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Nitrate removal via microbial denitrification in floodplains is an important ecosystem service that can potentially help mitigate anthropogenic nitrogen inputs from rivers. However, floodplain denitrification estimates can vary by four orders of magnitude, making it difficult to quantify the social value of floodplain nitrogen mitigation potential. Constraining floodplain denitrification rates requires innovative experiments that mimic overland flooding of oxic water vs. infiltration of sometimes anoxic hyporheic waters to bound the rates. We incubated soils of varying textures and corresponding hydraulic connectivity from four field sites across the Dogtooth Bend of the middle Mississippi River, contrasting their varied rates of denitrification using novel deep injection compared to traditional surface delivery of oxic or anoxic river water. Averaged across all soil types, denitrification rates as nitrogen (N) gas production followed an anoxic-injection hierarchy of anoxic deep > anoxic surface > oxic deep > oxic surface treatments. Rates in sand ranged from 101 to 592 mg N/m2/day compared to diffusion-limited clay, which ranged from 166 to 448 mg N/m2/day. The chemical stoichiometry of nitrate (NO3-N) loss to N gain indicated apparent nitrification that replaced approximately 62% of N removed by denitrification even in anoxic treatments, modifying net rates for oxic-surface-injection vs. anoxic-deep-injection treatments to 31 to 176 (sand) and 81 to 162 mg N/m2/day (clay), respectively. Combining net denitrification bounds with the daily inundation exceedance probabilities for the 140 km2 of connected floodplain at Dogtooth Bend indicates, on average, between 70 and 385 tons of N may be removed annually from floodwater during the growing year. While the potential nitrogen removal equates to a small percentage ( ≤ 0.06%) of the river's nitrogen load, economically, the estimated monetary value of N mitigation is worth US$156–$4,106/ha/growing season compared to net profits for soybeans and corn of US$79 and US$88/ha/yr, respectively. Thus, N mitigation across the Dogtooth Bend could rival the agricultural use of floodplain lands.
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1 Introduction

The Mississippi River drains more than 3.2 million km2 of primarily human-dominated landscapes, resulting in the river carrying a substantial amount of nutrients. The average annual total nitrogen (TN) concentrations along the Mississippi River commonly reach or exceed 3.0 mg/L (Stackpoole et al., 2021; Houser et al., 2022). These sometimes eutrophic nutrient concentrations greatly contribute to large algal blooms in the northern Gulf of Mexico that subsequently decompose, leading to coastal hypoxia. Hypoxic conditions can drop dissolved oxygen (DO) levels to <1 mg/L, creating a “dead zone” (Rabalais et al., 2002; Liu et al., 2010; Cheng et al., 2022) that encompassed, on average, approximately 15,000 km2 of the northern Gulf of Mexico between 2017 and 2021 (NOAA, 2022). Such hypoxia disrupts pelagic and benthic food web dynamics and, thus, poses both economic and ecological concerns for both the Mississippi River and the northern Gulf of Mexico. Globally, eutrophic conditions within rivers that can lead to coastal hypoxia are common when rivers drain human-dominated landscapes (Diaz and Rosenberg, 2008; Breitburg et al., 2018; Wurtsbaugh et al., 2019). The economic costs related to elevated nitrogen loads in rivers and other water bodies are attributed to more than $70 billion in annual damages for the United States alone (Sobota et al., 2015).

Floodplain reconnection, where a flood mitigation levee is either removed or breached to enhance the lateral connection between the river and its floodplain, is increasingly recognized for the ecosystem services it provides to society via nutrient processing and retention that improves water quality downstream to minimize impacts on coastal hypoxia in the United States and Europe (Gordon et al., 2020). Additional benefits include floodwater storage, enhanced riverine habitat, and biodiversity to consequently improve the ecosystem health of the channels, backwaters, and floodplains of river corridors (Opperman et al., 2009; Guida et al., 2016b; Shadie et al., 2018; Tullos, 2018; Eros and Bányai, 2020; Knox et al., 2022). Those additional benefits could add further societal value that likely surpasses those gained from nutrient processing in floodplains. However, evaluations of many ecosystem services cannot be monetized and do not allow for intercomparisons of services for those that support the highest socioeconomic value (Kok et al., 2025).

Floodplain soil denitrification carries its own challenges as rates range by four orders of magnitude. Direct measures of floodplain soil denitrification rates either along the Mississippi or its levee-lined tributaries are limited, but those that do exist range from near 0 up to 36 mg N/m2/day (Theriot et al., 2013; Hurst et al., 2016). Broadening the pool of potential denitrification rates to floodplains of large temperate rivers from California and Europe increases the potential range in rates to >1,000 mg N/m2/day (Pinay et al., 2007; Welti et al., 2012; Hoagland et al., 2019; Hinshaw et al., 2020). Quantifying the extremes of denitrification rates depends on the extent to which floodplain or wetland soils and sediments (hereafter referred to as floodplain soils for ease of communication) consume or bind high levels of nutrients when river waters flow through them via biotic and abiotic processes (Hoagland et al., 2019; Upreti et al., 2021; Cheng et al., 2022). Microbial denitrification is stimulated by flood pulses that saturate soils, fill air spaces, and prompt anaerobic conditions while also introducing additional nutrients (Groffman and Tiedje, 1988; Kaden et al., 2021) that mix with the hyporheic zone. The hyporheic zone is the region of soil and porous space beneath, extending alongside a riverbed and below floodplains during flood events, where shallow groundwater and surface water mix. In summer, sustained floodplain inundation with unrestricted diffusion (via soil hydraulics) of NO3-N-rich waters through sand and silt establishes favorable environmental conditions with warm waters with low oxygen levels (Upreti et al., 2021). Even at the same temperature, denitrification rates can contrast sharply for short-duration inundation by oxic waters, with limited penetration into clay-rich floodplain soils. Thus, patterns of flooding and soil hydraulics play an important role in establishing the conditions conducive to geochemical nutrient fluxes and the anaerobic communities of microbiota that thrive therein (Kaden et al., 2021; Li et al., 2022).

A 2016 levee breach of the Len Small-Fayville Levee (hereafter the Len Small Levee) along the middle Mississippi River at Dogtooth Bend and the decision not to repair the levee (Olson and Speidel, 2020) provided an opportunity to assess the nitrogen mitigation potential of the recently reconnected floodplain along this river segment (Figure 1A). For this study, we monetize the benefit transfer of floodplain denitrification to directly compare profits yielded by crops that have been consistently farmed in these Dogtooth Bend floodplains since the late 19th century. Valuations that compare placing the land into conservation easements for denitrification provide information for science-based decision-making about whether denitrification covers the cost of not farming floodplains. Moreover, as a consequence of the breach, Dogtooth Bend is an area of active interest among federal agencies aiming to work toward more balanced management of the Mississippi River and its floodplain for flood risk reduction, navigation, nutrient retention, and other floodplain services [e.g., U.S. Army Corps of Engineers (USACE, 2022), the U.S. Department of Agriculture's (USDA, 2019), and National Resource Conservation Service (NRC)].
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FIGURE 1
 Dogtooth Bend map and incubation methods. (A) Inset shows the extent of the one- and two-dimensional hydrodynamic model domains, the major hydrologic stations used in the development of the model, and delineates Alexander County, Illinois. (A) Maps field site locations, levees, the 2016 levee breach, water bodies, and the grade control structure. Arrows indicate the flow direction of the Mississippi River and the principal flow direction of the overbank flow through the levee breach. (B) Shows methods of injecting water into the base or top of sediment cores. (C) Shows the results of a 96-h incubation of sediment with rhodamine dye brightly coloring the water column. Cores on the left possess a deep injection straw; those on the right lack the straw. In cores lacking the straw, inflow water, injected to the core top, cycles near the sediment surface with less infiltration.


The major challenges in using this opportunity to assess the nitrogen mitigation potential in Dogtooth Bend floodplains are quantifying the extremes of denitrification depending on soil types and inundation patterns, estimating gross and net denitrification as affected by competing forms of microbial respiration (denitrification vs. nitrification), and using those values in landscape scale assessments to evaluate trade-offs between managing floodplains for the various services they can provide to society.

To better understand the influence of soil types and inundation patterns on nitrogen dynamics in floodplain soils, we employed a novel incubation methodology, switching from standard laboratory incubations that inject river waters only from the top of soil cores (e.g., Lazar et al., 2015; Li et al., 2021) to supplying either oxic or anoxic waters delivered to either the surface or via deep injection to the base of the core (Figure 1B). This experimental design facilitates greater nutrient delivery to the entire volume of the soil core, engaging a larger microbial community (see rhodamine dye delivery throughout the soil with deep injection; Figure 1C). We also estimated the net denitrification by investigating concomitant nitrification rates based on coupled denitrification–nitrification studies (Kana et al., 1998; Kreiling et al., 2011) and studies that show optimal nitrification can occur at hypoxic DO levels of 1.5 mg/L (Wild Jr et al., 1971; Kholdebarin and Oertli, 1977; Jianlong and Ning, 2004) and is not limited until DO drops to 0.3 mg/L (Stenstrom and Poduska, 1980).

Applying the biogeochemical findings to inform the trade-offs between competing ecosystem services that floodplains provide to society requires an evaluation that realistically bounds the maximal and minimal potential nitrogen-removal benefits at the appropriate scale. Ideally, these measurements should be made at the reach (<1 km) to segment (10s km) river scale as, at these scales, floodplain-reconnection projects are most economical or politically feasible (Sparks et al., 2005; Remo et al., 2016; Serra-Llobet et al., 2022). Similarly, an appropriate temporal dimension should be applied to avoid over- or underestimating denitrification. Here we limit our analysis to the growing season for this study's geographic location (April 1–October 30), which corresponds to enhanced biological activity relative to the rest of the year and the period when riverine inundation of floodplains is common. Land-use decisions are commonly based on the market value of a given use. For non-market services such as nutrient mitigation (retention or processing), an ecosystem service valuation framework can be applied where biophysical measurement of the ecosystem service is quantified (e.g., rate of denitrification) and then monetized using a benefit transfer that has social welfare value(s) (Murray et al., 2009; Jenkins et al., 2010).

Thus, the specific objectives for this study were to (1) investigate denitrification rates in incubation cores capturing the breadth of environmental conditions (i.e., overland flooding of oxic surface waters vs. the flow of sometimes anoxic hyporheic waters) as mediated by soil characteristics, (2) balance gross denitrification as N2 production relative to NO3-N loss from incubations that surprisingly showed concomitant nitrification to develop an environmentally relevant estimate of net denitrification, and (3) develop a landscape modeling framework employing the daily inundation exceedance probabilities during the growing season for the 140 km2 of river-connected floodplain that comprises Dogtooth Bend to provide realistic bounds for the floodplain soil denitrification at the landscape scale aimed at helping to inform floodplain management and policy.



2 Materials and methods


2.1 Field sites

This study focuses on a formerly levee-protected floodplain along a segment of the middle Mississippi River at Dogtooth Bend located near the southern tip of Illinois (Figure 1A). The reconnection of the Dogtooth Bend floodplain to the river was the result of the 2016 breaching of the Len Small Levee, during a large magnitude flood (approximately 1% annual exceedance probability) and the subsequent decision not to repair the levee. The USACE's decision not to repair the levee was based on a cost–benefit assessment indicating that estimated repair costs outweighed flood risk reduction benefits (Olson and Speidel, 2020). As of 2019, the land cover across Dogtooth Bend was dominated by floodplain agriculture (65%), with substantial areas of wetlands and open water (30%). The remainder of the area was developed or barren land (5%; Dewitz and U. S. Geological Survey, 2021).

The TN concentrations along the middle Mississippi River have been measured just upstream of the Big Muddy River Confluence since 1992 by the U.S. Geologic Survey (USGS). The long-term (1994–2019) mean concentration of TN for this river segment is 3.01 mg/L (Houser et al., 2022). Combining this mean concentration with the USGS (2024) average annual flow volume (215 m3 × 109/yr) for the same period at the nearest discharge hydrological monitoring station at Chester, Illinois, yields an average annual TN load of 648,000 tons/yr.

Soil and water samples for laboratory incubations were collected at four wetland locations across Dogtooth Bend (Figure 1A). These sites were chosen to represent the array of river inundation frequencies (i.e., lateral hydrologic connectivity) and floodplain soil types found across the bend. Site selection was somewhat constrained by private ownership of nearly all the property within Dogtooth Bend, which led to partnering with willing landowners. Information for field sites regarding riverine inundation likelihood and local source waters to the assessed wetlands are identified in Remo and Giri (2024) and are summarized in Table 1.

TABLE 1  Summary of field site characteristics and hydrologic input.


	Field site
	Inundation likelihood
	Primary hydrologic input





	Big Cypress
	~10% (10-year floodplain)
	River waters reach site via flooding through the levee breach into Horseshoe Lake, and across wetlands from the east. Also, frequently inundated by local runoff or groundwater pumped to the surface for waterfowl hunting in fall and early winter.



	Grand Lake
	>80% (<1.25-year floodplain)
	This site has never been disconnected from Mississippi River inundation. Also frequently inundated by runoff from adjacent agricultural fields located north and west.



	Lake Milligan
	~50% (2-year floodplain)
	Located approximately 5 km down gradient of the levee breach, river water flows within an actively forming cutoff channel traversing the Bend toward river mile 16. Surface runoff comes from surrounding agricultural fields and a road drainage system directing surface water into this site.



	Santa Fe
	~80% (1.25-year floodplain)
	River water flows through the breach and northward through a lake created by the 1993 levee breach. Local surface water from agricultural lands on the north arrives via a culvert that spans a levee access road east of the site.




Inundation likelihood is based on a 10-year hydraulic model of the area by Remo and Giri (2024).





2.2 Field sampling and core incubation conditions

For laboratory incubations, soil cores from wetland sites were collected in triplicate. To retain the integrity of soil stratigraphy and minimize disturbance, cores were collected in acrylic sleeves, which were prewashed with 98% ethanol for microbial sanitation, inserted inside a steel corer (Giddings Machine Co, Windsor, CO), driven into the ground, and immediately capped at each end. We retrofitted top caps with non-reactive plastic spigots and a rigid polyethylene tubing straw sealed in place with aquarium-grade silicone (Pentair Aquatic Ecosystems, Atlanta, GA). After the headspaces were filled with ambient wetland water in the field (temperature range 26–30°C), the water-saturated cores were transported to the laboratory on ice. Incubations began 1 day after collection. To standardize experimental conditions, all incubations were conducted with unfiltered Mississippi River water collected just upriver of Dogtooth Bend at Thebes, Illinois, on the same day as the soil core collection (Figure 1A).

To address how denitrification rates vary with oxygen levels and hydrologic delivery via infiltration from overland flooding or hyporheic flows, a total of 48 wetland cores were incubated. From each site, 12 cores were divided into 4 treatments, with 3 replicates per treatment in a 2 × 2 factorial design for a total of 48 cores (oxic vs. anoxic water with either surface or deep injection; Figures 1B, C), and 96-h incubations were conducted in the dark in an environmental chamber at 30°C. While we acknowledge the selected temperature of 30°C is near the upper temperature bound for river water and site surface water, this temperature was chosen and held constant for optimal assessment of microbial activity under varying oxic and anoxic treatments (average monthly temperatures in the Mississippi River and site surface waters ranged from 13.0 ± 2.5°C in April to 28.2 ± 1.3°C in July, with average maximum temperatures reaching 31.9 ± 3.9°C; Supplementary Table S1).

Oxic conditions were maintained by aquarium bubblers inserted into water supply carboys (20–25 bubbles/min). For anoxic incubations, we lowered DO levels to < 1.0 mg/L by sparging unfiltered river water with inert helium gas (ultra-high grade, 99.99% pure, AirGas, Inc.). Helium sparging is superior to other degassing methods, such as boiling or heated vacuum filtration (Degenhardt et al., 2004), and does not denature natural dissolved organic matter. To prevent negative atmospheric pressure or oxygen intrusion into the anoxic carboys when water was discharged into incubation cores from those anoxic carboys, argon-filled balloons were fitted to their sealed caps. Sparging and pressure equalization with inert argon balloons are common protocols when incubating anaerobic microbial cultures (Strobel, 2009). As an inert gas, argon (Ar) is unaffected by oxygen, is unreactive with water, and its solubility varies only with barometric pressure, temperature, and salinity (Hamme and Emerson, 2004; Haynes, 2016), which we took into account during analyses (see Section 2.5). To adjust for any Ar molecule displacement by helium sparging, we normalized Ar gas concentrations to those observed in oxic treatments from the same field site subject to identical incubation conditions of barometric pressure, temperature, and salinity. DO and temperatures in all supply carboys were monitored with MiniDOT loggers (Precision Measurement Engineering, Inc., Vista, CA). Inflow and outflow waters were collected for analyses at the onset of incubations and every 24 h thereafter. Findings for inflow nutrient concentrations and subsequent changes during incubation are presented in the Results section (see Section 3.2). Incubation flows were 0.5 mL/min, except during collection of outflow waters when we briefly increased flow to 2.5 mL/min to collect samples rapidly while limiting potential error caused by waters equalizing with the atmosphere.



2.3 Incubation water analyses

Laboratory analyses of waters from 96-h incubations included measures of N2 gas by membrane inlet mass spectrometry (MIMS; Bay Instruments, Easton, MD). For N2 gas analyses, we collected 7 analytical replicates in 12-mL exetainer vials from each core (n = 21 total per treatment). Water samples were immediately preserved with 100 μL of 50% ZnCl2, capped with no headspace, and checked to ensure no bubbles were entrapped. For nutrients and other factors, samples of inflow and outflow waters from each core were collected in 125-mL non-reactive high-density polyethylene bottles, immediately filtered (glass fiber filters, 0.7 μm GF/F, ashed at 500°C for 2 h) and preserved (5% trace metal grade nitric acid for metal analyses) or frozen (−4°C) until analyzed. Frozen samples were analyzed for nutrients, pH, and alkalinity within 24 h of thawing and were stored for < 4 weeks before analysis. Additional analyses included pH, alkalinity by acid titration, dissolved organic carbon (DOC) by catalytic combustion, and total nitrogen by chemiluminescence (Shimadzu). NO3-N, ammonia (NH3-N), and soluble reactive phosphate (PO4) were measured colorimetrically (Hach 4,000 DR spectrometer, Loveland, CO) according to United States Environmental Protection Agency (EPA) Methods or EPA-Compliant Methods 8,507, 350.2, and 365.1. While the concentration of N is constant, at the pH levels herein most NH3-N is in the form of ammonium (NH4-N), so for simplicity, we apply the term NH4-N. Metals were analyzed by inductively coupled plasma mass spectrometry (analyses: XSeries II, Thermo Fisher Scientific, Inc.). For all analyses, quality assurance and quality check protocols included sample duplicates, sample spikes, and external quality checks according to standard methods (APHA, 2017).



2.4 Dissolved gas analyses with MIMS

We measured dissolved N2 gas in the waters collected from soil incubations using a MIMS equipped with a redox furnace to remove oxygen (O2) from the gas stream before introducing them to the mass spectrometer. MIMS analysis was chosen because it does not require adding labeled isotopes (Smith et al., 2006), restricting enzymatic activity (Smith et al., 2006; Almaraz et al., 2020), or disrupting the stratigraphy of the soil core (Almaraz et al., 2020). Removing O2 during the analysis is important because N2 concentration is artificially inflated by 2.5% during MIMS analyses for each 1% increase in O2 saturation (Kana et al., 1994). Each data point is an average of three replicate water samples. Each water sample value is produced from the average of six analytical replicate exetainers, following an initial (seventh) burn-in replicate (total n = 21; MIMS analytical replicates for the three core replicates). Gases were analyzed using a two-point calibration of ultrapure water in water baths equilibrated with atmospheric saturation of gases set at 27°C and 33°C (i.e., 3°C above and below observed 30°C water temperatures in the field samples and the incubation temperature). Following an initial calibration, the MIMS was recalibrated every 12 samples, with a concluding calibration.



2.5 Data analysis of MIMS signals

To convert electronic signals from the MIMS, we used the R-statistical software (R Core Team, 2021) and the R-package Mimsy, which adjusts for temperature and barometric pressure (Kelly, 2020) in RStudio (RStudio Team, 2020). Results for each replicate were downloaded into Microsoft Excel and analyzed as molar ratios of nitrogen to argon (N2:Ar) because the ratios are more stable than the absolute values of N2 (Reisinger et al., 2016) and multiplied by the ideal Ar concentration at observed barometric pressure and temperature. This Ar correction step adjusts each sample for the distinction between ideal and observed Ar gas saturation and converts the ratio to N2 or O2 molar concentrations (Equation 1):

N2 (μMol)=(observed N2observed Ar)×ideal Ar.      (1)

Although denitrification rates were calculated relative to both surface area and soil volume for comparison to denitrification rates in virtually all other studies, herein we report denitrification rates relative to the surface area of soil (Equation 2) and only discuss rates relative to soil volume with the appropriate adjustment to Equation 2 for Supplementary material 1 (for interest, rates as surface area vs. volume yielded R2 values ≥ 0.89; see Supplementary Figure S1). Denitrification rates were averaged across values measured at 48-, 72-, and 96-h intervals of the 96-h incubation. Values from the first 24 h were excluded because this acclimation period includes high metabolic variability within the microbial community that is potentially less representative of subsequent metabolic activity (Evans et al., 2021), possibly due to variable soil inundation upon collection at each site. Denitrification rates included a base flow rate of 0.5 mL/min and a relatively brief period of increased collection rate of 2.5 mL/min.

N2 (μMolcm2 · h )=N2 (μMolout)-N2 (μMolin)×flow(mLmin · cm2 )×60(minh )      (2)
 

2.6 Post-incubation soil core processing

To fully understand soil distinctions that contribute to context-dependent variation among field sites, after incubation cores were analyzed for soil volume, dry and wet mass, bulk density, particle density, porosity, ash-free dry mass, and soil texture. For soil volume, the total water volume of overlying water plus water that dripped from soils suspended in cheesecloth for 24 h was subtracted from 850 mL, the volume of acrylic incubation sleeves. Dry mass and ash-free dry mass of subsequently homogenized soils were determined using standard methods: dry mass (consistent mass at 50°C) and ash-free dry mass (dry mass – mass ashed for 24 h at 500°C). Bulk density, particle density, and soil porosity were determined following protocols described in Grossman and Reinsch (2002), with porosity evaluated as the percentage of bulk to particle density. Soil textures were determined by the relative amounts of sand, silt, and clay using the Bouyoucos hydrometer methods modified from Goh et al. (2009).



2.7 Statistical analyses

Microsoft Excel was used for descriptive statistics or stoichiometric correlations. Many variables covaried and were not normally distributed; thus, for hypothesis testing and statistical inference analyses, we turned to permutational non-parametric multivariate approaches (PRIMER ver.7 and PERMANOVA+; PRIMER-e, Plymouth, UK). In these approaches, distinct centroids (“signatures”) of denitrification rates per surface area for each site and treatment were created from Euclidean distances using Huygens theorem (i.e., the sum of squared distances from individual points to their centroid is equal to the sum of the squared interpoint distances divided by the number of points), yielding signatures developed from centroids, not a geographic distance (Anderson et al., 2008). Those centroids were then used to generate resemblance matrices for permutational analyses. Permutation analyses are similar in approach to Monte Carlo simulations that converge on patterns through repeated randomized sampling from a distribution (Mantel, 1967; Hope, 1968). The relationship between Monte Carlo and permutation tests is discussed in detail by Anderson and Robinson (2003). In contrast to sampling from a distribution, permutation analyses generate comparisons by sampling within the resemblance matrix of assigned groups vs. randomly assigned matrices repeated 999 times (999 permutations). This approach produces familiar F-statistics, p-values, and R2 measures (Anderson and Walsh, 2013).

For hypothesis testing of differences among denitrification rates, we compared the treatments using permutational multivariate analysis of variance (PERMANOVA; Anderson and Ter Braak, 2003). Main-effects tests using PERMANOVA (the permutational form of an analysis of variance) evaluated the overall differences between field sites, followed by independent pairwise t-tests using PERMANOVA to investigate effects within treatments for each field site. Given the variability of environmental samples and natural waters, our acceptance criterion for significance was alpha < 0.10.

For inference testing of the relationships between denitrification rates relative to context-dependent variables and their magnitude of influence, we conducted distance-based redundancy analyses. These analyses place the signatures for each incubation treatment in non-metric multidimensional space, which is based on distance-based linear models (DistLMs) that are multivariate-multilinear regressions (Anderson et al., 2004). This approach uses information from each individual replicate of each treatment to capture even subtle distinctions within each resemblance matrix and evaluate complex systems (Kraft et al., 2011). DistLM models test the significance of each environmental factor and quantify how much variance in denitrification each explains. R2 values of individual explanatory factors are not additive because of covariance. In other words, each explanatory variable is evaluated relative to its contributions relative to other independent variables with covariance considered to avoid over-fitting. We only included factors that were individually significant (α < 0.10) in the DistLM models. The best model selection for DistLMs was determined by the Akaike information criterion for small sample sizes (AICc) changed by < 2 units. Predictor variables included DO, soil characteristics, and the consumption or liberation rates of biologically active compounds (NO3-N, NH4-N, PO4, and DOC).



2.8 Calculation of N mitigation potential across Dogtooth Bend and comparison of its social value to floodplain agriculture

There are two principal ways in which reconnected floodplains and their wetlands can mitigate environmental damage from N releases: (1) forgone nitrogen losses associated with runoff from crop cultivation and (2) removal of NO3 by denitrification. In this article, we focus solely on the soil denitrification pathway for N mitigation, and in the following, we describe the methodological steps taken to assess the N mitigation potential across Dogtooth Bend. In this approach, we attempted to bound the potential amount of NO3 removed from river water by the floodplain soils and their microbiological communities when inundated by floodwaters. The primary assumption for this modeling approach is the measured soil denitrification rates reflect the amount of NO3 that can be removed from the river water when the floodplain is inundated.

In this study, nitrogen mitigation is monetized through a benefit transfer approach using N mitigation prices estimated for the Mississippi River valley by Ribaudo et al. (2005). The results from Ribaudo et al.'s (2005) study were selected for the benefit transfer because it is one of the few studies that produces a marginal price for nitrogen mitigation and the estimates are relevant to our study area. For their study, Ribaudo et al. (2005) employ the U.S. Agricultural Sector Mathematical Program model to investigate the potential for nitrogen credit trading in the entire Mississippi River watershed by modeling the interaction between agricultural non-point sources and wastewater treatment plant point sources that were required to reduce N emissions. In the Ribaudo et al. (2005) model, users can provide N reduction credits using four approaches: changing fertilizer application rates, changing production practices, growing different crops, or retiring cropland. While restoring floodplains and their wetlands is not included as a mitigation option in this model, the cost of the alternative approaches does capture the avoided costs of achieving the given amount of water quality improvements in another way when floodplain reconnection is undertaken in the region, thus providing a marginal value for N mitigation outcomes (Jenkins et al., 2010).

To demonstrate the importance of this and future floodplain nutrient services research to floodplain management and policy, we estimate the potential bounds for the N mitigation service value (i.e., social benefit) for floodplain soils and compare it to agriculture profits for the Dogtooth Bend region (e.g., market values). First, the N mitigation potential associated with river inundation of the Dogtooth Bend floodplain using a simplified approach intended to place this floodplain service into context. This was accomplished by modeling inundation across a range of daily exceedance probabilities (DEPs) in which the Dogtooth Bend floodplain inundation is modeled using an existing one- and two-dimensional hydrodynamic model of the Mississippi–Ohio River confluence region and combining these DEPs with our denitrification rates to estimate annual N mitigation. The Dogtooth Bend Region was modeled in two dimensions to provide a realistic simulation of floodplain inundation, while the river channels were modeled in one dimension to reduce the model's computational requirements (Figure 1A). The details of this calibrated and validated hydrodynamic model constructed using the USACE Hydrologic Engineering Centers River Analysis System (HEC-RAS v. 6.3.1) model are more fully described by Remo and Giri (2024). The HEC-RAS model assumes a fixed-channel geometry and does not account for groundwater fluxes.

For the inundation modeling used in this work, we employed the Remo and Giri (2024) post-breach with grade-control structure model, which represents near-present-day conditions (circa 2020) within our Dogtooth Bend study area. The validation results for this model show the average uncertainties with water-surface elevation (WSEL) predictions were, on average, within ±0.3 m, which is typical of well-constructed hydrodynamic models for the Mississippi–Ohio River confluence region (Gaines et al., 2021; Remo and Giri, 2024). To determine the DEP for the inundation of the Dogtooth Bend floodplain, we modeled 50 years of daily discharge data (water years 1972–2022) using the hydrodynamic model to generate WSELs. Using these WSELs, we then calculated the DEP at the Price Landing Hydrologic Monitoring Station for the growing season (April 1–October 30; Figure 1A). Flood inundation extents from the river were generated for Dogtooth Bend at WSEL increments of 0.3 m for the 0.3%−20% DEP (approximately 1–70 days of inundation annually) using the tools within HEC-RAS.

Using the inundation extent maps from HEC-RAS, we generated a map of the number of days the floodplain across the Dogtooth Bend study area is expected to be inundated. To create this map, we first exported the inundation extent maps from HEC-RAS into ArcGIS Pro software (v 3.2.2). Then in ArcGIS Pro, DEPs were assigned to each inundation extent map. Next, the inundation extent maps were combined to create a continuous map of DEPs of inundation across the Dogtooth Bend floodplain; then, these probabilities were converted into the number of days inundated for each square meter of the floodplain for the growing season.

Next, we used our net denitrification rates to calculate minimum, average, and maximum bounds for average N mitigation during the growing season across the Dogtooth Bend floodplain by multiplying the rates by the number of days inundated. We estimate the value of floodplain soil N mitigation using Mississippi River valley price estimates for N mitigation credits from Ribaudo et al. (2005). We use this study's N mitigation credit prices because it is one of the few studies in the literature that calculates a marginal price for N mitigation (Jenkins et al., 2010). The cost of the marginal trade for the Mississippi River valley is estimated at US$20.71/kg N, and using the U. S. Bureau of Labor Statistics (2024) Consumer Price Index inflation calculator, inflating the price to 2024 U.S. dollars results in a value of US$36.96/kg N. The bounds in N mitigation values are estimated by using the lowest and highest N credit prices generated by Ribaudo et al. (2005) which are US$33.38–$155.18/kg N in 2024. Using our denitrification rates, we estimate the average annual net denitrification and multiply the range of N credit prices to develop a range of net present values for the N mitigation service across Dogtooth Bend. Finally, we normalize the N mitigation service estimates by area to arrive at an annualized value by area ($/ha/yr) to compare to the potential agricultural profit of the floodplain lands across Dogtooth Bend.

We estimated profit from agricultural lands across Dogtooth Bend by using historical yield data for corn and soybeans, annual crop prices, and production costs. Corn and soybean crops were chosen for this analysis because these are the common crops grown on floodplain lands in southern Illinois. Historical corn and soybean yield data for the period (2018–2022) were compiled from the USDA (2024) National Agricultural Statistic Service database for Alexander County, Illinois, where Dogtooth Bend is located. We obtained prices for corn and soybean and the associated agricultural production costs for the same period for southern Illinois from Schnitkey and Paulson (2024). Corn and soybean prices and production costs for each year were inflated to 2024 U.S. dollars using the U. S. Bureau of Labor Statistics (2024) Consumer Price Index inflation calculator. We then calculated the agricultural profit by multiplying the average yield by its price and subtracting the production costs.




3 Results


3.1 Variation among soil characteristics in field sites

Field sites within the Dogtooth Bend are underlain by varying mixtures of sand, silt, and clay that govern infiltration into and through floodplain soils across the research area (Table 2). The soil at the Big Cypress wetland consisted primarily of clay (approximately 70%) and had the highest percentage of organic material (10%) observed across the four sites. At the Grand Lake site, the soils are composed of a clay loam containing the second-highest organic content (7%). The soil at the Lake Milligan site is composed of silty clay loam that possesses nearly equal amounts of silt and clay (approximately 37%), with approximately 5 % organic content. The Santa Fe site is underlain by the sandiest soil observed across our field sites, having nearly 90% sand with the least amount of organic material (<2%).

TABLE 2  Results of soil analyses for each field site as dominant texture classification and averages ± SE for sand, bulk density, particle density, porosity, and ash-free dry mass (AFDM).


	Field site
	Dominant texture
	Sand (%)
	Silt (%)
	Clay (%)
	Bulk density (g/cm3)
	Particle density (g/cm3)
	Porosity (%)
	AFDM (%)





	Big Cypress
	Clay
	7.55 ± 0.65
	20.11 ± 0.63
	72.34 ± 0.77
	0.82 ± 0.03
	2.44 ± 0.03
	0.66 ± 0.01
	10.28 ± 0.60



	Grand Lake
	Clay Loam
	28.96 ± 4.18
	31.66 ± 2.18
	39.38 ± 2.93
	0.87 ± 0.04
	2.52 ± 0.02
	0.66 ± 0.01
	7.25 ± 0.63



	Lake Milligan
	Silty Clay Loam
	25.57 ± 1.92
	36.98 ± 1.50
	37.45 ± 0.97
	1.24 ± 0.01
	2.59 ± 0.04
	0.52 ± 0.01
	4.71 ± 0.11



	Santa Fe
	Sand
	88.28 ± 3.67
	5.42 ± 2.69
	6.30 ± 1.06
	1.41 ± 0.06
	2.66 ± 0.02
	0.47 ± 0.02
	1.48 ± 0.37








3.2 Initial and changes in N gas and nitrogenous solutes during incubations

In the following section, we present initial concentrations of N gas or solutes in inflow waters with gains or losses in absolute concentrations during incubations (Table 3) for direct comparisons with other studies. In addition, we also report the rates of changes in nitrogenous components by treatment type and among field site soils (Figure 2, Table 4) for use in landscape models.

TABLE 3  Inflow and outflow concentrations of N gas and solutes during incubations as averages ± SE for treatment types.


	Inflow or outflow waters
	N gas (mg)
	NO3-N (mg/L)
	NH4-N (mg/L)
	PO4 (mg/L)
	pH
	Alkalinity (as mg CaCO3/L)
	DOC (mg/L)
	TN (mg/L)





	Inflow



	Anoxic
	11.37 ± 0.09
	0.67 ± 0.05
	0.03 ± 0.01
	0.43 ± 0.02
	9.20 ± 0.09
	107.9 ± 3.6
	2.94 ± 0.15
	0.98 ± 0.16



	Oxic
	12.00 ± 0.07
	0.51 ± 0.06
	0.02 ± 0.01
	0.44 ± 0.01
	8.99 ± 0.08
	107.3 ± 2.9
	3.45 ± 0.25
	1.26 ± 0.11



	Outflow



	Anoxic Deep
	12.53 ± 0.08 (+1.16 ± 0.08)
	0.25 ± 0.03 (−0.42 ± 0.04)
	0.44 ± 0.08 (+0.41 ± 0.04)
	0.42 ± 0.04
	8.70 ± 0.07
	112.3 ± 5.3
	7.79 ± 0.36
	0.46 ± 0.07



	Anoxic Surface
	12.33 ± 0.04 (+0.95 ± 0.07)
	0.30 ± 0.03 (−0.37 ± 0.04)
	0.16 ± 0.03 (+0.13 ± 0.02)
	0.26 ± 0.02
	8.70 ± 0.07
	104.0 ± 3.1
	7.64 ± 0.28
	0.27 ± 0.02



	Oxic Deep
	12.71 ± 0.08 (+0.70 ± 0.07)
	0.27 ± 0.03 (−0.24 ± 0.05)
	0.69 ± 0.16 (+0.67 ± 0.08)
	0.42 ± 0.06
	8.52 ± 0.06
	112.5 ± 4.2
	10.34 ± 0.63
	0.66 ± 0.09



	[-1pt] Oxic Surface
	12.55 ± 0.05 (+0.55 ± 0.06)
	0.27 ± 0.04 (−0.24 ± 0.05)
	0.16 ± 0.02 (+0.14 ± 0.01)
	0.18 ± 0.02
	8.47 ± 0.05
	105.1 ± 2.4
	9.12 ± 0.50
	0.66 ± 0.25




Parenthetic values below nitrogenous species indicate absolute gain or loss in N for comparison between N gas and NO3-N. Fluxes were used to generate rates using Equation 1. Inflow water for all incubations was conducted with Mississippi River water that was collected at Thebes, Illinois, on the same day as the soil cores.

DOC, ; TN, total nitrogen.




[image: Graphs comparing rates of nitrogen gas gain to nitrate-nitrogen loss and ammonium-nitrogen gain for: Average of all Sites, Big Cypress, Grand Lake, Lake Milligan, and Santa Fe. Each graph shows data for anoxic deep, anoxic surface, oxic deep, and oxic surface treatments. Regression equations, R2, and P-values are provided for each subplot, indicating trends and statistical significance. All regressions either deviate from the expected 1:1 stoichiometric relationship between denitrification as nitrate-nitrogen loss or potential dissimilatory nitrate reduction to ammonium, or show no relationship at all.]
FIGURE 2
 NO3-N loss rates relative to denitrification rates as N gas production (A–E) and NO3-N loss rates relative to NH4-N gain rates during incubations (F–J). (A, F) show rate averages for treatments across all field sites followed by findings for each field site individually. The bold diagonal lines show the expected 1:1 stoichiometric relationship between denitrification or potential dissimilatory nitrate reduction to ammonia and NO3-N loss. (F) Excludes Grand Lake data from the NH4-N averages. Error bars = SE, representing variance in outflow collected at 24-h intervals.


TABLE 4  The stoichiometric comparison between gross denitrification gain as N gas production (panel A) relative to NO3-N loss rates (panel B) yielded the apparent nitrification (panel C) with an overall approximately 1:0.62 ratio of denitrification to apparent nitrification.


	Rate bounds
	Uncharacterized soil
	Clay (Big Cypress)
	Silty clay loam (Lake Milligan)
	Sand (Santa Fe)





	A. Gross denitrification as N gas production rate



	Maximal
	429.58 ± 29.72
	448.00 ± 30.05
	536.83 ± 42.93
	592.14 ± 52.85



	Minimal
	190.29 ± 20.60
	166.17 ± 21.26
	288.88 ± 49.95
	100.81 ± 21.78



	B. Observed NO3-N loss rate



	Maximal
	−151.25 + 11.75
	−161.83 ± 25.75
	−165.24 ± 14.20
	−124.87 ± 27.72



	Minimal
	−82.81 + 16.99
	−81.43 ± 15.17
	−72.11 ± 42.26
	−30.76 ± 40.09



	C. Apparent concomitant nitrification rate: stoichiometric schism between N gas gain and NO3-N loss



	Maximal
	270.78 ± 30.67
	340.91 ± 34.66
	396.81 ± 44.57
	416.48 ± 12.11



	Minimal
	100.72 ± 24.71
	84.74 ± 30.03
	147.94 ± 47.66
	70.05 ± 56.92



	D. Net denitrification rate as N gas minus apparent nitrification



	Maximal
	158.8 ± 10.68
	161.83 ± 25.75
	165.24 ± 14.20
	*175.66 ± 31.75



	Minimal
	84.35 ± 12.33
	81.43 ± 15.17
	72.11 ± 42.26
	* 30.76 ± 40.09




Thus, panel D shows the net denitrification rates that are approximately 62% lower average NO3-N loss than the expected 1:1 ratio in N gas production to NO3-N loss rates (see Figure 3). For gross and net calculations, we show the maximal (anoxic deep injections) and minimal rates (oxic surface delivery) based on uncharacterized soil incubations (averages across all soil types) and for the dominant soil textures observed in cores from Big Cypress (clay), Lake Milligan (silty clay loam), and Santa Fe (sand; see Table 2 for soil percentages). All units are mg N m−2 day−1. Values from different treatments may not add up due to rounding.

*Most conservative values were used in monetary valuation (Table 6).




3.2.1 Range of denitrification across 2 × 2 factorial treatment types

As would be expected, the presence of oxygen largely governed anaerobic denitrification, however, distinctions in soil characteristics among field sites also exerted substantial influence (Table 4, Figure 2). Overall, we observed a denitrification hierarchy in which anoxic-deep-injection cores (AD cores) simulating hyporheic infiltration outpaced anoxic-surface-delivery cores (AS cores). AS cores also exceeded oxic-deep-injection cores (OD cores) and oxic-surface-delivery cores (OS cores; Figure 2A). Thus, average denitrification rates across all sites, despite variation in dominant soil composition, followed an anoxic-injection hierarchy of AD > AS > OD ≥ OS (p ≤ 0.004) (Denitrification rates when calculated in terms of soil volume covaried tightly with those calculated by surface area. See Supplementary material 3 and Supplementary Figure S2 with an R2 = 0.916. Herein, however, we present all findings as rates by surface area for comparison to other studies).

Regarding site-specific distinctions in denitrification rates, context-dependent patterns varied among soil types. For the sandy soils at the Santa Fe site, the denitrification hierarchy persisted (Figure 2E, Supplementary Table S3). In sharp contrast, the Big Cypress clay soils had low permeability regardless of injection type. Consequently, only oxic vs. anoxic treatments differed significantly irrespective of surface vs. deep injection delivery (Figure 2B). Lake Milligan incubations with an even mix of clay, silt, and sand mostly followed the hierarchy with the interesting exception of oxic surface injections, where hypothetically high aerobic respiration rapidly consumed DO, triggering anaerobic conditions conducive to elevated denitrification rates (Figure 2D). Unexpectedly, the clay loam at the Grand Lake site did not fit the observed trends of other sites. Denitrification was very low and did not differ among treatments (Figure 2C). This suggests that some factor or factors, other than soil type, influence denitrification at the Grand Lake site.



3.2.2 Stoichiometry of N2 production relative to NO3-N loss: evidence for concurrent nitrification

For stoichiometric comparisons during incubations, we report N gas production and compared ratios of N gas production to changes in other nitrogenous molecules in the nitrogen cycle. Theoretically, N gas production equal to NO3-N loss indicates that denitrification (Supplementary Figure S1, Process 1) is responsible for all NO3-N loss. If N gas production is greater than NO3-N loss, then another reaction, such as nitrification, is producing NO3-N (Supplementary Figure S1, Process 3). Overall, our stoichiometric findings indicate simultaneous production of NO3-N via concomitant nitrification during incubations that apparently replenished NO3-N resulting in much lower losses in outflows than expected (for more detail, see Supplementary material 4, Supplementary Tables S3, S4, Supplementary Figure S3).

With respect to concentrations, we observed a tremendous disparity in N gas concentration gains relative to NO3-N concentration losses. Table 3 shows that average increases in N gas concentrations, followed by the anoxic-injection hierarchy of treatments with AD > AS > OD > OS (AD of ±1.16 trending down to OS of ±0.55 mg N) and loss of NO3-N concentration in outflow waters, followed a similar hierarchy of AD > AS > OD = OS, the ratio of N produced to NO3-N loss averaged 2.6:1. That is, NO3-N loss was only 38.3 ± 1.9% (Avg ±SE; range 34%−43%) of the amount on N produced during incubations.

For rates, Figure 2A shows that NO3-N loss rates averaged across all field sites roughly approximated the anoxic-injection hierarchy by treatment type as N gas production (i.e., AD ≥ AS > OD ≥ OS), although neither surface- nor deep-injection treatments differed significantly, only whether conditions were oxic or anoxic. Consistent with the findings for concentrations, NO3-N loss rates were far less than a 1:1 ratio with N gas production (shown as a line in Figure 2A) and fell just below a 3:1 ratio. Table 4 illustrates the stoichiometric disparity in NO3-N loss rates across treatments. As an example, in sand (i.e., the Santa Fe cores), the maximal (i.e., anoxic-deep) gross denitrification as N gas production was 592.14 mg N/m2/day, whereas the NO3-N loss rate was only −124.87 mg N/m2/day. This disparity resulted in an unaccounted-for NO3-N loss rate of 416.48 mg N/m2/day, yielding a net NO3-N removal of 175.66 mg N/m2/day. The most parsimonious explanation is the concurrent production of NO3-N by nitrification.

Concurrent nitrification varied among site-specific distinctions in soil types. Although N production to NO3-N loss rates were well above a 1:1 ratio, only the sandy Santa Fe site soils broadly follow the hierarchy of the most productive denitrification treatments consuming the greatest amount of NO3-N (Figure 2E). For Big Cypress, the anoxic deep cores had approximately twofold higher NO3-N loss rates compared to all other treatments, suggesting less concurrent nitrification deep into the clay soils with virtually identical nitrification in the anoxic surface and all oxic incubations (Figure 2B). Lake Milligan further broke from the hierarchy in that the consumption of NO3-N followed a pattern of AS ≥ AD ≥ OD ≥ OS, where only anoxic surface and oxic deep did not overlap, meaning that the trend was for greater NO3-N loss from surface injections but overlapped with their respective deep treatments (Figure 2D). Of all field sites, Grand Lake, with the lowest rate of denitrification, also had NO3-N loss rates of approximately 2:1 that came closer to the 1:1 ratio with denitrification because anoxic deep treatments had greater loss rates than the oxic surface treatments, indicating more concurrent nitrification in oxic surface cores (Figure 2C).




3.3 Changes in other context-dependent factors during incubations

Using natural water for all incubations collected on 1 day from the Mississippi River meant that inflow concentrations of NO3-N, NH4-N, PO4, pH, alkalinity, DOC, or TN did not vary appreciably (Table 3). We report them to show that conditions were conducive to denitrification and levels were not limiting. In all cases, nutrients in inflow waters met or exceeded eutrophic levels (Wetzel, 2001) with abundant DOC concentrations.


3.3.1 Changes in PO4, DOC, DOC:NO3-N, DOC:TN, and PO4 during incubations

Averaged according to treatment types, PO4 outflow concentrations were significantly lower in surface delivery treatments (Table 3) and showed the same pattern of significant loss when measured as PO4 rates (Supplementary material 5, Supplementary Table S6). However, a comparison of PO4 dynamics among field sites revealed more complex interactions with few clear-cut patterns (Supplementary Figures S4A–E). Mechanisms that mediate PO4 dynamics include decomposition release from organic compounds, luxury uptake by the microbial community, adsorption to organic soils, and adsorption to cations, such as calcium or oxidized iron under oxic conditions (Gachter and Meyer, 1993). These actively competing uptake and release mechanisms were imposed during incubations and are certainly influenced by soil types (Hallberg et al., 2024).

During the incubations, average DOC concentrations in outflows consistently increased 2- to 3-fold from approximately 3 mg/L in inflow waters during incubations (Table 3). Similarly, the rates of DOC production were consistent with flushing from organic-rich soils and greater release from oxidative respiration in the oxic treatments (Supplementary material 5, Supplementary Table S6, Supplementary Figures S4F–J). Certainly decomposition and release from adsorption to soils containing ample organic matter as indicated by high percentages of ash-free dry mass, 1.5%−10.2% of soil (Table 2) likely all contribute.

Compared to C:N relationship of 60:7 (8.57 ratio) reported for microbial biomass (Cleveland and Liptzin, 2007), initial DOC:NO3-N or DOC:TN ratios (averages ± SE) of 6.30 ± 0.63 and 3.19 ± 0.08, respectively, in inflow water from the Mississippi River were very low (Supplementary Table S6). The absolute concentrations of DOC and NO3-N (Table 2), as well as these low ratios, indicate that in our incubations, N was not initially limiting and that abundant stores of carbon exist in the soil. Outflow ratios, however, increased among different treatments from 40 to 64 (DOC:NO3-N) and from 27 to 43 (DOC:TN), reflecting both DOC release and overall uptake of nitrogen minerals during incubations. For more detailed information on these aspects of ecological stoichiometry, see Supplementary material 6, Supplementary Tables S6, S7.



3.3.2 Changes in pH, alkalinity, and metals

Other context-dependent environmental factors co-varied with denitrification to varying degrees and potential inferences (Table 3). Throughout the incubations, pH in outflows remained basic but dropped significantly from inflow averages (approximately 9.1) down to outflow averages between 8.5 and 8.7 depending on the treatment across all wetland sites, which is consistent with microbial decomposition. Alkalinity did not change significantly during incubations, but deep injections trended higher than surface injections. The results of metals analyses (Supplementary Material 7, Supplementary Table S9) indicate low but toxic levels of arsenic and lead in inflow water from the Mississippi relative to criteria protective of freshwater life (USEPA, 2009). Relative to drinking water criteria (USEPA, 2018) or agriculture water quality limits (Marshack, 2016), aluminum, iron, nickel, copper, and zinc levels were below all toxicity criteria. Furthermore, sodium, magnesium, potassium, and calcium were abundant in concentration and apparently did not limit microbial growth (Supplementary Table S10).




3.4 Inferences from DistLM models of denitrification covariates

Table 5 summarizes the best AICc models from DistLM analyses of how much variation in the denitrification rates was explained by soil and geochemical factors (see Supplementary material 8 for individual models, showing increasing R2 values and, with the addition of new explanatory variables, the corresponding changes in AICc values). Factors included in the best AICc model are shown in bold and underlined. We present other factors that increased R2 values by 0%−3% because they were individually significant even though they did not add inference to the best AICc models.

TABLE 5  Distance-based linear (DistLM) models yielding the best Akaike information criterion for small sample sizes (AICc) models and the percentages of denitrification rates explained by geochemical rates, temperature, DO, or independent soil variables. Sections show DistLM model results for: A. All sites, B. Treatment types, and C. Field sites. R2 values are not additive because of covariance.


	
	
	
	Geochemical rates
	Environ.
	Soil or organic characteristics



	DistLM models for:
	R2 for best AICc model
	R2 for all factors
	NO3-N (mg/m2/day)
	NH4-N (mg/m2/day)
	PO4 (m mg/m2/day)
	DOC (mg/m2/day)
	Temp (°C)
	DO (mg/L)
	Bulk dens. (g/cm3)
	Particle dens. (g/cm3)
	Porosity
	Soil vol. (cm3)
	AFDM (%)
	Sand (%)
	Clay (%)
	Silt (%)





	A. All sites
	0.34
	0.34
	0.03
	
	0.07
	
	0.03
	0.23
	
	0.05
	
	
	
	0.05
	0.02
	0.07



	B. Treatments
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Anox. Deep
	0.83
	0.85
	
	0.22
	0.11
	0.28
	
	
	0.28
	
	0.33
	0.25
	0.22
	0.20
	
	0.27



	Anox. Surf.
	0.27
	0.28
	
	
	0.18
	
	
	
	
	0.07
	
	0.17
	
	
	
	



	Oxic Deep
	0.09
	0.09
	
	
	0.09
	
	
	
	
	
	
	0.06
	
	0.03
	
	



	Oxic Surf.
	0.61
	0.69
	
	0.10
	0.11
	0.11
	
	0.20
	0.14
	0.21
	0.10
	0.15
	0.12
	0.25
	0.12
	0.31



	C. Sites
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Big Cypress
	0.71
	0.75
	
	
	0.25
	
	
	0.68
	
	0.22
	
	
	0.19
	
	0.11
	0.09



	Grand Lake
	0.19
	0.21
	
	
	
	
	0.12
	0.08
	
	
	
	
	
	0.09
	
	0.07



	Lake Milligan
	0.45
	0.48
	
	
	0.27
	0.20
	0.14
	0.07
	
	
	
	
	
	0.07
	
	



	Santa Fe
	0.63
	0.67
	
	
	0.14
	
	
	0.36
	0.11
	0.29
	
	
	
	0.18
	0.16
	0.25




Bold underlined data show factors included in the best AICc models. Non-bold factors while individually significant (α ≤ 0.1) had little (1%−3%) or no effect on the R2 for all factors when included (details in Supplemental material 8). DOC, ; DO, dissolved oxygen; AFDM, ash-free dry mass.




3.4.1 DistLM analyses results across all sites irrespective of treatment types

For all sites and treatments combined, the best AICc model explained 34% of the variation in denitrification rates (Table 5, panel A). Among individual explanatory factors, DO levels in inflow waters alone explained 23% of the total variation, while the rate of change in PO4 and soil characteristics explained an additional 11% when accounting for covariation.



3.4.2 DistLM analyses by treatment type

Among treatment types (Table 5, panel B), the best AICc models explained 61%−83% of the variation in denitrification for oxic surface and anoxic deep incubation cores, respectively. In these same cores, NH4-N release rates were significant, explaining 10%−22% of variation as well as the release rates of DOC, potentially reflecting microbial activity. The aspects of soil that govern flow worked in concert to explain most of those high i2 values, both of which dwarfed the low R2 values of 0.27 and 0.09 for anoxic surface and oxic deep injection cores, respectively. In all treatments, the PO4 rate explained 9%−18% of denitrification, likely due to an interplay of abiotic processes (i.e., adsorption and release from mineral particles depending on DO levels) and biotic processes (e.g., luxury uptake or decompositional release) as discussed earlier (see Supplementary material 5 for interesting patterns in PO4 and DOC). DO was only correlated with oxic surface treatments, where it explained 20% of the variability in denitrification, likely depending on infiltration governed by soil characteristics.



3.4.3 Site-specific DistLM results

For three of the four sites, a mixture of mainly PO4 rates, environmental conditions (temperature and DO), and soil characteristics explained high percentages of the variation in denitrification rates that overall ranged from 63% to 71%. The reasons might be inferred from different soil types among the individual field sites. Dissolved oxygen was an important factor for clay soils at Big Cypress, explaining 68% of denitrification relative to distinctions between oxic and anoxic treatments irrespective of injection mode. In sand-rich cores at Santa Fe, DO explained 36% of denitrification. For both sites at which DO was important, many soil characteristics that correspond with flow were also significant, especially particle density. Possibly because of the nearly equal amounts of clay, silt, and sand in the soils from Lake Milligan, only the percentage of sand was significant with most variation explained by temperature and PO4 uptake rates (Supplementary Figure S4). Incubations from Grand Lake were an exception to clear covariates, with, at best, 12% of variation explained by temperature and even less by DO, sand, or silt, comprising a low best AICc model R2 of 19%. The overall low inference at Grand Lake from DistLMs is not unexpected because denitrification rates did not differ among treatment types (Figure 2C), but the finding of high NH4-N production despite consistent denitrification suggests that an interplay of ammonification and other microbially mediated mechanisms is involved.

The finding that temperature, which we monitored with loggers sensitive to variations of 0.05°C, explained 12%−14% of denitrification in the clay loam sites (Grand Lake, Lake Milligan) was unexpected because we held it to consistent temperatures by conducting incubations in an environmental chamber averaging from 30.5°C to 30.8°C (range: 29.9–30.9°C; see Supplementary Table S2).




3.5 Inundation frequency, N mitigation potential, and comparison of N mitigation value to agricultural revenue and profit

The hydrologic analysis and hydrodynamic modeling have allowed us to determine the frequency of river inundation across the Dogtooth Bend floodplain. The frequency of inundation generally increases from the northwest, where, on average, the land is inundated < 3 days, to the southeast across the Bend, where low-lying river-connected areas are inundated >30 days during the growing season. The areas with extended periods of inundation (>30 days) include the levee breach complex (river mile [RM] 33 to 34), the cutoff channel, and back swamp areas between RM 13 and 20 (Figure 3A). Figure 3B shows the pattern of denitrification using the average soil denitrification rate across Dogtooth Bend. Figure 4 shows the distribution of soil textures across the study area. Comparing the inundation frequencies shown in Figure 3 with the soil textures shown in Figure 4, the area with the highest inundation frequency is where soil textures foster moderate denitrification rates (i.e., silt and clay mixtures). Multiplying the net denitrification rates for the lower bound and upper bound (see rates for sand in Table 4) and the average denitrification rate between the two bounds by our model of inundation frequency (Figure 3B) provides N mitigation bounds for the growing season of 68.3 and 385.3 tons of N, with an average of 226.8 tons of N (Table 6). This equates to between 0.01% and 0.06% of the total annual N load of the middle Mississippi River (648,000 tons/yr).


[image: Map (A) encompassing the Dogtooth Bend field sites shows the inundation frequency in days per growing season (April 1–November 1) for Mississippi River conditions circa 2022 with the levee breach and grade control structure in place. Map (B) shows the variation in annual denitrification rate from values presented herein in milligrams per growing season depending on the estimated average annual inundation frequency. Areas at the base of the dog-tooth shape of the Bend are most frequently flooded with an inundation frequency equal to or greater than a 7 percent daily exceedance probability.]
FIGURE 3
 (A) Is the inundation frequency in days per the growing season (April 1–November 1) for river conditions circa 2022 with the levee breach and grade control structure in place. (B) Is the average annual denitrification rate in mg/per growing season across using the average value of denitrification rates estimated in this study with the estimated average annual inundation frequency. In (A), the areas within the darkest shade of blue represent the most frequently inundated portion of the Dogtooth Bend Floodplain with an inundation frequency ≥7% daily exceedance probability.



[image: Map across the same portion of the Dogtooth Bend area of the Mississippi River including field sites shows variations in soil textures from the USDA (2006), Nations Resource Conservation Service's Soil Survey Geographic Database. Soil types that vary according to inundation dynamics and proximity to levees and control structures include: clay, clay loam, loam, sand, sandy loam, silt loam, silty clay, and silty clay loam. Greater clay occurs in levee protected areas, whereas portions with high inundation frequencies contain more sands and silt loam.]
FIGURE 4
 Map of soil textures across Dogtooth Bend from the USDA (2006), Nations Resource Conservation Service's Soil Survey Geographic Database.


TABLE 6  Lower bound, average, and upper bounds for denitrification rates and subsequent calculations for net denitrification relative to total river load and monetary valuation (cost of marginal N credit from Ribaudo et al., 2005; in 2024 U.S. dollars).


	Scenario
	Net denitrification rate (N mg/m2/day)
	Average annual net denitrification (tonnes N/growing season)
	% Measured total river nitrogen load
	Cost of marginal N credit ($/kg N)
	Net present value N mitigation service ($ million)
	Annualized value of N mitigation service ($/ha/growing season)





	Lower bound
	31*
	68.3
	0.01%
	$ 33.38
	$ 2.28
	$ 156.44



	Average value
	103
	226.8
	0.04%
	$ 36.96
	$ 8.38
	$ 575.54



	Upper bound
	175*
	385.3
	0.06%
	$ 155.18
	$ 59.80
	$ 4,105.67




*Maximal and minimal net denitrification rates for sand, which encompasses rates in all other soil textures in Table 4.



Using our N mitigation bounds and Ribaudo et al.'s (2005) N mitigation credit prices, we estimate the net present value of this service across Dogtooth Bend to be between $2.3 and $59.8 million or $156–$4,106 per hectare for a growing season (Table 6). We also estimated revenues and profits for agricultural lands in corn and soybean production in Alexander County, Illinois, in which Dogtooth Bend is located. For the 2018–2022 period, the average revenue for corn was US$390 a hectare and US$265 for soybeans in Alexander County. The average profit for corn and soybean for this period was US$88 and US$79 per hectare, respectively (Table 7). It was interesting to note that profits from corn and soybeans were about half of our estimated N mitigation service value and fell within the range of revenue generated by these crops.

TABLE 7  Corn and Soybean yield, price (USDA, 2024), revenue, non-land-costs (Schnitkey and Paulson, 2024), and profit in Alexander County, Illinois, for the 2018–2022 period in 2024 U.S. dollars.


	Year
	Crop
	Yield (tonnes/ha)
	Price ($/tonnes)
	Revenue ($/ha)
	Non-land costs* ($/ha)
	Profit ($/ha)





	2022
	Corn
	1.67
	$ 262.01
	$ 436.84
	$ 345.43
	$ 91.41



	2021
	Corn
	1.83
	$ 270.00
	$ 493.45
	$ 285.41
	$ 208.04



	2020
	Corn
	1.87
	$ 211.51
	$ 395.04
	$ 289.58
	$ 105.46



	2019
	Corn
	1.48
	$ 83.65
	$ 272.21
	$ 299.48
	$ −27.27



	2018
	Corn
	1.94
	$ 181.42
	$ 351.33
	$ 288.52
	$ 62.81



	Average
	
	1.76
	$ 221.72
	$ 389.77
	$ 301.68
	$ 88.09



	2022
	Soybean
	0.57
	$ 543.44
	$ 307.05
	$ 197.60
	$ 109.45



	2021
	Soybean
	0.64
	$ 567.69
	$ 365.76
	$ 199.98
	$ 165.78



	2020
	Soybean
	0.54
	$ 487.96
	$ 261.72
	$ 163.65
	$ 98.07



	2019
	Soybean
	0.43
	$ 414.10
	$ 178.33
	$ 172.29
	$ 6.03



	2018
	Soybean
	0.51
	$ 412.26
	$ 211.14
	$ 193.77
	$ 17.36



	Average
	
	0.54
	$ 485.09
	$ 264.80
	$ 185.46
	$ 79.34




*Non-land costs are summed costs from (1) direct costs of production of the crop, (2) costs of power machinery operations, and (3) overhead costs for general farm operation.






4 Discussion


4.1 Simulation of overland flooding and hyporheic infiltration: effects of oxygenation and hydraulic delivery on denitrification rates

The primary factor distinguishing denitrification rates at our Dogtooth Bend study sites is the condition under which the source water is introduced into the soil cores. Among the extremes of environmental conditions that we simulated using laboratory incubations, anoxic water injected deep into cores to represent the flow of anoxic hyporheic pushed through the soil at high river levels produced the highest denitrification rates on average (Figure 2A). While hyporheic water has a higher probability of anoxia, we also tested denitrification in oxic hyporheic conditions that produced intermediate rates. The lowest denitrification rates occurred in soil cores receiving oxic water on the surface to simulate overland flooding. On average, this established a denitrification hierarchy for treatments across cores and among field sites from highest to lowest rates as AD > AS > OD > OS. This observation persists across soil types represented in cores from individual field sites, with exceptions at Grand Lake and Lake Milligan sites, which have silty clay loam soils with intermediate hydrologic conductivity relative to the sandy soils at the Santa Fe site and clay soil at the Big Cypress site. To more fully understand what factors influence denitrification and what factors may cause deviations in the hierarchy of denitrification rates, we assessed the context-dependent soil characteristics.


4.1.1 Soil-mediated variation in denitrification averaged across all sites and treatments

The results of the DistLM analyses indicated that soil size (sand and silt) particle density, DO levels, and PO4 dynamics were significantly correlated to rates of denitrification across all treatments (Table 5A). Flow velocity (the movement of a particle in slow-moving liquids) depends on fluid density (that in this case was unchanging for the shared feed water from the Mississippi River), particle density, and particle size (Jackson et al., 2014). Thus, it is reasonable that anaerobic denitrification is largely explained by soil characteristics that govern flow velocity and delivery of DO as illustrated most clearly in the contrast between anoxic deep vs. oxic surface treatments and to varying degrees in all site-specific DistLM analyses. While this finding is not new, from a modeling perspective, this suggests incorporating not only inundation frequencies but also soil information into a floodplain model for a maximal and minimal N mitigation assessment. Section 4.5 provides refined predictions of this service across the landscape.



4.1.2 Soil-mediated variation in denitrification among field sites

The Santa Fe site with an average of nearly 90% sand exemplifies one hydraulic end member of the relatively higher hydraulic conductivity with lower water storage, higher infiltration, and hyporheic flow rates. As a result, the denitrification rates within these soils followed the anoxic-injection hierarchy (Figure 2E). The difference in deep injection alone is a prime example of the enhanced diffusion and delivery of NO3-N-rich water through sandy soils. The importance of enhanced diffusion and delivery through sandy soils was supported by the DistLM analyses' results in which particle density alone explained 29% of the variation in denitrification (Table 5, panel C). Other corresponding soil characteristics, including the percentage of clay, were also significant.

The opposite end member was the Big Cypress site, where the soil was composed chiefly of clay, which has both a strong capillary effect and is prone to channelization but only whether waters were oxic or anoxic (Table 2). Thus, the injection method made no difference in denitrification for cores from this site (Figure 2B). While Big Cypress differs starkly from the sandy Santa Fe site, many of the same environmental drivers were significant in the DistLM analyses (Table 5, panel C). Like Santa Fe, particle density was significant for Big Cypress and individually accounted for 22% of the variation in denitrification rates during incubations. The clayey soils at the Big Cypress site hypothetically inhibited the formation of a more robust microbial community because many of the soil particles were < 10 μm (DeFlaun and Mayer, 1983). Comparing the anoxic deep injections, fine particle size in combination with low hydrologic conductivity limiting the diffusion of nutrient-rich surface water likely prevented Big Cypress from reaching the 20%−30% higher denitrification rates of the Lake Milligan (Figure 2C) and Santa Fe (Figure 2D) sites.

Lake Milligan embodies the idea put forth by Harvey et al. (2019) that intermediate hydraulic connectivity in soils best facilitates biogeochemical reactions because it balances residence time with contact with ores from the other field sites because a large volume of biologically active soils. The soil incubations from Lake Milligan had significant distinctions in denitrification rates between surface- and deep-injection treatments, indicating that the nutrient-rich source water permeated the core when introduced from the bottom. Thus, deep delivery facilitated greater nutrient transfer without the channelization that limited the clay-dominated Big Cypress cores. Interestingly, unlike the sand- or clay-rich sites of Santa Fe and Big Cypress, no soil characteristics were statistically significant for Lake Milligan (Table 5C), possibly due to soil particles large enough for optimal microbial growth while still offering soil depressions to protect from excessive flow (DeFlaun and Mayer, 1983); thus, the soil characteristics apparently were not limiting denitrification. At Lake Milligan, the balance between intermediate hydraulic connectivity and microbial habitat may explain why mainly DOC and PO4, along with temperature, explained 68% of the total variation in denitrification rates.

The incubations of Grand Lake soils (Figure 2C) did not follow many trends established for the cores from the other field sites because they lacked distinct denitrification rates among injection types, which stands at odds with those in Lake Milligan cores, despite their similar soil characteristics (Table 2). Stable denitrification rates concurrent with extreme changes in other nitrogenous components are likely by-products of differences in nitrification and other unidentified forms of heterotrophic respiration that seemingly dominate the Grand Lake cores. The unexpected patterns highlight the need for additional research using other isotopic, genomic, and molecular techniques.




4.2 Chemical stoichiometry
 
4.2.1 Stoichiometric evidence for concurrent nitrification

To fully quantify the societal value of denitrification in floodplains, we compared the stoichiometry of N gas production rates to the loss of NO3-N. Compared to the theoretical 1:1 ratio, NO3-N loss rates were approximately one-third that of N gas production (approximately 2.6:1). The most parsimonious explanation is concurrent nitrification that replenished approximately 62% of the NO3-N during incubations. Microbial communities within the soil can form tight flocs with microbial consortia containing both nitrifiers and denitrifiers (Casey et al., 1995; Van Cleemput and Samater, 1995; Philips et al., 2002). Moreover, as described earlier, nitrification has maximal rates at 1.5 mg DO/L at 30°C (Wild Jr et al., 1971; Kholdebarin and Oertli, 1977; Jianlong and Ning, 2004) and only becomes limited below 0.3–0.5 mg DO/L (Wild Jr et al., 1971; Stenstrom and Poduska, 1980). While DO levels in the anoxic inflow water averaged ≤1 mg/L (Table 2) and despite the probability of some aerobic respiration in the soil cores, O2 must have remained above 0.3–0.5 mg/L in microenvironments because the proportion of apparent nitrification relative to denitrification was comparable between oxic and anoxic cores (Table 3). Relatively high nitrification rates were somewhat of a surprise; however, this finding is similar to rates reported in other studies. Kreiling et al. (2011) estimated mean annual nitrification rates of 266 mg N/m2/day at their field site in the backwaters of the Upper Mississippi River, which is similar to the apparent rate of average nitrification in anoxic-deep-injection treatments herein (Table 4). Richardson et al. (2004) found that nitrification was nearly equal to denitrification, 6,986 ± 428 tons/yr and 6,939 ± 342 tons/year respectively, in Navigation Pool 8 of the Upper Mississippi River. In a more recent study, Richardson et al. (2019) further highlight nitrification being closely coupled with denitrification in the riparian sediments of the Mississippi River and the adjacent St. Croix River, but like our study, they found that denitrification rates often outcompete nitrification rates. On the Mississippi River, average denitrification rates were 10 μg-N/cm2/h (2,400 mg-N/m2/day) compared to potential nitrification of 2.94 μg-N/cm2/h (706 mg-N/m2/day), meaning that nitrification could replace 30% of NO3-N. For cores from the St. Croix River, denitrification averaged 2.4 μg-N/cm2/h (576 mg-N/m2/day) and nitrification averaged 0.49 μg-N/cm2/h (118 mg-N/m2/day), meaning that nitrification was approximately 20% of the denitrification rate. Given the variation in denitrification estimates using acetylene inhibition assays compared to MIMS analysis (Bernot et al., 2003; Groffman et al., 2006), their absolute rates are reasonably similar and demonstrate a significant level of concurrent nitrification as we show herein. The high incubation temperature used in our experiment could have not only facilitated elevated denitrification, which is a trend commonly observed in rates during summer months (Richardson et al., 2004), but also stimulated increased nitrification rates in the same field sites (Strauss et al., 2004; Richardson et al., 2019). They found that the best predictors for denitrification were pore water NO3-N, porosity, and nitrification.

Like our study, these predictors emphasize the importance of sediment structure. Porosity is the important factor here as it allows NO3-N-rich surface water to flow into the sediment, fueling denitrification as well as nitrification (Richardson et al., 2019). Moreover, nitrification can be triggered by the depletion of readily available NO3-N in the injected water, causing a switch to coupled nitrification–denitrification (Kana et al., 1998; Kreiling et al., 2011). While not directly evaluated in our study, the natural variation in wetting and drying cycles between our field sites may prime some for paired nitrification–denitrification as it cultivates a community of facultative microbes who can more readily switch between oxic and anoxic processes, particularly sites with sandy soils as it would more readily change state (Tomasek et al., 2019). As a result, a field site rich in sand, like our Santa Fe site, would possess the greatest nitrification and denitrification rates, which appears to be true (Table 4).



4.2.2 Lack of stoichiometric evidence for other pathways of nitrate removal

Many alternate metabolic routes involve intermediates (NH4-N, NO3-N, NO2, NO, and N2O) in the nitrogen cycle that result in the production of N2 and, thus, can obscure a true 1:1 stoichiometric relationship between NO3-N and N gas production. We evaluated evidence of dissimilatory nitrate reduction to ammonia (DNRA; Supplementary Figure S1, Process 2), looking for covariance between NO3-N loss and NH4-N gains. Shortcut biological nitrogen removal (SBNR; Supplementary Figure S1, Process 5) sidesteps NO3-N, converting ammonium to nitrite (NO2) and eventually to N2 gas. Anammox (Figure 2, Process 6) converts NO3-N and NH4 to N2. Finally, incomplete denitrification halts the conversion of NO3-N at an intermediate step to produce the powerful greenhouse gas nitrous oxide (N2O).

Regarding a potential stoichiometric relationship between NH4-N relative to NO3-N as evidence for DNRA, covariance between the sometimes-exponential increases in NH4-N concentrations with NO3-N loss (Table 3) or covariance in those rates (Figures 2F–J) could indicate that DNRA played a role in some incubations. It did not. The most parsimonious explanation for NH4-N production independent of NO3-N levels is the ammonification of organic nitrogen (Supplementary Figure S1, Process 4). Aerobic respiration is the most efficient form of NH4-N production, but all aerobic and anaerobic forms of microbial heterotrophic respiration produce it. For the most part, we cannot quantify the potential effects of these processes because we lack isotopic analyses of NH4-N with labeled 15N, molecular markers, or direct measures of nitrogenous intermediates, such as NO2, nitric oxic (NO), or N2O. While we cannot rule out the influence of any components of the nitrogen cycle, for those interested, we explore the potential presence and impact of alternate pathways in the nitrogen cycle more fully in Supplementary material 8.




4.3 Inferences from DistLM analyses: environmental drivers aside from soil characteristics that affect denitrification

Aside from evaluating the role of soil type, which strongly affected oxygen delivery, and nitrogenous compounds in denitrification, we also employed inferences from DistLM analyses to consider how other site-dependent geochemical factors might limit or promote denitrification. As expected, dissolved oxygen levels explained many of the denitrification rates for all treatments combined (Table 5A; R2 = 23%) and among sites (Table 5C) with high clay (Big Cypress; R2 = 68%) and high sand soils (Santa Fe; R2 = 36%). This finding corresponds to several significant soil characteristics that block or promote hydraulic flow in deep-injection treatments vs. oxic surface injections, contributing greatly to the best AICc models, with R2 values of 83% and 61%, respectively (Table 5B).

For dynamics in NH4-N, PO4, and DOC rates, DistLM inferences explained relatively low, 9%−27% of the variance in denitrification rates, and varied depending on treatment and field site (Table 5). Temperature explained small percentages of denitrification for Grand Lake and Lake Milligan, possibly related to their hydrologic conductivity, indicating microbial populations' sensitivity to flow and temperature (Evans et al., 2021; Speir et al., 2023).

Across almost all treatments and field sites, PO4 rates of change during incubations covaried significantly with denitrification rates, which begs for additional research into how denitrification changes redox conditions, and thus abiotic complexation and release, particularly with iron depending on biological luxury uptake, redox state (i.e., oxygen limitation), and soil characteristics (Noe et al., 2013). During a recent investigation of the relationships between nitrogen and phosphorus (P) dynamics in remediated agricultural streams, Hallberg et al. (2024) showed that denitrification rates were positively correlated with P desorption. This suggests the release of P from reduced ferrous iron under anaerobic conditions in soils. They also showed that inundation frequency and coarse soil texture increased soluble reactive phosphorus. However, we generally observed PO4 uptake into the soil cores during incubations, possibly because water delivery was constant and our soil textures differed. For a more detailed examination of the importance of changes in these geochemical factors to denitrification, see Supplementary material 5.



4.4 N mitigation estimation and its value to floodplain management

Rivers worldwide have been disconnected from their floodplains by levees, altering their hydrologic, hydraulic, and ecological systems and the services they provide to society. The disconnection prevents the exchange of water, nutrients, and biota access during seasonal pulses of high flows (Junk et al., 1989; Poff et al., 1997; Knox et al., 2022). The 2016 Len Small Levee breach at Dogtooth Bend, the decision not to repair the levee, and the use of voluntary floodplain easements to convert agricultural lands into floodplain forest and wetlands to reduce agricultural flood losses while potentially enhancing other floodplain services are a novel approach to floodplain management in the United States. One of the primary reasons why this approach has not been widely used is, at least in part, due to the challenges with assessing trade-offs between market vs. non-market floodplain services (e.g., agricultural production vs. improved water quality; Opperman et al., 2009; Guida et al., 2016a). While market values are often readily available for agricultural land uses, the value of nutrient mitigation services for floodplain lands is more difficult to assess because it requires the quantification of both mitigation potential (e.g., nutrient processing rates) and monetary value for this non-market service (Jenkins et al., 2010).

We estimate that across the floodplain at Dogtooth Bend, net denitrification removes between 68 and 385 tons N for the growing season. Compared to the average annual TN load of the middle Mississippi River (648,000 tons N/yr), this equates to ≤ 0.06% (Table 6). From an economic standpoint, the estimated social value of N mitigation falls between US$156 and US$4,106 ha/yr, while revenue estimates are $390 ha/yr for corn and $265 ha/yr for soybeans. Net revenue estimates adjusted for non-land costs (direct costs of production of the crop, costs of power machinery operations, and overhead costs for general farm operation) yield estimated profits for these crops of US$88 and US$79 ha/yr, respectively (Tables 5, 6). While this analysis is not a full assessment of the floodplain N mitigation service, nor does it take into account other ecosystem services that river-connected floodplains can provide to society, our assessment suggests that conservation of frequently inundated floodplain lands (≥7% DEP) at Dogtooth Bend may be warranted given the potential social value of its N mitigation potential relative to profits generated by corn and soybean farming. This information could be useful in justifying payments for floodplain conservation easements, such as the ones paid to Dogtooth Bend landowners after the Len Small Levee breach, to decision-makers and, potentially, taxpayers.

However, we underscore the major limitations of our assessment here. First, the rates of denitrification presented in this article are based on a limited number of sampling sites, which may not fully characterize the range in floodplain denitrification rates but likely represent end members due to their distinctly different soil types. Denitrification rates vary by orders of magnitude worldwide, nonetheless, our rates are within the range of other riverine denitrification rates observed within the Mississippi River basin as discussed later. Second, our estimated denitrification rates do not necessarily quantify how much environmental denitrification occurs because we assume here that the soil denitrification rates measured in the lab, which are not limited by delivery of nutrient-rich waters, are representative of waters flowing across floodplain soils in the field. Finally, our denitrification rates were measured under warm (approximately 30°C) temperature conditions and consequently may be skewed to the upper end of the range of floodplain denitrification rates at Dogtooth Bend across the growing season because microbial metabolism slows at lower temperatures, resulting in lower denitrification rates (Smith et al., 2006; Li et al., 2022).

Keeping those considerations in mind, rates and findings herein are comparable to those observed in other studies within the Mississippi River basin. For example, in two streams within the Upper Mississippi watershed in Wisconsin, denitrification rates ranged from 0 to 4,400 μmol N m−2 h−1 (0–1,489 mg m−2 day−1) and, as alluded to earlier, covaried positively with warmer seasons and nitrate concentrations (Smith et al., 2006). For sediment cores collected within the Atchafalaya Basin in the Mississippi River Delta in coastal Louisiana, denitrification rates in incubations were 68–276 μmol N m−2 h−1 (23–93 mg N m−2 day−1), with high NO3 enrichment of 100 μmol N (1.4 mg L−1; approximately double the concentrations of inflow waters herein; Li and Twilley, 2021). From riparian cores collected in western Mississippi, Speir et al. (2023) reported denitrification rates ranging from 2 to 5 mg N m−2 h−1 (48–120 mg N m−2 day−1).

While we narrowed the bounds for denitrification rates and consequently the N mitigation service for the Dogtooth Bend floodplain in this study, more work is needed to refine the landscape modeling approach of N mitigation, the quantification of the social value of nutrient mitigation services, and soil denitrification rates. In the case of landscape modeling, the range in N mitigation estimates could be reduced by incorporating soil information, mode of soil inundation (i.e., infiltration vs. exfiltration), and soil oxygen levels (i.e., anoxic vs. oxic). This is an area of ongoing research in our group. Incorporating the foregone N losses associated with runoff from crop cultivation and updating the social value of N mitigation prices for the Mississippi River valley would also be useful for refining our N mitigation value bounds. Improvements to refine soil denitrification rates are discussed in the following section.



4.5 Additional research needs for floodplain soil denitrification estimation

Previous studies attempting to upscale site-specific floodplain soil denitrification rates to the landscape level employed land use and soil characteristics to inform their efforts (i.e., soil texture, soil pH, and soil organic carbon content; Tschikof et al., 2022; Kaden et al., 2023), particularly as they relate geomorphic changes to the transport of phosphorus, carbon, and nitrogen (Noe et al., 2022). Floodplain soil denitrification rates presented in this study could be further refined by using these landscape characteristics as well as a broader range of temperatures to account for seasonal fluctuations in denitrification rates. In addition, further investigation of the effects of drying and wetting on nutrient dynamics (Venterink et al., 2002) and the response of the microbial community to inundation frequency (Tomasek et al., 2019) is warranted. More scrutiny of alternate metabolic pathways (like DNRA, anammox, SBNR, and incomplete denitrification) would include measuring all nitrogenous intermediates and using isotopic tracers, gene abundances, and enhanced molecular markers and may yield greater insight into the magnitude each process plays in cycling N within the system. These insights paired with the novel incubation method used here could reveal the importance of each process across different soil types and hydrologic conditions. Future work will include a coupled hydraulic and groundwater model to better delineate areas substantially inundated by hyporheic waters. This model will refine spatial estimates for direct valuation of intermittent flooding vs. crop production areas across Dogtooth Bend, ultimately producing the most accurate measure and quantifying the social value of nitrogen cycling in floodplains at the scale appropriate for management and policy decisions.




5 Conclusion

We set out three research objectives to help us constrain the floodplain soil denitrification mitigation potential for the river-connected Dogtooth Bend floodplain. Our first objective was to assess how denitrification changes when soils are subject to overland flooding of oxic surface vs. sometimes anoxic hyporheic waters. When we averaged our results across all soil types, denitrification rates followed a linear anoxic-injection hierarchy of anoxic deep > anoxic surface > oxic deep > oxic surface treatments.

In this study, the minimal (oxic conditions) and maximal (anoxic conditions) gross denitrification rates ranged from 101 to 592 mg N/m2/day. These were sharply curtailed by concomitant nitrification that replaced approximately 62% of N such that minimal (oxic conditions) and maximal (anoxic conditions) net denitrification rates ranged from 31 to 175 mg N/m2/day. Denitrification was mostly affected by soil characteristics that altered the movement of water, oxygen, and NO3-N delivery through our soil cores, but more research is needed to separate the biotic and abiotic dynamics that govern PO4 and trace nutrient availability, as well as redox conditions.

We bound the floodplain soil denitrification potential, by using the minimum and maximum net denitrification rates in combination with daily inundation exceedance probabilities for the 140 km2 of river-connected floodplain at Dogtooth Bend to be between 70 and 395 tons/yr of N potentially removed from floodwaters. We estimate the social value of N mitigation to potentially be between US$156 and US$4,106 ha/yr. Net profit estimates for agricultural production of crops are US$88 ha/yr for corn and US$79 ha/yr for soybeans. These results suggest the social value of the floodplain soil N mitigation service is within the same range as gross revenues generated by growing commodity crops (corn and soybean) and exceeds agricultural profits for these crops. While more work should be undertaken to confirm and refine our estimates of both floodplain soil N mitigation and the associated valuations of this service, this information provides insights into making floodplain land-use decisions and justifying payments for floodplain conservation easements.
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