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Abstract: Eutrophic and hypoxic coastal waters are often associated with high nutrient inputs from riverine sys-
tems. For example, nitrogen (N) export from the Mississippi River into the Gulf of Mexico has been identified as an 
important factor causing eutrophication and seasonal hypoxia. Modelling studies of N flux in large rivers, including 
the Mississippi River, suggest that much of the N that enters rivers remains in solution and is exported downstream. 
However, patterns of N cycling in the Mississippi River are complex and vary according to habitat type and season. 
Here we use spatial habitat data and empirically derived denitrification rates to extrapolate N loss to various reaches 
in 2,400 km of the Mississippi River from Minneapolis, Minnesota to the Atchafalaya diversion. Our results indicate 
that 9.5 % of the total N load is lost through denitrification in the river and that reaches containing large areas of 
impoundments and backwater lakes exhibit elevated rates of N loss. The northern 1,041 km reach of the river 
contains significant areas of impoundments and backwater lakes and yielded a total N loss from denitrification of 
89,172 t N y–1. In comparison, total N loss from the southern 1,352 km open river was 69,872 t N y–1. Our results are 
consistent with high throughput of N in large rivers, but specify that habitat diversity, channel complexity, and reten-
tion time are important factors affecting nitrogen loss in rivers.
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Article

Introduction

Large rivers are the primary conduits that transport nitro-
gen (N) leached from the landscape to coastal systems. 
Increasing interest has been directed toward understand-
ing and managing N flux in rivers because of the often 
adverse effects of additional N on coastal systems 
(Howarth et al. 1996, Alexander et al. 2000). Delivery of 
reactive nutrients, especially N, from large rivers into 
coastal systems has been cited as a primary cause of 
coastal eutrophication resulting in conditions such as de-
creased biodiversity, losses of submerged aquatic vegeta-
tion, oxygen depletion, and blooms of harmful algae 

(Nixon 1995, Carpenter et al. 1998). Nitrogen flux, re-
gardless of channel size, is the net result of reach-scale N 
loadings and exports. The difference between loadings 
and exports is accountable through in-stream N losses and 
retention. A primary mechanism of in-stream N loss is 
denitrification, the anaerobic respiration of organic car-
bon using oxidized N ions (e.g., NO3

– and NO2
–) as micro-

bial electron acceptors. Denitrification is considered a 
permanent loss from systems because its final product, 
N2, can freely diffuse out of the aquatic environment and 
into the atmosphere. In contrast, N retention is not a loss 
of N from a system but rather a temporary storage. Nitro-
gen retention in riverine systems is primarily a combina-
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tion of abiotic and microbial sequestration in benthic ma-
terials and biotic uptake in the channel.

Much has been learned about N flux in streams and 
small rivers through a variety of empirical techniques 
including the use of stable isotope tracers and process 
level studies. In general, these studies have determined 
that in-stream N loss and retention in small streams are 
directly linked to N concentrations, biological activity, 
channel morphology, and hydrology (Duff & Triska 
2000, Peterson et al. 2001). Low-N headwater streams 
generally have high in-stream N loss and retention be-
cause of their high surface-to-volume ratio with the bio-
logically active benthos (Peterson et al. 2001). These 
relatively high processing rates can result in retention or 
loss of all N inputs within a few kilometers (< 1 day). 
Larger streams generally exhibit lower uptake rates pri-
marily because of increases in discharge, depth, and wa-
ter velocity (Wollheim et al. 2001). Streams with higher 
N concentrations such as those associated with agricul-
tural runoff generally have higher loss rates, however 
lower residence time and high inputs often overwhelm 
the losses (Kemp & Dodds 2002, Bohlke et al. 2004, 
Mulholland et al. 2008). 

Nitrogen losses in most large rivers are probably small 
relative to N load, but rates of N-cycle processes are sel-
dom directly measured in these systems because the ana-
lytical techniques commonly employed to study N flux in 
smaller systems are usually financially or practically pro-
hibitive in large rivers (Fennel et al. 2009). As a result, 
studies of larger rivers have often used analyses of N 
budgets or statistical and computer models to elucidate 
patterns of N concentrations or to determine the effects of 
N-cycle processes (Howarth et al. 1996, Caraco & Cole 
1999, Alexander et al. 2000, McIsaac et al. 2001, Seitz-
inger et al. 2002, Donner et al. 2004, Wollheim et al. 2006, 
Alexander et al. 2009). While these types of studies can 
be quite powerful and informative, they are often far re-
moved from the fine spatial and temporal scales at which 
the processes are actually occurring. In all lotic systems, 
various geomorphic and human influences influence the 
hydrology and physical structure of the system and can be 
important determinants of N flux. On one extreme, large 
floodplain rivers can be very wide and contain a complex 
network of large and small channels, backwater lakes, and 
wetlands (e.g., Amazon River, Upper Mississippi River, 
and portions of the Danube River). Many of these habitats 
characteristically have increased water retention time and 
organic rich sediments which could be capable of high N 
processing (Mitsch et al. 2001, Richardson et al. 2004, 
Strauss et al. 2004). However, connectivity of flow among 
these areas is critical to realizing the high potential (Hein 
et al. 2004). On the other extreme, decreased N process-
ing likely occurs in homogeneous confined channels 

where water transport is relatively unimpeded resulting in 
short residence times (e.g., Ohio River, Lower Missis-
sippi River, and Rhine River).

Only a few studies have directly measured denitrifica-
tion in large rivers and have found absolute rates to be 
variable and related to habitat types, nitrate concentration, 
sediment carbon, and temperature or season (Garcia-Ruiz 
et al. 1998, Richardson et al. 2004, Yan et al. 2004). One 
of these studies was our recent investigation on a 27-km 
reach of the Upper Mississippi River where we reported 
that denitrification exhibited distinct spatial and temporal 
patterns (Richardson et al. 2004). Nitrogen loss from 
denitrification was greatest during the spring and summer 
seasons and disproportionately more N was lost in the 
backwater lakes and in the impounded area created by the 
lock and dam system used to facilitate navigation. Nitro-
gen loss was low in the flowing channels at all times of 
the year. These spatial and temporal rates were then used 
to estimate that 7 % of the NO3

– entering the system is lost 
through denitrification and another 13 % is retained in the 
reach. In this study, we extrapolate our earlier results 
to estimate N loss through denitrification for nearly 
2,400 km of the Mississippi River, from Minneapolis, 
Minnesota to the Atchafalaya diversion (ca. 500 km up-
stream of the confluence with the Gulf of Mexico). This 
analysis provides reach-scale and total river N loss as well 
as provides information on importance of certain channel 
features to overall N loss. A better understanding of these 
channel features in the Mississippi River can be useful if 
promoting N loss in the river is a desirable management 
goal. 

Methods

The 3,700 km Mississippi River drains about 41 % of the 
land area in the conterminous United States (Fig. 1A) and 
supplies an annual N flux of nearly 1.56 x 106 t N to the 
northern region of the Gulf of Mexico (Goolsby & Batta-
glin 2001). Of the total amount of N that is transported in 
the Mississippi River much is in the inorganic form of 
NO3

– and can be accounted for by anthropogenic N in-
puts, primarily inorganic N fertilizers, within the drainage 
basin (McIsaac et al. 2001, Booth & Campbell 2007). For 
this study, the Mississippi River was divided into two 
main reaches based on geography and river features: the 
northern segment containing the navigation pools and the 
southern open river. The northern stretch of the river 
(north of Cairo, Illinois) is termed the Upper Mississippi 
River, but only part of that reach (north of St. Louis, Mis-
souri) is segmented into a series of navigation pools deli-
neated by locks and dams (Fig. 1B). The navigation pools, 
numbered sequentially 1 through 26 from the north, main-
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tain distinct aquatic habitats including the main channel, 
side channels, impoundments, and backwaters. The open 
river (south of St. Louis) lacks the diversity of habitats 
and consists of a main channel and occasional side chan-
nels.

More detailed descriptions of the main channel, side 
channel, impounded, and backwater habitats can be found 
elsewhere (Wilcox 1993, Strauss et al. 2004, Houser & 
Richardson 2010) and will only be summarized here. In 
the Mississippi River, flow is concentrated in the main 
channel resulting in a high kinetic energy habitat that is 
deep (> 3 m), usually devoid of aquatic vegetation, and 
predominately sandy sediment with low carbon (C) and N 

availability. However, N concentrations in the water co-
lumn are dominated by NO3

 – and are generally higher 
than those in the other habitats. Side channels are shal-
lower than the main channel, often contain macrophytes 
along the channel margins, and the sediments are a mix-
ture of sand and silt with a low C and N content. Im-
pounded areas are effectively depositional areas with 
sediments primarily composed of silt and clay. These sed-
iments have a higher C and N content than those of the 
main and side channels and sometimes contain macro-
phytes in shallow areas. The backwater habitats are often 
described as lentic or wetland-like environments (except 
during high flow conditions) and characteristically con-

Fig. 1. The Mississippi River watershed (A) covers 41% of the conterminous United States (shaded area on map). The two 
main reaches analyzed in this study (B) were the reach containing the navigation pools (Minneapolis, Minnesota to St. Louis, 
Missouri) and the open river reach (St. Louis, Missouri to the Atchafalaya River diversion in Louisiana). The circles located on 
the river are the nodes of the 30 sub-reaches used. Select sub-reaches of the northern reach and all the open river (OR) 
reaches are labelled. Navigation pool 7 (C) is a representative example of the aquatic habitat spatial data used to extrapolate 
N loss in the river. 
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tain organically-rich sediments. The availability of C and 
N in these sediments is the highest among all the habitats. 
Conversely, N concentrations in the water column are 
generally the lowest of the habitats. 

Within the two main reaches of the Mississippi River 
we calculated annual estimates of in-stream N loss for a 
total of 30 continuous sub-reaches (from Minneapolis, 
Minnesota to the Atchafalaya River diversion in Louisi-
ana; Fig. 1) by extrapolating empirically derived sea-
sonal and aquatic habitat-specific denitrification rates. 
Sub-reaches in the main navigation pool reach were the 
individual navigation pools except Pools 1 and 2 were 
combined and Pools 3 and 4 were combined because of 
the limited availability of N flux data in Pools 1 and 
3. Sub-reaches in the open river were selected based on 
availability of N flux data. The upstream end of the short 
10 km open river reach 1 was Lock and Dam 26 and the 
downstream end was immediately below the confluence 
with the Missouri River. Open river reach 2 was 243 km 
and ended at Thebes, Illinois. Open river reach 3 was 
70 km and ended immediately below the confluence 
with the Ohio River. Open river reach 4 was 453 km and 
ended at Helena, Arkansas. Open river reach 5 was 
148 km and ended immediately below the confluence 
with the Arkansas River and open river reach 6 was 
427 km and ended at the Atchafalaya River diversion in 
Louisiana.

The seasonal rates of denitrification used for this ana-
lysis (Table 1) were measured from 469 samples collected 
from Pool 8. These denitrification rates and a detailed de-
scription of methods of measurement and extrapolation 
have been described previously (Richardson et al. 2004). 
These rates are the basis of those used here except to im-
prove winter estimates we measured an additional 20 sites 
(5 sites from each habitat) during winter 2004 using the 
same methods. Denitrification estimates were determined 
using a modification of the acetylene block technique that 
incorporates NO3

– production via nitrification. To calcu-
late denitrification, we used three different metrics: i) un-
amended nitrification measured using the nitrapyrin tech-
nique (Strauss et al. 2004); ii) unamended denitrification 

with 100 mg L–1 chloramphenicol to inhibit new enzyme 
synthesis (Richardson et al. 2004); and iii) denitrification 
enzyme activity (DEA), i.e., denitrification after adding 
NO3

– (14 mg N L–1), glucose (12 mg C L–1), and chloram-
phenicol (Richardson et al. 2004). 

In this system, unamended denitrification rates must 
be considered an underestimate of actual in situ denitrifi-
cation because of the low (often absent) NO3

– concentra-
tions in the sediment. The acetylene added to the sediment 
to measure denitrification also inhibits nitrification (NO3

– 
production) on which denitrification is dependent. Con-
versely, DEA must be considered an overestimate of ac-
tual in situ denitrification because of the added NO3

– and 
glucose. However, in some samples this may be represent 
a value close to the actual denitrification rate, but it would 
be very inappropriate to consider this as an actual denitri-
fication rate in all sediment samples. We consider DEA 
rate as an upper limit. Our estimate of in situ denitrifica-
tion is neither an extrapolation of DEA nor an extrapola-
tion of unamended denitrification, but rather a metric that 
lies between the two and has been termed estimated deni-
trification rate (EDR) (Richardson et al. 2004). To calcu-
late EDR we examine two different values. The first value 
is (A) the sum of unamended denitrification rate and un-
amended nitrification rate. This value represents the total 
amount of NO3

 – that could be denitrified in a sediment 
sample. It is assumed that the measured nitrification rate 
represents the actual in situ NO3

– contribution and that all 
of the NO3

– produced via nitrification is denitrified. The 
nitrification rates used here were measured without an 
NH4

+ amendment, but might have been somewhat ele-
vated because they were measured in aerobic slurries. 
However, an aerobic surfical layer has been present in all 
of the sediment samples we have assessed (Strauss et al. 
2004). It is also important to keep in mind that sediment 
samples very rarely have detectable levels of NO3

–. Thus, 
our assumption does appear to be valid. The second value 
used to calculate EDR is (B) the DEA rate. EDR is the 
smaller of the two values (A or B). We use DEA in the 
calculation because we consider the value to be an upper 
limit and under no circumstances should a denitrification 

Table 1. Habitat-specifi c seasonal rates of denitrifi cation (standard error) used to extrapolate N-loss in the Mississippi River. 
Rates were measured in Navigation Pool 8 of the Upper Mississippi River and described previously by Richardson et al. (2004). 
See text for additional details. 

Denitrification (g N m–2 d–1)

Backwater Impounded Main channel Side channel

Winter 0.143 (0.055) 0.251 (0.063) 0.109 (0.043) 0.085 (0.019)

Spring 0.325 (0.032) 0.366 (0.048) 0.074 (0.018) 0.142 (0.051)

Summer 0.398 (0.042) 0.457 (0.038) 0.133 (0.035) 0.189 (0.059)

Autumn 0.224 (0.023) 0.215 (0.022) 0.094 (0.027) 0.101 (0.018)
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rate be greater than the DEA rate. In the event that the sum 
of unamended denitrification and unamended nitrification 
is high, EDR is bounded by the rate of DEA.

Seasons were characterized as 3 -month time periods: 
winter (December – February), spring (March – May), 
summer (June – August), and autumn (September – No-
vember). The sediment and water samples used for deter-
mining the denitrification rates used in this study were 
collected during a variety of high, intermediate, and low 
flow conditions that correspond, respectively, to high, in-
termediate, and low water column NO3 – concentrations. 
Therefore, it is assumed that the seasonal rates of N loss 
calculated here are averages of the variable rates expected 
under different hydrological regimes. 

We also assumed that habitat-specific denitrification 
rates were similar in all reaches of the river. To examine 
this assumption we measured denitrification in Pools 4, 
8, and 25 during summer 2002. Denitrification rates 
were measured using the same methods described previ-
ously at 20 sites (5 sites in each habitat: main channel, 
side channel, backwater, and impounded) in each pool. 
Rate differences among pools for each habitat were not 
significant (p > 0.10, 1-way ANOVA), suggesting our 
assumption may be valid. However, if the rates we used 
did exhibit longitudinal variability, one might expect the 
rates to increase downstream because of the warmer wa-
ter temperatures. In this case our rates would underesti-
mate N loss and make the results of our calculations 
more conservative. 

Seasonal N loss was calculated for each sub reach of 
the river by multiplying the habitat-specific denitrification 
rates by the respective wetted surface areas of each habi-
tat and the duration of each season. Spatial habitat data for 
the Upper Mississippi River was extracted from USGS 
GIS data files available online (USGS 2005). An example 
of the USGS spatial data is shown in Figure 1C. Spatial 
data for the open river was collected from a GIS data file 
supplied by the U.S. Army Corps of Engineers. Annual 
reach-level N loss was then calculated by summing the 
seasonal N loss values. Measurement error was extrapo-
lated from initial estimates to reach-level and river-level 
estimates using standard error propagation formulas (Pit-
man 1993). 

Our cumulative N loss estimates were then added to 
published Mississippi River annual total N flux estimates 
(Goolsby et al. 1999, Wasley 2000) for each reach to esti-
mate cumulative N fluxes in the absence of denitrifica-
tion. The proportion of total N loss from denitrification 
was then calculated by dividing the cumulative annual N 
loss by the N flux in the absence of denitrification. Data 
and calculated values were then compared between the 
1,041 km stretch of the river containing navigation pools 
and the 1,352 km open river to elucidate the effects of the 

habitat type on N loss differences between the two 
reaches.

Results

Extraction and summation of spatial data revealed that the 
total aquatic surface area was smaller in navigation pool 
reach (1,236 km2) compared to the open river (1,719 km2). 
Mea  n longitudinal aquatic surface areas (surface area nor-
malized by reach length) were more similar but still some-
what smaller in the navigation pool reach: 1.2 km2 km–1 
compared to 1.3 km2 km–1 (Fig. 2A). Among the four 
aquatic habitats, the main channel occupies the greatest 
relative area in both the navigation pool reach and the 
open river, 43 % and 70 %, respectively. The remaining 
three habitats have similar areal coverage in the naviga-
tion pools; whereas in the open river, only side channels 
have appreciable surface coverage. The overall large 

Fig. 2. Mean longitudinal surface area (A) of the four aquatic 
habitats in the two main reaches of the Mississippi River. Total 
surface area (B) of the aquatic habitats in all of the navigation 
pool reaches of the Mississippi River north of St. Louis and 
the open river south of St. Louis to the Atchafalaya River di-
version in Louisiana.
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mean longitudinal surface area of the main channel habi-
tat in the navigation pool reach is a result of the large area 
occupied by this habitat in the southern half of the reach 
(Pools 14–26); the main channel habitat is less extensive 
in the northern pools (Fig. 2B). In the northern pools, 
backwaters and impoundments typically cover  the largest 
amount of surface area of the four habitat types.

Despite the lower longitudinal aquatic surface areas in 
the navigation pool reach, N loss was 85.7 t y–1 km–1 in the 
navigation pools, 66 % greater than that in the open river 
(Fig. 3A). In the navigation pools the largest percentage 
of N loss was from impoundments and backwaters, 34 
and 32 %, respectively, even though the main channel oc-
cupied the greatest surface area. In the open river, the ma-
jority of N loss (65 %) occurred in the main channel. The 
pattern of total N loss in each of the sub-reaches was sim-
ilar to the pattern of total surface area (Fig. 2B and 3B), 
however in the navigation pools the proportion of N loss 
was greatest from impoundments and backwaters. 

Summation of N loss from the navigation pools 
reaches yielded a total N loss from denitrification of 
89,172 t N y–1. Total N loss from the open river was 
69,872 t N y–1 and the entire Mississippi River included in 
our analysis had a total in-stream N loss of 159,044 t N 
y–1. Moving downstream, we calculated that denitrifica-
tion cumulatively removes as much as 32.5 % of the total 
N load through Pool 13, 15.2 % of the load through the 
navigation pool reach, and 9.5 % up to the Atchafalaya 
Diversion (Fig. 4). The overall effect of denitrification on 
N flux in the Mississippi River is shown in Fig. 4. In total, 
we calculate that denitrification reduces the total N load in 
the Mississippi River by 9.5 %.

Discussion

In this study, our goal was to examine spatial patterns of 
N loss in the Mississippi River based on spatial extrapola-
tions of rates of denitrification to cover 2,393 km of the 
river from Minneapolis, Minnesota to the Atchafalaya 
River diversion in Louisiana. The areal denitrification 
rates were measured from samples collected seasonally 
from a variety of habitats in the Mississippi River (Rich-
ardson et al. 2004) and were extrapolated using data col-
lected from publically available GIS coverages. Our ana-
lysis predicted a total annual loss of 159,044 t N or 9.5 % 
of the N load in the Mississippi River.Other modelling 
studies of N flux in large rivers consistently suggest that 
once N enters large riverine systems, the majority is trans-
ported to the river’s terminal. Howarth et al. (1996) pre-

Fig. 3. Mean longitudinal N loss (A) within each of the four 
aquatic habitats in the two main reaches of the Mississippi 
River. Total N loss (B) in the aquatic habitats of the navigation 
pool reaches and the open river. Error bars = +1 standard er-
ror of total N loss.

Fig. 4. Total N (N) fl ux in the Mississippi River in the presence 
and absence of denitrifi cation. The vertical distance between 
the two lines depicts the cumulative loss of N from denitrifi ca-
tion. The symbols on the lines show the location of the 30 
sub-reach nodes used for analysis.
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dict 5–20 % of N is retained or lost in moderately loaded 
rivers. Caraco and Cole (1999) estimated that > 80 % of 
variability in NO3

 – export among major world rivers can 
be explained by point and nonpoint N loadings. This re-
sult implies that the effects of N cycling on N budgets are 
likely small in large rivers. In a modelling study of 16 
drainage networks in the eastern United States, Seitzinger 
et al. (2002) found that larger lotic systems (5th–9th order) 
remove about 40 % of N entering the channel. However, 
they also report that the largest rivers (8th order) removed 
less than 15 % of the N. In the Mississippi River, a 10th 
order system, Donner et al. (2004) calculated that 18–
28 % of the total N is lost through denitrification and 
Alexander et al. (2000) estimated that > 90 % of the N 
that enters the Mississippi River is transported to the Gulf 
of Mexico. Another model of particular note is the recent 
conceptual model by Wollheim et al. (2006) which sug-
gests that large rivers “potentially exert considerable in-
fluence over nutrient export.” Their model estimates nu-
trient loss in river networks by examining system hydro-
logy and applying a general nutrient loss areal estimate, 
nutrient uptake velocity (vf), which varies linearly with 
nutrient concentration. This approach simplifies the sys-
tem by assuming all areas within a particular river reach 
exhibit a uniform nutrient loss. In comparison, our ap-
proach is also an areal application of nutrient loss rates, 
but we use the spatial heterogeneity within a river reach 
by extrapolating empirically derived loss rates based on 
habitat type and season. Our assumption is that the sig-
nificant effects of hydrology and nutrient concentrations 
are accounted for in the seasonally acquired rates. As a 
result, one limitation of our approach is that we are unable 
to account for transitory or localized effects of varying 
nutrient concentrations. Nevertheless, the total in-stream 
N loss we calculated for the Mississippi River (9.5 %) is 
consistent with these other studies. 

This agreement implies that researchers can still gain 
insights at large spatial scales by measuring process rates 
using traditional biogeochemical and ecosystem ecology 
methods and scaling rates up to whole systems. For exam-
ple, in addition to the total N loss within the Mississippi 
River, our study further describes reach level N loss. Our 
analysis found that N loss was higher in reaches that con-
tained a more diverse assemblage of habitats. Reaches of 
the river that contained a higher proportion of backwater 
lakes and impoundments, especially upstream of Naviga-
tion Pool 13, exhibited higher N loss compared to more 
simple reaches containing only the main channel and side 
channels. This result was not necessarily surprising be-
cause the sediments in these habitats are rich in C and N 
and the denitrification rates used in the extrapolation were 
1.31–4.95 times greater for backwaters and impounded 
areas compared to main and side channels. 

A comprehensive review of the patterns of N dyna-
mics in the Mississippi River has not been published nor 
is one appropriate here, but the patterns of denitrification 
can be summarized as being spatially complex and influ-
enced by season, discharge, and site specific phenomena. 
In general, backwater and impounded habitats exhibit a 
higher water retention time and provide a nearly ideal low 
redox environment for denitrification because of the 
mostly anaerobic and organic-rich sediments. Water col-
umn NO3

 – concentration are typically lower than those in 
the main channel but can be elevated in flow-through ar-
eas or for short periods during high discharge events when 
channel waters flow at a higher rate though these habitats 
(Houser & Richardson 2010). Immediately following 
NO3

 – pulses, denitrification and macrophyte uptake cause 
water column concentrations to decline rapidly (Houser 
& Richardson 2010, James 2010, Kreiling et al. 2010). 
High discharge will also often inundate the floodplain and 
result in N loss through soil denitrification (Schramm et 
al. 2009). Interstitial NO3

– concentrations are also low and 
often below detection in backwater and impounded habi-
tats, however a surficial aerobic layer supports an active 
community of nitrifying bacteria producing NO3

– (Strauss 
et al. 2004). Presumably nitrification and denitrification 
are coupled in these areas resulting in high rates of N loss 
via denitrification (Richardson et al. 2004, Strauss et al. 
2006). Main and side channel habitats typically have 
lower rates of denitrification despite the higher water col-
umn NO3

– concentrations due to the paucity of electron 
donors in the inorganic sediments (i.e., sand). However, 
appreciable denitrification can occur in certain areas 
where organic materials accumulate such as beds of the 
invasive zebra mussel (Dreissena polymorpha) or macro-
phyte beds along the channel edges (Richardson et al. 
2004, Bruesewitz et al. 2006). 

The Mississippi River ecosystem has been constantly 
evolving since the Wisconsin glaciation retreated north 
out of the region 10,000 years ago, however human mo-
difications to the system in the last 150 years have expe-
dited and directed the dramatic physical, chemical, and 
biological changes. Beginning in the 1800s, frequent 
flooding of the floodplain and an increasing desire to use 
the river for navigation initiated large-scale engineering 
efforts to modify the river. In the Lower Mississippi River, 
meander cutoffs, levees, and revetments have shortened 
the river by over 240 km, disconnected the river from 
90 % of its historical floodplain, decreased the water resi-
dence time, and increased the gradient of this segment of 
the river (Shields 1995, Kesel 2003, Knox 2008, Schramm 
et al. 2009). In the Upper Mississippi River, major river 
modifications began in the late 1800s with sediment 
dredging (which continues to this day) and the installation 
of wing and closing dams to focus water within a specific 
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navigable channel (Fremling 2005). To further facilitate 
navigation, the lock and dam system was constructed in 
the 1930s. Major effects of the lock and dams have been 
the creation of the open water impoundments (see Fig. 
1C) and the raising of the water level thereby increasing 
the overall water surface area and flooding portions of the 
floodplain. All of these river modifications have altered 
the river’s capacity to retain or remove N. In the Lower 
Mississippi River, decreasing the water residence time 
and the total surface area of the contact between sediment 
and water have undoubtedly greatly diminished the N re-
moval capacity. Moreover, much of the floodplain that 
was disconnected from the river included wetlands which 
are hotspots for N removal. Conversely, in the Upper Mis-
sissippi River, the river modifications may have increased 
N removal because of the increase in sediment/water sur-
face area and the creation of impoundments and con-
nected backwater lakes. 

During the same time as the river’s ability to retain or 
remove N was altered, N loading into the system and N 
flux through the system was increasing. Data indicate that 
in the latter half of the 20th century N inputs into the Mis-
sissippi River Basin and N flux in the river have increased 
dramatically (Goolsby & Battaglin 2001, Goolsby et al. 
2001, McIsaac et al. 2001). This increased N flux has 
been likely to be at least partly responsible for the increas-
ing size of the Gulf of Mexico zone of hypoxia. It is un-
known if the pre-1800s Mississippi River system could 
have processed this increased N load, but it is clear that 
the historic river state could have processed higher N 
loads than it does today. Mechanisms for reducing and 
mitigating this high N load must occur on a variety of 
different levels and have been reviewed in detail by 
Mitsch et al. (2001). Many of these mechanisms include 
river management and restorations that would increase 
habitat diversity in the Mississippi River and reconnect 
the river to portions of its historic floodplain. Our results 
support these recommendations because habitat diver-
sity and river channel complexity are driving factors that 
influence retention time, depth, and other physical/
chemical variables that lead to increased riverine N loss.
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