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Abstract

This study presents a novel plant-soil mesocosm system designed for cultivating plants over periods ranging from days to
weeks while continuously measuring fluxes of N,, N,O and CO,. For proof of concept, we conducted a 33-day incubation
experiment using six soil mesocosms, with three containing germinated wheat plants and three left plant-free. To validate
the magnitude of N, and N,O fluxes, we used '’N-enriched fertilizer and a >N mass balance approach. The system inher-
ent leakage rate was about 55 pg N m~2 h~! for N,, while N,O leakage rates were below the detection limit (<1 ug N
m~2 h™1!). In our experiment, we found higher cumulative gaseous N,+N,O losses in sown soil (0.34+0.02 g N m~2) as
compared to bare soil (0.23+0.01 g N m~2). N, fluxes accounted for approximately 94-96% of total gaseous N losses
in both planted and unplanted mesocosms. N losses, as determined by the "N mass balance approach, were found to be
1.7+0.5 g N m~? for the sown soil and 1.7+0.6 g N m~2 for the bare soil, indicating an inconsistency between the two
assessment methods. Soil respiration rates were also higher in sown mesocosms, with cumulative soil and aboveground
biomass CO, respiration reaching 4.8+0.1 and 4.0+0.1 g C m~? over the 33-day incubation period, in sown and bare
soil, respectively. Overall, this study measured the effect of wheat growth on soil denitrification, highlighting the sensitiv-
ity and utility of this advanced incubation system for such studies.

Keywords Denitrification - N, emissions - Plant-soil mesocosms - He atmosphere system - Soil core method - Plants
effect

Introduction

Measuring dinitrogen (N,) production in soils due to deni-
trification remains one of the largest challenges in ecosys-
tem biogeochemistry (Groffman et al. 2007). Understanding
this process is critical for accurately assessing nitrogen (N)
budgets in terrestrial ecosystems and their contribution to
global N cycling. Denitrification is the sequential, stepwise
microbial respiratory reduction of oxidized forms of inor-
ganic nitrogen (N), such as nitrate (NO; ™) or nitrite (NO,"),
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to nitric oxide (NO), nitrous oxide (N,0O), and the termi-
nal product N,. Denitrification is the dominating process
removing reactive nitrogen (N,) from the terrestrial bio-
sphere and returning it to the atmosphere in the inert form
of N,. Depending on its product stoichiometry, denitrifica-
tion can be regarded as both an environmentally beneficial
and a detrimental process. On the one hand, denitrifying
bacteria reduce NO;™ to the inert gas N,, thus preventing
excessive losses of N, into the environment, where it may
cause cutrophication of surface waters (Galloway et al.
2002), biodiversity depletion (Bobbink et al. 1998), alter
net primary production and nutrient cycling (Vitousek et
al. 1997), or jeopardize human health due to drinking water
contamination (Wolfe and Patz 2002). On the other hand,
during the process of denitrification, significant quantities
of trace gases, namely N,O and NO, are generated. These
gases have considerable importance as both primary and
secondary greenhouse gases, and they play a significant role
in atmospheric chemistry dynamics (Fowler et al. 2009).
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Denitrification is the major N loss process in soils, and its
product ratio, specifically the N,O/(N, +N,O) ratio, signifi-
cantly influences its environmental impacts (Kuenen and
Robertson 1994). This product ratio of denitrification is
known to be influenced by various factors, including oxy-
gen (0O,) availability (Firestone and Tiedje 1979), as well
as the availability of N and carbon (C) in the soil (Chen et
al. 2019; Qin et al. 2017). Additionally, soil pH (Simek and
Cooper 2002), the microbial community composition (Cavi-
gelli and Robertson 2000) and copper availability (Shen et
al. 2020) play significant roles in shaping the denitrifica-
tion product ratio. As an anaerobic process, denitrification
mostly occurs at anoxic microsites in unsaturated soils, and
as soil O, availability increases, it becomes less prevalent.
To perform heterotrophic microbial denitrification, readily
available C as an alternative electron donor is required with
the majority of C originating from decomposing plant litter
(aboveground or belowground) or from exudation by plant
roots (Weier et al. 1993). Hence, plant-derived C has been
shown to stimulate microbial activity and denitrification
(Grayston et al. 1997; Malique et al. 2019). However, direct
C supply to denitrifiers is not the sole pathway of how plants
are affecting denitrification. For example, root respiration
and stimulated microbial respiration create O,-depleted soil
microsites that shape the ecological niches for denitrification
(Bakken 1988; Hayashi et al. 2015). In contrast, interspecies
competition for NO;~ between plants and denitrifiers within
the rhizosphere may also lead to a decrease in soil deni-
trification activity (Kuzyakov and Xu 2013; LeBauer and
Treseder 2008).

Other mechanisms by which plants influence the soil
denitrification activity are related to variations in the soil
redox potential, e.g., due to a) radial O, losses by roots of
wetland plants (Butterbach-Bahl et al. 2000; Sutton-Grier
et al. 2013), or due to plant soil water uptake, which affects
soil moisture and consequently soil aeration and the occur-
rence of anoxic microsites in soils (Bakken 1988; Von Rhe-
inbaben and Trolldenier 1984).

Given the ecological importance of denitrification and
the obvious role plants may play in controlling soil deni-
trification activities (Fig. 1), rather little is known about the
extent to which plants may affect rhizosphere denitrifica-
tion. This is due to the persistent and mostly unresolved
methodological challenges in measuring comparably small
soil N, fluxes from denitrification given the atmospheric
background level of N, which stands at 78%. This meth-
odological issue limits our understanding of the impact of
one of the most important sinks for N, and also hampers
the quantification, understanding, and biogeochemical mod-
eling of the denitrification process as a whole (Boyer and
Howarth 2008; Groffman et al. 2007, 2009).
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There are several methods for estimating denitrifica-
tion and gaseous N losses from the soil. These methods are
based on (a) acetylene (C,H,) inhibition (Yoshinari et al.
1977); (b) stable isotope tracing techniques, such as direct
>N, flux measurements upon addition of "’NO;~ (Kulkarni
et al. 2014), >N mass balance (Zhou et al. 2016), isotope
dilution (Wessel and Tietema 1992), and isotope fraction-
ation (Mariotti et al. 1981); (c) non-labeled N mass balance
approaches (e.g., Jossette et al. 1999). Additionally, in the
past two decades, the Helium (He) gas flow soil core tech-
nique has emerged as a direct measurement method. This
technique enables the direct measurement of N, production
in an N,-free environment without the need for chemical
or tracer additions, integrating production across all source
processes, including microbial and abiotic processes (But-
terbach-Bahl et al. 2013; Chen et al. 2015). The method is
based on the establishment of an N,-free He/O, atmosphere
in an extremely gastight soil incubation system so that accu-
mulation of N, (as well as N,O and NO) from all source
processes can be measured over time (Burgin et al. 2010;
Burgin and Groffman 2012; Butterbach-Bahl et al. 2002;
Dannenmann et al. 2008; Scholefield et al. 1997; Wang et
al. 2011). Measurements based on the He gas flow soil core
technique have shown that total denitrification and N, losses
from terrestrial ecosystems have been underestimated previ-
ously (Burgin and Groffman 2012; Butterbach-Bahl et al.
2013; Kulkarni et al. 2014; Scheer et al. 2020).

There is a wide range of studies focusing on He gas flow
soil core measurements. These studies have employed both
static (Butterbach-Bahl et al. 2002; Wang et al. 2011) and
dynamic chamber approaches (Fiedler et al. 2017; Lewicka-
Szczebak and Well 2020) for measuring N, fluxes from soil
cores. The static approach involves no continuous He/O,
flow through the chamber headspace, while the dynamic
approach maintains a continuous He/O, flow through the
chamber headspace.

The size of soil cores used in these measurements also
varies significantly. Some studies have utilized small cores
(e.g., 5.6 cm diameter and 4 cm height) incubated in sets
within the same incubation vessel to address spatial vari-
ability (Dannenmann et al. 2011). Other studies have uti-
lized rather large soil columns (e.g., 12.5 cm diameter and
15 cm height) (Butterbach-Bahl et al. 2002; Scheer et al.
2009). However, despite the advances in these techniques,
the primary focus of these studies was on disentangling
the effects of soil environmental conditions on microbial
N turnover processes and denitrification products, while
potential impacts of plants on rhizosphere processes and
denitrification remained largely unexplored. Understanding
the role of plants in denitrification is crucial for compre-
hending the complete picture of this essential N cycling pro-
cess in terrestrial ecosystems. One of the main limitations of
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Fig. 1 Plant mechanisms directly
or indirectly affecting rhizosphere
denitrification
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these systems is their opacity and small size, which hinders
the growth of significant biomass (although there are a few
studies that have included plants in dark chambers, e.g.,
Zistl-Schlingmann et al. 2019). Overcoming the drawbacks
of such a system requires significant engineering efforts,
and any improvement, such as increasing the headspace
volume to allow for plant growth, may negatively affect
the detection limit for N, fluxes. Additionally, maintaining
steady CO, levels in the headspace during day and night

TEMPORARY OR PERMANENTLY
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light cycles becomes challenging when including growing
plants in the setup.

However, recent research conducted with a new contin-
uous-flow He/O, incubation system demonstrated that the
root system of a growing barley plant induces increased
losses of both N,O and N, through denitrification, empha-
sizing the importance of further research on the plant effects
on denitrification (Senbayram et al. 2020).

In this study, our primary objective was to develop a
plant-soil mesocosm system based on the He gas flow soil
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core technique, enabling the cultivation of plants over peri-
ods ranging from days to weeks while continuously mea-
suring N,, N,O, and CO, fluxes. Additionally, we aimed to
validate our direct measurements of N gas loss by establish-
ing a full N mass balance based on the application of "N
enriched fertilizer to the mesocosms. We hypothesized that
by comparing planted and bare soil, the newly developed
system would reveal an increase in N, losses by denitrifi-
cation associated with the growth of plant biomass, thus
demonstrating the influence of plants on soil denitrification
processes. In the following sections, we will provide a com-
prehensive description of the newly constructed plant-soil
mesocosm system, highlighting its capabilities and detec-
tion limits. Furthermore, we will present the results of an
experiment demonstrating the functionality of the system
functionality with and without plants, as well as a compari-
son of the gaseous N, +N,O losses with this approach with
the results derived using a !N mass balance approach.

Fig. 2 Photos of the plant-soil
incubation system. 1-6: transpar-
ent vessels for incubation of
plant-soil-mesocosms in He/O,
atmosphere, placed into a water
bath. (a) temperature regula-
tion of water; (b) He-flushed
water tank containing irrigation/
fertigation water; (c) electronic
system control unit; (d) sampling
unit- valves, gas mixing devices
and sample loops, placed in He
flushed box to avoid intrusion
of atmospheric N,; (e) water
level regulating pump; (f) light
sources; (g) gas chromatographs
(PDHID for N, and GC-ECD
for N,O detection); (h) read-
out-device for soil O, sensors;
(i) flow controllers for different
available gases and gas mixtures
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Methods
System setup and general system functioning

The newly developed system for simultancous and con-
tinuous measurement of N,, N,O, and CO, fluxes from
plant-soil mesocosms is illustrated in Fig. 2. The system
is comprised of six gastight mesocosms, with the top part
of the chambers being translucent to allow illumination of
plants with light sources. Additionally, the system includes
gas flow controllers, a steering unit responsible for regu-
lating and automating the sampling from the mesocosms’
headspace, and analyzers for determining gas concentra-
tions. To maintain temperature control, the mesocosms are
placed in thermostatic water baths. Furthermore, the meso-
cosms can be irrigated with N,-free water sourced from a
He-flushed water tank.

To ensure the utmost gas-tightness for the entire system,
we utilized stainless-steel materials and leak-tight connec-
tors for various components, including switching valves,
flow controllers, tubing, and connectors. For enhanced

The novel incubation system for simultaneous measurement of

N2, N20, and CO2 Fluxes from Plant-Soil Mesocosms:
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sensitivity, critical parts such as switching valves were
enclosed within a He-flushed controller box. During the
N, removal period, the chambers function as a dynamic
throughflow system, pushing the N,-free gas mixture
through the soil and headspace. However, during the mea-
suring periods, the system offers flexibility and can be used
in two modes: a static chamber mode (with no throughflow)
where fluxes are determined based on changes in headspace
gas concentrations over time, or a semi-dynamic chamber
mode where flux estimates are derived from differences in
inflow and outflow gas concentrations.

Here we will delve into each of the system’s major com-
ponents. A detailed description of the system, including the
scheme of tubing and valves, can be found in the Supporting
Information.

Mesocosms and gas exchange procedure

The empty mesocosm vessel, illustrated in Fig. S1 (Supple-
mentary Information), consists of an external base cham-
ber constructed of stainless steel. Inside this base chamber,
another removable stainless-steel pot can be placed to hold
the soil. A transparent Plexiglas top chamber, which also has
a stainless-steel base, is installed on top of the stainless-steel
base to allow for the illumination of growing plants. The
connections between the incubation vessels and their trans-
parent lids have dual sealings made of high-quality seals,
O-Ring (Dichtelemente arcus GmbH, Germany) and the
space between the sealings is flushed with He gas. The base
chamber volume is 20.5 1, while the top Plexiglas cham-
ber has a volume of 16.275 1, though the lid height can be
adjusted as per experimental requirements.

The external base chamber permits the connection of
various environmental sensors, such as O,, CO,, soil mois-
ture, and temperature sensors. With the option for illumi-
nation, the system enables the study of the effects of day/
night light cycles on soil-plant processes and the associated
gas exchange. Lamps for illumination are installed directly
above the water bath containing the mesocosms, providing
a light intensity of approximately 1300 umol m~2 s~ ! at the
top of the vessel and about 630 pmol m~2 s~! at the soil
surface (Fig. 2f). The entire mesocosm system is placed in a
thermostatic water bath.

The external base chamber allows for two flushing
modes: soil flushing and sealing flushing (Fig. S2). For soil
flushing, there is an inlet for the flushing gas and an outlet
located on the top of the Plexiglas lid. When soil flushing
is initiated, the flushing gas enters the external base cham-
ber and permeates throughout it. The gas then thoroughly
flushes the soil within the inner pot through the porous glass
until it reaches the top outlet, where the flushed soil gases
are evacuated.

In the headspace flushing mode, the gas mixture enters
the vessel’s headspace through an inlet on the stainless base
of the top Plexiglas chamber and flows out on the opposite
side of the chamber.

Gas flow rates and controllers

Flow controllers (F-201CM, Bronkhorst, Germany) are
used to regulate the inflow and outflow of gases in the sys-
tem (Fig. 2i). Each vessel’s headspace flow rates are indi-
vidually controlled by a flow controller. The gas mixture
provided to each vessel is controlled by a gas titration unit
(FlowView 1.23, Bronkhorst, Germany), which allows for
the precise mixing of He, O,, and calibration gases at vari-
ous concentrations.

For soil flushing, a predetermined mixture of O, and
He gases, commonly in an 80-20% ratio, is used. The soil
flushing rate is typically maintained at 500 ml min~!. The
process involves alternating periods of flushing and testing,
and it takes approximately 48 h to achieve a soil atmosphere
devoid of N,, which is in agreement with methodological
approaches used in earlier studies with soil-only mesocosm
systems (e.g., Wang et al. 2011).

For gas flux measurements, the soil flushing is stopped
and the system is switched to headspace flushing. The flow
rate through the headspace can be adjusted, but it is usu-
ally set between 20 and 40 ml min~'. Each of the six ves-
sels is flushed and sampled individually in a predetermined
sequence, and the complete sampling sequence for all six
vessels takes approximately two hours.

Control of gas flow pathways

The steering unit (Fig. 2d) comprises a valve system that
controls the gas flows to and from each individual vessel.
It includes six valves for soil flushing (one per vessel), six
valves for soil flushing outlets, six valves for headspace
flushing, six headspace outlet valves, and one restrictor for
the headspace calibration gas (Fig. S3). From the vessel
headspace, the gases flow to a 10-port-flowthrough valve.
This valve alternates between directing sample gas from
one of the gas lines to the detectors and discharging gas
from the other gas lines into the steering box.

The electronic steering unit (Fig. 2c¢) covers several
power supply components for valves and sensors. Addi-
tionally, the unit provides the starting signal for the gas
chromatograph analyzer. It also includes various modules
(ICP modules, 7000 series) for signal conversion from sen-
sors, such as moisture and temperature probes, for further
experiments.

The unit is connected to custom-made software (Inte-
grated Data Acquisition Software (IDAS), IMK-IFU,
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Garmisch-Partenkirchen, Germany) for data acquisition and
valve switching.

Gas analysis

Concentrations of N,O in the gas stream are analyzed using
a GC 17 A equipped with an electron capture detector (ECD)
(Shimadzu, Germany). For N, analysis, a Thermo Scientific
GC with a Pulsed Discharge Helium Ionization Detector
(PDHID) (Vici AG, Switzerland), is used. Carbon dioxide
concentrations are measured by probes (VAISALA GMP
252, Finland) placed in the gas stream directed towards
the ECD detector. Peak integration for N,O is carried out
using the software PeakSimple (SRI Instruments, Torrance,
USA), while N, peak integration is done with the Chrome-
leon software (Thermo Fisher Scientific, version 7.2).

Irrigation

For supplying vessels with irrigation water, a He-flushed
water tank is utilized (Fig. S4). The tank is filled with water
through the water inlet up to the level of the inside tube of
the He outlet. During filling, the He outlet remains open. To
remove N, from the water, He is percolated through the He
inlet at a rate of 500 ml min~", for one hour. After this step,
the He outlet is closed, and He is added until a pressure of
3 bar is reached inside the tank. For irrigation, the water out-
let is opened, and a small tube is inserted through a septum
into the mesocosm transparent lid for irrigation purposes.
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Fig. 3 Exemplary evolution of the N, (gray plot) and N,O (blue plot)
concentrations in the headspace of the mesocosms during one set of
sampling sequences (5 sampling points per vessel)
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Water baths and temperature regulation

There are two water baths with three vessels in each. The
water baths are thermoregulated by two recirculating cool-
ers (FL2503, Julabo, Germany) (Fig. 2a). The temperature
of the water bath ranged from 5 to 40 °C. The water baths
regulate the vessels and soil temperature during the whole
incubation period and also reduce N, diffusion into the ves-
sels. The water levels in the baths are regulated by pumps
(Fig. 2e).

Flux rate calculation

The flux rates in this study were calculated using a semi-
dynamic chamber method, where the headspace of the
vessels was continuously flushed at a low gas flow rate of
40 ml min~'. However, N, (and N,0) still accumulates in
the headspace of the mesocosms over time due to the low
rate of headspace gas exchange. To calculate the flux rates
for N, (and N,0), we monitored changes in headspace con-
centrations of each vessel over a period of approximately
10-11 h. The sampling process started with vessel 1 and
ended with vessel 6, involving two samples taken from each
vessel at intervals of 6 min per sampling point to ensure the
accuracy and consistency of the measurements. After sam-
pling all six vessels, three injections of calibration gas were
added to the GC systems. The flux rate calculations were
based on sets of 5 consecutive sampling sequences (Fig. 3).
For flux calculations we first corrected measured N (N,-N
or N,O-N) concentration values by considering the dilution
effect due to the applied low rates of continuous headspace
flushing (Eq. 1):

(1) C(:m‘r = Csampled + (Csmn,pled - CNf/M;,)
VHS x 60

1 tegg X At
x flowrateyg X X 1000

where the C,,,, is the N concentration which was corrected
for dilution, in ppmv, Csumpied is the measured concentra-
tion, i.e., without correction, in ppmv, CJ\"/,“L,.,1 is the con-
centration of N in the headspace flushing gas (i.e., a mixture
of He based calibration gas and O,, or 0 when only He:0,)
in ppmv, flowrateyg is the gas mixture flow rate through
the vessel headspace in ml min~!, A¢ is the time difference
between two sampling points in hours, Vg is the volume
of the vessels headspace in | and 60 and 1000 are correcting
factors for the units.

In all experiments, concentrations of N, (as well as N,O)
showed a linear increase over time. To calculate the fluxes,
we used linear regression analysis (see Fig. 3). The slopes of
the linear regression in ppmv N, or N,O per hour were used
as the basis for flux calculation.
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However, for final flux calculations also the system
inherent leakage rate (ILR), i.e., the rate of N, diffusing into
the gastightly closed vessels from outside, needs to be con-
sidered. The ILR was measured repeatedly (before and after
soil incubation experiments) on basis of observations of N,
increases in empty vessels over time. The final formula used
for flux calculation is given in Eq. 2:

(2) N flux (p.gNm’zh’l) = (slope — ILR)
mw Ass
Vs (5575) /10,000
Vig Pomb /
Patm

where the slope, is the (N, or N,O) in ppm h™!, ILR refers
to inherent leakage rate in ppm h™! (described in the next
chapter), V,, is the volume of the headspace in the vessel in
1, Vi is the ideal gas molar volume (22.4 1 mol~!), mw is the
molar mass of N,-N, N,O-N in g N mol™!, T is the tempera-
ture in the vessel in °C, which with the addition of 273.15
is transformed to °K, A, is the soil surface area in the ves-
sel in cm?, P, is the air pressure in the vessel in mbar
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Fig. 4 Results of measurements of diffusive N, and N,O fluxes into
empty mesocosms vessels, which were used to determine the system
ILR. Given are means of 6 vessels +SD. (a) the black square symbols
refer to N, fluxes, while the red square symbols refer to N,O fluxes.
(b) Change in N, concentrations in empty vessels with time. Given are
means of 6 vessels +SD.

and P, is the atmospheric air pressure in mbar. 10,000 is
a unit correcting factor, which converts the final result into
ugNm—2h~!. The same flux calculation process was used
for calculating CO,-C fluxes too.

System performance

Fried! et al. (2020) provide a list of quality criteria, to be
reported in denitrification studies, using the He/O, soil core
approach, which we use in the following to assess the sys-
tem performance.

Sensitivity

To determine the sensitivity or minimum detectable fluxes,
we conducted empty vessel measurements, also known as
the ILR measurements.

Six empty vessels were placed in water baths, and the
gas exchange procedure was initiated following the afore-
mentioned protocol. In other words, the empty vessels were
alternately flushed with a predefined He/O, gas mixture
for 10 min per hour for a total of 48 h. After the 48-hour
period, the system was switched to headspace flushing using
a flow rate of 40 ml min~! of a Calibration gas/O, mix-
ture (Calibration gas contains 15 ppm N,, 0.5 ppm N,O,
500 ppm CO,, and He (Air Liquide Germany), and the sam-
pling sequence began. The measured N, fluxes, which were
attributed to the diffusion of N, into the measuring vessel
and gas lines, stabilized after approximately 12 h for all six
vessels at 55+ 10 ug N m~2 h™! (Fig. 4a). The N, concen-
trations in the empty vessels remained at 13.9+0.5 ppm N,
(Fig. 4b), which is slightly higher than the N, concentration
in the flushing gas mixture (12 ppm). Regarding N,O, no
diffusive fluxes into the measuring system were detectable,
and therefore the ILR was set to zero (Fig. 4b).

Precision of N, concentration measurements

To assess the reproducibility of N, concentration measure-
ments in our He soil core system, we conducted tests by
flushing the system with various N, concentrations ranging
from 1.5 to 30 ppm, while varying the background O, con-
centrations from 0 to 30% (Fig. 5). The results demonstrated
excellent reproducibility of N, concentration measurements
across the entire tested range, with a standard deviation for
N, concentration ranging from 0.0004 to 0.08 ppm within
the concentration range. The coefficient of determination
(R?) for these tests was 0.9907, indicating a high level of
linearity in N, concentration measurements.
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Plant incubation experiment

To test the capabilities of the new system, we performed
an incubation experiment with soil and plants. In addition
to directly measuring N,O and N, gas fluxes, we applied
5N enriched mineral fertilizer to the soil. This allowed us
to measure '°N signals in both plant biomass and the soil,
enabling us to establish a full >N balance. By comparing
the results of the '’N balance with the directly measured
gaseous N,O and N, losses, we could validate the accuracy
and reliability of our measurements.

For this experiment, soil from abandoned cropland at
CEREEP research station (Centre de Recherche en Ecolo-
gie Prédictive in Saint-Pierre-les-Nemours, France, N
48°17'14.48", E 2°40'34.64") was collected. This soil
is poor cambisol (FAO 2006). The texture is sandy loam
(6.9% clay, 19.0% silt, 74.1% sand). Total organic C content
in this soil is 14.7 g kg™ !, total N is 1.19 g kg™ !; pH: 5.22;
bulk density: 1.3 g cm™> (Agapit et al. 2018). The soil was
air-dried sieved to a particle size of 10 mm, and stored at the
Institute for Meteorology and Climate Research (IMK-IFU)
in Garmisch-Partenkirchen, Germany before being used in
the experiment. 25.0+0.2 kg of dry soil was placed in lay-
ers of 0.02-0.05 m in each vessel and each layer was manu-
ally compacted to about 1.3 g cm™3. Prior to the start of the
experiment, the soil in each vessel was fertilized with 10.3 g
N m~2 of double-labeled N fertilizer ('’NH,'’NO;; 80
atom% "°N enrichment), which was applied as a solid pow-
der and incorporated into the top 5 cm of the soil in order
to simulate near-surface application. Three of the vessels
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were then sown with 50 wheat seeds (7riticum aestivum;
Saatzucht Bardowick, Germany) per vessel. The remaining
three vessels served as control treatments without plants.
The vessels were subjected to a 12-hour light cycle provided
by light sources with an intensity of 550-630 umol m~2s~!
on the soil surface and 1000~1300 pmol m~2s~" at the top
of the vessel when it was submerged in a water bath (the
water level was 3 cm above the top of the vessel lid).

Following soil preparation, the vessels were sealed and
submerged in a water bath to maintain 10 °C temperature
in the soil. The vessels were then purged for 48 h with a
mixture of He (5.0; purity 99.999% (Air Liquide Alphagaz,
Germany) and O, (purity 99.998% (Air Liquide Alphagaz,
Germany), with a ratio of 80:20, at a flow rate of 500 ml
min~! for establishing an N, free atmosphere. After 48 h,
the system was switched to headspace flushing mode and
the flux measurements were initiated. The headspace flush-
ing was conducted with the same gas mixture, at a flow rate
of 40 ml min~!. After about 3 days, the measured N, (and
N,O) fluxes from the air-dried soil were constant and at
about 200 ug N m~2h~! for N, and about 2.5 pg Nm=2h~!
for N,O, i.e., about 4 times higher as the ILR for N,, indi-
cating that still N, residing in soil pores continued to dif-
fuse out of the soil. As the fluxes remained low and stable,
the temperature was increased to maintain 20 °C in the soil.
On the subsequent incubation day, the soils were irrigated
with a total of 1.6 | of water per vessel, which is equiva-
lent to a rainfall amount of 26 mm. The irrigation process
was carried out in two distinct events. This approach aimed
to ensure proper water distribution and avoid excessive
moisture accumulation in the lower section of the vessel.
Total water addition increased the soil moisture content to
approximately 20% VWC (Fig. 6).

The germination of wheat seeds began on the 6th day
after sowing (two days after the irrigation). On the 25th
day, an additional water application equivalent to 13 mm of
rainfall was provided. Following this, on the 28th day, the
temperature was raised to 25 °C to study the effects of these
modifications on denitrification rates as the plants continued
to grow. After a total of 33 days, the vessels were opened,
and samples of both biomass and soil were collected for the
analysis of total N content and the isotopic composition of
5N in the plant and soil compartments.

Soil analyses

Soil samples were taken before and at the end of the experi-
ment from each vessel for analyses of N content and enrich-
ment in the soil. Before the incubation, the soil was sampled
without separation into layers, as the soil was homoge-
nously mixed and dry. At the end of the experiment, three
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replicated soil samples were taken from three distinct soil
layers (0-10 cm, 10-20 cm, and 20-30 cm).

For the analyses, 60 g of soil was extracted with 120 ml
of 2 M KCl, shaken for 60 min and filtered through What-
man filter paper. Extracts were filtered using a 0.45 pum
syringe filter (Schleicher and Schuell, Dassel, Germany)
and immediately frozen until analyses. Measurements of
soil nitrate-N (NO; — N) and ammonium-N (NH| — N
) concentrations were performed colorimetrically with a
microplate spectrometer (BioTek Instruments, Inc. USA),
following the protocol outlined by Kempers and Zweers
(1986) and Pai et al. (2021). For the validation of the vol-
umetric water content (VWC% analysis, the soil samples
were weighed and placed in 105 °C oven for 24 h.

5N fertilizer mass balance

The "N fertilizer mass balance approach was based on a
calculation of '’N excess recovery in the plant and soil N
pools. The >N enrichment of the soil N pool was deter-
mined in three soil depths. In addition, we also measured
plant aboveground (AGB) and belowground biomass
(BGB) and the plant N content and its >N signal. For this,
the entire AGB was collected, weighed, and oven dried at
60 °C until constant weight. By sieving and washing (3 mm
mesh size), the BGB was extracted from the bulk soil, then
dried at 60 °C until constant weight. AGB and BGB sub-
samples were blended separately into a fine powder using
a ball mill (Retsch Schwingmiihle MM2, Haan, Germany),
then packed in tin capsules and kept in a desiccator with
silica gel until the analyses. The '°N enrichment of the soil
samples was determined using elemental analysis coupled
to isotope ratio mass spectrometry in IMK-IFU (FlashEA,
Thermo Scientific, Waltham, MA, USA). Due to technical
equipment failure within our institute, the analysis of plant
biomass samples was outsourced to an external laboratory
(Agroisolab GmbH, Germany). However, regrettably, dur-
ing the analysis process, it was discovered that the level of
enrichment in the samples was unexpectedly high, leading
to the destruction of the BGB samples. Consequently, the
limited remaining BGB material did not provide an ade-
quate quantity for conducting further analysis or subsequent
investigations.

The excess amount of >N (mg) in all investigated pools
was calculated using Eq. 3 (Zistl-Schlingmann et al. 2020):
(3) Excess'® N = Npool X <M)

100

where N, is the amount of N in mg found in different
pools (soil, AGB, BGB) and APFE (atomic percent excess)
is the '°N excess enrichment of the respective pool. APE is

calculated by subtracting the natural abundance atom% >N
(we used 0.3667%) from the measured atom% '°N of the
corresponding pool. Dividing the '°N excess amount by "N
addition with the fertilizer (525 mg >N excess per meso-
cosm or 8.2 g N m~2) provides the >N recovery, which is
expressed in percentage.

The unrecovered '°N was assumed to be lost in gaseous
form, predominantly in form of N,. Unrecovered '°N excess
is calculated by subtracting all the pools with recovered N
(total soil recovery (R,,;;) and total biomass recovery (R,,,))-
Unrecovered N excess multiplied by fertilizer N addition
(10.3 g N m~2) reveals the total gaseous N loss based on '°N
mass balance considerations (Egs. 4, 5):

(4) UnrecoveredN (%) = 100 — Ry — Rsoir

r _ 0 N
(U> Ngaseauslossﬁs = UnrecoveredN (%) X N Sfertilizeraddition

Statistics

The N,, N,O and CO, fluxes during the incubation period
were not normally distributed, thus in order to compare the
mean fluxes of two independent groups (sown soil and bare
soil vessels), the non-parametric Mann-Whitney U test was
used (OriginLab 9.75 software, Northampton, USA). Dif-
ferences were considered significant at p <0.05.

To determine the cumulative fluxes of N,, N,O and CO,,
the cumulative flux for each vessel was calculated. The
mean cumulative fluxes for 3 sown and 3 bare soil vessels
were calculated by taking the average of the values for each
treatment. The total N, and N,O emissions across the entire
observation period were calculated by linear interpolation
between sampling points.

Results

Dynamics of measured N, and N,O emissions in
planted and bare soils

The time course of N,O, N, and CO, gas fluxes is presented
in Fig. 6. After the initial 48-hour period of gas exchange,
followed by an additional 24-hour period where flux mea-
surements gradually decreased, N, fluxes reached a stable
value of approximately 0.25 mg N m~2 h™!. Similarly, N,O
fluxes stabilized at around 2.5 pg N m~2 h™! during this
period. Soil respiration rates were as low as 2.5 mg C m~2
h~!, indicating low microbial activity in the air-dried soil.
Following the temperature increase to 20 °C, the N emis-
sions slightly increased to 0.26 mg N m~2 h™! and 4 pg
N m~2 h™!, for N, and N,0, respectively, and to 7 mg C
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m~2 h™! for soil respiration. The following soil irrigation
triggered an increase in N, fluxes, with values reaching up
to 6.3 mg N m~2 h™!' (1.5 kg N ha™! day™ "), while N,O
fluxes increased up to 20 pg N m~2 h~! (0.005 kg N ha™!
day™"), though no distinct peak was observed as for N,
fluxes. Instead, N,O fluxes gradually increased over time
and showed the highest values 5 days after the germination.
CO, fluxes also did not peak after the irrigation, but gradu-
ally increased 4 days after the germination.

Plant germination and growth became visible on day
6 of the experiment. From that point onwards, the AGB
exhibited a height and biomass increase, with an average
daily growth rate ranging between 2 and 3 cm (as was visu-
ally estimated). However, once the plants reached the top
of the vessel, it was no longer possible to estimate their
growth rate visually. N, fluxes remained relatively stable
during the plant growth period. With increasing plant bio-
mass development, a significant difference (p<0.001) in
N, fluxes between the sown and bare soil vessels became
apparent. N, (days 6-25) in sown soil were 0.29+0.01 mg
N m=2h™!and 0.17+0.01 mg N m™2 h™! in bare soil
(0.071£0.003 and 0.040+0.003 kg N ha~! day™!, respec-
tively). N,O fluxes reached maximum values at day 11, both
in sown and bare soil vessels, resulting in 0.075 +0.003 and
0.032+0.001 mg N m~2 h™! respectively (0.0179 +0.0007
and 0.0077 +0.0001 kg N ha~! day~!). After reaching their
peak values, the emissions of N,O in the bare soil decreased
within a few days and returned to almost the same val-
ues as before the irrigation, which were around 3-4 ng N
m~2 h™!. The mean fluxes of N,O during the plant growth

Fig.6 The time course of N,,

26 mm germination

period (days 6-25) were 0.043+0.002 mg N m~2 h™!
and 0.013+0.002 mg N m~2 h™!, in sown and bare soil,
respectively (0.010+0.001 and 0.0031 +0.0004 kg N ha™!
day™!). In sown vessels, the N,O fluxes remained high for
a longer period and only decreased to a minimum value of
0.013 mg N m~2 h™! on day 26. The additional irrigation
(day 25) and increase in temperature (day 28) did not con-
tribute to increase in fluxes, resulting in a slight decrease
in N fluxes. Mean N, fluxes were 0.27+0.01 mg N m~>
h™! and 0.14+0.01 mg N m~2 h™! in sown and bare soil,
respectively. N,O mean fluxes after the second irrigation
were 0.033+0.003 mg N m-> h™! and 0.006+0.001 mg
N m-?> h™!, in sown and bare soil, respectively. The mean
N,O mole fraction, defined as N,O/(N,O+N,), during the
plant growth period was 0.121 +0.004 in sown vessels and
0.059+0.005 in bare soil vessels.

Following germination, photosynthesis became a signifi-
cant contributor to CO, uptake. As plant biomass increased,
headspace CO, concentrations dropped from about 500—
700 ppmv during the dark period to about 250-300 ppmyv
when the lights were turned on within 5 min and stayed at
that level during the entire light period. This hampered our
ability to determine CO, flux rates during daytime. There-
fore, the CO, flux rates shown in Fig. 6 represent only the
rates of night-time soil and AGB respiration. The soil res-
piration rates slightly increased in sown soil vessels with
plant biomass development (12.9+0.8 mg N m~2 h™! and
10.6+0.5 mg N m~2h~! in sown and bare soil respectively,
from plants germination until the second irrigation at day 25).
The second irrigation event exhibited no discernible impact
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on nocturnal fluxes. However, the subsequent increase in
soil temperature from 20 to 25 °C significantly stimulated
flux rates in both sown and bare vessels (20.8 +0.8 mg N
m~2h~'and 17.940.7 mg N m~2 h™!, respectively).

Statistical analysis was conducted to reveal the effect
of the growing plants on the denitrification rates, thus the
incubation period was analyzed separately at each stage
(dry rewetting, germination, additional rewetting and tem-
perature increase). Significant differences (higher N fluxes
in sown soil vessels) were found in N and C fluxes (soil
and AGB respiration rates), between sown and bare soil ves-
sels. The differences in N fluxes were significant (P <0.001)
only for the period following germination and plant biomass
development, indicating a direct effect of plant growth on
N gas fluxes (Table 1). Also, for soil and AGB respiration
rates, i.e., the sum of heterotrophic and autotrophic respira-
tion statistically higher nighttime fluxes were observed for
sown vessels.

The cumulative fluxes of N, over the entire experimental
period were 316+8 mg N m™2 and 225+ 12 mg N m™2,
respectively (Fig. 7). N,O cumulative fluxes were 28 +2 mg
N m~2in sown soil, and 7.6 +0.3 mg N m~? in bare soil ves-
sels. Carbon dioxide cumulative respiration fluxes in sown
soil vessels were 4.8+0.1 and 4.0+0.1 g C m~? respec-
tively in bare soil vessels. The total cumulative N gas losses
(N,+N,0) were 344+7 mg N m~2 and 232+10 mg N
m~2, in sown soil and bare soil respectively (Table 2).

Comparison of measured N, and N,0 emissions with
results from the >N mass balance approach

To verify the accuracy of the measured gaseous N losses in
the form of N, and N,O, we additionally conducted a '*N
mass balance of the applied fertilizer (10.3 g N m~2). The
total recovery rate of >N in sown mesocosms was 84 + 5%,
while in the bare soil mesocosms, the recovery was 84 + 6%
(Table 2). Total fertilizer N recovery was 8.6+0.5 g N m™~2
and 8.7+ 0.6 g N m~2 in sown and bare soil vessels, respec-
tively. In planted as well as in bare mesocosms>48% of
recovered '°N was found in the 0-10 cm soil layer. In the
sown vessels, the '°N recovery in the AGB was determined
to be 8.1+0.9%. However, measurements of the BGB are
not available due to the loss of samples. However, consider-
ing that the total amount of BGB in the sown vessels was
estimated to be 0.8+0.1 g, and considering the previously
measured enrichment of the same wheat species in the same
system, it can be approximately assumed that the recovery
in the BGB was about 0.4%. Thus, it can be concluded that
the recovery in BGB would be almost negligible.

The unrecovered "N, which was interpreted as gas-
eous losses (as our mesocosms don’t allow for leaching),
amounted to 1.7+0.5gNm™2(16.5+4.9%) and 1.6+0.6 g

symbol indicates statistical significance at

sk

3) (in mg N m™ h™") and cumulative (in mg N m?) for different periods of the incubation experiment. The

p<0.001 between the means of two treatments. Blue vertical lines highlight periods of rewetting and temperature elevation, whereas the green line marks the point of germination

Table 1 The mean N, and N,O fluxes (n

Total incubation period (days

0-33)

T increase and rewetting (days

25-33)
[T

Plants growth (days 6-25)

[T

Temperature increase and

rewetting

Dry soil (days 0-2.5

Treatment

20 °C]

[temperature (T)=10 °C]

25°C]

(days 2.5-6)

20 °C]

[temperature (T)

N, N,O N, N,O N, N,O

N,O

N,O
022+0.02 0.034+0.003

N,

0.45+0.05"""
2842

0.033+0.002""
316+38

0.033+0.003""
6.9+1.1

0.27+0.01™"
55+4

0.043+0.002"*"
21+2

0.29+0.01"""
13441

0.0108 +0.003

+ 1.1£0.8
0.8+0.1

0.17+0.01

15+2

Mean

Sown soil

0.010+0.001

225+12

0.17+0.01

73+4

114+10
1.0+0.7
103+9

Cumulative

0.12+0.01
7.6+0.3

0.006+0.001
1.2+0.1

0.14+0.01

30+3

0.013+0.002
5.8+0.2

0.007+0.001
0.53+0.05

0.029+0.002
0.14+0.01

0.27+0.01

Cumulative 20+ 1

Mean

Bare soil
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Fig. 7 Cumulative N fluxes in mg m? for N,-N and N,O-N, and
soil + AGB respiration rates in g m? for CO,-C over the 33-day incu-
bation period. The grey plots represent the mean values for sown soil
vessels (n=3), the red plots represent the mean values for bare soil
vessels (n=3), while the green dashed line indicates the onset of ger-
mination. The shaded regions depict the standard error

N m~2 (15.5 +5.8%) in sown and bare mesocosms, respec-
tively. These findings indicate higher N losses than those
estimated through the direct measurements of N, and N,O
fluxes. However, given the overall relatively low denitrifi-
cation fluxes and relatively low precision of the >N mass
balance approach, a conclusive comparison between both
methods was not possible.
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Discussion

In this study, we used a newly developed system to measure
gaseous N losses from planted soil under controlled light
conditions. This system stands out because it facilitates the
growth of plants from seeding to harvest over long periods
(from weeks to months). This capability provides a unique
opportunity to explore the impact of plant development on
denitrification processes.

The system performance

One of the most important factors in this type of soil meso-
cosm system is the sensitivity with which N fluxes can be
measured. To ensure the accuracy and reliability of our
measurements, we conducted tests to assess the reproduc-
ibility of N, concentrations using different gas mixtures.
The results of these tests showed that the detector used in
our system exhibited high linearity over a wide range of N,
concentrations (Fig. 5). Importantly, the measured N, con-
centrations were not affected by variations in the mixtures
of He and O, used in the experiments.

As a second step we evaluated the system inherent leak-
age rate (ILR), which describes the diffusive influx of N,
from the outside into the mesocosm and gas sampling sys-
tem. This is a major challenge as ambient N, concentrations
are around 80% so that even tiny leaks or leaky seals can
result in large influxes of N, from the outside into the sys-
tem (Butterbach-Bahl et al. 2002). In our experiments with
empty mesocosms an influx of N, of 55+10 pg N m~>h~!
(13 g N ha~! day™!) was measured, while an influx of N,O
was not detectable. Another problem is N, scavenging in soil
pores and materials used for the system construction. How-
ever, this problem can be limited by long flushing periods
with He/O, gas mixtures (Burgin et al. 2010; Butterbach-
Bahl et al. 2002; Wang et al. 2011) and was not relevant for
our measurements, as the measuring periods were always
well over 20 days, while in previous experiments, soil incu-
bations were usually completed after 2-3 days (e.g., Dan-
nenmann et al. 2008; Wang et al. 2011, 2020).

In our experimental setup, we utilized vessels with a vol-
ume of 37 1, of which the headspace accounted for 16 1 of
the total volume. In addition, the soil surface area within
the vessels was measured to be 0.064 m?. It is worth not-
ing that our system had a significantly larger capacity than
other systems described. Furthermore, to the best of our
knowledge, our setup is one of the few that allows for the
growth of plants under these experimental conditions. For
example, Wang et al. (2011) achieved a detection limit of
8.1 ug N,-N m? h™! with a total vessel volume of about
1.8 1. The detection limit achieved by Wang et al. (2011)
was an improvement of about 20% as compared to the
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Table 2 Applied N (10.3 g N m~2) total recovery in soil and plant biomass and gaseous N losses. The table summarizes cumulative N emissions
(N, and N,0) across the entire experimental observation period (33 days) as well as calculated recovery rates for applied '"NH,*NO;-N and total
applied N in above-ground plant biomass and soil sown soil (S1, S2, S3) and bare soil (B1, B2, B3). The unrecovered N is assumed to represent
gaseous N losses. The means error is SE of three replicates for each treatment (3 vessels). The abbreviation “ds” refers to “dry soil”

Vessel Soil N, N,O N,+N,0 Soil Total N Soil N Plantdry  Plant bio- Total N Recov- Unrecovered

depth [mg N m2] weight [mgN  atom% weight mass PN ery[gNm™2] N

[cm] [kgds] kg~ 'ds] vessel ™! atom% (%) [g N m~2] (%)

[g]

S1 0-10 10.1 500 6.11 5.7 (55.4)

10-20 6.9 500 1.55 0.8 (7.8)

20-30 7.7 400 0.85 0.3(2.9)

AGB 3.17 31.00 0.9 (9.6)

BGB 0.99 n/a n/a

N-gas 331.4 25.9 357.3 Ratio (N,O/(N,0+N,))=0.07 0.08+0.01

Total 7.7 (74.7) 2.6 (25.2)
S2 0-10 9.7 600 6.03 6.5 (63.0)

10-20 7.2 600 1.49 0.9 (9.3)

20-30 8.3 600 1.00 0.6 (6.0)

AGB 3.44 399 0.9 (9.6)

BGB 0.64 n/a n/a

N-gas  308.1 323 340.4 Ratio (N,O/(N,0+N,))=0.09
S3 0-10 9.1 600 6.04 6.1(59.2)

10-20 8.5 600 2.16 1.8 (17.5)

20-30 8.3 600 1.05 0.7 (6.8)

AGB 3.30 33.43 0.7 (6.8)

BGB 0.82 n/a n/a

N-gas 307.9 253 333.2 Ratio (N,O/(N,0+N,))=0.08

Total 9.3(90.3) 1.0 (9.7)
Mean N-gas 316+8 28+2 344+7  Ratio

(3.06) 0.27) (3.3) (N,O/(N;0 +N,))=0.08 £0.01

sown 0-10 9.6+0.3 567+33 6.06+0.03 6.1+0.2 (59.2)
(n=3) 1020 7.5+0.5 567+33 1.7+0.2 1.2+0.3 (11.3)

20-30 81402 533+67 1.0+0.1 0.5+0.1(5.2)

AGB 3.30+£0.08 34.8+2.7 0.8+0.1(8.1)

BGB 0.8+0.1 n/a

Total 8.6+0.5(83.8) 1.7+0.5(16.5)
B1 0-10 7.6 500 6.25 4.9 (48.0)

10-20 8.2 500 1.81 1.2 (11.7)

20-30 9.5 600 1.52 1.3 (12.6)

N-gas  245.7 7.2 252.9 Ratio (N,O/(N,0+N,))=0.03

Total 7.4 (71.8) 3.0 (29.5)
B2 0-10 8.5 600 6.92 7.3 (70.9)

10-20 8.4 600 1.75 1.4 (13.6)

20-30 8.0 600 1.05 0.65 (6.3)

N-gas 203.0 7.5 210.5 Ratio (N,O/(N,O+N,))=0.04

Total 9.3(90.3) 1.0 (9.7)
B3 0-10 7.8 600 5.64 5.4(52.4)

1020 6.3 600 4.08 2.8(27.2)

20-30 10.4 600 1.21 1.0 (9.7)

N-gas  225.7 8.2 233.9 Ratio (N,O/(N,0+N,))=0.04

Total 9.2 (89.9) 1.1 (10.7)
Mean N-gas 225+12 7.6+0.3 232+10 Ratio

(2.18) (0.07) 2.2 (N,O/(N,O+N,))=0.04+0.00

bare  0-10 7.8+£03 550+33 3.7+0.4 5.9+0.7 (57.0)
(n=3) 1020 82+0.7 500+33 1.8+0.8 1.8+0.5(17.5)

20-30 95+0.7 600+0 1.5+0.1 1.0+0.2 (9.5)

Total 8.7+0.6 (84.0) 1.6+0.6(15.5)
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system developed by Butterbach-Bahl et al. (2002) and a
4-fold improvement of the performance by Cérdenas et al.
(2003) for a gas-flow-soil-core system. To our knowledge,
the only system that allows plant growth and is based on
the He/O, soil-core-method was developed by Senbayram
et al. (2020). The detection limit of this system for N, was
reported to be >10 g N ha™! day™!, which is comparable to
the sensitivity of the system discussed in our study. How-
ever, the volume of the system by Senbayram et al. (2020)
was approximately 16 times smaller than our system.

Soil N, and N, O fluxes and plant effects

In our experiment, N,+N,O fluxes were relatively mod-
est, representing 2.2-3.3% of the applied fertilizer N over
a period of 33 days. It is well known that soil moisture is
one of the most important factors controlling denitrification
(Butterbach-Bahl et al. 2002; Friedl et al. 2016), as O, diffu-
sion into the soil matrix is hindered at elevated soil moisture
levels. Under such conditions, denitrification is enhanced
because denitrifying microorganisms use NO;™ as an alter-
native electron acceptor (Knowles 1981). The soil used in
our experiment had a sandy texture with low water hold-
ing capacity (37+2% WHC, data not shown). Therefore,
we assume that the applied irrigation rates were too low to
promote anaerobic conditions in the soil, so that denitrifying
conditions only prevailed for a short time immediately after
the irrigation events.

This interpretation is also supported by our observation
that after the first irrigation event, which was also accom-
panied by an increase in soil temperature from 10 to 20 °C,
N, emissions showed a distinct emission peak over a period
of about 36 h, while the increase in N,O emissions during
this period was much smaller. The rapid decline in N, fluxes
after the initial peak suggests a transient anaerobic environ-
ment triggered by the irrigation event. The initial spike in N,
fluxes likely represents the rapid consumption of accumu-
lated NO5™ in the soil due to the sudden increase in anoxic
conditions, as has also been observed in other experiments
with direct N, and N,O flux measurements (e.g., Wang et
al. 2011, 2020). However, the subsequent rapid decrease
in N, fluxes indicates that these anoxic conditions were
short-lived.

When comparing our results for peak N, fluxes with
results obtained in previous incubation studies using the
He gas flow soil core technique (Cérdenas et al. 2003; Sen-
bayram et al. 2020; Wang et al. 2011), it becomes clear that
the fluxes observed in our study are rather low. E.g., Sen-
bayram et al. (2020) using a system similar to ours reported,
peak N, fluxes as high as approximately 1 mg N m~2 h~!
in sown soil amended with KNOj, i.e., about twice as high
as in our study. Moreover, N,O peaks in the Senbayram et
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al. (2020) study were approximately 5914279 pg N m~2
h~!, thus one magnitude higher than in our experiment.
Moreover, the ratio of (N,O/(N,O+N,) in our study with
a soil column depth of about 0.3 m were in the range of
0.03-0.09, which is about one order of magnitude lower
than in the study of Senbayram et al. (2020) (range: 0.33—
0.73, soil height about 0.05—0.10 m). This suggests, that soil
column height, and thus the diffusion length of N,O in the
soil matrix from its point of production towards the soil-
atmosphere interface, is likely to shift the (N,O/(N,O+N,)
ratio towards N, due to the consumption of N,O by denitri-
fication during its passage through the soil matrix (Butter-
bach-Bahl et al. 2013; Fried] et al. 2020). Senbayram et al.
(2020) argue, that nitrification was a significant contributor
to N,O production. In contrast, our study lacked the ability
to discriminate between different processes. Cardenas et al.
(2003) quantified N, and N,O fluxes from grassland soils
amended with 50 kg N as KNO; ha™! and 360 kg glucose-
C ha~! and found peak emissions of N, fluxes of 10.8 mg
N m~2 h™! and of N,O fluxes of about 40 mg N m~2 h™!,
fluxes more than 2-3 orders of magnitudes higher than in
our study. However, these differences may be explained by
differences in soil texture, with the soil used by Cérdenas et
al. (2003) having a clay content of 37%, compared to 7% in
our soil, and in the simultaneous provision of NO;™ and an
easily degradable carbon source, which are factors known to
significantly enhance denitrification rates (Butterbach-Bahl
et al. 2013; Groffman et al. 2007) .

The results of our study revealed a temporal disparity
between the peak fluxes of N,O and N,, with the peak flux
of N,O occurring after the peak flux of N, (Fig. 6). In con-
trast to the clear peak observed for N,, the N,O flux showed
a more diffuse pattern, gradually increasing before finally
decreasing. This discrepancy suggests that the dynamics of
N,O production and emission are different from those of N,,.
This observation is controversial to what was shown in pre-
vious studies (Cardenas et al. 2003; Gao et al. 2023; Meijide
et al. 2010; Wang et al. 2011). In these studies, peaks of
both N, and N,O occur after N addition to the system, simi-
lar to our observation, while N,O maxima occur before N,
maxima. The reason for this remains unclear, as it is usually
assumed that the denitrification chain is expressed sequen-
tially. However, a recent report by Lycus et al. (2018) sug-
gests that denitrifiers may follow a bet-hedging approach,
i.e., the nitrous oxide reductase nosZ, which catalyzes the
reduction of N,O to N,, is always expressed, while other
enzymes of the denitrification chain may not be expressed.
This may explain our observation, but final clarification can
only be achieved by studying N, and N,O flux dynamics for
different soils, accompanied by analyses of denitrification
gene expression and enzyme activity dynamics.
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In our study, we observed that during the plant growth
period, soil N, fluxes were 1.8 times higher and N,O fluxes
were 4 times higher compared to bare soil (Table 1). Simi-
lar results have been reported previously (Scholefield et
al. 1997; Senbayram et al. 2020; Smith and Tiedje 1979;
Stefanson 1972). This observation can be explained by
increased microbial activity in the rhizosphere zone. The
microbial activity mainly takes place in the rhizosphere due
to root exudates and can alter C and N transformations in the
vicinity of plant roots (Bais et al. 2006; Ma et al. 2022). In
soil-grown plants, nearly half of the fixed C is partitioned to
the soil, with 50% partitioned to root tissues and the remain-
ing 50% to root products such as root exudates (Neumann
et al. 1999). In cereals, about 5% of the net C fixed during
photosynthesis is released into the soil and becomes avail-
able to the soil microbial community (Farrar et al. 2003).
Although root exudates represent a small fraction of the
total C input, they are an integral part of the global C and
N cycle. However, the exact mechanism by which root exu-
dates affect denitrification is complex and not fully under-
stood (Coskun et al. 2017). E.g., a recent study linking root
exudation of barley, wheat and ryegrass with denitrifica-
tion enzyme activity not only found either stimulating or
inhibiting effects of different root exudation compounds, but
also showed that the same compounds can exert contradic-
tory effects on denitrification in different soils (Maurer et
al. 2021). Plant age appears to be another significant fac-
tor influencing outcomes (Von Rheinbaben and Trolldenier
1984).

Previous studies have provided insight into the potential
effects of plants on denitrification. Malique et al. (2019)
demonstrated higher denitrification potential in planted
cropland soils, suggesting a direct effect of plants. They also
observed an exponential decrease in denitrification potential
with increasing shoot and root biomass, which is consistent
with our findings of decreasing N, flux rates over the course
of the incubation period (Fig. 6). Similarly, other studies
have observed the direct influence of plants on denitrifica-
tion through rhizosphere processes. Rummel et al. (2021)
showed in their study with pre-cultivated plants, that plant
and root growth, together with water and N uptake, were the
main regulators of denitrification. In addition, Klemedtsson
et al. (1987) found a positive correlation between denitri-
fication rates and root biomass, with N, being the domi-
nant denitrification product near roots. In contrast, Haider
et al. (1987) conducted a study where they did not observe
an increase in denitrification following the growth of two-
week-old corn seedlings. They concluded that the root exu-
dates produced by the plants were not able to stimulate the
denitrification process. Recent studies (Senbayram et al.
2018; Wu et al. 2018) suggest that soil NO;™ concentration
is likely to be the primary factor regulating denitrification

end products. However, in our study, this explanation is
not sufficient to explain the differences in denitrification
fluxes, as there was no significant difference in NO;™ avail-
ability between the two treatments (data not shown). Taken
together, these results suggest that while plants can influ-
ence denitrification, additional factors beyond root exudates
may play a significant role in limiting the denitrification
process.

Comparing directly measured gaseous N, and N,O
fluxes with results of a >N mass balance approach

Few comparisons have been made between different deni-
trification measurement techniques, particularly between in
situ and in vitro techniques (Groffman et al. 2007; Lewicka-
Szczebak et al. 2017). The N mass balance method allows
direct assessment of the fate of applied N in the field or in
the laboratory, whereas the He soil core technique can only
be used in the laboratory and can provide direct measure-
ments of N,O and N, fluxes in high temporal resolution. In
this study, we compared directly measured, cumulative N,
and N,O fluxes over the entire experimental period of 33
days with the amount of unrecovered "°N.

The results of the comparison indicate that the cumula-
tive losses of N, and N,O fluxes, totaling 0.23-0.34 g N
m~? over a 33-day incubation period, were lower than the
estimates of N losses obtained by the 'N mass balance
approach (about 1.6-1.7 g N m~2). Similar comparisons of
SN mass balance with other methods for measuring deni-
trification (acetylene inhibition technique, '’NGF method)
have been performed previously (Heinemeyer et al. 1988;
Mosier et al. 1986; Parkin et al. 1985). All of these stud-
ies reached the consensus that estimates of denitrification
N losses were higher when based on the N mass balance
method. Our observation is consistent with the findings of
Heinemeyer (1988), who reported that direct N emissions
accounted for approximately 20% of the unrecovered N
from the "’N mass balance. In the context of '°N balance
measurements applied to pasture systems, previous studies
(Bristow et al. 1987; Clough et al. 1998b; Whitehead and
Bristow 1990) have also suggested that over 20% of the °N
input may remain unaccounted for. Although most compari-
sons are based on in situ measurements, there are obvious
limitations associated with the >N balance in He soil core
systems. There are several possible reasons for this discrep-
ancy. First, these unaccounted losses could be due to NH,4
volatilization. Although the soil in our study was slightly
acidic and the fertilizer was incorporated and mixed into the
topsoil, there is uncertainty in the actual amount of NH; that
can be lost in our continuously flushed system. NH; vola-
tilization is influenced by several factors, including soil pH,
NH; partial pressure between the air and soil atmosphere,
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wind speed, SOC content, soil texture, moisture content,
and temperature (Bouwman et al. 2002b). The experimen-
tal system used in this study involved a sequential flushing
process characterized by high flow rates initiated from the
soil surface, followed by passage of the flushing mixture
through the headspace. Simultaneously, the soil conditions
were maintained in a wet state and the temperature was
elevated. Under these specific conditions, it is plausible to
anticipate an increased potential for NH; emissions. More-
over, such effects may be more pronounced in bare soil
systems because the presence of plants has the capacity to
mitigate NH, volatilization. It is well documented that NH,
losses from synthetic fertilizer applications average about
12% (Ma et al. 2021). Two additional factors contributing to
this discrepancy are unrecovered BGB and NO emissions.
However, the contribution of roots to the total biomass
recovery in our study is likely to be minimal (around 0.4%)
due to their relatively low weight. Regarding NO emissions,
it is important to emphasize that although NO can be emit-
ted from both soil and plant leaves, the magnitude of its loss
is not expected to be excessive (del Rio et al. 2004). NO
emissions are generally lower than N,O emissions, which
account for a relatively small fraction of N losses in our incu-
bation study (Bouwman et al. 2002a). Another uncertainty
associated with estimating N losses using the mass balance
approach is greater due to the presence of multiple N com-
ponents and their spatial variability within the experimental
vessels as well as in field experiments. This leads to a higher
degree of uncertainty in the mass balance calculations com-
pared to the direct method. The direct measurement method,
on the other hand, shows greater precision in quantifying
total N losses by avoiding the additive error accumulation
that occurs in the mass balance approach (Myrold 1990).
There is also evidence that the gaseous forms of N can be
trapped in the soil and released after destructive sampling.
Clough et al. (1998a) found that up to 16% of the applied
15N was trapped as gas (N,4+N,0) in the soil pore space 38
days after "N application in the soil columns studied. Con-
sidering the wide range of factors influencing the observed
discrepancies, it is evident that the >N mass balance method
generally yields higher estimates compared to direct mea-
surements, although within the average range reported in
similar studies. The unrecovered '°N is within the range of
the average unrecovered N in other studies.

Short-comes of the measuring system

While significant progress has been made, it is important to
recognize persistent technical limitations that warrant future
consideration. An observed limitation during the incuba-
tion phase was the inadequacy of daytime CO, levels due
to photosynthetic CO, fixation. As plant biomass increased,
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headspace CO, concentrations dropped from about 500—700
ppmv during the dark period to about 250-300 ppmv when
the lights were turned on within 5 min. To address this chal-
lenge, a recommended solution involves the implementation
of dynamic CO, dosing in the gas mixture introduced into
the vessels. This strategy holds great promise for correct-
ing the CO, deficiency that occurs during daylight hours.
Another unresolved challenge relates to O, dynamics, spe-
cifically the potential disruption of anaerobic microenviron-
ments during soil purging to replace the initial atmosphere
with an N,-free atmosphere. To mitigate this problem, a
viable solution is to provide an adequate period of time for
the re-establishment of anaerobic conditions by soil respira-
tion. This requires careful monitoring of soil O, levels and
inhibition of microbial activity prior to commencing mea-
surements. Another problem is the formation of condensa-
tion water on the surface of the upper parts of the vessel.
An internal air circulation system for each individual vessel,
with on-line measurement of CO, concentration and redos-
ing of CO,, as well as a unit for controlling humidity, will in
the future make it possible to solve both the CO, and water
condensation problems.

Subsequent incubations could provide valuable insights
by incorporating the ’NGF method (Friedl et al. 2020) to
measure N fluxes in addition to existing techniques. This
approach would allow differentiation between denitrifica-
tion pools resulting from applied fertilizer and those result-
ing from the intrinsic N content of the soil.

Conclusion

The new He atmosphere incubation system presented here
allows direct and highly sensitive detection of N, and N,O
emissions. The precision and sensitivity of the system are
comparable to other similar systems, but it has significantly
larger headspace and soil volumes, combined with tunable
light accessibility and the potential for simultaneous CO,
flux measurements and soil O, monitoring. Together, these
advances make this system a distinctive and versatile tool
for investigating the various factors that control denitrifi-
cation, particularly the influence of plants. As a result, this
system has the potential to make significant contributions to
our understanding of denitrification mechanisms in terres-
trial ecosystems and how plants and light availability affect
denitrification in the rhizosphere.
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