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System-Wide Water

Effect of Residence Time on Net Nitrate
Resources Program Retention in Flow-Regulated Backwaters of the
Upper Mississippi River

By William F. James, William B. Richardson, David M. Soballe,
John W. Barko, and Harry L. Eakin

PURPOSE: This research investigated relationships between water residence time and net
nitrate retention (i.e., loading minus discharge) in flow-controlled backwater systems of the
Upper Mississippi River (UMR). Goals were to gain a better understanding of the management
potential for removing nitrogen in large river systems by increasing connectivity between
nitrogen-rich main channel areas and backwater habitats.

BACKGROUND: Nitrogen (N) runoff to receiving streams and rivers, particularly in the form
of nitrate-nitrite (NO3;NO,-N), has increased several-fold in recent decades (Justic et al. 1995,
Vitousek et al. 1997, Goolsby and Battaglin 2001). A consequence of accelerated N mobilization
and transport has been water quality degradation of coastal areas and estuaries which are
sensitive to N inputs (Nixon 1995). For instance, increased N loading from the Mississippi River
basin has been associated with the development of extensive areas of anoxia and hypoxia
(Rabalais et al. 1994) and declines in fish and invertebrate abundance (Pavela et al. 1983) in the
Gulf of Mexico. Continued unchecked N loading to coastal systems could lead to significant
declines in the diversity and abundance of higher trophic levels and increased bloom frequency
of noxious and toxic algae (Vitousek et al. 1997).

In addition to managing NO3;NO,-N runoff input to large river systems (i.e., watershed N source
and transport control, wetland detention, riparian buffers, restored bottomland hardwood
floodplains), there is a need to promote in-stream removal of NO3;NO,-N by biological uptake,
bacterial denitrification, and burial in order to reduce N transport to coastal systems (Mitsch et
al. 2001). In-stream N transformation and removal do occur in large rivers, but are typically low
and represent a small percentage of the overall load (5 to 20 percent, Seitzinger 1988). Shallow
backwaters of large river systems can support abundant submersed and emergent macrophyte
growth with attached microbial communities and accrete anaerobic organic sediments that
provide suitable habitat for bacterial denitrification (Richardson et al. 2004). Rehabilitation and
management of these aquatic habitats to encourage greater in-stream NO3;NO;-N retention might
be a viable strategy for improving processing of NO3NO,-N loads and needs to be considered in
integrated basin management of NO3;NO»-N.

Although backwaters account for greater than 30 percent of the surface area of the Upper
Mississippi River, many of these systems have become isolated from main channel flows and
delivery of associated N loads due to regulated pool elevation and dampened hydrological
flooding cycles that impede natural water exchange (Richardson et al. 2004). Recent research has
demonstrated that diverting river water through coastal wetland complexes is an effective means
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of reducing nutrient concentrations before discharge into coastal waterways (Lane et al. 2004).
Additional NO3;NO»-N retention and removal in large river systems may be achieved by
reconnecting to backwater areas via culverts, dike diversion, and creation of channels to increase
the rate of NO3NO,-N delivery for processing. However, information is needed regarding
NO3;NO;-N retention efficiency of backwaters in relation to loading and water residence time in
order to maximize retention potential by connection to main channel loads. For engineered and
natural wetland systems, water residence time has been shown to be an important factor in
nutrient processing efficiency (Kadlec 1994). It should also play an important role in backwater
systems. Objectives of this study were to examine NO3NO,-N retention capacity and efficiency
in a series of flow-controlled backwater lakes that are connected to the Upper Mississippi River
via flow-controlled culverts.

STUDY SITE: The Finger Lakes backwater system (Clear, Lower Peterson, Schmokers, Third,
Second, and First Lakes) is located in navigation pool 5, immediately downstream of the Lock
and Dam 4 dike on the Upper Mississippi River (Figure 1). In 1965, a 1.2-m-diam culvert was
installed through the dike to allow discharge from navigation pool 4 into Lower Peterson Lake
(Johnson et al. 1998). Concerns over lack of water exchanges and poor dissolved oxygen
conditions during winter periods led to the installation of additional culverts in 1994 to supply
flow to Clear, Third, Second, and First Lakes, which abut the dike. Each culvert system was
fitted with adjustable vertical slide gates to control flows within a range of zero to 1.4 m*-s™,
depending on culvert size. Culvert engineering design was based on the need to provide low
flows (0.02 to 0.14 m*s™) to the lakes in order to optimize dissolved oxygen and temperature
conditions for overwintering centrarchid fish (Johnson et al. 1998). Clear, Lower Peterson, and
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Figure 1. Map of the Finger Lakes backwater system showing station inflow and outflow sampling
locations
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Third Lakes receive controlled flows via individual gated culverts. First and Second Lakes
receive controlled flows from a common culvert fitted with a junction box. Second Lake
generally receives much lower flow than First Lake due to the configuration of the junction box.

The lakes are very shallow, eutrophic (chlorophyll = 55 mg'm™; total P = 0.082 mg-L™"; soluble
reactive P = 0.041mg-L") and nitrogen species entering the lakes are dominated by nitrate-
nitrite-N (total N = 3.53 mg-L™"; NO;NO>-N = 2.56 mg-L"). Dense stands of submersed and
emergent aquatic plants occur in Lower Peterson, Third, Second, and First Lakes and occupy a
large portion of the lakes’ surface areas. In particular, dense stands of American lotus (Nelumbo
lutea) occur over nearly 100 percent of the embayments located immediately south of the main
basins of Second and Third Lakes. In contrast, Clear and Schmokers Lakes exhibit less
macrophyte coverage per unit surface area. Other dominant macrophyte species include
Ceratophyllum demersum, Myriophyllum spicatum, and Nymphaea odorata.

METHODS: In late April 2004, vertical slide gates were adjusted to allow flows of

~0.75 m*'s™ to discharge into each of the five lakes (i.e., ~50 percent of full flow capacity). This
culvert discharge flow target was maintained throughout most of the summer of 2004 (May
through September) for Clear, Lower Peterson, and First Lakes. However, mean culvert
discharges into Second and Third Lakes were significantly lower than the target (see results).
Balanced flows between First and Second Lakes were difficult to obtain due to the design of the
junction box. Thus, First Lake received greater flow than Second. Debris trapped in the grate
protecting the intake structure may have been responsible for diminished flows discharging into
Third Lake.

Sampling stations were established at the culvert inflows and at various outflow points for all of
the lakes (Figure 1). Biweekly sampling was conducted between May and September 2004.
Water depths at the outflow stations were less than 0.4 m at nominal pool elevation. Culvert
flows were measured using a Flo-Mate Model 2000 velocity meter (Marsh-McBirney Inc.,
Fredrick, MD). Flows were not directly measured at the outflow stations and thus were assumed
to be equal to the culvert inflows. Surface water grab samples collected at each station were
filtered through a 0.45-pm membrane filter in the field and preserved on ice until analysis.
Chemical analysis of NO3NO,-N was performed on a Lachat QuikChem A/E using standard
procedures (American Public Health Association (APHA) 1998).

Information on daily navigation pool 4 and 5 stage elevations and tailwater flows and elevations
for Lock and Dam 4 were obtained from the U.S. Army Engineer District, St. Paul (St. Paul,
Minnesota). Stage elevation was monitored on the Third Lake at 15-min intervals between late
June and September 2004, using a data logging system equipped with a pressure transducer
(ISCO Model 4120; Teledyne ISCO, Inc., Lincoln, NE). Theoretical water residence time for
each lake was calculated as volume divided by mean culvert flow (days). NO3NO,-N discharges
from navigation pool 4 were estimated using concentration information collected as part of
another study from Upper Peterson Lake near its discharge into First Lake.

For inflow-outflow budgetary analysis, culvert loading was calculated as the product of flow and
concentration. Outflow constituent discharge was estimated as the product of culvert flow (i.e.,
culvert inflow ~ water discharge from the lake) and concentration measured at the outflow
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station. Groundwater influx and dike seepage to the system were not measured and these
possible fluxes were not included in mass balance determinations. Net retention of NO;NO,-N
culvert loads was calculated as inflow load minus outflow discharge. Retention is defined as the
net retention and/or loss of NO3;NO,-N as a result of bacterial denitrification, adsorption, uptake
by phytoplankton, deposition, and uptake by microbial communities attached to submersed
macrophytes. Net NOsNO,-N retention efficiency (R, %) was calculated as:

® ( (Load - Discharge) 100
= [ ]
Load ()

and does not include internally derived NO3;NO,-N loads via nitrification. Inflow-outflow
budgetary analysis was examined for Clear, Lower Peterson, Third, and First Lakes; Second and
Schmokers Lakes were not included in the analysis. The outflow location of the former lake was
not accessible due to a shallow water column and dense N. odorata beds. Flows into Schmokers
Lake could not be directly measured because it was not connected to the lock and dam 4 dike by
a culvert. Means in loading, discharge, and retention were estimated over the summer period of
nominal pool elevation (i.e., May and late June through September; see below).

Table 1

Morphological Characteristics at Nominal Pool Elevation (201.65 m MSL)
Lake Mean Depth (m) Surface area (m?) | Volume (m® SA:Volume
Clear 0.8 108381 86705 1.25

Lower Peterson 1.2 74759 89711 0.83

Third 0.6 112477 67486 1.67
Second 0.3 126921 38076 3.33

First 0.6 94806 56884 1.67

RESULTS AND DISCUSSION: During most of May and between late June and October,
water income to the Finger Lakes system was via culvert inflows (Figure 2). During late May
through late June, flows and tailwater elevations increased on the Mississippi River due to storm-
related runoff, causing flooding of the Finger Lakes. NO3NO,-N concentrations entering the
Finger Lakes system from the Mississippi River fluctuated as a result of storm-related flows
(Figure 2). The concentration was less than 0.5 mg-L™" in early May and increased substantially
in late June and, to a lesser extent, in late July and late September in conjunction with storm-
related peaks in Mississippi River flow. As flows subsided in late July through August,
NO3;NO»-N declined in concentration to a minimum in early September.

During periods of nominal pool elevation (i.e., May and late June through September),
NO;3;NO»-N loadings to individual lakes were regulated by culvert flow over the summer, as the
Mississippi River source water and, thus, mean NO3;NO,-N concentrations were similar for the
five lakes (Figure 3a). The grand mean NOsNO,-N concentration of Mississippi River source
water over the summer period was 2.51 mg-L™' (£ 0.05 S.E.). Mean summer flow was lowest for
Third Lake and higher for Clear, Lower Peterson, and First Lakes (Figure 3b). Third Lake
exhibited the greatest mean water residence time (1.6 days + 0.1 S.E.) due to intermediate flows
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in relation to the volume of the
lake. Clear and Lower Peterson
Lakes, which exhibited similar
volume and flow, had nearly
identical mean water residence
times (1.1 days = 0.1 S.E.). First
Lake had the lowest mean water
residence time. Thus, lakes with
greater culvert flows received
greater NO3NO,-N culvert 1
loading but these loads resided in 0 oo :
the lake for a shorter period of
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had higher mean net NO3NO,-N retention rates relative to First Lake. Overall, Third Lake
exhibited both the highest mean net NO3;NO,-N retention rate and a mean net retention efficiency
of approximately 42 percent versus Clear and Lower Peterson, which exhibited intermediate
retention efficiencies.

Regression analysis of NO3;NO,-N culvert loading versus net retention indicated that at
equivalent NOsNO,-N loading levels (range = 0 to 400 kg-d™"), Third Lake exhibited the greatest
net NO3NO,-N retention rates followed by Clear Lake (Figure 5a). Lower Peterson and First
Lakes exhibited the lowest net NO3;NO,-N retention rates at equivalent loading rates. Net
NO;NO;-N retention efficiencies followed a negative logarithmic pattern and a similar trend to
that of net NO3;NO,-N retention rates was observed among lakes (Figure 5b). Overall, maxima in
mean net retention mass and mean retention efficiency of NO3;NO;-N culvert loads occurred in
conjunction with a mean water residence time of 1.6 days (i.e., Third Lake).
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Figure 3. Mean summer (a) nitrate-nitrite-N (NO3NO2-N) concentration, (b), culvert flow, and (c) water
residence time for various backwater lakes. Vertical lines represent 1 standard error. Letters
represent significant differences in the mean at the 5-percent level or less (ANOVA; Statistical
Analysis System (SAS) 1994)

One unknown is the maximum possible NO3;NO,-N retention capacity that can be realistically
expected and achieved for backwater systems that are connected to large rivers (e.g., Finger
Lakes). NO3;NO,-N retention can be quite high for wetland complexes and freshwater diversion
structures on large river systems (range of 30 to near 100 percent; Phipps and Crumpton 1994,
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Figure 4. Linear relationships between mean summer nitrate-nitrite-N culvert loading and (a) mean
summer flow; (b) mean summer water residence time

Table 2
Mean Summer Nitrate-Nitrite Nitrogen Inputs (via culvert flows), Outputs, and
Net Retention

Lake Input (kg d'1) Output (kg d"1) Net retention (kg d"1) Net retention(%)
Third 108.3 (21.1)° 63.4 (13.9) 44.9 (7.9)° 41.5

Clear 173.3 (41.5)° 128.5 (33.2)* 44.8 (13.2)° 25.8

Lower Peterson 190.2 (39.9) 155.8 (34.4)* 34.4 (9.5 18.1

First 193.4 (52.7) 178.7 (48.7)° 14.7 (5.1)° 7.6

Letters indicate significant differences at the 5-percent level or less (ANOVA; SAS 1994)

Spieles and Mitsch 2000, Lane et al. 2004). NO3NO,-N loading, backwater surface area:volume
ratio and mean depth, extent of submersed and emergent aquatic macrophyte and periphyton
growth, and organic carbon availability are important variables in NO3;NO,-N retention capacity
in addition to water residence time. However, results suggested that under 2004 NO;NO,-N
loading conditions and mean water residence times, NO3;NO,-N mass retention for Third Lake
was probably near maximal, especially given the constraints of source water NO;NO,-N load
and backwater morphometry in relation to flow. Since the other study lakes exhibited similar
mean depths and surface area:volume ratios as Third Lake, it was hypothesized that net
NO;NO;-N retention could be improved in the other lakes by altering flows and, thus, water
residence time to optimize exposure of NO3;NO,-N loads for uptake and processing.
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Hypothetical adjustments in
water residence time (while
maintaining observed mean
NO;3;NO»,-N concentration of
the source water at 2004
levels) resulted in estimated
culvert flow and NO3NO,-N
loading decreases to Clear,
Lower Peterson, and First
Lakes over conditions
observed in 2004 (Table 3).
In particular, the estimated
optimal NO3;NO;-N culvert
loading to First Lake
represented less than 50
percent of the actual loading
observed in 2004. The sum of
all estimated optimal
NO;3;NO;-N culvert loadings
was about 27 percent less
than observed loads.
However,assuming that net
NO;NO»-N retention
efficiency improved to greater
than 40 percent as a result of
hypothetical water residence
time adjustments, estimates
suggested that net NO;NO,-N
retention could improve by
approximately 46 percent
over 2004 conditions, with
First and Lower Peterson
Lakes exhibiting the greatest
net NO3NO,-N mass retention
and efficiency improvements.
The mean summer 2004
NO;NO,-N concentration of
source water to the Finger
Lakes was high relative to the
10-year average by about

25 percent (Figure 6). Thus,
backwater NOs;NO,-N
retention would need to be
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reevaluated under these mean long-term conditions in order to optimize efficiency.
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Table 3
Actual and Hypothetical Values for 2004’
(e) ()

(b) (c) (d) Adjusted net Net retention
(a) Actual flow Ad;usted flow Adjusted load retention improvement
Lake (m*s™) (m>s™) (kg d™) (kg d™") (%)
Third 0.531 0.531 108.3 449 0
Clear 0.994 0.627 136.5 57.3 128
Lower 1.166 0.649 1413 59.3 173
Peterson
First 1.008 0.411 89.5 37.6 256

' Actual mean summer 2004 flows (Column b) were hypothetically adjusted (Column c) to maintain a mean water
residence time of ~1.6 days for which lake. Adjusted nitrate-nitrite-N (NO3NO2-N) loads (Column d) were
calculated as the product of adjusted flow and the actual mean summer 2004 NO3NO,-N concentration of the
source water (2.51 mg L'1) . Adjustments in residence time were assumed to lead to an optimum net retention
efficiency of ~42 percent of the adjusted NO3sNO2-N load (Column e). The percent change in the net NO3sNO»-N
retention rate (Column f) was calculated as the adjusted net NO3sNO2-N retention divided by the actual net
NO3NO2-N retention rate (Table 2).
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Figure 6. Annual variations in the mean (x 1 SE) summer nitrate-nitrite-N concentration of the
Mississippi River at Lock and Dam 4 (horizontal line represents the 10-year average)
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For the Finger Lakes, NO3;NO,-N loading and water residence time co-varied in an inverse
pattern as a function of culvert flow for each lake, constraining the ability to maximize net
NO3;NO:»-N retention (i.e., by increasing concentration and decreasing flow to the lakes
independently, for instance). Thus, unlike engineered wetlands that can be designed to maximize
nutrient retention, natural backwater regions of large rivers will likely be less efficient in their
ability to remove NO3sNO,-N. Within these constraints, however, a mean water residence time on
the order of 1-2 days appeared to be associated with the greatest net NO3;NO,-N retention of
loads for the Finger Lakes. At water residence times of less than 1 day (i.e., First Lake),
NO3;NO»-N loading was high, but net retention was probably limited by diffusive flux of
NO;3;NO»-N into the sediment (i.e., for denitrification; Golterman 2000) and periphyton uptake in
relation to advective delivery and flushing rate. Conversely, diffusive flux into the sediment and
periphyton uptake could exceed advective delivery at higher water residence times (i.e., >2 days)
resulting in a greater net retention efficiency, but low overall net mass retention (James, unpubl.
data). These results suggest a general conceptual model for flow-controlled backwaters of large
rivers that describes net NO3;NO,-N retention capacity and efficiency in relation to residence
time within NO3;NO,-N loading and concentration ranges (Figure 7).

Unlike main channel reaches of large river systems, biological uptake and N retention are
enhanced in backwater complexes due to lower flows which promote the deposition of nutrient
and carbon-rich sediments, creating suitable substrate for bacterial denitrification (Richardson et
al. 2004). For large river systems like the Mississippi River, NO3NO,-N processing and retention
may be improved by increasing connectivity to backwater complexes like the Finger Lakes
system. Connectivity could be increased by dredging channels to isolated backwaters, using
diversion structures (i.e., wing dams constructed islands, etc.) to promote greater flows into side
channels, and installing culverts. Analogous to engineered wetlands, results indicate that water
residence time needs to be considered in connectivity design issues in order to maximize
NO;NO;-N retention in backwater systems. This goal is perhaps more difficult to achieve for
natural backwater systems given the more complex interrelationships between flow, load,
morphology, and water residence time. Ecological models would be useful in evaluating
scenarios to increase main channel connectivity and NO3NO;-N loading to backwaters for net
overall improvement in NO3;NO,-N retention.

More detailed information is needed regarding relationships among NO3;NO,-N loading, water
residence time distribution (RTD, days; Kadlec 1994), and water displacement (water contact
time with the sediment, m d”'; Seitzinger et al. 2002) in order to improve understanding of
backwater NO3;NO,-N retention as a function of hydraulic efficiency. Flow and mixing patterns
through backwater systems like the Finger Lakes are typically not at steady state or fully mixed
reactors (Holland et al. 2004). Bathymetric complexity, embayments, dendritic shoreline
features, and submersed and emergent macrophytes affect the distribution of flow patterns,
resulting in spatial differences in NO3;NO,-N delivery that would be a determinant in overall
NO;NO;-N retention efficiency. In addition, the roles that emergent and submersed aquatic
macrophyte abundance play in backwater NO3;NO,-N retention need to be evaluated within the
framework of hydraulic efficiency. Aquatic macrophytes would be expected to improve overall
NO3;NO;-N retention efficiency in the following ways:

e Provide substrate for attached microbial uptake and denitrification (Eriksson and Weisner
1996, Toet et al. 2003).

10
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Affect NOsNO,-N delivery by modifying local flow patterns.

Contribute organic carbon to fuel denitrification.

Alter the local redox environment to facilitate nitrification and denitrification (James et al
1996, Eriksson and Weisner 1999).
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Figure 7.

Conceptual diagram of net nitrate-nitrite (N) retention capacity and efficiency in relation to
residence time and external N loading for a hypothetical flow-regulated backwater system.
Arrows denote the direction of increasing values. External nitrate-nitrite loading is constrained
by source river water concentrations. Thus, external loading and residence time vary inversely
due to variation in culvert flow (x-axis). As external loading increases, residence time declines
to the point where both retention capacity and efficiency are limited by contact time for uptake
and diffusion into the sediment. Increasing the residence time via culvert flow adjustment
results in decreased external loading to the system. At an optimal residence time range,
however, retention capacity becomes maximal due to sufficient contact time for uptake and
diffusion into the sediment in relation to N delivery. As residence time increases beyond this

optimum, retention efficiency approaches 100 percent. However, retention capacity is limited
by low external loading and approaches zero
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ADDITIONAL INFORMATION: This technical note was prepared by William F. James,
William B. Richardson, David M. Soballe, John W. Barko, and Harry L. Eakin , U.S. Army
Engineer Research and Development Center. For information on the System-Wide Water
Resources Program (SWWRP), please consult https://swwrp.usace.army.mil/ or contact the
Program Manager, Dr. Steven L. Ashby at Steven.L.Ashby(@erdc.usace.army.mil. This
technical note should be cited as follows:

James, W. F., Richardson, W. B., Soballe, D. M., Barko, J. W., and Eakin, H. L.
(2006). “Effect of residence time on net nitrate retention in flow-regulated backwaters
of the upper Mississippi River,” SWWRP Technical Notes Collection, ERDC TN-
SWWRP-06-1, U.S. Army Engineer Research and Development Center, Vicksburg,
MS. https://swwrp.usace.army.mil/

REFERENCES

American Public Health Association. (1998). Standard methods for the examination of water and wastewater. 20th
ed., Washington, DC.

Eriksson, P.G., and Weisner, S.E.B. (1996). “Functional differences in epiphytic microbial communities in nutrient-
rich freshwater ecosystems: An assay of denitrifying capacity,” Freshwat. Biol. 36, 555-562.

Eriksson, P.G., and Weisner, S.E.B. (1999). “An experimental study on the effects of submersed macrophytes on
nitrification and denitrification in ammonium-rich aquatic systems,” Limnol. Oceanogr. 44(8), 1993-1999.

Golterman, H.L. (2000). “Denitrification and a numerical modelling approach for shallow waters,” Hydrobiologia
431, 93-104.

Goolsby, D.A., and Battaglin, W.A. (2001). “Long-term changes in concentrations and flux of nitrogen in the
Mississippi River Basin, USA,” Hydrol. Process. 15, 1209-1226.

Holland, J.F., Martin, J.F., Granata, T., Bouchard, V., Quigley, M., and Brown, L. (2004). “Effects of wetland depth
and flow rate on residence time distribution characteristics,” Ecol. Eng. 23, 189-203.

James, W.F., Barko, J.W., and Field, S.J. (1996). “Phosphorus mobilization from littoral sediments of an inlet region
in Lake Delavan, Wisconsin,” Arch. Hydrobiol. 138(2), 245-257.

Johnson, B.L., Knights, B.C., Barko, J.W., Gaugush, R.F., Soballe, D.M., and James, W.F. (1998). “Estimating flow
rates to optimize winter habitat for Centrarchid fish in Mississippi River (USA) backwaters,” Regul. Rivers:
Res. Mgmt. 14, 499-510.

Justic, D., Rabalais, N.N., Turner, R.E., and Dortch, Q. (1995). “Changes in nutrient structure of river-dominated
coastal waters: Stoichiometric nutrient balance and its consequences,” Estuar., Coast. Shelf Sci. 40, 339-356.

Kadlec, R.H. (1994). “Detention and mixing in free water wetlands,” Ecol. Eng. 3, 345-380.

Lane, R.R., Day, J.W., Justic, D., Reyes, E., Marx, B., Day, J.N., and Hyfield, E. (2004). “Changes in stoichiometric
Si, N, and P ratios of Mississippi River water diverted through coastal wetlands to the Gulf of Mexico,” Estuar.
Coast. Shelf Sci. 60, 1-10.

Mitsch, W.J., Day, J.W., Jr., Gilliam, J.W., Groffman, P.M., Hey, D.L., Randall, G.W., and Wang, N. (2001).
“Reducing nitrogen loading to the Gulf of Mexico from the Mississippi River Basin: Strategies to counter a
persistent ecological problem,” BioScience 51(5), 373-388.

Nixon, S.W. (1995). “Coastal marine eutrophication: A definition, social causes, and future concerns,” Ophelia 41,
199-219.

Pavela, J.S., Ross, J.L., and Chittenden, M.E. (1983). “Sharp reductions in abundance of fishes and benthic
macroinvertebrates in the Gulf of Mexico off Texas associated with hypoxia,” Northeast Gulf Sci. 6, 167-173.

12



ERDC TN-SWWRP-06-1
February 2006

Phipps, R.G., and Crumpton, W.G. (1994). “Factors affecting nitrogen loss in experimental wetlands with different
hydrologic loads,” Ecol. Engr. 3, 399-408.

Rabalais, N.N., Wiseman, W.J., Jr., and Turner, R.E., (1994). “Comparison of continuous records of near-bottom
dissolved oxygen from the hypoxia zone of Louisiana,” Estuaries 17, 850-861.

Richardson, W.B., Strauss, E.A., Bartsch, L.A., Monroe, E.M., Cavanaugh, J.C., Vingum, L., and Soballe, D.M.
(2004). “Denitrification in the Upper Mississippi River: Rates, controls, and contribution to nitrate flux,” Can.
J. Fish. Aquat. Sci. 61, 1102-1112.

Statistical Analysis System (SAS). (1994). “SAS/STAT User’s Guide, version 6,” 4t edition, SAS Institute, Cary,
NC.

Seitzinger, S.P. (1988). “Denitrification in freshwater and coastal marine ecosystems: Ecological and geochemical
significance. Limnol. Oceanogr. 33, 702-724.

Seitzinger, S.P., Styles, R.V., Boyer, E.W., Alexander, R.B., Billen, G., Howarth, R.W., Mayer, B., and Van
Breemen, N. (2002). “Nitrogen retention in rivers: Model development and application to watersheds in the
northeastern U.S.A.,” Biogeochemistry 57/58, 199-237.

Spieles, D.J., and Mitsch, W.J. (2000) “The effects of season and hydrologic and chemical loading on nitrate
retention in constructed wetlands: A comparison of low and high nutrient riverine systems, “ Ecol. Engr. 14, 77-
91.

Toet, S., Huibers, L.H.F.A., Van Logtestijn, R.S.P., and Verhoeven, J.T.A. (2003). “Denitrification in the periphyton
associated with plant shoots and in the sediment of a wetland system supplied with sewage treatment plant
effluent,” Hydrobiologia 501, 29-44.

Vitousek, P.M., Aber, J.D., Howarth, R.-W., Likens, G.E., Matson, P.A., Schindler, D.W., Schlesinger, W.H., and
Tilman, D.G. (1997). “Human alteration of the global nitrogen cycle: Sources and consequences,” Ecol. Appl.
7(3), 737-750.

NOTE: The contents of this technical note are not to be used for advertising, publication, or promotional
purposes. Citation of trade names does not constitute an official endorsement or approval of the use of
such products.

13



	PURPOSE
	BACKGROUND
	STUDY SITE
	METHODS
	RESULTS AND DISCUSSION
	ADDITIONAL INFORMATION
	REFERENCES


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


