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Nitrate pollution in aquatic ecosystems is still a major problem in Germany. There is a great
potential to permanently remove nitrate from aquatic systems through denitrification as a
relevant ecosystem function. However, the controlling factors and the dimension of the
denitrification potential are still not fully understood due to the high complexity of the
process. This study presents the combined assessment of potential soil denitrification
rates, physical and chemical soil parameters, and hydrological parameters from six
floodplains of four large German rivers, namely the Rhine, the Elbe, the Weser, and the
Main. Based on multivariate statistics, results show that the denitrification potential of soil
was almost solely controlled by soil pH. The lab assays showed mean soil denitrification
potentials of 6.4–11.4 mg N m−2 h−1 (pH < 7) and 23.0–30.5 mg N m−2 h−1 (pH > 7). We
contend that when upscaling these estimates to annual rates of potential denitrification, the
duration of average inundation should be incorporated, as this accounts for water
saturation and nutrient supply − the major controlling variables for denitrification.
Results provide evidence that the denitrification potential can only be fully exploited in
frequently inundated floodplains. Thus, despite favorable soil conditions for denitrification,
floodplains that have suffered from anthropogenic impacts, lose their importance in nitrate
removal for the river system. We conclude that pH and lateral hydrological connectivity are
likely to be key factors that should be considered when estimating denitrification as an
ecosystem function.

Keywords: denitrification potential, hydrological connectivity, acetylene inhibition technique, floodplain soils,
ecosystem function

INTRODUCTION

Based on the knowledge that floodplains provide key ecosystem services to improve water and soil
quality by unmanaged, natural processes, these ecotones have become of great interest for
management strategies (Mitsch et al., 2000; Stander and Ehrenfeld, 2009). In Germany, for
instance, dike opening projects have been realized to extend the active floodplain area as an
easily affordable measure to meet the requirements of the EU-Water Framework Directive (WFD).
This is based on the assumption that lateral hydrological connectivity enhances nutrient retention
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through longer water residence times in the floodplains (Gergel
et al., 2005; Rücker and Schrautzer, 2010). However, nutrient
retention processes within river-floodplain systems are highly
complex, heterogeneous in space and time, and the relative
contribution of different floodplain compartments and
different abiotic and biotic processes are still not fully
understood (Fisher and Acreman, 2004; Natho and Venohr,
2012; Richardson et al., 2019). In the face of high nitrate
loadings of many European rivers, there is a strong interest in
the potential of floodplains for denitrification (Behrendt et al.,
2002; European Environment Agency, 2012). Although the
dynamics of various nitrate-related processes in floodplains
remain partially unclear, through denitrification, there is a
great potential to permanently remove nitrate from surface
waters, the groundwater, and soils (Saunders and Kalff, 2001).
Denitrifying bacteria act facultative aerobic, but can shift to
anaerobic respiration when exposed to an anoxic milieu
(Zaman et al., 2012). Their performance is optimized under
conditions of high nitrate and organic carbon availability and
low oxygen amounts (Zaman et al., 2012). Thus inundation and
flood pulses, resulting in a lack of soil aeration, are implied to be
important for effective denitrification (Sabater et al., 2003;
Shrestha et al., 2014). Other soil and environmental factors
affecting denitrification are -pH, soil texture, temperature,
drying–wetting cycles, etc. (Šimek and Cooper, 2002; Saggar
et al., 2013; Pinto et al., 2021). Among the different aquatic
and terrestrial floodplain compartments, floodplain soils are of
particular interest for estimating the floodplain’s denitrification
potential due to their large spatial extent. Besides, floodplain soils
are most affected by inundation patterns and floodplain
degradation and restoration (Pinay et al., 2007). Thus, they are
subjected to control aerobic and anaerobic soil conditions
through changing water levels and nutrient supply, which in
turn controls the structure and functioning of the microbial
community and therefore processes such as denitrification
(Baldwin and Mitchell, 2000; Pinay et al., 2002; Hefting et al.,
2004; Wilson et al., 2011).

For estimating the potential nitrate removal capacity of
floodplains and determining their role in mitigating nutrient
loads in rivers, soil denitrification has to be estimated on a
landscape scale. There are diverse approaches for measuring
denitrification (Groffman et al., 2006) but it has remained a
difficulty to date. Along with temporal and spatial variability, this
leads to highly varying estimations of the nitrate retention
capacity of floodplains, ranging from less than 1 kg N ha−1 a−1

to more than 600 kg N ha−1 a−1 (Arheimer and Wittgren, 2002;
Forshay and Stanley, 2005; Gergel et al., 2005; Fabre et al., 2020;
Walton et al., 2020). In Germany, knowledge about the spatial
distribution of the denitrification potential in floodplains on the
landscape scale is rather limited. At the moment, a proxy-based
approach with five denitrification classes is used for the nitrogen
retention of German soils, depending mainly on the soil type
(Brunotte et al., 2009; Schulz-Zunkel et al., 2012). In this
classification, a denitrification rate of 30–50 kg N ha−1 a−1 was
defined for alluvial soils in general, which is raised to 100–150 kg
ha−1 a−1 if the floodplain status (FlStC) is not “severely or totally
modified”, following the criteria of morphodynamics/floodplain

relief, hydrodynamics/flooding, and vegetation/land use
(Brunotte et al., 2009; European Environment Agency, 2016).
In terms of flooding dynamics, this proxy-based approach needs
to be combined with model-based approaches, but first and
foremost it is imperative to conduct more research on
floodplain denitrification as data availability is still limited
here (Natho et al., 2013). Therefore, this study was conducted
in cooperation with the German Federal Institute of Hydrology 1)
to analyze key controlling factors for soil denitrification potential
in a range of floodplain ecosystems, 2) to assess the impact of
inundation duration on potential denitrification capacities and 3)
to provide data for possible future adjustments to the existing
proxy-based approach and the denitrification classes used for
German floodplains. For this purpose, six study areas at four large
German rivers were chosen for analyzing soil denitrification
potential, potential denitrification capacities, soil physical and
chemical properties, and several hydrological parameters.
Floodplain soil sampling points were randomly and evenly
distributed among calculated flooding gradients to ensure the
best possible comparability of the different study areas. We
hypothesized that the greatest variations in soil denitrification
potential are driven by hydrological factors (e.g., inundation
duration, flow path lengths) and soil properties (e.g., grain size
distribution, pH). We further expected that the status of
floodplains plays an important role and that anthropogenic
impacts considerably reduce the nitrate retention potential.

MATERIALS AND METHODS

Site Descriptions
Six floodplain study areas, located along four German rivers (the
Elbe, the Weser, the Main and the Rhine), were chosen for the
investigation (Figure 1). Based on floodplain heterogeneity, the
size of the study areas varies between 3 and 120 ha. All sites
[Elbe_R (ER), Elbe_S (ES), Weser_S (WS), Main_U (MU),
Rhine_E (RE), Rhine_K (RK), Figure 1] differ in hydrology,
geomorphology and anthropogenic influence, with the latter
being strongest for the Weser and the Main. Table 1
summarizes the most important characteristics of each
study area.

The river section comprising ER is characterized by large
floodplains with alluvial forests and extended grassland. The old
dike there was opened in 2006, creating 140 ha more retention
space. ES is located further downstream and also characterized by
large extended floodplains, mostly used as grassland. In contrast
to the near-natural river landscapes of the Elbe, bothWS andMU
are strongly anthropogenically influenced by intensive river
training with locks and weirs, causing low water level
fluctuations. At the WS test section, alternative bank
protection systems were installed in 1989 accompanied by
flattening, willow planting, and stone fill removal. The narrow
floodplains at MU were used as intensive grassland but were
modified a few years ago by bank restructuring, including a strip
representing a proper floodplain forest. The largest German river
comprises a study area along the Upper Rhine (RK) and along the
Lower Rhine (RE). Despite the strong impact on the entire Rhine
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floodplain landscape, both have nature reserve status with large,
recent floodplains and near-natural flooding conditions. RK is
located in the floodplain of a cut-off meander (Figure 1) and
characterized by carbonate-containing soils. Downstream, on the
border to the Netherlands, RE is dominated by extensive
grassland with standing water bodies, siltation zones, and
gravel banks.

Field Sampling
During summer 2017, floodplain soils were sampled at the six
study areas. Sampling points were stratified random among
flooding gradients, resulting from the subdivided distribution
of the inundation duration. For each study area, three classes were
defined within a range of 1 to max. 246 days of flooding, setting
thresholds between classes at the 0.33 and 0.67 quantiles. Each

FIGURE 1 | Location of the study areas in the six floodplains [Elbe_R (ER), Elbe_S (ES), Weser_S (WS), Main_U (MU), Rhine_E (RE), Rhine_K (RK)] in Germany with a
detailed view of RK, located in the Upper Rhine region of Germany.

TABLE 1 | Study site characterization of the study areas Elbe_R (ER), Elbe_S (ES), Weser_S (WS), Main_U (MU), Rhine_E (RE), and Rhine_K (RK). MQ – mean discharge,
SAs – study area size, FT – floodplain type (Koenzen, 2005), TL – top layer (Koenzen, 2005), hNN – height above sea level, NL – nitrogen load (river) (BMU&BfG, 2007),
FlStC – floodplain status class (Koenzen et al., 2021): 1 – nearly natural, 2 – slightly modified, 3 – moderately modified, 4 – severely modified, 5 – totally modified.

ER ES WS MU RE RK

MQ 363 m³ s−1 674 m³ s−1 177 m³ s−1 143 m³ s−1 2270 m³ s−1 1420 m³ s−1

SAs 96.16 ha 89.70 ha 3.66 ha 2.51 ha 43.69 ha 120.50 ha
FT Gentle gradient Gentle gradient Gentle gradient Gentle gradient Gentle gradient Gentle gradient

Pluvial Pluvial Pluvial Pluvial Nivopluvial Nivopluvial
TL Sand Sand Clay-loam Clay Prevalent clay-loam Prevalent clay-loam

Loam Loam Sand Loam Minor sand Minor sand
hNN 57–59 m 20–25 m 27–30 m 142–146 m 9–15 m 82–87 m
NL 99,542 t yr−1 99,542 t yr−1 46,740 t yr−1 34,777 t yr−1 228,115 t yr−1 228,115 t yr−1

FlStC 2 3 5 4 3 3
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class contained at least 5 points, resulting in 15–20 plots per study
area. This ensured that rarely and often inundated plots from
each study area were considered equally. For each sampling plot
(2 m × 2 m), five repetitions (10 cm diameter × 20 cm depth) were
taken using a soil auger. Each plot was located and saved with
centimeter-level accuracy by using a GNSS system (Trimble R8).
All samples per sampling plot were mixed to create one
homogenized sample for further analysis. One part was stored
at 4°C until soil physical and chemical parameters were measured,
whereas the other was air-dried and sieved (<2 mm) and stored at
room temperature until the denitrification potential (DP)
measurements were taken. Soil bulk density was measured
using three soil cutter cores (100 cm³) per plot. Additionally,
the soil types of all plots were characterized (auger to a depth of
100 cm).

Soil Physical and Chemical Parameters
Physical and chemical soil parameters were measured using the
following standardized analysis methods: pH (H2O) - DIN ISO
10390:2005-12, 2005, total organic carbon [TOC in % dry matter
(DM)] - DIN EN 15936:2012-11, 2012, mineral nitrogen content
(Nmin in % DM) – VDLUFA, (1991), particle size distribution
(content of clay, silt, and sand in %) - DIN ISO 11277:2002-08,
2002, soil bulk density (BD in g cm−3) - DIN 18126:1996-11,
1996. Soil textures and types were defined based on soil mapping
guidelines (Ad-hoc-AG Boden, 2005). Field capacity (FC in %)
was calculated using BD, soil texture and humus content (TOC *
1.7) (DIN 4220:2008-11, Ad-hoc-AG Boden, 2005).

Potential Denitrification
One commonly applied method for estimating denitrification in
soils is the acetylene inhibition technique (AIT). This method
determines the denitrification potential (DP), which is defined as
the amount of nitrous oxide (N2O) and dinitrogen (N2) released
from soil within a given time period after enrichment with nitrate
and carbon and anaerobic incubation in the presence of acetylene
(Groffman et al., 1999). This method has been proven to work
when comparing soils and ecosystems (Groffman et al., 2006;
Felber et al., 2012; Russell et al., 2019) and allows the soil DP to be
estimated at the landscape level. Parameters leading to bias are
adjusted to be as low as possible, by using the AIT modified by
Kaden et al. (2020), which addresses a time series analysis of
rewetting as this is likely to strongly affect denitrification. This
modification is based on the common assay for measuring
denitrification enzyme activity (DEA) with the AIT developed
by Smith and Tiedje (1979), that was modified by Groffman et al.
(1999). Comparative method trials concluded that the use of soils
with high nutrient and low sand contents reduces the risk of bias
(Qin et al., 2013), which justifies the applicability of the AIT in the
context of this study (Kaden et al., 2020). In short, soil samples
were pre-incubated for 7 days (d) to 100% water-filled pore space
(WFPS). 5–8 g of rewetted soil (5 g equivalent of dry soil) were
added to 130 ml flasks. Then 5 ml of nutrient solution containing
6.8 g/L NaCH3COO and 2.9 g/L KNO3 equal to 2 mg C g−1 dry
soil and 0.4 mg N g−1 dry soil, were added. The flasks were sealed
with caps (air-tight butyl rubber septa) with two hoses (each with
one valve) and made anaerobic by 3 min of flushing with N2.

Subsequently 13 ml of N2 was substituted with acetylene (equal to
10 vol%). The flasks were incubated in the dark at 21°C. Previous
experiments ensured that anaerobic conditions were maintained.
Gas samples were taken and transferred into vacuumized vials
with butyl septa and crimped caps, using a syringe. Nitrogen (N)
that accumulated as N2O in the top of all flasks was analyzed
using gas chromatography (GC-14B, Shimadzu, Duisburg,
Germany) connected to an automatic sample-injection system
(APS 96/20-K, ESWE, Gera, Germany). The gas chromatograph
was equipped with an electron capture detector and a packed
column (1/8’ Hayesep-Q, 80/100 mesh, length 4 m; Sigma-
Aldrich, Darmstadt, Germany). Potential denitrification rates
(DP in ng N g−1 h−1) were calculated by correcting the
measured concentrations (ppm) for N2O dissolved in water
[Bunsen coefficient � 0.65 (21°C)], divided by the incubation
time (4 h) and expressed on the basis of dry soil matter (DM). DP
was also analyzed under the same conditions but without
acetylene to determine the amount of N denitrified to N2O
(DPN2O in ng N g−1 h−1). The denitrification product ratio
[DPR � N2O/(N2 + N2O)] was derived using the ratio of
DPN2O to DP. In addition to the two treatments with and
without acetylene, the experiment had a control treatment
(without soil), all in triplicate.

Hydrological Calculations
Four hydrological parameters were calculated: average duration
of yearly inundation (flood), height above mean water level
(hMW), distance to the riverbank (distance), and average
hydrological distance (flowpath). The average duration of
yearly inundation (flood) of the sampling year (2017) and the
last 5 and 30 years (yr) before sampling were derived using
averaged yearly summations of the daily inundation
information for each plot in all six study areas, calculated in
MATLAB. Floodplains are characterized by the rise and fall of the
water table of the alluvial aquifer which is coherent with that of
the river channel (Krause et al., 2007; Stanford, 2007). This is
reflected by overland inundation from the river channel to the
floodplain when bank full conditions are exceeded, but also by
flooding from below ground through the filling of the alluvial
aquifer (Stanford, 2007). Based on this, for modeling purposes,
plots with an elevation below the current river water level were
assumed to be inundated. Data were based on the daily water
levels of the adjacent gauge of the 30 years prior to sampling, from
the Federal Waterways and Shipping Administration (WSV),
provided by the German Federal Institute of Hydrology (BfG).
The water level fluctuations of the most adjacent gauge were
linearly transferred to the digital elevation model (DEM) of the
study area, using a real-time water level difference between gauge
and study area. This data was also used to calculate the height
above the mean water level, which resulted from the difference
between the plots’ height above sea level and the mean water level.
The distance to the riverbank describes the shortest distance
between each plot and the riverbank and was derived using
proximity- and contour-tools in ArcGIS 10.7.1 (ESRI, 2011).
To cover the supply of nutrients from the river water as a key
element for the denitrification process, the hydrological distance
(flowpath) as an important measure for connectivity was
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considered. It was defined as the length of the shortest surface
path that the river water takes to a single plot in the floodplain. It
was derived using the flow accumulation approach on the gridded
DEMs of the floodplain areas and calculated using the
TopoToolbox 2 (Schwanghart and Scherler, 2014) in
MATLAB version 9.6.0. (MATLAB, 2019) (see example
Figure 2).

Conversion to the Potential Denitrification
Capacity of Floodplains
Potential denitrification rates (DP in ng N g−1 h−1, see Potential
Denitrification) from individual soil samples were converted to
plot-DP in mg N m−2 h−1 using plot soil volume of 0.8 m³ (2 m ×
2 m x 0.2 m, see Field Sampling) and measured dry bulk densities
(in g cm−3, see Soil Physical and Chemical Parameters). We based
our area-wide estimation of floodplain denitrification (in kg N
ha−1 a−1) on flooding patterns. Flooding represents optimized
conditions for denitrification, as the inflowing river water
facilitates both soil saturation and the availability of reactants
for heterotrophic denitrification (carbon and nitrate) (Hill et al.,
2000). Thus, individually estimated soil DP (in N m−2 d−1) can be
upscaled to the potential denitrification capacity of a whole
floodplain by multiplying it with average inundation days. To
analyze the influence of long-term changing flooding dynamics,

we used average inundation days based on the last 30 and 5 years
for comparison (calculation see Hydrological Calculations).

Statistical Analysis
Due to the detected non-normality with Shapiro-Wilk tests, non-
parametric methods were used for the analyses. Potential
denitrification, inundation, and soil properties (chemical and
physical) were compared between floodplains using Mann
Whitney U tests. A correlation analysis (Spearman’s rank) was
used to characterize the relationships between responding (DP,
DPR) and predicting variables (e.g., pH, flowpath). The diversity
of the study areas required the detection of spurious correlations
caused by strongly correlating predicting variables in order to
interpret and identify actual explanatory factors. Based on the
Spearman’s rank correlation, a subset of predicting variables (pH,
flowpath, Nmin and FC) were used in a multivariate regression
approach based on PLS (partial least squares) regression (Wold
et al., 2001), taking DP and DPR as responding variables.
Somehow, this method is related to a principal component
regression and robust against collinearity in predicting
variables because it incorporates the covariance structure
between the variables. The regression model is evaluated by
using R2, a predicting variable ranking (magnitude of
influence) and by defining the direction of each influence with
a coefficient (coeff). VIP (variable importance in projection) is

FIGURE 2 | Hydrological connectivity of investigated plots for the Elbe_R (ER). Black lines show calculated flow paths based on the DEM using the flow
accumulation approach from TopoToolbox2 in MATLAB. The dike was slit, hence two of the plots behind are connected (I), and one is not (II, no black line). This is
confirmed by a helicopter photo (André Künzelmann/UFZ) of a flood event showing river water and groundwater behind the opened dike.
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used for the ranking and only VIPs >1 are counted as being
important (Trauth et al., 2018). For the PLS regression, variables
were log-normalized, when bivariate relations showed a clear
non-linear behavior. All analyses were performed in RStudio
Version 1.2.1335 (R Core Team, 2019).

RESULTS

Hydrogeology, Soil Properties, and
Denitrification Potential of Floodplain Sites
Days of flooding and inundation duration significantly differ between
the study areas (Table 2) due to an area-specific flooding regime. WS
and MU showed significantly fewer days of flooding (flood) and
shorter stream distances (mindist). Despite larger minimum distances
to streams, ER, ES, RE, and RK showed longer inundation durations.
This was also apparent in the respective differences between flowpath
andmindist. Due to their heterogeneous topography, the flow paths at
these four sites were significantly longer than the direct distance of the
plots to the river.

The overall mean soil bulk density was high, showing mean values
slightly above 1 g cm−3 (Table 2). FC ranged from 17 vol% up to 60
vol%, but the average per study site was between 45 and 55 vol%. FC
was highest at ER and WS, while ES showed the lowest mean water
holding capacity (Table 2). Since FC is directly related to soil texture,
this was also apparent in the soil texture distribution of each study area

(Figure 3A). ES had the largest proportion of sandy substrates, while
loams were generally the most common. RK showed the highest
variability concerning FC and soil texture (Table 2; Figure 3A). Mean
TOC concentrations were lowest at MU with 3.02% DM and highest
at RE with 4.06% DM, showing predominantly medium to strongly
humic soils (Table 2). The sum of ammonium and nitrate ranged on
average between 0.012mg (g DM)−1 (ES) and 0.030mg (g DM)−1

(WS) (Table 2). Soil pH showed two clusters among the study areas
(Figure 3B). Both Elbe sites, with mean pH values of 5.9 (ER) and 6.2
(ES), were moderately to slightly acidic. WS, MU, RE, and RK with
mean pH values in the range of 7.8 and 8.2 were slightly tomoderately
alkaline.

Comparable to soil pH, DP also showed two clusters among
the study areas (Figure 4). Both Elbe sites, with a mean DP of 11.4
(ER) and 6.4 mg N m−2 h−1 (ES), were significantly lower than
WS, MU, RE and RK with mean DP values in the range of
23.0–30.5 mg N m−2 h−1. Denitrification product ratios (DPR) at
ER and ES were significantly higher than those of the other sites,
with a mean DPR of 0.92 (ER) and 0.85 (ES). The sites WS, MU,
RE and RK showed a mean DPR below 0.4 (Table 2).

Factors Influencing Denitrification Potential
Lowest denitrification potential (DP) and highest denitrification
product ratios (DPR) were found at ER and ES (Figure 4;
Table 2). This corresponded to pH values, which were
significantly lower there than at the other sites (Figure 3B). A

TABLE 2 |Measured average, standard deviation (in parenthesis), and significant differences between all plots in each of the study areas: Elbe_R (ER), Elbe_S (ES), Weser_S
(WS), Main_U (MU), Rhine_E (RE), Rhine_K (RK) (superscripted, Mann Whitney U test, p < 0.05, nstudyarea � 15–20, ntotal � 105) of hydrological parameters height above
mean water (hMW), distance to riverbank (distance), hydrological distance (flowpath), average yearly inundation duration (flood) on the basis of 30 years (30 years) and
5 years (5 years) and soil parameters soil bulk density (BD), field capacity (FC), total organic carbon (TOC), mineral nitrogen content (Nmin) and the denitrification product ratio
(DPR � N2O/(N2+N2O) � DPN2O/DP). Significant differences (Mann Whitney U test, p < 0.05) of flood 5 years compared to flood 30 years are printed in bold.

Study area hMW (m) Distance (m) Flowpath (m) Flood 30 years (d) Flood 5 years (d)

ER 2.01 (0.69) 291.6 (174.3) 1785.0 (878.4) 26 (17) 13 (8)
— WS,MU,RE WS,MU,RE,RK WS,MU WS,MU

ES 1.49 (0.89) 389.9 (279.8) 1450.6 (816.1) 56 (63) 42 (62)
— WS,MU,RE WS,MU,RE WS,MU WS,MU

WS 1.61 (0.79) 21.8 (13.2) 21.8 (13.2) 13 (16) 6 (9)
— ER,ES,RE,RK ER,ES,RE,RK ER,ES,RE ER,ES,RE,RK

MU 2.12 (1.22) 35.4 (22.4) 35.4 (22.4) 123 (17) 6 (12)
— ER,ES,RE,RK ER,ES,RE,RK ER,ES,RE,RK ER,ES,RE,RK

RE 2.03 (1.48) 171.5 (125.7) 390.7 (312.0) 53 (49) 43 (46)
— ER,ES,WS,MU ER,ES,WS,MU,RK WS,MU WS,MU

RK 1.73 (1.04) 302.3 (244.3) 1079.9 (640.3) 41 (53) 37 (49)
— WS,MU ER,WS,MU,RE WS,MU WS,MU

BD (g cm−3) FC (vol%) TOC (% DM) Nmin (mg (100 g DM)−1) DPR = N2O/(N2+N2O) (−)

ER 1.14 (0.18) 55.56 (3.48) 3.84 (1.12) 2.08 (1.62) 0.92 (0.21)
ES,RE,RK ES,WS,MU WS,MU,RK WS WS,MU,RE,RK

ES 1.01 (0.15) 45.28 (7.71) 3.57 (1.19) 1.20 (0.87) 0.85 (0.27)
ER,WS,MU,RE,RK ER,WS,MU,RE,RK MU WS,RE WS,MU,RE,RK

WS 1.30 (0.09) 55.39 (3.74) 3.07 (0.49) 3.02 (1.30) 0.20 (0.34)
ES,RE,RK ER,ES,RE,RK ER,RE ER,ES,MU,RK ER,ES,RK

MU 1.11 (0.10) 52.00 (3.70) 3.02 (0.48) 1.92 (1.35) 0.17 (0.21)
ES,RK ER,ES,RE,RK ER,ES,RE WS ER,ES,RK

RE 1.14 (0.11) 50.31 (3.70) 4.06 (1.73) 2.64 (1.75) 0.39 (0.23)
ER,ES,WS ES,WS,MU WS,MU,RK ES,RK ER,ES,RK

RK 1.23 (0.16) 51.89 (10.82) 3.25 (0.70) 1.42 (0.71) 0.18 (0.25)
ER,ES,WS,MU ES,WS,MU ER,RE WS,RE ER,ES,WS,MU,RE
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correlation analysis using Spearman’s Rank Correlation (Table 3)
revealed a negative correlation between the two responding
variables DP and DPR (rspear � −0.49). For DP only pH and
for DPR pH, distance, and flowpath showed the highest
correlations (rspear ≥ 0.5). We also observed that distance and
flowpath, Nmin, FC, and silt were weakly correlated to DP
(rspear � 0.3–0.5), and found BD to be weakly correlated to
DPR (Table 3). The PLS model explained 52% of the DP
variance and pH was identified as being the only important
predictor with a VIP of >1 (Table 4). Further, the model
explained 63% of DPR variance, with pH and flowpath as
dominant variables with VIP >1 (Table 4). The pH values
alone were able to explain 43% of DP variance using a linear
regression of log-transformed values.

To analyze additional explanatory factors, we divided the data
set into two subsets using pH values ≤7 and a subset with pH > 7.
In both groups DP was positively correlated (rspear � 0.3–0.5) to

hMW, TOC, Nmin, and FC (Table 3). Variable flowpath only had
a significant effect on DPR in subgroup pH > 7 (rspear � 0.32),
which is in line with the PLS regression results.

Potential Denitrification Capacity of
Floodplains Based on Flooding Patterns
Upscaling of DP results based on flooding patterns resulted in
equally high DP capacities in ER and ES as well as in WS and MU
[Figure 5A, mean DP in kg N ha−1 a−1 on 30 years basis: 106.15
(ER), 70.10 (ES), 103.59 (WS), 74.08 (MU)], caused by
comparatively long inundation durations. RE and RK showed
the highest mean potential denitrification capacities of 416.26 kg
N ha−1 a−1 (RE, 30 years) and 217.44 kg N ha−1 a−1 (RK, 30 years).

Comparing the 5-years average to the long-term average
(30 years), the plots in all study areas were inundated less often
(flood, Table 2). The sampling year was comparatively dry,
showing significantly less flooding days in each study area
compared to the 30-years average. In contrast, however, water
levels at WS and MU were higher than average during the
sampling period (Supplementary Figure 1). Due to less
inundation days per year during the last 5 years compared
to the long-term average (30 years) an upscaling of the 5-years
data basis resulted in much lower mean DPs (in kg N ha−1 a−1):
53.54 (ER), 44.42 (ES), 42.80 (WS), 34.85 (MU), 328.91(RE),
182.53 (RK) (Figure 5B). This is equivalent to a 21–59%
reduction of mean denitrification capacities of the
investigated floodplains.

DISCUSSION

Factors Influencing Soil Denitrification
Potential
Factors affecting denitrification can be categorized into distal and
proximal regulators (Wallenstein et al., 2006; Saggar et al., 2013).
It is not surprising that proximal regulators, which have an

FIGURE 3 | (A) Soil texture distribution of samples from the study areas: Elbe_R (ER), Elbe_S (ES), Weser_S (WS), Main_U (MU), Rhine_E (RE), Rhine_K (RK). All in
the soil texture triangle defined by the United States Department of Agriculture (USDA). (B) Comparison of average soil pH between the study areas. Box lines show
upper and lower quartiles. Whiskers extend to the 95th and fifth percentiles.

FIGURE 4 | Comparison of average soil DP between the study areas.
Box lines show upper and lower quartiles. Whiskers extend to the 95th and
fifth percentiles.
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immediate effect on denitrification rates, virtually play no role in
our study due to the uniform and optimized conditions of the
experimental set-up such as high nitrate and carbon availability,
controlled temperature, and no oxygen. However, distal controls,
exemplified here by pH and soil texture, can play an equally
important role in denitrification as proximal factors, by
influencing denitrifier community structure in the long term
(Priemé et al., 2002; Rich et al., 2003; Wallenstein et al., 2006).

Our results suggest increased denitrification potential (DP)
and decreased N2O/(N2+N2O) ratios (DPR) related primarily to
higher soil pH and, with less significance, to shorter flow paths.
The strong pH effect on denitrification (potential) has been
observed in many other studies (Sĭmek et al., 2000; Šimek and
Cooper, 2002; Rochester, 2003; Zaman et al., 2008; Čuhel et al.,
2010; Liu et al., 2010; Brenzinger et al., 2015; Senbayram et al.,
2015). Rochester (2003) found a negative exponential function
between DPR and pH by summarizing numerous field and

laboratory studies. Acidic pH lowers denitrification rates and
affects the kinetics and stoichiometry of the enzymatic reactions,
resulting in higher N2O production, a highly efficient greenhouse
gas (Pinay et al., 2007; Liu et al., 2010; Brenzinger et al., 2015).
Mechanisms behind this correlation are still not fully understood,
but N2O reductase (Nos) seems to be particularly sensitive to low
pH, affecting its activity post-transcriptionally (Liu et al., 2010;
Brenzinger et al., 2015). In addition, pH-based fungi dominance
may also result in the lack of Nos, leading to N2O as the major end
product of fungal denitrification (Shoun, 1992; Rohe et al., 2014).
Thus, we recommend considering the strong influence of soil pH
on DP that we found here, when estimating denitrification
classes.

The correlation analysis further revealed weak correlations
between DP, respectively DPR and hydrological parameters
(distance, flowpath), suggesting increased DP with shorter flow
path lengths and thus shorter distances to the river. This is

TABLE 3 | Spearman’s rank correlation matrix (rspear) between measured and derived variables. Dark colors indicate stronger absolute correlations. Green indicates
negative, brown positive correlations. Cells crossed out are not significant (p > 0.05), |rspear| > 0.3 are written in red, n � 104.
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probably due to the fact that the floodplains with the longest flow
paths (ER and ES) had the most acidic conditions regarding the
floodplain soils. For DPR, the identification of flow path lengths
along with soil pH as an important parameter (PLS: VIP > 1)
might be related to the better hydrological connectivity, causing
increased denitrification associated with the prokaryotic
community (Tomasek et al., 2017).

In any case, our data indicate a relationship between DP
and grain size distribution. In the past studies have indeed
described the strong correlation between soil texture and
denitrification (D’Haene et al., 2003; van der Salm et al.,
2007; Guo and Lin, 2018). Fine-grained soils, like clay, have
a greater water storage capacity than other soils as the advection
forces in small pores are strong (Blume et al., 2010). This results
in a lack of aeration (Drury et al., 1992; Bollmann and Conrad,
1998; Luo et al., 2000; Saggar et al., 2013), which also influences
nutrient cycling (Beauchamp et al., 1980; Fierer and Schimel,
2002; Castellano et al., 2013; Malique et al., 2019). Based on our
field capacity (FC) data, which directly depend on grain size
distribution, we were able to confirm this relationship despite
the same water contents (D’Haene et al., 2003; Jamali et al.,

2016). Soils with high FC may favor denitrification because of
larger surfaces available for colonization by denitrifying
bacteria. Since DPR do not correlate with FC or sand, silt,
or clay contents, soil texture does not lead to higher N2

fractions in the denitrification product. Detected correlations
between soil bulk density (BD) and DP and DPR correspond to
negative correlations between DP and BD found by Wu et al.
(2013). This connection is also often included in regression
models (Richardson et al., 2004; Zhang et al., 2012), while
studies of Gardner and White (2010) could not detect a
significant correlation in wetlands.

Known proximal DP influencing soil parameters such as TOC
and Nmin showed positive, although weak correlations with DP.
As organic carbon and nitrate are added in excess for the
denitrification assays, these factors will only become relevant,
if they have previously affected the soil. Thus, adaptation effects
of the denitrifying community to natural occurring soil properties
are a possible explanation. The known strong influences of carbon
respectively nitrate on DP, are more likely to be a question of their
availability during incubation, as several studies have already
described (Welti et al., 2012a; Pinto et al., 2021).

To increase the certainty in the evaluation of the relationships
between DP and influencing environmental factors, the number
of observations in each study area needs to be increased. Further,
assessments of denitrifier community structure (nirS and nosZ
genes) and denitrifier community size (qPCR of these genes)
(Deslippe et al., 2014) would also allow microbial aspects to be
included.

Denitrification at the Floodplain Scale
Previous floodplain soil studies have reported a wide range of
denitrification rates (e.g., Gergel et al., 2005). Our areal estimates
of 70–416 kg N ha−1 a−1 are within the range of other published
assessments for wetlands and floodplains. However, comparing

FIGURE 5 | Comparison of potential floodplain denitrification capacity between the study areas. Upscaling was derived using average inundation days per year for
multiplication. Box lines show upper and lower quartiles. Whiskers extend to the 95th and fifth percentiles. (A) Data basis � daily water levels 1988–2017. Upper whisker
of RE extends to 1013.32 mg N ha−1 a−1. (B) Data basis � daily water levels 2013–2017. Upper whisker of RE extends to 898.32 mg N ha−1 a−1.

TABLE 4 | PLS model regression parameters and results for the prediction of DP
and DP [�N2O/(N2+N2O)]. All samples were taken into account (n � 104). VIP
(variable importance in prediction), coeff (coefficient) defining the direction of
influence on the responding variable. DP was log-normalized prior to analysis.

DP DPR

VIP Coeff VIP Coeff

pH 1.48 0.43 1.50 −0.47 pH
Flowpath 0.82 −0.24 1.23 0.38 Flowpath
FC 0.81 0.24 0.46 −0.14 Nmin
Nmin 0.70 0.21 0.17 −0.05 FC
R2 0.52 0.63 R2
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the values of this study with other studies should be done with
great caution, because of 1) the different methodologies applied,
2) the distinctions and comparability of different zones (riparian
zone, floodplain, soil or sediment), and 3) differences in units and
values presented (in % of river-N-load, without area relation, or
on a “per flood” basis), leading to strong distortions when
extrapolated. As an example for the latter, rates of ∼10 mg N
m−2 h−1 (Forshay and Stanley, 2005) measured during several
days of one flood, would become an estimate of ∼2.4 kg N ha−1

d−1 respectively 876 kg N ha−1 a−1. With 50–246 kg N ha−1 a−1

(Gergel et al., 2005), or 57–466 kg N ha−1 a−1 (Arheimer and
Wittgren, 2002) the range of average wetland N-removal
estimations is wide (Figure 6). Due to optimized process
conditions and neglected processes that contribute to the
overall nitrate removal such as nitrate assimilation, anaerobic
ammonium oxidation (anammox), and dissimilatory nitrate
reduction to ammonium (DNRA) (Burgin and Hamilton,
2007; Sgouridis et al., 2011; Hoagland et al., 2019), potential
denitrification measured with the acetylene inhibition technique
probably overestimates actual denitrification.

Currently the assessment of nitrogen retention in Germany
mainly follows proxy-based approaches using five
denitrification classes (DC) (1 � very low to 5 � very high;
depending on the soil type) (Schulz-Zunkel et al., 2012; Natho
et al., 2013) (Figure 6). By applying the classification of Schulz-
Zunkel et al. (2012), the investigated soils are attributed to DC �
3, with an estimated nitrogen retention of 30–50 kg ha−1 a−1.
Since both of the Elbe and the Rhine study areas belong to
floodplain status class (FlStC) 1 (“nearly natural”) to 3
(“moderately modified”), the estimated nitrogen removal rate
there increases to 100–150 kg ha−1 a−1 (Brunotte et al., 2009;
Schulz-Zunkel et al., 2012). Observed mean annual nitrogen
retention with regard to the 30-years average inundation of ER,
ES, WS, and MU confirm this range, while RK and RE
significantly exceed this value (Figure 6). However, the latter
are still in the range of other reported values from other

floodplain areas (e.g., Arheimer and Wittgren, 2002; Gergel
et al., 2005). Thus, inclusion of floodplain status when defining
DC’s is a necessary parameter, but further specification of this
parameter is needed. Our findings highlight that inundation
days and areas should be considered, in addition to
aforementioned soil pH implementation.

Research on nitrate removal from floodplain soils draws
attention to plant and microbial uptake (assimilation) or
respiratory denitrification by bacteria (Burgin and
Hamilton, 2007). The latter is often recognized as the
predominant process for permanent nitrate removal from
floodplain soils (Seitzinger et al., 2006). More recent studies
show the importance of alternative microbial pathways of
nitrate transformation. For instance, processes such as
nitrate assimilation, anaerobic ammonium oxidation
(anammox), and dissimilatory nitrate reduction to
ammonium (DNRA) contribute to nitrogen transformation
and thus, retention in floodplain soils (Burgin and Hamilton,
2007; Hoagland et al., 2019). Under anaerobic soil conditions,
denitrification and DNRA are assumed to be in competition
for available nitrate – however, the relationship between the
two remains poorly understood (Friedl et al., 2018). While
Hoagland et al. (2019) quantified the contribution of
anammox to total N2 production as a significant pathway in
restored wetlands (41–84%), Welti et al. (2012b) measured
∼0% contribution in Danube floodplain sediments. Friedl et al.
(2018) revealed that DNRA and not denitrification dominated
nitrate reduction in pasture soils, whereas Sgouridis et al.
(2011) found that DNRA capacity in riparian soils was an
order of magnitude lower than denitrification capacity.

Effects of Inundation on the Denitrification
Capacity of the Floodplains
Lateral connectivity, expressed here as the average duration of
inundation of the active floodplain (see Natho et al., 2020),

FIGURE 6 | Assessment of nitrogen retention via denitrification classes after Schulz-Zunkel et al. (2012) in kg N ha−1 a−1. If floodplain status class (FlStC) � 1, 2, or 3
denitrification class (DC) raises from 3 to 4. This is compared with observed average values by two other studies, and observed mean potential floodplain denitrification
capacities of Elbe_R (ER), Elbe_S (ES),Weser_S (WS),Main_U (MU), Rhine_K (RK), andRhine_E (RE). For the latter, the range plotted extends from the upscaledmean, based
on the average days of inundation over the past 5 years, to the upscaled mean, based on the average days of inundation over the past 30 years (see also Panel 5).
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promotes the exchange of water, nutrients, and organic matter
between the river channel and the floodplain (Tockner et al.,
1999; Tockner et al., 2000). Longer inundation results in more
pronounced oxygen reduction conditions, influencing
biogeochemical processes (Noe and Hupp, 2005). More
specifically, flooding can increase rates of denitrification in zones
where anoxic conditions, organic matter and nitrate availability
coincide (Groffman et al., 2005; Hernandez and Mitsch, 2007).
The method applied (AIT with 100% WFPS, C and N excess)
represents flooded conditions in our study. While rate
measurements were influenced by pH values, estimations of
the areal floodplains’ denitrification capacities, based on their
inundation regime, changed the denitrification patterns
considerably at the floodplain scale (Figure 7). The
morphologically degraded floodplains WS and MU show low
areal denitrification capacities despite high soil DP rates due to

short average inundation periods. Equally low denitrification
capacities were estimated for ER and ES, which are characterized
by unfavorable soil conditions for denitrification, but are well-
connected floodplains with regular inundation events. Thus, the
inundation regime can superimpose soil properties in terms of
potential denitrification capacity (Figure 7). RE and RK
combine both: favorable soil conditions (alkaline pH) and
frequent flooding. Thus, the Rhine sites scored best in this
comparison, with denitrification capacities two to five times
higher than the others. With these findings we can confirm
statements by Natho et al. (2013) who emphasized the need to
combine proxy-based data (soil DP) with model-based data
(inundation), to tackle the issue of flooding dynamics to calculate
biogeochemical processes at the landscape level. Since soil
conditions are mostly set, the probability of inundation is,
together with nitrate and carbon availability, one important
variable for stimulating denitrification as a natural self-purification
process. This depends on both environmental conditions (e.g.,
discharge, topography) as well as anthropogenic intervention,
like e.g., embankment structures and water impoundments.
Management interventions such as e.g., dike slitting or dyke back-
shifting projects increase flooding probability and thus,
would enhance denitrification potential. Restoring lateral
hydrological connection may positively affect the overall quality of
the river water.

Since denitrification processes also occur in soils which
are below 100% WFPS, adjusting and upscaling considerations
with inundation duration could be extended by implementation
of denitrification potentials measured in treatments with
less water and nutrient supply. This could be further
elaborated by including flooding frequency aspects, as studies
showed gas emissions peaks during the drying phase after
flooding (Tockner et al., 2000; Shrestha et al., 2014; Kaden
et al., 2020).

CONCLUSION

There are numerous studies that address the factors influencing
denitrification (Pinay et al., 2007; Saggar et al., 2013) and
also several larger-scale modelling approaches (e.g., Nielsen
et al., 2001; Natho et al., 2013; Fabre et al., 2020). However,
the lack of integrated regional soil DP measurements and flood
duration assessments may limit a precise assessment of
environmental factors controlling DP at the landscape level.
This study provides new information about soil DP and
potential denitrification capacity in floodplains. We were able
to identify a strong soil pH effect, which has so far not been
considered in the German nitrate removal approaches.
Hydrological influences on soil DP were of less significance
than expected. However, we were able to assess a significant
impact of inundation on potential denitrification capacities.
This underlines just how imperative it is to combine soil
DP proxies with the modeled duration and the spatial
distribution of floodwater. In a floodplain comparison,
inundation can even superimpose soil properties. Therefore, as
expected, anthropogenic interventions causing low water

FIGURE 7 | Flowchart of this study’s data processing. The gears are to
represent an influence. If the arrow goes to the right (“turn up”), meaning a
positive correlation - and the other way around. The focus is on how this
calculation creates a completely changed pattern. By incorporating
average inundation duration per year, potential denitrification of soil is
converted to potential denitrification capacity of floodplain.
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fluctuations or limitation of flooding areas, considerably
influence the overall retention potential. Hence, the ecological
status of floodplains plays a vital role and our results
emphasize how important the conservation and restoration of
floodplains are as management goals. Further, inundation is
not only a condition for effective nitrate retention through
denitrification, but also simultaneously supports other multiple
functions and services of riverine landscapes. We are aware of
methodological uncertainties, but with the method applied we
can present upper bound estimates of in situ DP and more
realistic upscaling to the floodplain scale. Thus, the findings of
this work, in combination with other recent studies, can be
understood as a basis for adjusting the existing management
approaches for nitrate removal.We plan to specify the inundation
parameter more clearly and to integrate the soil pH value for
upscaling denitrification potential. Quantification of nitrate
retention through denitrification will remain a challenge, but
our findings certainly contribute to a better understanding of
denitrification as an ecosystem function.
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Šimek, M., and Cooper, J. E. (2002). The Influence of Soil PH on Denitrification:
Progress Towards the Understanding of this Interaction Over the Last 50 Years.
Eur. J. Soil Sci. 53, 345–354. doi:10.1046/j.1365-2389.2002.00461.x

Smith, M. S., and Tiedje, J. M. (1979). Phases of denitrification following oxygen
depletion in soil. Soil Biol. Biochem. 11, 261–267. doi:10.1016/0038-0717(79)
90071-3

Stander, E. K., and Ehrenfeld, J. G. (2009). Rapid Assessment of Urban Wetlands:
Do Hydrogeomorphic Classification and Reference Criteria Work? Environ.
Manage. 43, 725–742. doi:10.1007/s00267-008-9211-6

Stanford, J. A. (2007). “Landscapes and Riverscapes,” inMethods in Stream Ecology.
Editors F. R. Hauer and G. A. Lamberti (Burlington, San Diego, London:
Academic Press, Elsevier), 3–21. doi:10.1016/b978-012332908-0.50003-6
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