel water. This suggests that even small amounts
of swamp water introduction into the river could significantly
modify for Mn in main river channel water particularly during
flooding or high river discharge periods with better hydrological
connectivity.

Seasonally or with respect to river stage, we observed that more
elements were affected by the passage through the basin during
the highest river discharge in June 2011 than at the other times.
This is likely a consequence of the Morganza Spillway opening,
which resulted in up to 27% of the water passing through the basin
via overland flow. Stated another way, this was enough volume to
fill the lower Atchafalaya River Basin to about 1.7 m during peak
flooding, and resulted in the inundation of large areas that are
rarely exposed to flood waters (Falcini et al., 2012; Scott et al.,
2014). In a sense, as suggested by Scott et al. (2014), the opening
of the Morganza Spillway and resultant induced interaction
between substantial quantities of Mississippi River water and the
floodplain was a large-scale diversion ‘‘experiment”. This ‘‘experi-
ment” shows the potential of and possible limits on the floodplain’s
ability to alter fluvial TE fluxes. In contrast, during low river dis-
charge, the hydrological connectivity between river and swamp
can be very poor. Additionally, immediately before and during
our low discharge sampling (November 2010) there was no precip-
itation in the Atchafalaya River Basin. Thus, the chemical flux alter-
ations we observed then were not likely derived from overland or
rain-associated groundwater inputs. We suggest interactions with
the hyporheic zone as the probable mechanism for our low flow
changes (Boano et al., 2010, Shim et al., 2017). Finally, we note that
during our April 2010 (‘‘typical” high river flow) sampling, we
observed the fewest alterations of trace elements in the Atchafa-
laya River Basin, suggesting that the additional interactions (via
swamp or hyporheic zone) were at a minimum relative to the river
discharge.
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Interestingly, our result showing the fewest number of TE alter-
ations during typical high flow in April 2010 is similar to observa-
tions in the nearby Pearl River Basin, which has a similar climate
and ecosystem to our study site. In that study, Shim et al. (2017)
also reported minimal wetland contribution to Pearl River TE
fluxes during high river discharge. Shim et al. (2017) suggested
that the wetland inputs to the river may have been limited at high
discharge due to the faster flushing of water than input/removal
rates of biogeochemical processes. They suggested that moderate
discharge periods are ‘‘just right” for the river-wetlands interac-
tions, allowing both river-wetland connectivity and residence time
for sustaining biogeochemical processes particularly for the Pearl
River basin. For the Atchafalaya Basin, this sort of rate limitation
(Rennert and Rinklebe, 2010) may also be exacerbated by the
leveeing of the system, which further limits hydrological connec-
tivity between river channel and floodplain. Nonetheless, it is
important to recognize that, though both studies reported similar
chemical alterations in river water interacting with floodplains/
wetlands, the seasons of the maximum chemical alterations upon
hydrological regimes can be completely different due to a basin’s
physiographic configuration, which may be related with river flood
pulse as well as riverscape heterogeneity (Tockner et al., 2000). Our
estimates of the impact of Red River and floodplain/wetland contri-
butions to the flux of material through the Atchafalaya River sug-
gest that in most instances the Red River has the greater impact
(Table 1). Only for Mn was the impact of the wetlands, including
hyporheic effects, a dominant factor during all sampling periods.
Even DOC showed negligible (within our uncertainty) addition
from the wetlands. This contrasts with the conclusion of Shen
et al. (2012) who found a substantial DOC increase (�150%) in
the Atchafalaya relative to the Mississippi River, which they attrib-
uted to wetland inputs. This difference in our conclusions might
have resulted from Shen et al. having made too low an estimate
of Red River DOC from the USGS total organic carbon data they
used for the Red River contribution. Alternatively, the difference
may also be due to inter-annual variations in that several of their
lower Atchafalaya River DOC concentrations were much higher
than all of our determinations.

We also note that our estimates of fluxes are based on the
<0.45 mm dissolved load, and do not include the particulate forms,
which would likely have a large increase in total export during
floods such as June 2011 (Falcini et al., 2012) but have been
retained during other flow conditions (Reiman et al., 2018). Also,
our snapshot sampling, though designed to highlight distinct flow
regimes, may bias our understanding of the annual impact of wet-
land interactions. Thus, to fully understand the relative contribu-
tions of wetlands and the Red River to Atchafalaya River fluxes,
future studies should utilize more frequent time series sampling.
Regardless of the source(s) of chemical alterations of the Atchafa-
laya River water, fluxes of most of the chemical constituents we
studied were significantly modified during their transit through
the river basin. This suggests that the chemical modification in
the Atchafalaya River basin significantly alters the flux of material
reaching the Louisiana Shelf. Recently, based on surface water d18O
and d2H, Strauss et al. (2012) suggested that Louisiana Shelf water
was mainly influenced by the Atchafalaya River during July 2008.
Similarly, based on the d18O-salinity relationship of the shelf sur-
face, middle and bottom waters, Joung and Shiller (2014) sug-
gested a considerable freshwater influence of the Atchafalaya
River on the Louisiana Shelf during June/July 2009. These findings
indicate that during times of shelf bottom water hypoxia, the Atch-
afalaya River freshwater influence could be more (or equally)
important for dissolved phases of chemical constituents in the
shelf surface than the Mississippi River delta outflow, despite the
lower overall outflow of the Atchafalaya. Given our estimates of
the chemical modification of Atchafalaya River water, this could
well impact the establishment, maintenance, and ecosystem
effects of Louisiana Shelf hypoxia.

5. Conclusions

Investigation of temporal and spatial variations of trace ele-
ments, DOC, nutrients, and other biogeochemical properties in
the Atchafalaya River as well as the Mississippi and Red Rivers pro-
vides important information regarding the chemical transport to
the Louisiana Shelf. Our results indicate that TE distributions in
floodplain/swamp and associated river waters in Atchafalaya River
Basin were not governed by a single dominant factor but by com-
binations of multiple biogeochemical processes as well as by rela-
tive mixing ratios of source waters. Seasonal trends of Atchafalaya
River chemical constituents generally followed those in the Missis-
sippi River, due to the major hydrological contribution of the Mis-
sissippi River to the Atchafalaya River (i.e., >85%). Despite its low
hydrological contribution relative to the Mississippi River, Red
River contributions for some chemicals (DOC, Co, Cr, Cs, Fe, Mn,
Pb, Rb, and Zn) were significant and exceeded its hydrological con-
tribution (�10% of Atchafalaya River discharge), e.g., accounting for
>40% of Mn loading to the lower Atchafalaya River. Interestingly,
during all our study periods the Red River effects on constituent
concentrations were generally greater than the effects of the flood-
plain wetlands, though some TEs did show observable wetlands
impact. During all our sampling campaigns, Mn was only the ele-
ment that showed consistent addition from wetlands to river,
while some others were at times removed (Cd, Cs, U, Cr, Fe, and
Cu removed in June 2011; Cd, U, Zn, and Mo removed in November
2010; no downstream decrease in April 2010). Our results show
that chemical alterations in the Atchafalaya River Basin were great-
est during June 2011 due to the abnormally high river flow and
resulting extra inputs through wetlands that were rarely exposed
to flooding. Overall, the Atchafalaya River with its chemical modi-
fication of Mississippi River water via contributions from the Red
River and interactions with floodplain wetlands, plays a critical
role in chemical distributions on the Louisiana Shelf. Thus, the
Atchafalaya River contribution should be adequately accounted
for in biogeochemical studies and models of trace elements and
nutrients on the Louisiana Shelf, particularly during periods of bot-
tom water hypoxia.
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