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Restoration of impaired floodplains is an increasingly prevalent strategy for alleviating
water quality concerns and reducing downstream flooding at watershed scales.
Floodplains temporarily store water and slow flow velocity to promote sedimentation
during overbank flooding and remove inorganic nitrogen from floodwater and
groundwater via denitrification. Evaluating the impacts of different restoration
strategies on denitrification can inform more strategic investments into floodplain
modifications that improve water quality outcomes. Our research investigates
how denitrification rates in floodplains respond to environmental factors that are
actionable from an engineering perspective through design and water resources
management. We seasonally measured soil denitrification enzyme activity and various
environmental characteristics in 4 floodplains with different restoration design and
management approaches at the confluence of the Wabash and Tippecanoe Rivers in
Indiana, United States. Our results showed that denitrification rates in an agricultural
floodplain were significantly lower than in restored floodplains with native vegetation.
Certain soil conditions characteristic of floodplain wetlands were associated with
higher denitrification, particularly elevated total nitrogen, moisture, silt, and organic
matter contents. Vegetation species composition was correlated with denitrification
rates. This link may reflect the direct effects of vegetation on soil conditions, such
as supplying labile organic carbon, or indirect effects, such as vegetation acting as
an indicator of hydrologic regime and land use. Denitrification seasonally varied,
peaking in winter when nitrate supply from rivers draining agricultural watersheds in
the region is also high. Substrate limitation of soil denitrification enzyme activity was
most significant during the summer when overbank flooding, which replenishes soil
nitrogen stocks, rarely occurs. Our findings indicate that denitrification capacity will
likely be maximized in riverine floodplains that are restored as wetlands with diverse
native vegetation and enhanced hydrologic connectivity. Such restoration activities
promote higher denitrification rates via elevated moisture, fine sediment deposition,
and soil organic matter.

Keywords Denitrification, Floodplain Restoration, Agricultural Floodplains,

Floodplain Vegetation

©The Authors 2026. The Journal of Ecological Engineering Design is the peer-reviewed, diamond open access journal of the American Ecological
Engineering Society, published in partnership with the University of Vermont Press. This is an open access article distributed under the terms
of the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License (CC-BY-NC-ND 4.0), which permits copying
and redistribution of the unmodified, unadapted article in any medium for noncommercial purposes, provided the original author and source

are credited.

This article template was modified from an original provided by the Centre for Technology and Publishing at Birkbeck, University of London,
under the terms of the Creative Commons Attribution 4.0 International License (CC-BY 4.0), which permits unrestricted use, adaptation,
distribution, and reproduction in any medium, provided the original author and source are credited.

OPEN ACCESS

Lay DW, McMillan SW, Hosen JD, Dey S, Noe GB. 2026. Assessing environmental drivers of denitrification in restored riverine floodplains.
J Ecol Eng Des. https://doi.org/10.70793/jeed.13



https://creativecommons.org/licenses/by-nc-nd/4.0/
https://github.com/BirkbeckCTP/janeway-indesign-template
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.70793/jeed.13
https://orcid.org/0000-0002-0225-9628
https://orcid.org/0000-0001-7197-7079
https://orcid.org/0000-0003-2559-0687
https://orcid.org/0000-0002-5327-8431
https://orcid.org/0000-0002-6661-2646

Journal of Ecological Engineering Design | Research Paper

journals.uvm.edu/jeed

1. Introduction

Floodplains mediate fluxes of sediment and nutrients,
especially nitrogen (N), between terrestrial, atmospheric,
and aquatic environments (Junk et al. 1989; Naiman and
Decamps 1997; Tockner et al. 1999). Floodplains store
floodwater, act as a sink for sediment and sediment-asso-
ciated nutrients and carbon (C), and retain and transform
excess N. Floodplains temporarily retain high levels of
riverine N, which can be subsequently transformed and
permanently removed from the system via denitrifica-
tion (Noe and Hupp 2009; Roley et al. 2012; Clilverd
et al. 2016; Natho et al. 2020; Noe et al. 2022; Quine et
al. 2022). However, most floodplains in the Mississippi
River Basin (MRB), United States, have been converted
from forests, wetlands, and prairies to agricultural and
developed areas (Rajib et al. 2021; Tockner and Stanford
2002). Further, widespread levee installation, reservoir
management, main channel downcutting, and accu-
mulation of legacy sediment have diminished the fre-
quency and duration of surface water connections via
overbank flooding (Noe and Hupp 2005; Theiling and
Nestler 2010; Heine and Pinter 2012; Federman et al.
2023). Artificial drainage to support agricultural produc-
tion lowers water table elevations, limiting subsurface
connections (Jaynes and Isenhart 2014). This decreased
hydrologic connectivity, defined as the frequency, mag-
nitude, and duration of overbank flooding and shallow
groundwater flow that supports exchanges of water and
materials between rivers and floodplains, results in more
N being transported downstream rather than stored and
processed in floodplains (Harvey et al. 2018). Decreased
retention of N in floodplains has coincided with increas-
ing inputs of biologically available N to waterways from
intensive agriculture and development (Galloway et al.
2004; Tian et al. 2020). Advancements have been made
in developing and implementing conservation practices
(e.g., woodchip bioreactors, two-stage ditches, cover
crops) that reduce N export from farming operations.
However, excess N loads are still reaching waterways
(Garcia et al. 2016).

Restoration and creation of non-floodplain wet-
lands is a key strategy for combating excess N delivery
to waterways within the MRB. Yet, even if all 8,000
km? potential restorable non-floodplain wetlands in the
Upper MRB are rehabilitated, these restoration efforts
would only reduce annual loads of nitrate (NO;") by 12%,
falling short of the target reductions needed to reduce
hypoxia in the Gulf to less than 5,000 km* (Evenson et
al. 2021). Thus, improved strategies for designing and
managing restorations and other ecological engineer-
ing practices to support higher NO; removal rates can
help address this deficit. N removal in floodplains is

influenced by denitrification capacity, incoming NOjy
supply, and residence time (Harvey et al. 2018; Welti
et al. 2012). Floodplains can be restored and managed to
optimize these factors (e.g., Forshay and Stanley 2005;
Sheibley et al. 2006). Because of their position in the
landscape, highly functioning floodplains can remove
excess N that has not been captured by in-field and edge-
of-field conservation practices, so floodplain restoration
in the MRB can be a complementary strategy for meet-
ing N loading reduction targets.

Denitrification, or the stepwise microbial process
that reduces NO;™ to gaseous N,, is often the dominant
pathway for NO; removal in floodplains and represents
a permanent sink for NO; (Olde Venterink et al. 2006;
Lutz et al. 2020; Li and Twilley 2021). Thus, floodplain
restoration and conservation projects can increase NO;
removal rates by promoting the formation of environ-
mental conditions that are optimal for denitrification and
ensuring that as much excess NO; is delivered to these
restoration sites as possible. Requisite soil conditions
for denitrifiers to remove excess NO;™ are well-under-
stood: a supply of labile organic matter or other reduced
compounds and anoxic conditions (Reddy and DeLaune
2008). However, how ecological engineers can design
floodplain restoration practices that maximize these
desirable soil environmental conditions is less clear.
Assessing how plot-, field-, and catchment-scale charac-
teristics that are more directly manipulated by design and
management relate to denitrification can help to generate
actionable strategies from an ecological engineering per-
spective to increase NO;” removal via denitrification. For
example, catchment-scale characteristics, such as the
percentage of forest and urban cover, have been identi-
fied as predictors of denitrification in floodplains (Korol
etal. 2019). Spatially targeted wetland restoration shows
potential to reduce N loading even further, with opti-
mized scenarios reducing N loading from the MRB by
more than 50% (Cheng et al. 2020). Such insights can
guide practitioners in selecting sites to maximize the
effectiveness of floodplain restoration and modification
projects for a given financial investment.

Passive restoration strategies focus on minimizing or
eliminating disturbances, such as agricultural land retire-
ment or grazing exclusion. Active restoration strategies
aim to accelerate the rate of ecosystem recovery after the
disturbance is addressed through additional design and
management actions. Active restoration approaches span
a continuum of effort and investment, with more expen-
sive, intensive interventions typically resetting ecosys-
tems closer to pre-disturbance conditions (Atkinson and
Bonser 2020; Jones et al. 2018). More active restora-
tion approaches that reset floodplain geomorphological
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Highlight

Denitrification rates and potential in
riverine floodplains vary with restoration
design approach and are predicted by
soil and vegetation properties.

structure and, consequently, hydrologic connectivity
closer to that of minimally disturbed floodplains, such
as levee setbacks and legacy sediment removal, might
be the most advantageous interventions for co-benefits
to ecosystem function by boosting flood reduction, hab-
itat creation, water quality enhancement, and climate
resilience, but these designs require the highest financial
investment due to earthwork and related construction
costs and compensation for lost agricultural productivity
(Opperman et al. 2009; Guida et al. 2016). Lower cost
floodplain restoration approaches, such as replanting
native vegetation without altering floodplain structure to
restore pre-disturbance hydrology, are also used. Yet, the
difference in N is removal remains unclear (Orr et al.
2007; Salk et al. 2018).

Direct comparisons of the impacts of restoration
strategies along a gradient of intervention under simi-
lar prior conditions can be used to determine if and how
denitrification capacity scales. These evaluations can
be complemented by examinations of the relationships
between denitrification rates and restoration charac-
teristics to distinguish which attributes of efficacious
restoration strategies likely drive increases in denitri-
fication. Using plot- and field-scale measurements, we
aimed to 1) assess patterns of denitrification in flood-
plains in response to different restoration approaches
and 2) identify environmental controls of denitrification
that can be incorporated into future restoration design
and management strategies. We hypothesized hydroge-
omorphic characteristics, such as proximity to drainage
and extent of surface connection, would drive variability
in denitrification potential, making geomorphic setting
and hydrologic connectivity critical design considera-
tions to support more effective floodplain restorations.
Identifying actionable controls of denitrification can
inform more optimal design and management of restored
floodplains for maximum denitrification, thereby
reducing N export downstream and protecting water
resources.

2. Materials and Methods

2.1.Site Descriptions

We sampled 4 floodplains: a site with row crop agricul-
ture along the Wabash River (WR-A), former agriculture

sites along the Wabash River (WR-P) and Tippecanoe
River (TR-P) that were restored as prairies, and a mit-
igation wetland restoration project at a former agricul-
ture site along the Wabash River (WR-W) (Figure 1;
Supplementary Figure S1). The 2 prairie sites, WR-P
and TR-P, underwent minimal geomorphic modifica-
tion whereas the wetland site, WR-W, was modified to
restore wetland hydrology, representing greater effort
and investment along the continuum of active restoration
approaches. These model ecosystems are in Prophetstown
State Park in Battleground, Indiana, United States, near
the confluence of the Wabash River (HUC 051201) and
the Tippecanoe River (HUC 05120106). Within each
site, we sampled 9 locations that spanned 3 transects,
which ran roughly perpendicular to the main channel,
to capture variability in geomorphology, hydrology, and
vegetation. WR-W is at the confluence of the Wabash
and Tippecanoe Rivers and was restored as a complex
of wetlands and channels in 2008 and 2010 for mitiga-
tion credit after being retired from crop production in
2004 along with TR-P and WR-P. This more intensive
restoration project involved removing artificial drainage
infrastructure, stabilizing riverbanks, creating trails and
accessways, and restoring bottomland forests, ephemeral
channels, tall grass prairies, emergent marshes, and sedge
meadows. Unlike other sites, WR-W receives floodwater
from both rivers first through ephemeral channels and
then overbank flooding. Dominant plant communities in
WR-W during the period of sampling included mono-
cultural patches of reed canary grass (Phalaris arundi-
nacea), giant ragweed (Ambrosia trifida), big bluestem
(Andropogon geradii), and Indiangrass (Sorghastrum
nutans) and highly diverse patches of native shrubs and
clumped grasses.

WR-P and TR-P represent less active restoration
approaches that do not reset floodplains as closely to
pre-disturbance geomorphic structures and hydrology.
At these sites, native prairie vegetation was planted,
but hydrologic connectivity was not modified through
extensive earthwork. TR-P was restored as a prairie
and is maintained by periodic burning. TR-P is located
upstream of the confluence on the Tippecanoe River
and is flooded by the Tippecanoe River. Common plant
species in TR-P during the project period were reed
canary grass, tall goldenrod (Solidago gigantea), and
Indiangrass. WR-P was also restored to native prairie but
was maintained with occasional mowing during the pro-
ject period. WR-P is flooded by overbank flows from the
Wabash River and receives hillslope seepage through-
out the year. Common plant species in WR-P during
the project period included reed canary grass, tall gold-
enrod, and cutleaf coneflower (Rudbeckia laciniata).

Lay DW, McMillan SW, Hosen JD, Dey S, Noe GB. 2026. Assessing environmental drivers of denitrification in restored riverine floodplains.

J Ecol Eng Des. https://doi.org/10.70793/jeed.13



https://doi.org/10.70793/jeed.13

Journal of Ecological Engineering Design | Research Paper

journals.uvm.edu/jeed

WR-A is used for row crop agriculture and is roughly 1.5
km downstream of WR-P along the Wabash River. Corn
was grown during the 2018 and 2020 growing seasons,
while soybeans were grown during the 2019 growing
season. Fields were tilled after harvest in the fall, cover
crops were not planted outside the growing season during
the project period, and mineral fertilizers were applied at
recommended rates. Floodwaters from the Wabash River
primarily enter WR-A through an ephemeral channel.
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Fig. 1. The locator map indicates where each floodplain
site is located with respect to the Tippecanoe and Wabash
Rivers. The Tippecanoe River flows from TR-P (study site
area: 0.05 km?) toward WR-W (0.02 km?). The Wabash River
flows from the confluence with the Tippecanoe River near
WR-W (1.13 km?) toward WR-A (0.32 km?). The inset map
shows the location of these sites within the region.

2.2. Assessing Denitrification Potential

We measured denitrifying enzyme activity (DEA) each
spring (Mar—May), summer (Jun—Aug), fall (Sept-Nov),
and winter (Dec—Feb) from summer 2018 to spring 2020
in floodplain soils via the redox-optimized acetylene
(C,H,) block method (Tiedje et al. 1989; Groffman et al.
1999). We collected soils with a 2-cm diameter, stain-
less-steel soil probe from 0 cm — 10 cm depth. Each site
included 9 sampling locations (n=9) that were sampled
once during each season. We measured DEA in slurries
with river water (DEA;,.,) and C- and N-amended water
(DEA() (47.2 mg C(H,,0O,4 /L and 60.7 mg NaNO,/L) to
represent ambient and optimized concentrations of NOy
and labile organic C, respectively. River water samples
were collected at each site from the adjacent channel.
The water chemistry of added river water is further
described in Supplementary Table S2. During summer
2018, we only measured DEAy;,., and added DEA for
subsequent seasons. To prevent de novo synthesis of
denitrification enzymes, we adjusted slurries to a final
concentration of 0.21 mM chloramphenicol (Bernot et
al. 2003). We collected headspace samples from slurries
hourly for 5 hours. Nitrous oxide (N,O) concentrations
were measured with a Shimadzu Gas Chromatograph
(GC) (GC-2014, Shimadzu Corporation, Kyoto, JP). We
used the Ideal Gas Law and Henry’s Law to estimate the
combined mass of N,O in the slurry and headspace and
then estimated DEA and DEAy;,., rates as the slope of
a linear model of mass of N,O as N (N,0O-N) across time.
We then normalized our DEA and DEAy,,., rates by
oven-dried soil mass of each slurry.

2.3. Concurrently Characterizing
Potential Drivers of Denitrification

2.3.1. Soil Properties

We measured soil moisture content gravimetrically
(Jarrell et al. 1999). We then measured soil organic
matter (OM) content and calcium carbonate (CaCO,)
content gravimetrically in dried soils via loss on igni-
tion in series at 550 °C for 5 hours and 950 °C for
1 hour, respectively (Heiri et al. 2001). Air-dried, roughly
ground samples were analyzed for total C and N content
by combustion on a LECO 628 Series elemental analyzer
(LECO Corporation, St. Joseph, Michigan, US). We esti-
mated particle size distribution (10th, 50th, and 90th per-
centiles) and percent sand, silt, and clay based on the
USDA textural soil classification system with air-dried
samples that were suspended in a 2.5% sodium hexam-
etaphosphate ([NaPO;],) solution on a Mastersizer 3000
via laser diffraction (Malvern Panalytical Ltd, Malvern,
UK). We measured bulk density with core sampling
(7.5 cm diameter, 10 cm depth) during spring 2018 and
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summer 2018 and used the means of these 2 campaigns
to represent bulk density for the project period.

2.3.2. Hydrogeomorphic Variables

We represented hydrologic connectivity with numerous
metrics: height above nearest drainage arca (HAND),
horizontal distance to the nearest drainage (HDND),
slope to the nearest drainage, and cumulative days
flooded for v arious time p eriods b efore sampling. We
estimated HAND, HDND, and slope to the nearest drain-
age (i.e., slope = HAND/HDND) from 1.5-m resolution,
LiDAR-based digital elevation models (DEM) from the
Indiana Spatial Data Portal using the TauDEM toolbox
in ArcMap (Esri, Redlands, California, United States)
(Tarboton, 2015). We also classified each sampling loca-
tion based on the overriding geomorphic influence. If
a location did not represent a distinct geomorphic fea-
ture, we labeled the location as floodplain. Other clas-
sifications i ncluded foe-slope, backwater, ephemeral
channel, and natural levee. We calibrated and validated
a two-dimensional hydrodynamic model, Hydrologic
Engineering Center — River Analysis System (HEC-
RAS), at the Wabash and Tippecanoe River confluence
with high-resolution bathymetry data for river chan-
nels and LiDAR-derived DEM data for the floodplains,
which is further described in Dey et al. (2022). We char-
acterized velocity distributions at each sampling location
with the median, maximum, and quantiles (10%, 90%,
95%, and 99%) from hourly flood velocity time series
across the study period. From an hourly inundation
depth time series, we aggregated the total days flooded
in the previous 6 months, 3 months, one month, and
one week before each sampling date for each sampling
location. We also estimated inter-arrival periods as the
days since the last flood. If an overbank flooding event
did not occur during our period of record, we treated the
inter-arrival period as a missing value.

2.3.3. Seasonal Weather Variables

To account for inter-annual variability in seasonal tem-
perature and precipitation, we obtained daily weather
data from a nearby National Ocean and Atmospheric
Administration National Weather Service Station
(USC00129430, 13 km — 18 km from the sites) and
aggregated metrics to represent short-term (one day, 2
days, and 7 days before each sampling date) and long-
term (one month, 3 months, and 6 months) patterns in
precipitation and temperature. Weather metrics included
minimum, maximum, and mean daily air and soil tem-
peratures; standard deviation of these daily temperature
metrics; and cumulative rainfall, snowfall, and total
precipitation.

2.3.4. Vegetation Controls

We completed a vegetation survey by marking the extent
of distinct plant communities with a handheld GPS and
identifying plant species at each sampling location (5 m
vicinity) in October 2019. We continued to assess domi-
nant plant species at each sampling location during sub-
sequent seasonal sampling campaigns: fall 2019, winter
2020, and spring 2020. For survey identification, we used
the Seek by iNaturalist mobile application to assist with
identifying surveyed vegetation based on photographs
(California Academy of Sciences, San Francisco, United
States). To address data gaps in vegetation communities
before fall 2019, we integrated information from ground-
level site photographs and remote sensing approaches to
identify or verify the dominant vegetation community at
each sampling location during each season before fall
2019. We obtained Sentinel-2 Level-2A and Landsat
8 Operational Land Imager surface reflectance prod-
ucts from the Copernicus Open Access Hub (European
Space Agency, Paris, France) and EarthExplorer (United
States Geological Survey, Reston, Virginia, United
States), respectively. We used our field surveys as train-
ing data for the supervised classification of vegetation
communities in the ERDAS Imagine remote sensing
software package (Hexagon AB, Stockholm, Sweden)
based on surface reflectance raster images. We devel-
oped vegetation signatures as feature space objects from
combinations of spectral bands that provided the most
significant differentiation (Laba et al. 2008; Zhou et
al. 2021). We integrated information from site photo-
graphs, on-the-ground mapping, and classifications from
remotely sensed images to identify the dominant veg-
etation community at each sampling location for each
growing season. Classification using remote sensing was
consistent with survey observations and classification
accuracy for each growing season was consistently high
(Supplementary Table S1).

2.4, Statistical Analysis

Our analyses aimed to identify field- and plot-scale
environmental properties that explain variability in
denitrification potential and contrast restoration design
approaches. Potential explanatory variables and DEA
rates were transformed as necessary to normalize each
variable for all parametric tests, which were evaluated
using a threshold of significance of 0.05. DEAy rep-
resents denitrification capacity with ample NO; and
organic C, while DEAy,,. represents denitrification
under potentially nutrient-limited conditions and simu-
lates rates during an overbank flooding event with ambi-
ent river water concentrations. To assess the impact of
NO; and organic C limitations of denitrifying microbes
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across restoration design strategies and seasons, differ-
ences between organic C- and NO;-amended rates and
ambient rates incubated with river water only
were evaluated to generate the ADEA values
(ADEA=DEA \-DEA;,.,)-

We fit linear mixed-effects models to assess season-
ality and the impacts of the restoration design approach
on DEAg;,... DEA and ADEA with the /me4 package in
R (Bates et al. 2023). Fixed effects included season, site
(i.e., WR-A, TR-P, WR-P, and WR-W), and interaction
of these variables. The sampling location was incorpo-
rated as a random effect. We evaluated the significance
of each term with a Type III analysis of variance table
(ANOVA) via the Satterthwaite method. If the interac-
tion of season and restoration design approach was not
significant, we removed the interaction term from the
model. We then estimated the marginal and conditional
R? of the model and the partial R? of the fixed effects
with the partR2 package (Stoffel et al. 2023). For cases
when the interaction was significant, we estimated vari-
ance attributed to the main effects from a reduced model
with the interaction excluded and variance associated
with the interaction from the full model. We used the
emmeans package in R to calculate estimated marginal
means for each site and to evaluate all pairwise differ-
ences in these estimated marginal means via the Tukey
method with the Kenward-Rogers method for degrees of
freedom (Lenth et al. 2023). We repeated this approach
to evaluate pairwise differences between seasons for
DEAy and DEAg,,., but implemented the Tukey HSD
test to contrast ADEA to assess the seasonality of nutri-
ent limitations within each floodplain site.

We used boosted regression trees (BRTs) to iden-
tify important predictors of DEAg;,..and DEA, because
BRTs can assess nonlinear and interactive relationships
and include quantitative and categorical variables (Elith
et al. 2008; Lampa et al. 2014). Before fitting BRTs, we
performed correlation analysis and principal component
analysis (PCA) with all potential explanatory variables,
guiding the reduction of the number of input variables
by identifying predictor variables that were highly
correlated with each other and variables that were not
predictive. The final input variables are presented in
Table 1. We used random sampling to generate training
and testing datasets for DEAy;,.. (n=284) and DEA
(n=251), which included 85% and 15% of observations,
respectively. We fit BRTs to training data for DEAg,,,
and DEA using gbm.step in the dismo package with
50-fold cross-validation (Hijmans et al. 2023). We sys-
tematically altered the learning rate, tree complexity, and
bagging fraction to find the best set of parameters for the
model based on the total deviance explained. The final

learning rate, tree complexity, and bagging fraction were
0.001, 5, and 0.70, respectively. We made the models
more parsimonious by eliminating redundant variables
with forward selection via gbm.simplify and selected a
subset of predictors based on changes in predictive devi-
ance. We evaluated model efficacy by calculating the
root mean square error (RMSE) for training and testing
datasets and total deviance explained by cross-validation
based on methods described by Nieto and Mélin (2017).
We tested interactions with gbm.interactions, which
assesses the strength of second-order interaction effects
as the residuals of a linear model of predictor pairs and
predicted values based on these pairs.

3. Results
3.1. Denitrification Differed across

Restoration Design Approaches and Seasons
DEAg;... DEAy, and ADEA varied significantly across
sites and seasons (p <0.01, linear mixed-effects models,
Table 2). Season and site also had a significant interac-
tion in each model. Prairie and wetland floodplains had
different seasonal patterns of denitrification than the
agricultural floodplain. These fixed effects and the ran-
dom effect of sampling location explained 67.7% and
66.5% of the variance in DEAg,,., and DEA, respec-
tively (conditional R?, Table 2).

Variance partitioning revealed that site had the stron-
gest effect on denitrification capacity, accounting for
most of the variance explained by each model (partial R?,
Table 2). We found that DEA,,., and DEA were sig-
nificantly higher in restored floodplain sites (i.e., TR-P,
WR-P, WR-W) than in the agricultural floodplain, WR-A
(p <0.05, pairwise Tukey contrasts, Figure 2). The mean
DEAg,.., in the agricultural floodplain corresponded to
less than 20% of the mean rates in the restored flood-
plains (Table 3, Supplementary Table S4), despite hav-
ing similar riverine NO;™ concentrations (Supplementary
Table S2). Restored sites also had a larger ADEA val-
ues, or more severe nutrient limitations, than WR-A
(Figure 3, Supplementary Table S4). The wetland flood-
plain, WR-W, supported higher DEA,,., than prairie
floodplains, although only the difference between the
prairie along the Tippecanoe River (TR-P) and WR-W
was significant (Table 3, Figure 2A). The prairie flood-
plain along the Wabash River (WR-P) supported high-
er mean DEA than WR-W, although not significantly,
while TR-P had significantly lower DEA than WR-P
and WR-W (Figure 2B).

Seasonality had a considerably weaker, yet still sig-
nificant, influence on denitrification capacity than site
(Table 2). DEAg,,. was highest during winters, while
DEA(y was highest in summers despite incubating

River
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Table 1 Final input variables included as potential predictors of denitrification in boosted regression tree (BRT) models

Variable Type Units
Restoration Design Approach Design and Management Categorical
Vegetation Community Vegetation Categorical
Moisture Content Soil % (g/g)
Organic Matter Content Soil % (g/g)
Total N Content Soil % (g/g)
C:N Soil (g/2)
Silt Content Soil %
Clay Content Soil %
CaCO, Content Soil % (g/g)
Bulk Density Soil g/lem?
Bedrock Type Soil Categorical
10" Percentile Flood Velocity Hydrogeomorphic ft/s
Maximum Flood Velocity Hydrogeomorphic ft/s
Inundation in the Previous Month Hydrogeomorphic days
HDND Hydrogeomorphic ft
HAND Hydrogeomorphic ft
Slope to Nearest Drainage Hydrogeomorphic ft/ft
Geomorphic Class Hydrogeomorphic Categorical
Total Precipitation in the Previous Month Seasonal Weather in
Mean of Maximum Air Temperature in the Previous Month Seasonal Weather °F
Season Seasonal Weather Categorical

slurries at the same temperature in the laboratory (p <0.05,
pairwise Tukey contrasts, Supplementary Table S5). Lack
of alignment in the seasonality of DEA. and DEA,,.,
contributed to variation in ADEA across seasons (Figure
3). Further investigation of the significant interaction

revealed that design approaches had different seasonal
patterns in ADEA. ADEA was consistently near zero in
WR-A across seasons, while substrate limitations were
typically most severe during the summer in restored
floodplains (p <0.05, Tukey HSD test, Figure 3).

Table 2 Summary of linear mixed-effects models for ambient denitrification (DEAg,.,), potential denitrification (DEA.,), and
the paired difference between these metrics (ADEA). The proportions of variance explained by the overall model (conditional)
and fixed effects (marginal) are represented by the coefficient of determinations, R% The contributions of each model term

to the variance attributed to the fixed effects are represented by partial R%. We evaluated the significance of each fixed effect,
which is summarized by the p-value. Bolded p-values are significant.

Measure R? Fixed Effects Partial R? p-value
Conditional 0.677 Site 0.529 <0.001
DEA,, Season 0.030 <0.001
e Marginal 0.584 Site:
0.030 0.002
Season
Conditional 0.665 Site 0.455 <0.001
DEA Season 0.039 <0.001
Marginal 0.524 Site:
0.037 0.002
Season
Conditional 0.256 Site 0.130 <0.001
ADEA Season 0.039 0.005
Marginal 0.227 Site:
0.062 0.018
Season
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Fig. 2. Jitter plots of denitrification across sites. The black
bar represents mean denitrification. Compact letter display
designates which sites had comparable denitrification
rates such that sharing a letter indicates there was no
statistically significant difference between a given site

and all other sites that share this letter based on post hoc
pairwise testing. A.) Ambient denitrification (DEAg,.,) was
significantly lower in the agricultural floodplain (WR-A)
than in prairie and wetland floodplains. The wetland
floodplain (WR-W) supported significantly more ambient
denitrification than the prairie along the Tippecanoe River
(TR-P), while the prairie along the Wabash River (WR-P)
supported intermediate denitrification capacity between
the other prairie floodplain and wetland floodplain. B.)
Potential denitrification (DEA.,) was significantly lower in
the agricultural floodplain than in restored floodplains. The
prairie floodplain along the Wabash River (WR-P) and the
wetland floodplain had comparable potential denitrification
rates. DEA, is scaled differently from DEA;,,., due to a
broader range of values.

3.2. Predictors of Denitrification Potential

Environmental variables, including vegetation type, soil
OM, soil CaCO, content, season, soil moisture content,
and total soil N, explained 76.4% of DEAy,,., deviance
using a BRT model (Figure 4). The model was highly
predictive, with a CV correlation of 0.738+0.034 and
RMSE values for testing and training data of 0.29 and

0.19, respectively. Row crops and minimally vegetated
areas supported notably less DEAy;,., than native vege-
tation types (Figure 4A). BRTs featured threshold rela-
tionships between DEAy;,.. and some soil properties.
In each case, DEA;,,, rates did not vary with these soil
properties until a threshold was reached. We determined
that these minimum thresholds for increases in DEAy,,,
were approximately 2.5% for soil OM, 6% for CaCO;
content, and 20% for gravimetric soil moisture con-
tent (Figures 4B-C, 4E). We also identified maximum
thresholds for these soil properties, such that increases
beyond about 10% for soil OM, 7% for CaCO; content,
40% for soil moisture content, and 0.4% for soil total
N were not associated with further increases in DEA
(Figure 4B-C, 4E-F).

Except for the addition of silt content, the DEAy
BRT model (deviance explained: 74.1%, CV correla-
tion: 0.761+0.040) included the same predictors as the
DEAg;,., model but had slightly higher error (RMSE of
0.31 and 0.32 for testing and training data, respectively)
(Supplementary Figure SS5). In both models, vegeta-
tion had a considerable impact on denitrification and a
significant interaction with soil OM (interaction size:
DEA=1.00, DEA;,.=1.60). Amaranth (A), giant rag-
weed (GR), reed canary grass (RCG), and tall goldenrod
(TG) were associated with higher DEAg,,., (Figure 4A)
and DEA (Supplementary Figure S5A). Further inves-
tigation revealed that vegetation with the highest partial
dependence also tended to have elevated OM in under-
lying soils (Supplementary Figure S6A-B). Vegetation
also interacted strongly with soil moisture in the DEA
model (interaction size=5.09, Supplementary Figure
S6C), while moisture content interacted with season in
the DEAg;,.,model (interaction size: 0.65, Supplementary
Figure S7). Vegetation categories associated with lower
denitrification, including bare soil (BS), soybeans (S),
and corn (C), also tended to have lower soil moisture
content (Supplementary Figure S6C). Given these inter-
actions, we further investigated the importance of veg-
etation by fitting BRT models without vegetation as a
predictor. We found that the DEA;,,., model without veg-
etation had comparable explanatory power to the model
with vegetation, explaining 76.9% of deviance. CaCO;
content, soil OM, soil moisture content, total soil N, and
season were retained as predictors in the DEA;,., model
without vegetation. The design approach (i.e., prairie,
agriculture, or wetland) was added as an important pre-
dictor. The relative importance of CaCO; content (11%
to 34%) and soil OM (18% to 24%) increased consider-
ably in the model without vegetation. Hydrogeomorphic
variables, such as HAND, HDND, flood velocity, and
days inundated, were not selected as predictors in any

River

Lay DW, McMillan SW, Hosen JD, Dey S, Noe GB. 2026. Assessing environmental drivers of denitrification in restored riverine floodplains.

J Ecol Eng Des. https://doi.org/10.70793/jeed.13



https://doi.org/10.70793/jeed.13

Journal of Ecological Engineering Design | Research Paper

journals.uvm.edu/jeed

Table 3 Mean and standard error of denitrification enzyme activity by site. Ambient denitrification (DEAg,,,) number of obser-
vations (n): WR-A (agricultural floodplain)=70, TR-P (prairie floodplain on the Tippecanoe River)=71, WR-P (prairie floodplain
on the Wabash River)=71, WR-W (wetland floodplain) =72; Potential denitrification (DEA.,) (n): WR-A=62, TR-P=63, WR-P=63,

WR-W=63.
Measure WR-A TR-P WR-P WR-W
DEAy;,.. (ambient)
0.183+0.014 0.544+0.032 0.723+0.033 0.887+0.047
(png N,O-N/hour/g dry soil)
DEAcy (potential) 0.330+0.023 0.667+0.042 1.256:0.066 1.0770.089

(pug N,O-N/hour/g dry soil)

of the BRT models. Other than flood velocity, hydroge-
omorphic variables were not strongly correlated with
denitrification rates (Supplementary Table S9).

4. Discussion

Despite excess riverine N export from agricultural pro-
duction throughout the study sites’ watersheds, exper-
iments showed that for all floodplain sites studied,
incoming NO;™ was not high enough to support maxi-
mum rates of soil denitrification. This highlights that
the capacity of these sites to improve downstream water
quality may not be fully realized. Thus, greater annual-
ized N removal can be supported by maximizing hydro-
logic connectivity and increasing residence times when
concentrations of NO;™ from the river are highest. The

positive relationship between soil organic matter and
denitrification suggests that organic C availability may
further limit denitrification. While we hypothesized that
hydrogeomorphic characteristics would emerge as key
predictors of denitrification, we noted that denitrification
rates had the strongest relationships with soil properties
and vegetation. These soil and vegetation properties also
helped explain differences in denitrification across sites,
such as the floodplain with row crops having lower deni-
trification potential, less soil organic matter and N, and
coarser soil texture than the floodplains with restored
native vegetation. Our results indicate that sediment
size, increased moisture, and accumulation of organic
matter, which are linked to increased floodplain con-
nectivity and restoration of native vegetation, are likely

Agriculture
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Fig. 3. Boxplots of the paired difference in potential (DEA.,) and ambient (DEA;,,.,) denitrification (ADEA) across
meteorological seasons and floodplain sites (n per site and season: 17-18, except for summer: n=9). The black horizontal

bar represents mean values. The edges of the boxes are one standard deviation beyond the mean in either direction. The
whiskers represent the maximum and minimum values. The season significantly affected ADEA, yet these seasonal effects
depended on the restoration design approach. The compact letter display was used to show significant pairwise differences
among seasons within each site based on pairwise Tukey tests. Seasons with the same letter are comparable, while seasons

without a shared letter are significantly different.
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Fig. 4. Boosted regression tree (BRT) partial dependence plots display the

marginal effects of significant predictors on ambient denitrification (DEA,,.,). The
relative importance of each predictor as a percentage is in parentheses. The x-axis

includes rug plots that show the marginal distributions (observation density)
of each predictor variable. A.) Vegetation type [SV=sparsely vegetated, C=corn,

BS=bare soil, S=soybeans, IG=Indiangrass, TG+IG=tall goldenrod and Indiangrass,

RCG+WET=reed canary grass and a mix of obligate wetland plants, TG=tall

goldenrod, CC+RCG=cutleaf coneflower and reed canary grass, MIX=mixed shrubs
and grasses, RCG=reed canary grass, TG+RCG=tall goldenrod and reed canary grass,
A=amaranth, GR=giant ragweed]; B.) Soil organic matter content (OM); C.) Calcium

carbonate (CaCO,) content ; D.) Season; E.) Soil moisture; F.) Soil total N.

drivers behind increased denitrifica-
tion capacity.

4.1.Floodplains are

Substrate-Limited
Soil organic matter content and
total soil N were positively associ-
ated with denitrification rates across
design approaches, indicating that
floodplain soil denitrification is lim-
ited by substrate supply. Our results
align with other investigations that
found positive relationships between
denitrification and supplies of N and
organic C in soils or floodwaters
(Sheibley et al. 2006; Orr et al. 2007;
McMillan and Noe 2017; Korol
et al. 2019). The role of substrate
supply as a driver of denitrifica-
tion is further reflected in the sea-
sonality of denitrification rates and
ADEA, or the difference between
denitrification incubated with both
labile organic C and NO; additions
(DEA_, or potential denitrification)
and with only river water (DEAg;..,)-
During the growing season, denitri-
fication in samples collected from
restored sites appears to be more
strongly limited by substrate supply,
potentially as warmer temperatures
drive higher potential denitrification
rates. Lower NO, concentrations
during summer months likely led
to lower denitrification in samples
incubated with river water, result-
ing in higher ADEA. These lower
NO; concentrations in the rivers and
a lower probability of floodplain
inundation during summers suggest
that, although warm temperatures
may enhance microbial metabolism,
there are limited opportunities for
soil denitrifying communities to
impact riverine water quality signif-
icantly during summer.

Despite being situated in
N-enriched watersheds, our results
indicate that floodplain soil deni-
trification capacity is not saturated
by NO;. Most excess NO; load is
exported from late winter to early
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spring during high flows from agricultural landscapes in
the Mississippi River Basin (Royer et al. 2006). Higher
NOj;™ concentrations in river water during winter seemed
to stimulate higher denitrification enzyme activity com-
pared to other seasons when river water with lower
NO; concentrations was added to soils. NO; supply is
influenced by numerous factors, some of which can be
controlled through design and management. Thus, this
apparent responsiveness of soils in restored floodplains
to changes in NO, concentrations implies that restora-
tion designs might increase total N removal in flood-
plains by frequently routing NO;-enriched waters to
organic C-enriched soils via placement of restorations
downstream of nutrient sources and by increasing hydro-
logic exchange flows regardless of placement.

4.2.Restoring Floodplains as Wetlands
Maximizes Soil Denitrification Potential

Our results suggest that practitioners can design flood-
plain restorations to include wetlands to maximize reduc-
tion of downstream N transport. This finding is consistent
with other studies that demonstrate the importance of
floodplains and wetlands in particular to target NO; reten-
tion in fluvial systems (Forshay and Stanley, 2005, Roley
et al. 2012, Wolheim et al. 2014, Hanrahan et al. 2018).
These studies identified higher soil organic matter (Roley
et al. 2012) and greater water residence time (Wolheim
et al. 2014) as key elements driving increased uptake of
NO;. Both soil conditions and water residence time are
key. When floodplain wetland restorations were situated
in areas where water residence time is low, for example
in smaller streams and rivers, NO; retention was reduced
(Jones et al. 2015). We measured the highest denitrifica-
tion rates using river water in the wetland floodplain where
hydrologic connectivity was estimated to be greatest in
terms of frequency of overbank flooding and restored wet-
land hydrology (Supplementary Table S3; Supplementary
Figure S2). The wetland floodplain supported more than
20% and 60% higher mean denitrification rates than
the prairie floodplains when incubated with river water.
Hansen et al. (2018) similarly found that restoring wet-
lands should remove 5 times more NO;™ than placing the
same amount of land into conservation. Consistent with
this previous work, we found that greater modification of
floodplain structure to increase wetland attributes, such as
greater hydrologic connectivity and water residence time,
can support higher denitrification than just converting
land from agricultural production into conservation (i.e.,
only planting native vegetation). Our finding that concen-
trations of NO;  limit denitrification rates in floodplain
restorations is also consistent with previous work (Orr et
al. 2007, Roley et al. 2012).

While denitrification with river water was high-
est in the wetland floodplain, mean organic C and
NO,-amended denitrification rates in the prairie along
the Wabash River were comparable to rates in the wet-
land floodplain. Soils with some of the highest amended
denitrification rates in this prairie floodplain were sam-
pled within and near a seepage wetland at the transition
between upland and floodplain ecosystems. These sam-
pling locations also had elevated soil organic matter and
the most considerable differences between denitrifica-
tion with organic C- and NO,-amendments versus river
water, leading us to posit that persistent contact between
upper soil horizons and groundwater seems to have sup-
ported microbial communities that had already depleted
available soil NO; and were primed to treat additional
incoming NO;". This high capacity to treat N in wetlands
with strong groundwater connections has been attributed
to extended residence times in other studies (Harrison
et al. 2014). The high denitrification capacity associated
with this minor wetland feature in the prairie floodplain
further highlighted that restoring wetland areas in flood-
plains, especially groundwater-fed wetlands, is key if
denitrification is a primary goal of restoration.

Enhanced hydrologic connectivity likely supported
soil conditions that favored denitrification. The wetland
floodplain and prairie floodplain along the Wabash River,
which had the highest amended denitrification rates, also
had higher soil moisture than other sites. These wetland
areas had persistently moist soils due to ponding or sat-
uration at the soil surface that persisted into the growing
season. These sites also had considerably higher CaCO,
content. Shallower water tables, such as those in the
wetland floodplain and seepage wetland, can lead to a
build-up of salts, such as carbonates, near the soil surface.
Therefore, the predictive power of CaCO, may reflect the
coincidence of higher subsurface hydrologic connectiv-
ity and denitrification rates. Alternatively, higher CaCO,
may reflect higher deposition of carbonate-enriched sed-
iments from more frequent flooding, as bedrock in the
contributing watersheds is mainly limestone, dolomite,
shale, and sandstone (USACE 2011). Furthermore, pH
increases with increasing CaCO; content, and Kaden et
al. (2021) found that soil pH was a strong predictor of
denitrification potential in floodplain soils. Yet, we did
not find a strong relationship between soil pH and CaCO,
content for a subset of seasonal sampling campaigns.

4.3, Vegetation Types Predict

Denitrification Capacity
We observed clear differences in denitrification capac-
ity across soils underlying different vegetation species.
Such differences in denitrification across vegetation
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types are frequently observed in riparian and wetland
ecosystems (Seitzinger et al. 2006; Alldred and Baines
2016), but the degree to which plant species is a driver
of higher denitrification rates versus simply an indicator
of soil conditions that are more conducive to denitrifi-
cation is unclear. We noted similar explanatory power
of boosted regression tree models with and without veg-
etation type as a predictor. This is because vegetation
type covaries with soil properties that are key predictors
of denitrification, particularly soil organic matter and
moisture. If specific plant characteristics can be linked
to both differences in denitrification and soil conditions
across vegetation types, practitioners may be able to
increase denitrification in restored floodplains by incor-
porating vegetation with these desirable characteristics
in their planting plans. Such relationships create con-
nections between soil conditions and planting design,
which is actionable from an ecological engineering
perspective.

Our results suggest that selecting plants that effi-
ciently contribute bioavailable organic matter to soils
can support higher denitrification. Amaranth, reed
canary grass, and giant ragweed had both high denitri-
fication potential and soil organic matter in underlying
soils. Amaranth and giant ragweed are annuals, likely
contributing sizable amounts of detritus to soils upon
senescence. Reed canary grass is a perennial but has
been reported to have more easily decomposable litter
and to support higher concentrations of water-extracta-
ble organic C in underlying soils than woolgrass (Scirpus
cyperinus) and mixtures of non-invasive, native plants in
other wetlands in the Wabash River Basin (Bills et al.
2010). The alignment between vegetation, soil organic
matter, and denitrification rates also likely reflects the
impacts of design approach, particularly differences in
land use, on both soil conditions and vegetation. We
observed that only a few vegetation communities were
present across multiple sites. Vegetation types (i.c.,
sparse ground cover, bare soil, soybeans, and corn) that
supported the lowest denitrification potential were exclu-
sively found within the agricultural floodplain, which
had coarser and drier soils with less organic matter and
soil N than restored sites. Harvesting represents a key
management difference between these agricultural veg-
etation communities associated with low denitrification
and native vegetation communities in other sites, where
more biomass is available to contribute to the develop-
ment of soil organic matter.

Soil moisture may further explain links between
vegetation and denitrification across design approaches.
Vegetation is often used to indicate long-term soil
moisture regimes in wetlands and floodplains based

on different tolerances for saturation and inundation
(Whited et al. 2007). Amaranth and giant ragweed,
which had the highest denitrification rates with river
water, were solely mapped in the wetland floodplain.
Amaranth is considered an obligate wetland plant in
the Midwest, and giant ragweed is a facultative wetland
plant such that the interaction of soil moisture and veg-
etation in our study may also reflect the tendencies of
amaranth and giant ragweed to thrive in wetter portions
of the floodplain and of denitrification to be heightened
in moist soils (USACE 2010). By contrast, Indiangrass
and tall goldenrod are facultative upland and facultative
wetland species, respectively, indicating a preference
for drier soil than amaranth and giant ragweed (USACE
2010). The soils underlying these vegetation types had
significantly lower soil moisture than other plant com-
munities within the same floodplain, and these species
were also associated with lower denitrification rates.
Our results underscore the importance of vegeta-
tion but also highlight the need to outline mechanistic
links between vegetation and denitrification in restored
floodplain ecosystems. Specifically, our work identified
knowledge gaps regarding how plants regulate soil redox
conditions and the lability of soil organic matter. Using
more controlled experimental approaches to under-
stand why certain plants support higher denitrification
and identifying specific plant properties, such as basal
area or hemicellulose content of litterfall, that enhance
denitrification potential can make findings more trans-
latable across plant types. Incorporating vegetation with
characteristics associated with high denitrification into
restoration provides a straightforward approach for prac-
titioners to manage soil characteristics. Relationships
between certain soil properties and denitrification are
well-established, but soil properties are more difficult to
characterize and monitor with remote sensing and field
visits than vegetation. Given the strong links we identi-
fied between plant community and soil properties, veg-
etation type may be a useful surrogate to inexpensively
screen for denitrification hotspots in riverine floodplains.

4.4.The Farmed Floodplain Provided
Limited Water Quality Benefits

Our results suggest that using seasonally flooded flood-
plains for row crop agriculture may support notably
lower denitrification capacity than replanting flood-
plains with native vegetation, as the agricultural flood-
plain had lower denitrification rates than restored
floodplains despite being flooded for more days annually
than prairie floodplains during the project period. Soil
conditions that were associated with lower denitrifica-
tion rates across our sites (e.g., depleted total N, limited
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soil organic matter content, reduced soil moisture, and
higher sand content) were characteristic of this agri-
cultural floodplain. This floodplain was managed using
conventional farming practices, including tillage, fer-
tilization, and leaving soils relatively exposed during
winter and spring floods. Mean soil organic matter con-
tent (3.9% versus 7.5%) and total soil N (0.13% versus
0.29%) were significantly lower in the agricultural than
the restored floodplains, which may be driven by limited
detrital inputs and higher erosion risk from harvesting
and tilling. While we do not have detailed information
on fertilization rates, the low rates of denitrification we
documented suggest that applied N not used by crops
would be exported.

Coarser soil texture in the agricultural floodplain
may have also constrained denitrification capacity.
Agricultural operations in this floodplain might have
shifted soil textures. For instance, reduced surface resist-
ance during flooding from leaving soils more exposed
outside of the growing season may have altered erosion
and deposition patterns compared to the restored flood-
plains. Alternatively, this site may have been preferen-
tially selected to be farmed rather than restored with
native vegetation due to coarser soils that promote more
rapid drainage to support crop production. Grain size
distribution consistently predicts spatial and temporal
variability in floodplain denitrification (Pinay et al. 2000;
Hoagland et al. 2019). Coarse soils have lower capacities
to retain water, N, and organic C, which likely further
explain reduced soil N, organic matter, and moisture lev-
els in the agricultural floodplain, thereby limiting deni-
trification potential (Pinay et al. 1995; Pinay et al. 2000).
Low organic matter accumulation in wetlands converted
from farming has previously been associated with low
denitrification potential after restoration, particularly
with elevated sand content (Ballantine et al. 2017).

Analysis of ADEA revealed that denitrification
remains low in the agricultural site even when additions
of organic C and NO;™ ameliorate substrate limitations.
More abundant labile organic C and anaerobic micro-
sites in finer textured soils are needed to drive higher
denitrification rates but also to support the development
of active denitrifying communities that can respond
when environmental conditions become favorable,
such as during overbank flooding events that replenish
NOj; (Calderer et al. 2014; Deslippe et al. 2014; Chen
et al. 2023). This muted response to substrate additions
suggests that agricultural soils in our study may have
lacked robust denitrifying communities. Orr et al. (2007)
similarly hypothesized that deficits in denitrifying com-
munities might explain low denitrification potential in
previously farmed floodplains.

4.5. Different Metrics for Hydrologic Connectivity

are Needed to Inform Design and Management
We found indirect evidence to support our hypothesis
that hydrogeomorphic characteristics would explain
variability in denitrification. Specifically, we identified
indirect evidence of the role of hydrogeomorphology on
modulating denitrification. For instance, we measured
the highest denitrification rates in the wetland flood-
plain and the most hydrologically connected geomor-
phic features. We also found that soil properties that are
regulated by hydrogeomorphic characteristics and pro-
cesses, including moisture, organic matter, and texture,
effectively predicted denitrification. Yet, quantitative
metrics that directly measure hydrologic connectiv-
ity, including HAND, HDND, flood velocity, and days
inundated, were not strong predictors of denitrification.
Thus, our work suggests that model outputs from HEC-
RAS and connectivity metrics derived from digital ele-
vation models, including HAND, do not as effectively
capture the hydrogeomorphic processes and properties
most relevant to denitrification as did the measured soil
properties. Kaden et al. (2021) also found that certain
soil properties were better predictors of floodplain deni-
trification potential than hydrologic parameters despite
the hydrologic regime seeming to still be a key driver
of denitrification capacity. We observed the persistence
of shallow water tables in portions of the wetland flood-
plain well into the summer. However, only analyzing
the time series of inundation depth from HEC-RAS
would suggest that this site was much drier during peri-
ods of surface disconnection. The seepage wetland in
the prairie was saturated or inundated by groundwater
throughout the year. Still, days inundated based on the
HEC-RAS model suggest that these locations are dry
nearly year-round. HEC-RAS is likely the best modeling
tool to characterize surface water connections and flood
extent in floodplains but does not provide insight into
these groundwater connections. Neglecting groundwater
connections may have underestimated the overall degree
of connectivity of primarily groundwater-fed geomor-
phic features, thereby limiting the explanatory power of
hydrologic connectivity metrics included in our study.
The extent of the 100-year floodplain has been identi-
fied as another connectivity metric that may not reflect
hydrologic processes most relevant to denitrification, as
floodplains designated as ‘active’ may be flooded quite
infrequently (Kaden et al. 2023).

HEC-RAS also does not provide insight into resi-
dence time. We anticipate that residence time will further
explain denitrification rates. Without a persistent surface
connection, the seepage wetland in the prairie floodplain
likely had uncharacteristically high residence times
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compared to other sampling locations. Floodwater was
also trapped in ephemeral channels and backwater areas
of floodplains for extended periods after floods receded,
and these low-lying geomorphic features often supported
elevated denitrification potential. Other studies have
successfully used residence times to explain variation in
denitrification rates, particularly when contrasting sur-
face water and groundwater connections (Harrison et al.
2014; Kjellin et al. 2007). We recommend using tightly
coupled surface water-groundwater models or field mon-
itoring to better characterize the surface and subsurface
hydrologic connections and develop quantitative predic-
tors of denitrification capacity that represent hydrogeo-
morphic conditions.

Spatial resolution issues may further explain why
these modeled hydrogeomorphic variables were not
strong predictors of denitrification. Local variations in
soil moisture due to slight differences in elevation are
likely not discernible in model outputs. Greater microto-
pography has been linked to higher denitrification capac-
ity by encouraging the formation of neighboring aerobic
and anaerobic micro-sites that increase closely coupled
nitrification-denitrification (Groffman and Tiedje 1988;
Wolf et al. 2011). The spatial resolution of our digi-
tal elevation model could not capture this fine-scale
microtopography, which may have further demurred
quantitative links between hydrologic connectivity and
denitrification capacity.

5. Conclusion

Understanding the plot- and field-scale predictors of
denitrification can inform the design and management
of riverine floodplain restorations that efficiently remove
N from surface and groundwater. Soil organic matter
content and total N were important predictors of deni-
trifying capacity, and we found that soils in restored
floodplains were seasonally limited by substrate availa-
bility, particularly riverine NO; supply. We determined
that denitrification capacity was substantially lower in
the agricultural floodplain than in restored floodplains.
The agricultural floodplains in our study also had lower
soil organic matter content and total N and coarser soils,
which likely impeded the development of robust denitri-
fying communities.

Vegetation tracked with both denitrification rates
and soil properties across design approaches and hydro-
geomorphic features. We also determined that a greater
degree of hydrologic connectivity with surface waters
or groundwater likely enhances denitrification capacity
based on the co-occurrence of high denitrification within
wetland areas, such as in the wetland floodplain and the
seepage wetland within a prairie floodplain. Yet, the

hydrogeomorphic metrics derived from elevation and
surface water hydrodynamic models, including HAND
and cumulative days flooded, for this investigation were
not strong predictors of denitrification. Other hydrogeo-
morphic metrics, which better reflect surface and subsur-
face connection at higher spatial resolutions, are likely
necessary to predict denitrification more accurately and,
by extension, guide restoration practitioners in restoring
the optimal degree and type of hydrologic connectivity.
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