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Abstract
Nitric oxide (NO) is a key substance in atmospheric chemistry, influencing the formation and destruction of tropospheric 
ozone and the atmosphere's oxidizing capacity. It also affects the physiological functions of organisms. NO is produced, 
consumed, and emitted by soils, the effects of soil NO concentrations on microbial C and N cycling and associated trace gas 
fluxes remain largely unclear. This study describes a new automated 12-chamber soil mesocosm system that dynamically 
changes incoming airflow composition. It was used to investigate how varying NO concentrations affect soil microbial C and 
N cycling and associated trace gas fluxes under different moisture conditions (30% and 50% WFPS). Based on detection limits 
for NO, NO2, N2O, and CH4 fluxes of < 0.5 µg N or C m−2 h−1 and for CO2 fluxes of < 1.2 mg C m−2 h−1, we found that soil 
CO2, CH4, NO, NO2, and N2O were significantly affected by different soil moisture levels. After 17 days cumulative fluxes at 
50% WFPS increased by 40, 400, and 500% for CO2, N2O, and CH4, respectively, when compared to 30% WFPS. However, 
cumulative fluxes for NO, and NO2, decreased by 70, and 40%, respectively, at 50% WFPS when compared to 30% WFPS. 
Different NO concentrations tended to decrease soil C and N fluxes by about 10–20%. However, with the observed variability 
among individual soil mesocosms and minor fluxes change. In conclusion, the developed system effectively investigates how 
and to what extent soil NO concentrations affect soil processes and potential plant–microbe interactions in the rhizosphere.
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Introduction

Nitric oxide (NO) has unique chemical properties and is 
involved in a variety of biological functions in both prokary-
otes and eukaryotes (Ma et al. 2020; Medinets et al. 2015). 

In plants, NO is considered an important physiological 
mediator involved in various processes such as root growth, 
stomatal closure, flowering, iron homeostasis, immunity, 
and responses to abiotic stresses (Wendehenne et al. 2014; 
Yu et al. 2014). It acts as a signaling molecule in cellular 
processes and modulates the production/mobilization of sec-
ondary messengers and reactive oxygen species, the activ-
ity of proteins through post-translational modifications, and 
the expression of numerous genes regulating microbial and 
plant processes (Gaupels et al. 2011; Jeandroz et al. 2013; 
Medinets et al. 2015).

In addition, NO also has diverse effects on soil microbes. 
Previous work has shown that microorganisms use various 
transcriptional regulators to sense NO (Koul et al. 2015). 
Biochemical evidence that NO itself interacts with bacterial 
regulatory proteins has been reported in the case of SoxR, 
FNR, NorR, NosR, and FixK, transcriptional regulators 
involved in oxidative stress response, anaerobic metabo-
lism, NO detoxification, respiratory reduction of N2O, and 
nitrogen fixation, respectively (Spiro 2007). Thus, NO plays 
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an important role in the regulation of numerous microbial 
functions, such as protection against antibiotics and oxida-
tive stress (Gusarov et al. 2009), adaptation to anaerobic 
conditions, biofilm formation, and motility (Arruebarrena 
Di Palma et al. 2013; Medinets et al. 2015). However, these 
regulatory effects of NO have mostly been studied at the 
population level in vitro, and therefore little is known about 
the response of microbial communities to NO in complex 
environments such as soils. It is also speculated that NO 
affects not only microbial N metabolism but also mineraliza-
tion of organic matter in soils (Pilegaard 2013; Schuster and 
Conrad 1992), the latter has, to our knowledge, never been 
studied. At higher concentrations, NO can induce both nitro-
sative and oxidative damage with numerous toxic effects on 
bacteria, including direct modification of membrane pro-
teins, lipid peroxidation, and DNA cleavage (Privett et al. 
2012). However, pure culture studies have shown that some 
bacteria are more susceptible to NO than others (Schairer 
et al. 2012). This antimicrobial effect of exogenous NO 
application has mostly been studied in medical research, but 
rarely in complex ecosystems and never in soil.

Understanding how exogenous NO may affect soil micro-
bial processes and soil-atmosphere exchange processes 
requires accurate measurements of trace gas fluxes (Harazono 
et al. 2015). However, research on the effects of NO on soil 
microbial processes has been hampered, in part, by the lack 
of mesocosm systems that allow background NO concentra-
tions to be varied while also allowing the soil-atmosphere 
exchange of other trace gases to be measured.

Therefore, we designed a novel mesocosm system that 
allows for dynamic changes in background NO concentra-
tions while simultaneously allowing for high temporal reso-
lution measurements of soil CO2, CH4, NO, NO2, and N2O 
fluxes. We hypothesized that at elevated NO concentrations, 
microbial activity, as measured by soil respiration fluxes, 
would be negatively affected. In addition, we speculated that 
NO would also negatively affect all other measured trace gas 
fluxes due to a decrease in microbial activity, although to 
varying degrees depending on soil moisture, which is known 
to be a major environmental factor affecting microbial pro-
cesses and microbial activity.

Material and methods

The construction of the mesocosm system was carried out at 
the laboratory of the Institute for Meteorology and Climate 
Research Atmospheric Environmental Research (IMK-IFU), 
KIT Campus Alpin (N 47° 28′ 37.2606", E 11° 3′ 47.484") 
in Garmisch-Partenkirchen, Germany.

To study the effect of varying soil or headspace NO con-
centrations on soil microbial activity and soil-atmosphere 
exchange, we defined several key requirements:

a)	 Automated control of gas flow and sampling for 12 mes-
ocosms;

b)	 Provision of inlet gas sample air by either headspace 
flushing or soil purge air;

c)	 Automated on-line detection and recording of inlet and 
outlet gas concentrations;

d)	 Multiple flux measurements per day for each soil meso-
cosm;

e)	 Temperature and light control (for plant-soil mesocosm 
experiments);

f)	 High sensitivity of flux measurements;
g)	 Structured data streams for automated flux calculations 

and visualization.

Based on these requirements we designed a fully auto-
mated 12-chamber soil mesocosm system (see Fig. 1), where 
the soil mesocosms were placed in a thermostatic cabinet. 
The 12 soil mesocosms could be continuously and inde-
pendently flushed with ambient air from a pressurized air 
buffer tank and sets of six could be spiked with different 
NO concentrations. Solenoid valves were used to facilitate 
individual soil or headspace flushing, and airflow from the 
inlet to the analyzers was directly controlled by mass flow 
controllers (MFCs). Outflow air from each soil mesocosm 
was directed by a multi-position valve to a high-precision 
multi-gas analyzer (MIRO, analytical, MGA9 series, Swit-
zerland) that continuously measures gas concentrations of 
NO, NO2, N2O, NH3, CO2, CO, CH4, and H2O with 1-sec-
ond time resolution. The resulting data were used to calcu-
late gas fluxes under specified soil environmental conditions 
and NO headspace/soil air concentrations.

Soil mesocosm system

For the soil mesocosm system, cylindrical Plexiglas cuvettes 
(internal Ø: 126.5 mm, inner height: 200 mm; polymeth-
ylmethacrylate material; SAHLBERG GmbH and Co. KG, 
Germany) were used. In total, the soil mesocosm system 
consisted of 12 soil mesocosms plus an empty mesocosm 
used as a reference chamber.

The individual soil mesocosms were tightly sealed with 
two removable lids at the top and bottom, secured with a 
custom aluminum U-frame and stainless-steel clip lock. 
A rubber O-ring was used around the lid to ensure air-
tightness. The top cover was designed with an inlet (inner 
Ø: 3 mm) and an outlet (inner Ø: 1.5 mm). An LED light 
(Bioledex LED module, Ø60 mm, 24 V, 9 W, 3500 K) was 
positioned inside the lid wall to act as a light source if plants 
are cultivated inside the mesocosm. The light emitted by the 
LED had a full spectrum for plant illumination, with a color 
temperature of 3500 K plus red. The wavelengths covered 
a range from 410 to 710 nm, the full spectrum required for 
optimal plant growth and development (Hogewoning et al. 



1145Biology and Fertility of Soils (2024) 60:1143–1157	

Fig. 1   Schematic flowchart and operational features of the fully automated soil mesocosm system
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2012). The LED was powered by a stabilized power supply 
(model HEP-320-24A) that accepts input voltages of 100-
240 V AC at 50/60 Hz and outputs 24 V DC at 13.34A. An 
LED dimmer (model CVDIM1 LED dimmer, 4 × (12–36)
V and 4 × 5A) was used to control the light intensity. The 
bottom cover was designed with an inlet (inner Ø: 3 mm) to 
facilitate airflow through the bottom of the mesocosm. In 
addition, the bottom outlet can be used to collect leachate 
after simulated rainfall events.

All soil mesocosms were placed in a thermostatic cabinet 
(model ET 651–8; 395 L, Tintometer GmbH, Dortmund, 
Germany). Soil gas flux measurements were based on the 
dynamic chamber approach (Butterbach-Bahl et al. 1997), 
which requires constant flushing of individual soil meso-
cosms with a defined air stream. Therefore, fluxes were cal-
culated from the difference between inlet and outlet concen-
trations and the total mass of airflow.

Soil mesocosm system airflows – general overview

The total air flow for flushing the soil mesocosms, either 
from the headspace only or from the bottom, was obtained 
from a pressurized air buffer tank (50 L, 8 bar; Fini Com-
pressors, Bologne, Italy), which was filled from time to 
time with ambient outdoor air. Before being provided to 
the mesocosm systems, the air was filtered by a microfilter 
(5 μm particle filter; Futura Series FU 831, Riegler and Co. 
KG, Germany) and a carbon filter (Activated carbon fil-
ter; Futura Series FU 891, Riegler and Co. KG, Germany) 
to remove dust particles and noxious gases such as NOx, 
respectively (Yu et al. 2008). It should also be noted that 
a pressure regulator (AIRTAC GR200-08 pressure regula-
tor; Riegler and Co. KG, Germany) was used to reduce the 
downstream pressure of the buffer tank to 0.5 bar to avoid 
pressure deficits in the open dynamic chambers (Gao and 
Yates 1998). A dehumidifier was used to remove moisture 
from the outlet of the buffer tank. To re-humidify the air 
stream to the desired level, the inlet air stream was split 
into two air streams, one of which was bubbled through 
deionized water filled in a gas bubbler before finally rejoin-
ing the main air stream (Fig. 1). The humidity and tem-
perature of the air stream were measured (RH/T probe 
HC2-S3C03, ROTRONIC Messgeräte GmbH, Germany). 
Subsequently, the re-humidified air stream was divided into 
two lines, one line was directly connected to block 1 of 
the mesocosm system (C1—C6), which normally received 
unspiked ambient air, while the other, block 2, of the meso-
cosm system (C7-C12), was additionally spiked with nitric 
oxide (NO) using an additional gas flow mass controller 
(Red-y smart series, Voegtlin instruments GmbH, Mut-
tenz, Switzerland) to inject NO calibration gas with 4 ppm 
NO in synthetic air into the air stream. All airflow compo-
nents within the mesocosm system were connected using 

PTFE tubing (polytetrafluoroethylene; ScanTube GmbH, 
Germany). Black PTFE tubing was chosen specifically to 
prevent light-induced oxidation of NO (Weber and Ren-
nenberg 1996). A humidity sensor and a temperature sen-
sor (Vaisala, Finland) were integrated into the system and 
positioned adjacent to the humidifier on the air stream that 
purged the mesocosms.

Soil mesocosm system airflows – technical 
specifications

For dynamic chamber measurements under steady-state 
conditions, the mixing ratio difference is inversely related 
to the airflow rate. At low airflow rates, there is a poten-
tial for diffusive flow from the enclosed soil matrix, which 
may result in an underestimation of the true trace gas flux. 
Conversely, at high airflow rates, the pressure deficit in 
the headspace of the soil mesocosm can affect the advec-
tive flux from the soil matrix, leading to an overestima-
tion of the true flux (Gao and Yates 1998). Therefore, it is 
essential to optimize the airflow rate within the mesocosm 
system during incubation, taking into account the trade-off 
between several partially conflicting requirements, such as 
flux detection limit, time response, and changes in turbu-
lence resistances (Pape et al. 2009). In this study, each 
mesocosm was constantly flushed at a rate of 600 ml min−1 
and the flow was continuously monitored by mass flow 
controllers (MFCs; Bronkhorst High-Tech B.V., The Neth-
erlands), and the airflow was evenly distributed to all soil 
mesocosms (Fig. 1). The ambient background airflow was 
displayed for visual observation (bright, wide angle, 1.8" 
display, Bronkhorst High-Tech B.V. Netherlands). The 
airflow from the MFCs was connected to a 3-way sole-
noid valve (3/2 way valve; model 137850, USA; Ham-Let 
GmbH, Germany) that could divert the airflow through 
either the headspace or soil depending on the defined gas 
sampling sequence. The outlet of each mesocosm was 
connected to a VICI-1 multi-position valve (VICI, 16 port 
SF flow-through multi-position valve, Germany) through 
an air particulate filter (SWAGELOK®, In-line particu-
late filter, Germany), which traps and retains finer parti-
cles (7 microns) that could damage the VICI valves. The 
inlets of VICI-1 were connected to mesocosms 1 to 12, 
and the outlet of VICI-1 was connected to the inlet of the 
multi-position valve VICI-2 (VICI, 4-port SF flow-through 
multi-position valve, Germany). Based on the defined gas 
sampling sequence, VICI-1 decides whether to divert the 
sample air to VICI-2, which is also connected to various 
gases such as reference air, zero gas (or synthetic air), and 
calibration gas. VICI -2 diverts the gas to the multi-gas 
analyzer according to the gas sampling sequence (Fig. 1). 
The sampling cycle began with zero air for 3 min in the 
first cycle and 2 min in the second cycle, followed by 6 min 
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of reference chamber air and 6 min of soil mesocosm air 
(Fig. S1). The average of the last 2 min of gas concentra-
tion during the steady-state condition was used for flux 
calculation, with calibration performed manually at the 
beginning of each experiment.

The total airflow leaving the mesocosm system was moni-
tored by a mass flow meter (MFM; Bronkhorst High-Tech 
B.V., The Netherlands) located downstream of the VICI-
2, and this information is used for post-flux calculations 
(Fig. 1).

Measurements of gas concentrations

A multi-gas analyzer (MIRO analytical, MGA9 series, 
Switzerland) was used to measure the gas concentrations 
of the air streams. The sample airflow to the multi-gas 
analyzer is approximately 400 ml min−1 (or sccm), and 
this air flow is driven by a vacuum pump that also creates 
a vacuum in the measurement cells. Before entering the 
MIRO analyzer the air was dried with a Nafion™ dryer, 
known for its hygroscopic ion exchange properties (Yu 
et al. 2008), to reduce the water vapor content by around 
90%. The MIRO instrument uses mid-infrared laser spec-
trometry based on direct laser absorption spectroscopy 
methods to provide highly sensitive and selective meas-
urements. The MIRO instrument uses five mid-infrared 
quantum cascade lasers (QCLs) to simultaneously measure 
the concentrations of NO, NO2, N2O, CO2, CH4, and H2O 
(NH3, and CO, but not used here).

It should be noted, that gas concentration measurements 
by the MIRO analyzer are sensitive to pressure changes due 
to switching of valves from one soil mesocosm to the other 
or direct measurements of calibration gas or inlet gas con-
centrations. Therefore, to prevent any pressure difference in 
the system during the valve switching or system shutdown, 
a two-way solenoid valve (2/2 way valve; model 137850, 
USA; Ham-Let GmbH, Germany) was installed in the main 
line to the MIRO multi-gas analyzer. This valve automati-
cally opens when switching or during system shutdown, 
allowing the MIRO to suck in air from the outside.

Control unit for the soil mesocosm system

The soil mesocosm system is computer-controlled with 
respect to inflow air volume and air/NO mixing ratio, tem-
perature, pressure, humidity, air outflow and overflow (qual-
ity control), and control of solenoid valves to direct air flows.

The data acquisition software IDASw (Integrated 
Data Acquisition Software, (IMK-IFU), KIT, Garmisch-
Partenkirchen, Germany) was used as the main operating 
software for the soil mesocosm system. IDASw uses a 
pre-prepared configuration file containing information 
about the gas sampling sequence, specifying the period 

and number of mesocosms to be sampled at specific time 
intervals. The data acquisition and control use a set of 
modules (ICP DAS-EUROPE GmbH) consisting of a bus 
module and three other digital input/output and analog 
modules. The digital input/output and analog modules 
(i-7061, i-7060D, and i-7019R) provide digital input/
relay output and analog input/digital for reading out 
sensors such as combined humidity/temperature probes 
or for controlling gas flows through the mass flow con-
trollers or valves, respectively. In general, all gas flows 
and sensors are controlled by the software via the ICP 
modules, except for the gas concentration measurements, 
which run on the MIRO multi-gas analyzer, with data 
stored independently. However, both computers were 
synchronized to a common time server using Tardis 2000 
software.

Calculation of trace gas fluxes

For the calculation of trace gas fluxes from individual soil 
mesocosms using a dynamic chamber approach, we assumed 
that a) the soil-atmosphere exchange is driven by diffusion 
due to a concentration gradient between the soil surface and 
the atmosphere, b) the headspace air of the mesocosms is 
well mixed, and that possible surface reactions of reactive 
trace gases, especially NO, can be neglected because O3 con-
centrations in the incoming air stream are at the detection 
limit (< 10 ppbv) and because black Teflon tubes were used 
to connect the mesocosms to the analyzer (Butterbach-Bahl 
et al. 1997).

The trace gas fluxes between the soil matrix and meso-
cosm air are quantified by the mass balance of the enclosed 
chamber system (Gao and Yates 1998).

Ftrace gas	� Trace gas flux (µg (C or N) m−2 h−1)

Q	� Airflow (ml min−1)

A	� Enclosed chamber (soil) surface area (m2)

R	� Universal (or Ideal) gas constant (8.206 × 10–5 
m3 atm K−1 mol−1)

T	� Temperature of the gas (°C)

P	� Pressure of the gas (atm)

M	� Molecular mass (g mol−1)

(1)

Ftracegas =

(

(Q × 10
−6 × 60)

A

)

⋅

(

(P ×
(

M × 10
6
)

)

(R × (T + 273.15))

)

⋅

((

�cham − �amb

)

× 10
−6
)
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µamb	� Ambient or inflow air concentration (ppm or µmol 
mol−1)

µCham	� Chamber or outflow air concentration (ppm or 
µmol mol−1)

The determination of trace gas concentration is commonly 
based on the molar ratio of the gas to the moist-air mixing ratio 
concerning dry air. However, the actual gas concentration is 
subject to dilution by water vapor present in the chamber vol-
ume of moist air. In dynamic chamber techniques, especially 
when working with moist soils, the concentration of water 
vapor continuously increases due to evapotranspiration from 
the plant-soil system or due to soil evaporation. Relative humid-
ity can have a significant impact on the mixing ratio, with even 
a 1% change in relative humidity at an ambient temperature of 
25 °C and relative humidity of 65% within the chamber result-
ing in a 20 ppm shift in mixing ratio (Harazono et al. 2015; 
Webb et al. 1980). To account for water vapor dilution, trace 
gas fluxes were adjusted to the dry basis using water vapor 
concentration data obtained by the MIRO multi-gas analyzer 
and the following formula (Eugster and Merbold 2015):

Mdry	� Trace gas concentration on a dry-air basis (ppm or 
µmol mol-1)

Mwet	� Trace gas concentration on a moist-air basis (ppm 
or µmol mol-1)

Xwater	� Amount fraction of water vapor in the outflow air 
stream.

System response times and trace gas flux detection 
limits

To better understand the system response time to changes in 
headspace gas mixtures and to quantify the detection limits for 
trace gas fluxes, we performed tests with empty mesocosms. 
The system response time was measured for the time it took to 
reach stable gas concentrations after switching the headspace 
concentration of the mesocosms from ambient air to ambient 
air spiked with 400 ppbv NO and was approximately 90 s for 
empty mesocosms (Fig. 2).

The calculation of the detection limit of the trace gas fluxes 
was based on the comparison of the trace gas concentration 
measurements in block 1) (mesocosms 1–6) and block 2) 

(2)Mdry =
(

Mwet

)

∙

(

1

1 − Xwater

)

(mesocosms 7–12) over a period of three days, while all meso-
cosms were continuously flushed with ambient air (Table 1).

Experiments with soils

For the soil experiment, topsoil (0–0.2 m) was obtained 
from an arable field at the research station CEREEP (Cen-
tre de Recherche en Ecologie Prédictive) in Saint-Pierre-
les-Nemours, France (N 48°17′14.48″, E 2°40′34.64″). 
The soil is classified as cambisol (IUSS Working Group 
WRB  2022), with a total organic carbon content of 
14.7 g kg−1, total nitrogen content of 1.19 g kg−1, a pH 
of 5.22 and a sandy loam texture (clay: 6.9%; silt: 19.0%; 
sand:74.1%). The soil was transported to the laboratory of 
IMK-IFU in December 2022, air-dried, sieved at 4 mm, and 
stored at 4 °C until used in the experiments.

For the experiment, the sieved soil was layered into the 
mesocosms in 2 cm increments, compressed to achieve a 
bulk density of 1.3 gcm−3, and built up to a final depth of 
10 cm. Here we report on two independent experiments 
conducted with two different soil moisture contents (30 and 
50% WFPS), comparing soil-atmosphere trace gas fluxes for 
treatments with (N = 6) and without spiking the ambient air 
(N = 6) with approximately 400 ppbv NO, thereby referring 
to previous in-situ measurements of NO concentrations in a 
forest stand in South-West Germany (Medinets et al. 2019).

The Water Filled Pore Space (WFPS) was calculated 
as follows:

where Total porosity = 1 −
Soil bulk density

Particle density
 (Assumption, 

2.65 g cm−3 as particle density).
The schedule of the soil incubation experiment is out-

lined in Fig. 3

Statistical analysis

The collected data, including the VICI valve switching 
information from the control computer (IDASw), the flow 
rates observed by the mass flow meter (MFM), and the 
gas concentration measurements obtained by the multi-gas 
analyzer (MIRO), were pre-processed by a customized R 
script. This R script calculated fluxes based on the for-
mulae provided (see above). A repeated-measures paired 
t-test, with a significance level (α) of 0.05, was used to 
identify the significant effects of elevated NO headspace 
concentrations on soil-atmosphere trace gas fluxes and to 
compare the cumulative fluxes of the observed soil-atmos-
phere exchange rates between control and NO-flushed soils. 

(3)WFPS (%) =
Gravimetric water content (%)

Total porosity
⋅ Soil Bulk density ⋅ 100
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Plots and graphs were generated using Origin(Pro), 2020b 
(OriginLab Corporation, Northampton, MA, USA).

Results

Effect of different NO concentrations in ambient air 
and soil moisture levels on soil CO2 and CH4 fluxes

Re-wetting of the air-dried soil to the target soil moisture 
levels of 30% or 50% WFPS resulted in large increases in 
soil respiration values from < 25 mg C m−2 h−1 to about 
100 mg C m−2 h−1 after 24 h (Fig. 4). However, as the 3-day 
soil flushing period started on day 2 (either with NO-free 
(NO0) or with ambient air spiked with 400 ppbv (NO400)), 
the peak of soil CO2 emissions induced by soil re-wetting 

was not fully recorded. After the 3-day soil flushing period, 
CO2 fluxes were < 50 mg C m−2 h−1 and were stimulated 
only slightly (50% WFPS) or not at all (30% WFPS) by the 
addition of N fertilizer (60 kg N ha−1) on day 7. CO2 fluxes 
after the second soil flushing period (days 9–11) stabilized 
at about the same level as at the end of day 8, i.e. around 
30 mg C m−2 h−1 (30% WFPS) or 60 mg C m−2 h−1 (50% 
WFPS), revealing that re-wetting the soil to 50% WFPS sig-
nificantly increased the soil CO2 fluxes (see Fig. 4, Table 2).

Increasing NO concentrations in the ambient air stream 
to 400 ppbv NO (NO400) tended to reduce soil CO2 fluxes 
by > 10% for soils rewetted to 50% compared to NO0, while 
the NO effect was weaker (5–10% to insignificant) for soils 
rewetted to 30% WFPS (see Table 2, Fig. 4).

Over the whole observation period and for soils re-wetted 
to 30% or 50% WFPS, CH4 fluxes varied within a narrow 

0 60 120 180 240 300 360
0

10
20
30

390

400

410

N
O

(n
m
ol

m
ol
-1
)

Time (Sec)

Ambient air [NO0]
Ambient air spiked with 400 ppbv-NO [NO400]

Fig. 2   Response time of the new mesocosm system to changes in 
headspace concentrations. Continuous measurements of NO concen-
trations at 1  s intervals are given. At time zero, a portion of the air 
stream was spiked with approximately 400 ppbv NO and directed to 

mesocosms 7–12 (block 2), while the other portion reflected the NO 
concentration measured in mesocosms 1–6 (block 1), which were 
flushed with ambient air only (background concentration 14 ppbv). 
Shown are mean ± SE values (N = 6)
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range of + 10 to -10 µg C m−2 h−1. Neither re-wetting nor 
different soil moisture levels or different NO concentrations 
in the ambient air flow showed a significant effect on CH4 
fluxes (Fig. S2, Table 2).

Effect of different NO concentrations in ambient air 
and soil moisture levels on soil N (NO, NO2, and N2O) 
trace gas fluxes

In contrast to CO2 fluxes, re-wetting of dried-out soils to tar-
get soil moisture levels of 30% or 50% WFPS didn't result 
in an immediate stimulation of soil NO fluxes. However, 

NO fluxes increased significantly after the first soil flush-
ing period to values up to about 80 µg N m−2 h−1 for soils 
re-wetted to 30% WFPS and up to 10 µg N m−2 h−1 for soils 
re-wetted to 50% WFPS. Soil N fertilization on day 7 resulted 
in a period of high NO emissions for the 30% WFPS soil, 
while only a very short period of slightly elevated NO fluxes 
was observed for the 50% WFPS soil (see Fig. 5). NO fluxes 
after the second soil flushing period were rather constant in 
a range of about 60–90 µg N m−2 h−1 for soils at 30% WFPS 
and in a range of 30–50 µg N m−2 h−1 for soils at 50% WFPS. 
Over all measurement periods, soil NO fluxes were always 
significantly lower at 50% WFPS compared to 30% WFPS.

Table 1   Observed variations 
in observed trace gas 
concentrations in air samples 
taken from mesocosms of 
block 1 (N = 6) as compared 
to mesocosms of block 2 
(mean ± SD, N = 6) while 
continuously purging the 
headspace of the mesocosms 
with ambient air over a period 
of three days

Trace gas Concentration difference between mesocosm ves-
sels of block 1) and 2)

Flux detection limit

[ppmv or ppbv]
NO 0.28 ppbv 0.05 ± 0.61 µg N m−2 h−1

NO2 0.03 ppbv 0.002 ± 0.042 µg N m−2 h−1

N2O 0.25 ppbv 0.38 ± 0.53 µg N m−2 h−1

CO2 0.21 ppmv 1.18 ± 1.21 mg C m−2 h−1

CH4 0.81 ppbv 0.06 ± 1.57 µg C m−2 h−1
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Fig. 3   Outline of the experimental design to investigate the effect 
of flushing soil and headspace air with different concentrations of 
NO (control [NO0]: 0 ppbv, NO treatment [NO400]: +400 ppbv, all 
in ambient air). On day 1, air-dried soil was added to the individual 
mesocosms (6 × control, 6x +400 ppbv NO), compacted to the target 
bulk density (1.3 g  cm−3), and the soil was moistened in-situ to two 
different soil moisture levels (calculated as water-filled pore space): 
30% in experiment (a) and 50% in experiment (b). On day 7, the soils 
received a simulated fertilizer N input of 60  kg N ha−1. The corre-
sponding amount of (NH4)2SO4 was dissolved in distilled water and 

12 ml of the solution was injected at a depth of 2 cm using a syringe 
with a side-port cannula. To effectively saturate the soil profile with a 
given NO concentration, soil flushing is preferred because it ensures 
effective distribution throughout the soil profile, unlike headspace 
flushing, which may only enrich the soil surface layer. In this study, 
we adjusted the timing of soil flushing to ensure that the target soil 
NO concentration was achieved throughout the soil profile. Note that 
the calculation of soil-atmosphere trace gas fluxes was performed 
only during periods of headspace flushing and not during periods of 
soil flushing
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Enrichment of the ambient air stream with NO (NO400) 
reduced soil NO fluxes in most observational phases 
by > 10% compared to NO0 (Table 2).

Soil NO2 fluxes were at least one to two orders of mag-
nitude lower than soil NO fluxes, with maximum emission 
fluxes of about 1.6 µg N m−2 h−1 (Fig. S3). Furthermore, 
Soil NO2 fluxes were significantly lower for soils at 50% 
WFPS compared to soils at 30% WFPS. Spiking the ambient 
airflow with 400 ppbv NO (NO400) reduced NO2 fluxes by 
about 10% (Fig. S3, Table 2).

Rewetting of the air-dried soil to 50% WFPS resulted 
in a sharp increase in soil N2O emissions towards the end 
of day 1 (up to 80 µg N m−2 h−1), while for soils rewet-
ted to 30% WFPS, no significant change in soil N2O fluxes 
was observed, with fluxes < 5 µg N m−2 h−1. N2O fluxes 
from soils at 30% WFPS remained below 10 µg N m−2 h−1 
throughout the observation period, even though the soils 
were fertilized on day 7. In contrast, N2O fluxes from soils 
re-wetted to 50% WFPS peaked at about 120 µg N m−2 h−1 
one week after fertilizer application.

For soils rewetted to 50% WFPS, soil N2O fluxes were 
only marginally affected by differences in ambient air flow 
NO concentrations and a notable reduction in N2O fluxes due 
to increased ambient NO concentrations was only observ-
able for a short period of about 2 days immediately after 
N fertilization (Fig. 6, Table 2). With regard to soil N2O 
fluxes for soils rewetted to 30%, the increased NO ambient 
air concentration resulted in reduced N2O fluxes overall, but 
at a very low level.

Effect of soil moisture on ratios of soil N2O:NO:NO2 
fluxes

Soil moisture affected the ratio of soil N trace gas fluxes. 
While at 30% WFPS NO fluxes were about 3–6 times higher 
as N2O fluxes (N2O:NO ratio: 0.14–0.31: 1) this relationship 
changed to the opposite at soil moisture contents of 50% 
WFPS (N2O:NO ratio: 1.3–15.3: 1). CO2:N2O ratios were in 
the range of about 500–30000: 1, and were highest directly 
in the first phase of the experiment, i.e. after re-wetting to 
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Fig. 4   Soil CO2 fluxes affected by two different soil moisture levels 
(30% [a] and 50% [b] WFPS) and two different ambient NO con-
centrations (NO0 and NO400) used for soil and headspace flushing. 
Note: Vertical grey hashed columns indicate periods when soil sur-

face fluxes could not be measured because the soil was flushed from 
below. Measurements are presented as mean ± standard error (SE) 
(N = 6)
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the target soil moisture. Changes in ambient NO concentra-
tion did not affect the N2O:NO, CO2:N2O or CO2:NO ratios 
(Table 2).

Discussion

Automated soil mesocosm system for identifying 
drivers of soil C and N trace gas fluxes

While several soil mesocosm systems have been developed 
in the past to study and parameterize soil trace gas fluxes 
(e.g. Ausma et al. 2003; Capooci et al. 2019; Janz et al. 
2022; Krause et al. 2017), we are not aware of a system 
like ours that allows to dynamically change the composi-
tion of the incoming airflow, e.g. to spiking the ambient 
airflow with NO as in our experiments and to measure 
changes in soil-atmosphere exchange rates of trace gases 
with such precision and accuracy. The developed meso-
cosm system is based on a previous version described 
earlier (Arias-Navarro et al. 2017), but has significant 
advantages regarding the control of air flows by flow con-
trollers, the possibility of both soil and headspace flush-
ing, or the simultaneous measurement of C and N trace 
gas fluxes with only one state-of-the-art quantum cascade 
laser instrument. The latter not only allowed us to meas-
ure trace gas concentrations with the highest precision but 
also to simplify and automate flux calculations using a 

standardized, customized R script, which was key for qual-
ity assurance and control of measurements. In addition, the 
system allowed us to monitor soil C and N trace gas fluxes 
from 12 mesocosms with high temporal resolution (length 
of measurement cycle for all 12 soil mesocosms 144 min), 
which is a prerequisite for observing short-term responses 
of soil-atmosphere trace gas flux changes, e.g. in response 
to rewetting, fertilization or changes in gas composition 
(e.g. Butterbach-Bahl et al. 2004; De Rosa et al. 2018; 
Wang et al. 2011).

Effects of soil moisture and fertilizer application 
on soil C and N trace gas fluxes

In agreement with many previous studies (Kechavarzi et al. 
2010; Schindlbacher et  al. 2004; Wu et  al. 2017), pro-
nounced effects of soil moisture changes on CO2, N2O, and 
NO fluxes and trace gas flux ratios were observed. In our 
experiments, initial soil re-wetting triggered a peak in soil 
respiration, which can be explained by the Birch effect, i.e. 
the rapid mineralization of easily degradable organic carbon 
substances originating from dead microbial biomass or in 
response to osmotic stress (Leitner et al. 2017a; Moyano 
et al. 2013; Unger et al. 2010). A pulse of N2O emissions 
after rewetting was also detected, although delayed by about 
8–10 h compared to CO2 and only for soils rewetted to 50% 
WFPS, but not for NO. The latter is surprising, as the few 
available field and laboratory datasets reporting changes in 

Table 2   Cumulative N and C trace gas fluxes (mean ± SE, unit mg N or C m−2) and trace gas ratios for different experimental phases

Gas species %WFPS Experimental phase (Days) Phase 1 (0-1) Phase 2 (5-7.5) Phase 3 (7.5-9) Phase 4 (12-17) ∑Phase 1-4 (0-17)

NO
30 NO0 0.15 ± 0.01 4.30 ± 0.18 4.98 ± 0.24 9.70 ± 2.0 19.1 ± 2.1

NO400 0.13 ± 0.01 3.76 ± 0.21 4.40 ± 0.23 9.73 ± 1.06 18.0 ± 1.6

50 NO0 0.02 ± 0.03 0.69 ± 0.10 1.29 ± 0.16 4.82 ± 0.44 6.8 ± 0. 7
NO400 0.06 ± 0.09 0.58 ± 0.19 1.00 ± 0.10 4.22 ± 0.17 5.9 ± 0.2

N2O
30 NO0 0.05 ± 0.02 0.93 ± 0.11 0.67 ± 0.10 1.96 ± 0.11 3.6 ± 0.3

NO400 0.04 ± 0.02 0.78 ± 0.04 0.53 ± 0.04 1.82 ± 0.08 3.2 ± 0.1

50 NO0 0.35 ± 0.23 1.62 ± 0.31 1.70 ± 0.27 11.2 ± 2.5 14.9 ± 2.6
NO400 0.35 ± 0.12 1.54 ± 0.34 1.23 ± 0.26 11.6 ± 2.7 14.7 ± 3.2

NO2

30 NO0 0.0 ± 0.0 0.020 ± 0.001 0.05 ± 0.00 0.10 ± 0.02 0.17 ± 0.02
NO400 0.0 ± 0.0 0.016 ± 0.001 0.04 ± 0.00 0.08 ± 0.02 0.14 ± 0.02

50 NO0 0.0 ± 0.0 0.002 ± 0.001 0.01 ± 0.00 0.09 ± 0.01 0.10 ± 0.01
NO400 0.0 ± 0.0 0.001 ± 0.001 0.01 ± 0.00 0.09 ± 0.00 0.09 ± 0.00

CO2

30 NO0 1506 ± 754 2315 ± 222 1473 ± 51 3484 ± 162 8778 ± 773
NO400 1066 ± 102 2073 ± 39 1487 ± 93 3613 ± 66 8239 ± 124

50 NO0 741 ± 54 2202 ± 203 2229 ± 58 7010 ± 339 12182 ± 492
NO400 839 ± 95 1932 ± 353 1840 ± 283 6398 ± 403 11010 ± 1015

CH4

30 NO0 -0.01 ± 0.07 -0.01 ± 0.15 -0.01 ± 0.12 0.01 ± 0.11 -0.01 ± 0.34
NO400 -0.01 ± 0.07 -0.00 ± 0.16 -0.02 ± 0.12 -0.00 ± 0.16 -0.03 ± 0.37

50 NO0 0.01 ± 0.21 -0.37 ± 0.44 -0.01 ± 0.11 -0.11 ± 0.450 -0.48 ± 0.60
NO400 -0.03 ± 0.21 0.08 ± 0.24 -0.02 ± 0.07 -0.06 ± 0.49 -0.02 ± 0.53

Trace gas ratios

Ratio 30

NO0

CO2:N2O 30584:1 2485:1 2191:1 1782:1 2432:1
CO2:NO 9802:1 539:1 296:1 359:1 459:1
N2O:NO 0.3:1 0.2:1 0.1:1 0.2:1 0.2:1

NO400

CO2:N2O 26138:1 2653:1 2783:1 1984:1 2593:1
CO2:NO 8077:1 551:1 338:1 372:1 457:1
N2O:NO 0.3:1 0.2:1 0.1:1 0.2:1 0.2:1

Ratio 50

NO0

CO2:N2O 2106:1 1362:1 1309:1 625:1 819:1
CO2:NO 32203:1 3202:1 1729:1 1454:1 1786:1
N2O:NO 15.3:1 2.4:1 1.3:1 2.3:1 2.2:1

NO400

CO2:N2O 2396:1 1254:1 1496:1 551:1 747:1
CO2:NO 14372:1 3341:1 1836:1 1517:1 1880:1
N2O:NO 6.0:1 2.7:1 1.2:1 2.8:1 2.5:1

*For the different experimental phases see e.g. Figure 4. Up and down arrows indicate ± 10% changes in mean trace gas fluxes comparing NO400 
with control NO0
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Fig. 5   Soil NO fluxes affected 
by two different soil moisture 
levels (30% [a] and 50% [b] 
WFPS) and two different ambi-
ent NO concentrations (NO0 
and NO400) used for soil and 
headspace flushing. Note: Verti-
cal grey hashed colums indicate 
periods when soil surface fluxes 
could not be measured because 
the soil was flushed from below. 
Measurements are presented 
as mean ± standard error (SE) 
(N = 6)
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soil NO and N2O fluxes after re-wetting report simultaneous 
stimulation of both N trace gas fluxes (Butterbach-Bahl et al. 
2004; Hickman et al. 2021; Leitner et al. 2017b; Senbayram 
et al. 2022). We assume that the NO peak may be masked by 
the first soil gas flushing period, although this still implies 
that the rewetting N2O flux pulse starts before a possible 
pulse in NO fluxes. Please also note that the results may be 
soil-type specific, depending on the phenotypic potential of 
the microbial community, and that the expression of N2O 
reductase is delayed at higher availability of N-oxide sub-
strates, including NO (e.g. Highton et al. 2022).

Over the entire 17-day experiment, CO2 and N2O fluxes 
were about 25% and 500% higher at 50% WFPS compared 
to 30% WFPS, about the same for CH4, but about 60% lower 
for NO (Table 2). Soil respiration is known to be stimulated 
up to an optimum with increasing soil moisture as long as O2 
availability is not limited by gas diffusion limitations (Linn and 
Doran 1984; Manzoni et al. 2012). However, the optimum soil 
moisture for microbial activity is dependent on soil properties 
such as texture and organic matter content (Setia et al. 2011), 
and climate history (Evans et al. 2022). The strong stimula-
tion of N2O fluxes in the soil re-wetted to 50% WFPS, while 
NO fluxes were strongly reduced compared to soils re-wetted 
to 30% WFPS, indicates that at 50% WFPS, anaerobic micro-
sites developed in the soils used in our experiments and that 
likely coupled nitrification–denitrification processes were 
occurring (Butterbach-Bahl et al. 2013). The observed N2O: 
NO ratio as well as CO2:N2O and CO2:NO ratios were in the 
range of 0.1–0.3:1, 550–30000:1, and 300–32000:1, respec-
tively (Table 2). Such wide ranges of trace gas ratios and their 
dynamic changes in response to re-wetting have also been 
observed in field and laboratory studies (e.g. Butterbach-Bahl 
et al. 2004; Wang et al. 2013), Despite the limited number of 
studies, only a select few have reported on simultaneous meas-
urements of CO2, N2O, and NO fluxes from soils. Most striking 
is the change in the N2O:NO ratio from 0.2:1 for soils re-wetted 
to 30% WFPS to 2.2–2.5: 1 for soils re-wetted to 50% WFPS. 
This indicates that most likely nitrification was the dominant 
process for N trace gas production in soils re-wetted to 30% 
WFPS, whereas denitrification may have been the dominant 
process for N trace gas production (and consumption in the case 
of NO) at the higher soil moisture (Skiba et al. 1992; Yao et al. 
2019). However, since NO is an intermediate in the nitrification 
process, the change in the N2O:NO ratio may also be due to the 
production of N2O by nitrification–denitrification (Stein 2019).

Fertilization of the soils resulted in an immediate increase in 
NO fluxes for the soils rewetted to 30%, whereas this was not 
observed for the wetter soil, although for this soil N2O emissions 
eventually increased significantly a few days after fertilization 
(Figs. 5, and 6). Such significant differences in the response of 
NO and N2O emissions to fertilization could be explained by 
the stimulation of anaerobic microsites in the soil due to the 
increased availability of inorganic N for microbial metabolism 

(Tian et al. 2020; Wang et al. 2024), although this interpretation 
is not supported by our measurements of soil CO2 respiration 
fluxes, which hardly changed in response to fertilization (Fig. 4).

Effects of background NO concentrations on C and N 
trace gas fluxes

To our knowledge, this is the first study to investigate the 
effect of different ambient NO concentrations on the fluxes 
of N2O, NO, CO2, and CH4. The applied NO concentrations, 
either close to zero (< 10 ppbv NO for NO0) or around 400 
ppbv NO (NO400), are representative of the range of NO con-
centrations in soil air as found in a study covering a whole 
year with measurements at sub-daily resolution for a forest 
soil stand in southern Germany (Medinets et al. 2019). NO is 
known to act as an important regulator of microbial functions, 
and in the context of this study, its importance in assisting 
microbes to adapt to anaerobic conditions, in biofilm forma-
tion, or inhibiting nitrite-oxidizing bacteria (Courtens et al. 
2015; Medinets et al. 2015) is likely to be the most important, 
as such effects can be traced to changes in soil C and N trace 
gas fluxes. When comparing NO0 and NO400, a decrease in 
soil C and N trace gas fluxes was observed in most cases 
and during all phases, except the first phase of soil rewetting. 
However, these effects remained insignificant due to the vari-
ability of the effects between soil mesocosms and the rather 
small changes in fluxes observed, which were in the range of 
-10 to -20%. Nevertheless, our results suggest that elevated 
soil NO concentrations negatively affect microbial respiration, 
CH4 oxidation, and NO and N2O emissions, but definitive 
proof of such a negative effect will require additional longer-
duration experiments with a higher number of replicates, 
although our experiments were already run with six replicates.

Conclusion

We have successfully developed and tested a mesocosm sys-
tem that can be used to automatically measure small changes 
in soil-atmosphere trace gas fluxes with high temporal resolu-
tion as a function of ambient air background concentrations, 
in order to better understand the controls on soil microbial 
processes or how pollutants may affect them. While we did 
not find significant effects of elevated background NO con-
centrations on soil C and N trace gas fluxes, still there was 
a tendency for fluxes to decrease at elevated NO concentra-
tions, probably due to reduced microbial activity in the soil. 
Further experiments, including plants and vital rhizosphere 
activity, are needed to confirm potential effects.
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