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Abstract 

For the study of soil-atmosphere exchange of green-house gases, a commonly adopted method is to monitor the change of gas 

concentrations in closed chambers. Accurate determination of CO2, CH4, and N2O concentrations is therefore essential for 20 

reliable flux estimations. This study compares two techniques to determine these gas concentrations: Gas Chromatography 

(GC) and mid-infrared laser absorption spectroscopy (LAS). We compared both techniques by carrying out simultaneous 

chamber measurements under field conditions on two separate days covering a range of fluxes. The GC method involved 

syringe sampling into gas-tight vials and subsequent laboratory analysis. In contrast to that, a LAS analyzer was directly 

connected to the chambers (tubing system) and thus enabled real-time, high-temporal resolution data. We calculated gas fluxes 25 

based on GC- and LAS-derived concentration measurements, using seven distinct flux calculation setups, including systematic 

variations in chamber enclosure times (30, 20 and 10 min) for LAS data. Across both measurement days, the comparison 

resulted in a high level of agreement for determined CO2 fluxes with a normalized Root Mean Square Error (nRMSE): 5.79 – 

16.70 %. A high level of agreement between the methods was also observed for N2O fluxes (nRMSE: 14.63 – 24.64 %). In 

contrast, there was a comparatively low agreement between methods for CH4 fluxes (nRMSE: 88.42 – 94.54 %). N2O and CH4 30 

fluxes highlighted the superior precision of LAS, as it detected significant fluxes (> minimum detectable flux) that were not 

significant with GC. For CH4 this explains the low agreement between methods regarding arable soils that are dominated by 

(low) CH4-consumption fluxes. 
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1. Introduction  

Various methods are available to determine greenhouse gas (GHG) fluxes at the atmosphere-soil interface. A common and 35 

versatile approach to determine GHG fluxes like carbon dioxide (CO2), nitrous oxide (N2O), and methane (CH4) in field 

experiments is the closed chamber method, where the soil surface is temporarily covered by a chamber attached to a collar that 

is permanently anchored in the soil to ensure an air-tight seal when the chamber is placed on top of it (Livingston and 

Hutchinson, 1995). The gas flux rate is then calculated based on the measured change in gas concentration within the chamber 

headspace over time, using either a linear or non-linear model (Lundegardh, 1927; Hutchinson and Mosier, 1981; Yu and Yao, 40 

2017; Maier et al., 2022). Ultimately, numerous analytical techniques are available for measuring these GHG concentrations, 

with decisions influenced by specific research questions and logistical feasibility. Gas concentrations required for flux 

calculations can be determined through real-time monitoring using online analyzers, or by collecting gas samples with syringes 

for subsequent analysis via gas chromatography (GC), followed by peak integration and calculation of gas concentrations to 

estimate fluxes. In both cases, flux calculation procedures demand variables according to the ideal gas law such as chamber 45 

volume, temperature and local atmospheric air pressure and the resulting flux rates are subsequently referenced to the covered 

soil surface (Livingston and Hutchinson, 1995). 

Besides the chamber design, the choice of the gas analytical technique can be an influential factor estimating GHG fluxes 

in the ecosystems under investigation. For example, a comparison between cavity ring-down spectroscopy (CRDS) and GC 

(Christiansen et al., 2015a) showed that CRDS resulted in higher calculated CO2 fluxes, provided comparable results for N2O, 50 

and was significantly more sensitive for CH4
 fluxes compared to GC. The authors concluded, that both CRDS and GC were 

equally effective in capturing treatment effects for CO2 and N2O in laboratory and field settings, whereas this was not the case 

for CH4. Zheng et al. (2008) pointed out, that measuring N2O concentrations using GC with an Electron Capture Detector 

(ECD), the common practice using nitrogen (N2) as a carrier gas can lead to overestimated N2O emissions, especially in the 

presence of CO2 or from weak sources (< 200 μg N m-2 h-1). To address this issue, they suggest using alternative methods, for 55 

instance chemical removal of CO2. Although the GC has commonly been used in the past, new modern online analyzers based 

e.g. on mid-infrared laser absorption spectroscopy (LAS) allow real-time concentration measurements within the chamber 

where analytical values are immediately displayed, as opposed to the GC analysis which does not allow this in most cases due 

to the time gap between taking samples and subsequently analyzing them; exceptions being a GC mounted in a van or container 

in the field to a multiplexer plus automated chamber system (e.g. Flessa et al., 2002; Yao et al., 2009). An immediate display 60 

of the measured concentration, e.g. with an LAS analyzer, provides the advantage of immediate detection of methodical set-

up issues, such as leaks in chambers or tubing, enabling corrections or repetitions as necessary. Furthermore, LAS often offer 

higher analytical precision, thus enabling the detection of smaller flux rates and more precise measurements within the low 

concentration range, which means that the minimum detectable flux (MDF) is reduced notably (Christiansen et al., 2015a; 

Nickerson, 2016).  65 
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Several components of the closed chamber method significantly affect MDF, including chamber size, closure duration, 

sampling frequency during closure (i.e., periodicity), and the analytical precision of gas analysis technique. Substantial 

advancements in analytical precision and temporal resolution have led to markedly improved accuracy of GHG flux 

measurements, enabling shorter chamber closure times (Brümmer et al., 2017; Johannesson et al., 2024) and thereby 

minimizing disturbance and flux gradient alteration (Livingston and Hutchinson, 1995; Maier et al., 2022). This study aims to 70 

serve as a pilot study on the comparability of the classic GC method and fast developing LAS analyzers. A challenge of 

adoption of new technology is also that it changes the inherent measurement uncertainties, thus, knowledge about the impact 

of the gas analytical method on the gas fluxes are required (Cowan et al., 2025; Kong et al., 2025). Thus, the objective is to 

assess how closely the GHG flux values from both methods align and to evaluate the limitations of each method in terms of 

measurement accuracy. For this purpose, we conducted closed chamber measurements using simultaneously static (GC) and 75 

dynamic (LAS) approaches under field conditions and calculated the corresponding MDF. 

2. Material and methods 

2.1. Site description 

The measurements were carried out in a long-term field experiment (LTE), initiated in 2010, which is well described in Bilibio 

et al. (2025)Klicken oder tippen Sie hier, um Text einzugeben.. The LTE is located near Neu-Eichenberg, Hesse, Germany 80 

(223 m asl., 51°22‘N 9°54‘E), within an organic research station operated by the University of Kassel which is further 

described in Leisch et al. (2025). The geological formation (Keuper) is covered by a loess layer up to a thickness of 1.8 m. The 

soil, characterized as a silty loam, is classified as a Luvisol (Obalum et al., 2019). It consists of 13 % clay, 84 % silt, and 3 % 

sand, with an organic matter content of 2 % (Schmidt et al., 2017). Over a 30-year period (1991 to 2020), the average annual 

temperature recorded was 9.3 °C, accompanied by an average annual precipitation of 663 mm. The climate is categorized as 85 

warm-temperate and fully humid with warm summers (Kottek et al., 2006) i.e. Cfb according to the Köppen-Geiger climate 

classification. 

2.2 Experimental design and flux estimation 

For the method comparison between GC and LAS, fluxes were determined at two dates (21st September 2023 after winter 

wheat and tillage, and on 24th March 2024 in the subsequent clover-grass mixture) in plots (Fig. 1) containing two treatments, 90 

which differed also in organic fertilization (both treatments were fertilized with 100 kg N ha-1 as hair meal pellets; one treatment 

additionally received green waste compost at 5 t ha-1 a-1 (dry matter)), replicated four times. This resulted in sixteen sets of 

comparative data. Gas samples were taken from the chamber by LAS and with syringes and subsequent analysis by GC. In our 

study, we compared both methods by carrying out simultaneous measurements with closed chambers using the static and 

dynamic approach, respectively. The chambers were made from non-transparent PVC and fitted with a fan, thermometer, vent 95 

(Hutchinson and Livingston, 2001), and a closable opening to prevent pressure pumping during placement. On average, the 
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soil collars (50 x 50 cm) were installed up to a soil depth of 12 cm, the chamber itself had a dimension of 50 cm x 50 cm x 50 

cm. The total volume of the setup, including measurement cells, filters, tubes and chambers depends on the depth of the soil 

collars, which was determined for each collar individually and was on average 0.1576 m3 (157.56 liters). Tubes were made of 

Polytetrafluorethylen (PTFE). The enclosure time of the chambers was 30 minutes and for each chamber measurement, the 100 

initial and final temperature (Probe thermometer, LT-101, TFA Dostmann GmbH & Co. KG, DE) values were averaged for the 

flux calculation. Local air pressure data was obtained from a nearby (~200 m distance) weather station (ATMOS 41, METER 

Group, Munich, DE).  

 

 105 
Figure 1: Field sampling after winter wheat and tillage on 2023-09-21 (a) and in a clover grass mixture on 2024-03-24 (b). 
 

We analyzed the gases CO2, N2O and CH4 simultaneously, (i.) in real time on the field with a MIRA Ultra N2O/CO2 and a 

MIRA Ultra Mobile LDS: CH4/C2H6 analyzer using LAS (Direct Absorption) (AERIS Technologies, Inc., USA) connected with 

a multiplexer PRI-8600D (Pri-eco Technology Co. LTD, CHN), and (ii.) by taking gas samples with syringes at six points in 110 

time and subsequent analysis by GC.  For GC analysis, the samples were transferred to pre-evacuated 12 ml glass vials with 

grey chlorobutyl rubber septa (Labco Limited, UK). The vials were filled with slight overpressure (~20 ml gas sample squeezed 

into the 12 ml container). The GC used was a Bruker Model 450 (Bruker Corp., USA) with three separate detectors: Thermal 

Conductivity Detector (TCD) for CO2, Flame Ionization Detector (FID) for CH4 and Electron Capture Detector (ECD) for 

N2O. Before each run, four standard gases (SG) (DEUSTE Gas Solutions GmbH, DE) were used, in ascending concentration 115 

order, for calibration (see Table A1). In addition, a vial of standard gas three (SG 3) was measured every 43 samples as a 

control. 

Prior to flux calculation, we removed the first and last 30 seconds from the LAS datasets to minimize potential disturbances 

caused by chamber closure and opening, resulting in a total of 1740 s (i.e. ~1740 data points) for the flux calculation. From 

here on, however, this approach is referred to as a 30-minute chamber closure time. In a first step, fluxes were calculated based 120 
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on the full 30-minute chamber closure period using two different R packages: gasfluxes (version 0.4-4) (Fuss and Hüppi, 

2024), which is commonly applied to GC data but not typically used with high-frequency LAS measurements, and goFlux 

(version 0.2.0) (Rheault et al., 2024), which is specifically designed for high-frequency and data incorporates corrections for 

water vapor dilution (LI-COR, 2023). GC data were processed using gasfluxes, while LAS data were analyzed with both 

gasfluxes and goFlux. To reduce the influence of model selection on the results, we applied robust linear regression (provided 125 

in the goFlux script and accounts for the weighting of outlier data points in flux calculation) to the GC data and standard linear 

regression to the LAS data. For the GC data, please note that for each of the three gases studied, the robust linear algorithm of 

the gasfluxes script applied robust weighting in only 8 out of 16 flux calculations. The remaining flux calculations did not 

differ from those obtained using ordinary linear regression. In a second step, we calculated the LAS-based fluxes using the R 

package goFlux (Rheault et al., 2024). To evaluate whether shorter measurement intervals with the LGA-derived fluxes could 130 

still yield results comparable to those from GC measurements, we shortened the LAS dataset to the initial 20 and 10 minutes 

to simulate shorter chamber enclosure times and recalculated fluxes using the goFlux script. This approach to use goFlux for 

LAS data, is supposed to reflect common practice, where shorter chamber measurement durations are often used. These were 

then compared to GC fluxes based on the full 30-minute measurement period. Subsequently, we implemented a flux selection 

procedure to ensure that the best-fitting model was applied for each flux calculation. Specifically, we employed the MDF 135 

approach described by Nickerson (2016) (Eq. 3) to determine the kappa max threshold following Hüppi et al. (2018) (Eq. 5). 

Based on whether the calculated kappa value exceeded or fell below this threshold, either a linear or a non-linear model 

(Hutchinson and Mosier Regression model, HMR) (Hutchinson and Mosier, 1981) was selected accordingly. As a result, these 

flux calculation setups facilitated the comparison of seven distinct approaches: (1) GC data, calculated with the gasfluxes 

package and robust linear regression (GC_gasf_rl), (2) GC data, calculated with the gasfluxes package and model selection 140 

(GC_gasf), (3) LAS data, calculated with the gasfluxes package and linear regression (LAS_gasf_30_l), (4) LAS data, 

calculated with the goFlux package and linear regression (LAS_gof_30_l), (5) LAS data, 30 minute dataset, calculated with 

the goFlux package and model selection (LAS_gof_30), (6) LAS data, 20 minute dataset, calculated with the goFlux package 

and model selection (LAS_gof_20), (7) LAS data, 10 minute dataset, calculated with the goFlux package and model selection 

(LAS_gof_10). 145 

All flux estimates were multiplied with a flux term: 

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓. 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =   𝑉𝑉 𝑀𝑀 𝑃𝑃
𝑆𝑆 𝑅𝑅 𝑇𝑇

   (1) 

where V is the total chamber volume (m3), M is the molar mass of the measured gas (mol), P is the local atmospheric air 

pressure (Pa), S is the soil surface covered by the chamber (m2), R is the universal gas constant (8.314 J m3 Pa mol-1 K-1) and 

T is the temperature inside the chamber (K).  150 
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Additionally, the goFlux package corrects for the dilution effect caused by the increase of water vapor inside the chamber 

during the measurement (LI-COR, 2023), expressed as follows: 

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓. 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 =  (1−𝐻𝐻2𝑂𝑂) 𝑉𝑉 𝑃𝑃
𝑆𝑆 𝑅𝑅 𝑇𝑇

                  (2) 

Please note, that in the goFlux script, V is given in liters (L) and therefore R in L kPa K-1·mol-1. The term for M is omitted, as 

fluxes in the script are calculated in mol and H2O is the water vapor (mol mol-1). Subsequently, the values were converted to 155 

the same units as in the gasfluxes script (CO2 (g m-2 h-1), N2O and CH4 (mg-2 h-1)), using the respective values for M. 

The methodical detection limit for the measured fluxes was determined based on MDF following the approach of Nickerson 

(2016). The MDF (CO2 (g m-2 h-1), N2O and CH4 (mg-2 h-1)), was calculated as follows: 

𝑀𝑀𝑀𝑀𝑀𝑀 =  𝐴𝐴𝐴𝐴

𝑡𝑡𝑡𝑡�𝑡𝑡𝑐𝑐
𝑝𝑝𝑠𝑠

� 𝑉𝑉𝑉𝑉
𝑆𝑆𝑆𝑆𝑆𝑆

 �       (3) 

where AA is the analytical precision of the instrument (ppm), tC is the closure time of the chamber (h), and pS is the sampling 160 

periodicity (h), whereby 𝑉𝑉 and R again given in in the same units as in Eq. (1). The variables V, P, and T were averaged over 

the measurement period covering eight plots (chamber measurements) for each of the two measurement days. The analytical 

precisions (AA) according to the manufacturer of the LAS analyzer were 200 ppb for CO2, 0.001 ppb for CH4, and 0.0002 ppb 

for N2O. The sampling frequency was 1 Hz and the analytical accuracy AA for the two GC runs was calculated following 

Christiansen et al. (2015b): 165 

𝐴𝐴𝐴𝐴 = 3 ∙ 𝑡𝑡99% ∙ 𝑆𝑆𝑆𝑆                                                                  (4) 

where t99% is the t value at the 99 % confidence interval at df = 4 (4.604) and SD is the standard deviation of five samples 

standard gas 3 (SG 3, see Table A1) within one run. The average AA of the two GC runs was 90.6 ppm for CO2, 0.4 ppb for 

CH4, and 0.1 ppb for N2O.  

In methodological reference to Hüppi et al. (2018) the kappa max threshold (k.max (h-1)) was calculated as follows: 170 

𝑘𝑘.𝑚𝑚𝑚𝑚𝑚𝑚 =
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑀𝑀𝑀𝑀𝑀𝑀 𝑡𝑡𝐶𝐶

                                                              (5)       

On the first day of measurements (2023-09-21), the data set showed gaps for LAS data after 20 minutes in two out of eight 

plots. For all scatterplots analyses only complete datasets were used. To avoid introducing inconsistencies in the method 

comparisons based on boxplot representations, the flux values for these plots were calculated based on the available 20-minute 
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data and copied to in the 30-minute dataset. This decision was further supported by the observation that the differences between 175 

the 20- and 30-minute measurements were minimal. 

2.3. Statistical analysis 

To evaluate the linear relationship between the analytical approaches, we first calculated Pearson’s correlation coefficient.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

The deviation of absolute fluxes was quantified using the Root Mean Square Error (RMSE), which measures the average 

magnitude of differences between paired observations. To facilitate interpretation and enable comparison across different flux 180 

magnitudes, we additionally calculated the normalized RMSE (nRMSE) by dividing RMSE by the means across the compared 

observations for each compared data set (five comparisons: see Table 2, 3 and 4). This approach does not assume one method 

as a “true” reference but rather assesses relative agreement between the two methods. The resulting nRMSE was expressed as 

a percentage, allowing for a standardized evaluation of method agreement independent of the absolute flux magnitude. 

Additionally, flux values from the seven different approaches were compared using a Kruskal–Wallis to test  for significant 185 

differences, since the data was not normally distributed. 

3. Results 

The comparison of calculated MDF for CO2, N2O, and CH4 showed that the LAS method yields much lower MDFs than the 

GC method for all gases and chamber enclosure durations (Table 1). In the case of LAS, however, flux magnitude sensitivity 

decreases with shorter enclosure times, as indicated by increasing MDF values. Overall, CO2 fluxes obtained from the GC and 190 

LAS methods generally agree well (Fig. 2, Tab. 2). Figure 2a shows GC-derived fluxes (gasfluxes script, robust linear 

regression) plotted against GA-derived fluxes for a 30-minute chamber closure time, using the two calculation scripts gasfluxes 

(linear regression) and goFlux (linear regression). Most data points align closely with the line of equality, indicating a strong 

agreement between GC and LAS, as well as between both LAS-based calculation approaches. Figure 2b presents fluxes based 

on flux-model selection derived from GC fluxes (gasfluxes script), compared to LAS fluxes with different enclosure durations 195 

(30, 20 and 10 minutes) calculated using the goFlux script that were also selected using the same flux-model selection 

approach. For all CO2-LAS fluxes calculated using the goFlux script, the flux selection algorithm applied in a second step 

resulted in HMR model fits for all fluxes. In contrast, flux selection for the GC fluxes (gasfluxes script) could only be carried 

out to a limited extent (31 %). This is because HMR models and the corresponding kappa values were available for only a 

minority of these fluxes, as the script’s internal diagnostics considered the HMR model unsuitable in most cases. The data 200 

points cluster closely around the line of equality across all closure durations, with high correlation coefficients (r≈1), resulting 

in nRMSE values below 17 % (Table 2). The greatest scatter is observed for the 10-minute duration, indicating lower 

agreement. All fluxes exceeded the MDF and the median of the flux magnitudes of the investigated methodological approaches 

was relatively similar whereas the median of the GC fluxes was in tendency higher (Fig. 2c).  

 205 
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Table 1: Minimum detectable fluxes (MDF) for CO2, CH4, and N2O, based on the approach by Nickerson (2016), using Gas 
Chromatography (GC) and mid-infrared laser absorption spectroscopy (LAS). Calculations were performed for a 30-minute 
chamber closure duration (GC_30 and LAS_30), as well as for shorter durations of 20 and 10 minutes using the LAS (LAS_20 and 210 
LAS_10). Data represents averages from two measurement days. 

Method CO2 × 10-5 (g m-2 h-1) N2O × 10-5 (mg m-2 h-1) CH4 × 10-5(mg m-2 h-1) 

GC_30 940 960 1,510 

LAS_30 1.13  1.13 2.05 

LAS_20 2.04 2.04 3.72 

LAS_10 6.00 6.00 10 
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Figure 2: Comparison of CO2 fluxes derived from gas chromatography (GC) and mid-infrared laser absorption spectroscopy (LAS) 215 
measurements using different chamber closure durations and calculation approaches. (a) GC derived fluxes for a 30-minute 
chamber closure duration, calculated using the gasfluxes script with robust linear regression (GC_gasf_rl), are plotted against LAS 
derived fluxes also for a 30-minute closure duration. The LAS fluxes were calculated using either the gasfluxes script 
(LAS_gasf_30_l) or the goFlux script (LAS_gof_30_l), both with linear regression. (b) Model-selected GC fluxes for a 30-minute 
closure duration using the gasfluxes script (GC_gasf_30) are compared to model-selected LAS fluxes using the goFlux script for 30, 220 
20, and 10-minute closure durations (LAS_gof_30, LAS_gof_20, LAS_gof_10). In both panels (a) and (b), the black line represents 
the line of equality, while coloured lines indicate regression lines for the respective approaches. For CO2, all flux values exceeded 
the minimum detectable flux (MDF). (c) Boxplots of all calculated CO2 fluxes across methods and durations (n = 16). For the 
summary of the mathematical analysis underlying the scatter plot comparisons, see Table 2. 

 225 
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Table 2: Regression results comparing CO2 fluxes derived from Gas Chromatography (GC) and mid-infrared laser absorption 
spectroscopy (LAS) with varying chamber closure times and calculation scripts. Displayed are the correlation coefficient (r), 
regression equation, root mean square error (RMSE), and normalized RMSE (nRMSE). 

Method r Equation RMSE (g m-2 h-1) nRMSE (%) 

LAS_gasf_30_l vs. GC_gasf_rl 1.00 y = 0.09 + 0.94x 0.057 5.79 

LAS_gof_30_l vs GC_gasf_rl 1.00 y = 0.08 + 0.96x 0.057 5.80 

LAS_gof_30 vs. GC_gasf 1.00 y = 0.07 + 1.01x 0.086 8.51 

LAS_gof_20 vs. GC_gasf 1.00 y = 0.07 + 1.02x 0.100 9.38 

LAS_gog_10 vs. GC_gasf 0.97 y = 0.08 + 1.03x 0.176 16.70 

 

For N2O, a generally good agreement was also observed between the flux values derived from GC and LAS flux estimation 230 

(Fig. 3, Table 3). This was observed both, without (Fig. 3a) and with the flux selection procedure (Fig. 3b). For N2O, flux 

selection for LAS fluxes calculated with the goFlux script always resulted in HMR models. In contrast, model selection for 

GC fluxes using the gasfluxes script was only possible for a small subset of fluxes (18 %) due to the absence of HMR models 

and corresponding kappa values (HMR diagnostics). Notably, obtaining HMR models with GC fluxes was only possible on 

the first measurement day, when an N2O emission pulse occurred. The values cover a wide range of flux magnitudes, including 235 

very low and relatively high values. The data points align closely along the line of equality, and only a few GC measurements 

fell below the MDF (low flux range), whereas all LAS fluxes (even small negative fluxes) were above the MDF. The median 

flux magnitudes were relatively similar overall, with the GC fluxes tending to be higher, as was also observed for CO2. The 

nRMSE varied between 14.63 % and 24.64 %, with the highest values corresponding to the shortest LAS closure time (10 

minutes), as also observed for CO2. 240 
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Figure 3: Comparison of N2O fluxes derived from gas chromatography (GC) mid-infrared laser absorption spectroscopy (LAS) 
measurements using different chamber closure durations and calculation approaches. (a) GC derived fluxes for a 30-minute 
chamber closure duration, calculated using the gasfluxes script with robust linear regression (GC_gasf_rl), are plotted against LAS 
derived fluxes also for a 30-minute closure duration. The LAS fluxes were calculated using either the gasfluxes script 245 
(LAS_gasf_30_l) or the goFlux script (LAS_gof_30_l), both with linear regression. (b) Model-selected GC fluxes for a 30-minute 
closure duration using the gasfluxes script (GC_gasf_30) are compared to model-selected LAS fluxes using the goFlux script for 30, 
20, and 10-minute closure durations (LAS_gof_30, LAS_gof_20, LAS_gof_10).  In both panels (a) and (b), the black line represents 
the line of equality, while coloured lines indicate regression lines for the respective approaches. For N2O, only higher fluxes exceeded 
the minimum detectable flux (MDF) (points filled in black), whereas all LAS flux values exceeded the MDF (points filled in grey). 250 
(c) Boxplots of all calculated N2O fluxes across methods and durations, n = 16. durations (n = 16). For the summary of the 
mathematical analysis underlying the scatter plot comparisons, see Table 3. 
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Table 3: Regression results comparing N2O fluxes derived from Gas Chromatography (GC) and mid-infrared laser absorption 
spectroscopy (LAS) with varying chamber closure times and calculation scripts. Displayed are the correlation coefficient (r), 255 
regression equation, root mean square error (RMSE), and normalized RMSE (nRMSE). 

Method r Equation RMSE (mg m-2 h-1) nRMSE (%) 

LAS_gasf_30_l vs. GC_gasf_rl 1.00 y = 0 + 0.98x 0.010 15.01 

LAS_gof_30_l vs GC_gasf_rl 1.00 y = 0 + 1x 0.010 14.63 

LAS_gof_30 vs. GC_gasf 0.99 y = 0 + 1.02x 0.012 18.21 

LAS_gof_20 vs. GC_gasf 0.99 y = 0 + 1.04x 0.013 17.01 

LAS_gog_10 vs. GC_gasf 0.99 y = 0.01 + 1.03x 0.018 24.64 

 

Figure 4 illustrates the comparison of CH4 fluxes between GC and LAS methods without (Fig. 4a) and with model selection 

(Fig. 4b). In contrast to CO2 and N2O, the data points displayed substantial scatter, and the agreement with the line of equality 

was visible weaker (compare to Fig. 2 and 3) and the nRMSE values remarkable higher (compare to Tables 2 and 3). For CH4, 260 

flux selection for LAS fluxes calculated with the goFlux script always resulted in HMR models. In contrast, model selection 

for GC fluxes using the gasfluxes script was only possible for a minority of the fluxes (18 %) due to the absence HMR and 

kappa values, as a result of the script’s internal HMR diagnostics. Despite some spread, the flux value distributions across GC 

and LAS measurements appear broadly similar (Fig. 4c), without significant differences between the approaches, although the 

median of the GC data tended to be higher (more negative). All GC fluxes were below the MDF, whereas nearly all LAS fluxes 265 

except for one value with 10-minute enclosure time were above it. The regression analysis confirmed the visual impression of 

lower consistency. The correlation coefficients (r) remained below 0.54 in all cases and the nRMSE values ranged between 

88.42 % and 94.54 %, indicating relatively large relative deviations (Tab. 4).  
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Figure 4: Comparison of CH4 fluxes derived from gas chromatography (GC) and mid-infrared laser absorption spectroscopy (LAS) 270 
measurements using different chamber closure durations and calculation approaches. (a) GC derived fluxes for a 30-minute 
chamber closure duration, calculated using the gasfluxes script with robust linear regression (GC_gasf_rl), are plotted against LAS 
derived fluxes also for a 30-minute closure duration. The LAS fluxes were calculated using either the gasfluxes script 
(LAS_gasf_30_l) or the goFlux script (LAS_gof_30_l), both with linear regression. (b) Model-selected GC fluxes for a 30-minute 
closure duration using the gasfluxes script (GC_gasf_30) are compared to model-selected LAS fluxes using the goFlux script for 30, 275 
20, and 10-minute closure durations (LAS_gof_30, LAS_gof_20, LAS_gof_10). In both panels (a) and (b), the black line represents 
the line of equality, while coloured lines indicate regression lines for the respective approaches. For CH4, no GC flux values exceeded 
the minimum detectable flux (MDF), while almost all LAS flux values did (points filled in grey). Only one LAS flux fell below the 
MDF (indicated by an empty fill, located in the top right corner). (c) Boxplots of all calculated CH4 fluxes across methods and 
durations, n = 16. For the summary of the mathematical analysis underlying the scatter plot comparisons, see Table 4. 280 
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Table 4: Regression results comparing CH4 fluxes derived from GC and LAS methods with varying chamber closure times and 
calculation scripts. Displayed are the correlation coefficient (r), regression equation, root mean square error (RMSE), and 
normalized RMSE (nRMSE). 

Method r Equation RMSE (mg m-2 h-1) nRMSE (%) 

LAS_gasf_30_l vs. GC_gasf_rl 0.54 y = -0.01 + 0.55x 0.027 89.40 

LAS_gof_30_l vs GC_gasf_rl 0.54 y = -0.01 + 0.56x 0.027 89.34 

LAS_gof_30 vs. GC_gasf 0.52 y = -0.01 + 0.51x 0.028 91.36 

LAS_gof_20 vs. GC_gasf 0.51 y = -0.01 + 0.56x 0.027 88.42 

LAS_gog_10 vs. GC_gasf 0.46 y = -0.01 + 0.55x 0.028 94.54 

 285 
 

4. Discussion 

Overall, the measurement setup was suitable for a method comparison, as it enabled the detection of both high and low flux 

magnitudes across all three investigated gases. While possible treatment effects (two treatments) could have offered further 

insights, neither were statistically significant in the dataset and were therefore not investigated in detail.  The calculation of 290 

the MDF according to Nickerson (2016) revealed marked differences between the GC and LAS methods, which can be 

attributed to substantial disparities in analytical precision. As a result, the LAS method was able to detect significantly lower 

fluxes than the GC method, representing a clear analytical advantage. The LAS-method’s high sensitivity allowed for the 

detection of fluxes that would have remained below the detection threshold of the GC and would therefore have been classified 

as not significantly different from zero. Consequently, the enclosure time could be reduced substantially (e.g., to 10 minutes), 295 

as also recommended in other studies (Brümmer et al., 2017), without leading to a strong increase in the MDF, offering 

additional methodological flexibility and potential reduction of measurement duration-induced disturbances. 

For CO2, a high level of agreement was observed between the GC and LAS data pairs across all chamber durations and 

both scripts (gasfluxes and goFlux). The MDF was exceeded in all cases for both LAS and GC, facilitating comparability. 

Absolute flux values did not differ significantly between approaches, and the nRMSE remained low across all comparisons 300 

(max. 17 %, see Table 2). The regression slopes were close to 1, and intercepts near zero, indicating that both systems reliably 

captured actual CO2 fluxes under field conditions. In line with Cowan et al. (2025), this shows that the traditional and still 

widely employed closed static chamber method is not necessarily inferior to closed dynamic chamber approaches in situations 

where the measured fluxes are considerably larger than the analytical uncertainty. Depending on the study site and the research 

question, the choice between GC and LAS can then rather be guided by logistical and budgetary constraints.  305 
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For N2O, the comparison revealed clear differences between the two measurement days. On the first day, flux magnitudes 

were relatively high, likely caused by a recent tillage event (initial shallow tillage was performed with a rotavator (~4 cm 

depth), followed by deeper rotary tillage with a rotary tiller), and MDFs were exceeded by both methods. On the second day, 

however, flux magnitudes were low and, in some cases, negative. The capture of this N2O pulse, along with the very low to 310 

negative fluxes, demonstrated a strong agreement between methods, with only minimal error for the 30-min enclosure time 

(~15 %,) and a tolerable deviation for 10-min enclosure time (25 %) (see Table 3). Negative fluxes were consistently detected 

and quantified by the LAS method, whereas the GC measurements for these fluxes fell below the MDF, resulting in no 

significant difference from zero flux. This demonstrates the superior ability of LAS to measure very low N2O fluxes and even 

small net uptake events. Such negative fluxes are commonly attributed to the final step of denitrification, where N2O is reduced 315 

to N2 (Cavigelli and Robertson, 2001; Glatzel and Stahr, 2001; Butterbach-Bahl et al., 2002). Although these processes are 

well documented, they are frequently underestimated or omitted in flux datasets, as negative net fluxes often fall below 

detection thresholds. Chapuis-Lardy et al. (2007) highlight that this omission may lead to critical misinterpretations of the 

global N2O budget. The high analytical sensitivity of the LAS method could help to better integrate N2O sinks, but also very 

low N2O emissions into future flux assessments (Cowan et al., 2025; Triches et al., in review, 2025). 320 

The results for CH4 showed considerable divergence. All measured LAS-derived CH4 fluxes were negative, as were almost 

all GC-derived CH4 fluxes, as expected for well-aerated upland soils where CH4 oxidation by methanotrophic bacteria 

predominates (Hütsch, 1998; Powlson et al., 2014). While the LAS measurements consistently exceeded the MDF, the GC 

fluxes did not, likely resulting in a higher degree of uncertainty in the GC dataset and thus a lower ability to detect potential 

treatment effects in CH4 consumption rates. This discrepancy may have led to inflated variability in the GC results, particularly 325 

at low flux values (near zero). Even in the low concentration range, the LAS provided significant results (flux > MDF) for 

nearly all fluxes (with only one exception, with a 10-minute chamber enclosure time), highlighting its advantage in terms of 

flux sensitivity. Despite these differences and the low agreement of measured fluxes, the mean CH4 fluxes did not differ 

significantly between methods (see Fig. 4c), suggesting that any potential effects induced by treatment factors might be 

captured in a similar manner. However, the low correlation (r ≈ 0.5) and high nRMSE up to 95 % indicate that more extensive 330 

datasets for examples with more values exceeding MDF for GC fluxes are needed to validate this assumption. However, within 

this study, CH4 oxidation rates were in part comparatively high: CH4 oxidation rates in aerated soils rarely exceed values of 

0.1 mg m-2 h-1 (Le Mer and Roger, 2001), but in our case, we observed rates up to 0.8 mg m-2 h-1. This leads us to assume that 

more extensive data sets of simultaneous chamber measurements would not necessarily provide further clarity. For further 

investigations, reducing chamber volume may represent the most effective measure to minimize MDF. However, in field 335 

campaigns, this approach is often not feasible, as it is often  of interest to include plants within the chamber and also to level 

out spatial variability over capturing larger soil surfaces (e.g. heterogeneous distribution of solid manure and composts (Krauss 

et al., 2017)). For verification of the assumption, that treatment effects can be captured in a similar manner, both with GC and 

LAS, measuring a time series with different treatments and calculating cumulative fluxes is advisable. In any case, for well-

aerated soils using relatively large chamber setups, CH4 fluxes are generally expected to fall below the MDF for the GC 340 
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method. Consequently, under these conditions, the measurements obtained using LAS may be considered more reliable for 

investigating CH4 uptake and treatment effects on CH4 consumption in arable soils. 

 

The application of the goFlux script, including correction for water vapor inside the chamber during the measurement (dilution 

effect) (LI-COR, 2023), had only marginal effects on the absolute flux magnitudes and on the agreement between methods. 345 

This suggests that, in the present dataset, absolute humidity had little impact on flux calculations, despite noticeable differences 

between measurement days. This is in contrast to Kong et al. (2025), who found a significant effect of water vapor corrections 

on N2O fluxes, especially below 50 µg N2O-N m-2 h-1 (0.079 mg N2O m-2 h-1, own conversion), contributing to discrepancies 

in cumulated N2O emission estimates in a similar chamber-based method comparison campaign on Danish arable soils. The 

flux selection approach was applied according to Hüppi et al. (2018) (LAS and GC). While HMR models were selected in all 350 

cases for the LAS fluxes, the gasfluxes script only allowed HMR calculations for a minority of the GC fluxes (CO2: 31 %, N2O 

and CH4: 19%), as most did not meet the criteria defined by the script internal HMR diagnostics. On the first measurement 

day, when a high N2O emission peak occurred, 3 out of 8 fluxes could be calculated using the HMR model, while on the second 

measurement day, however, none could be fitted with HMR. This illustrates that applying HMR calculations to GC-based 

measurements is often problematic, particularly at very low flux magnitudes near the MDF. It remains unclear whether this is 355 

primarily due to the limited number of measurement time points (only six per chamber) or the lower analytical precision of 

the method, or a combination of both. Although the gasfluxes script’s internal HMR diagnostics allowed significantly more 

HMR model calculations for LAS compared to GC fluxes, it somewhat surprisingly still did not provide HMR models for all 

LAS fluxes, unlike the goFlux script. Nevertheless, when comparing the two methods (GC and LAS) with and without flux 

selection, it became apparent that there was only a small influence of the model selection procedure on our results and it did 360 

not significantly affect the relationship between the two methods over the 30-minute closure periods. In contrast, the shorter 

chamber closure durations had a more pronounced effect on the flux estimates. The relative error for CO2 and N2O was highest 

with the LAS when using a 10-minute closure time, compared to the GC fluxes, which were always based on a 30-minute 

enclosure. However, even in this case, the error remained within a moderate range for these two gases. Also, for CH4, reducing 

the enclosure time to 20 and 10 minutes had only a minimal effect on the calculated LAS-derived fluxes. In addition to the 365 

only slightly reduced MDF resulting from the shortened chamber enclosure durations (see above), this further highlights the 

LAS method’s suitability in terms of operational practicability and the reduction of measurement duration-induced disturbance 

of the gas concentration gradient and hence gas flux dynamics between soil and chamber atmospheres. 

  

Taken together, although no treatment effects were explicitly tested in this study, both GC and LAS approaches resulted in 370 

comparable flux magnitudes for CO2 and N2O, suggesting that both methods would very likely provide consistent results when 

assessing potential treatment effects. For CH4, flux magnitudes also did not differ significantly between methods; however, 

this apparent agreement is subject to considerably greater uncertainty, as indicated by the scatterplot analysis and the fact that 

GC fluxes were generally below the MDF and thus not significantly different from zero flux. However, for all three gases, a 
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pattern of slightly higher fluxes, measured by GC, was observed. The LAS offers several technical and analytical advantages: 375 

its low MDF allows for the detection of very small but significant CH4 and N2O fluxes; it permits shorter enclosure times 

without substantial increases in uncertainty; and it offers real-time measurements with minimal infrastructure requirements. 

These features enable faster, more flexible sampling and improve the resolution of short-term flux dynamics, such as during 

N2O pulse-emission events. At the same time, practical limitations of the LAS include high acquisition costs, increased 

vulnerability to environmental influences (e.g. dust, moisture, high temperature), and maintenance demands, which may affect 380 

measurement logistics under field conditions. 

5. Conclusion 

Biotic greenhouse gas (GHG) fluxes are often measured using the closed chamber method, but the choice of analytical 

instrumentation influences flux estimations and reliability of the results. In this study, we compared gas chromatography (GC) 

with mid-infrared laser absorption spectroscopy (LAS) based on simultaneous chamber measurements and derived the 385 

following conclusions: 

 

– The measurement days proved to be suitable for the comparison, as they covered a wide flux range across the 

investigated gases (CO2, CH4, and N2O) from well-aerated upland soils. 

– For CO2 fluxes, a very high level of agreement between the methods was observed. All fluxes were well above 390 

the minimum detectable flux (MDF), and deviations were low (nRMSE < 17 %), confirming the reliability of 

both methods for measuring CO2. 

– For N2O, the methods showed strong agreement across both measurement days, with high correlation coefficients 

(r ~ 1) and low deviations (nRMSE < 25 %). For low fluxes GC-derived fluxes fell below the MDF and could 

not be distinguished from zero flux. 395 

– In the case of CH4, the agreement between methods was poor (nRMSE up to 95 %). Despite very high CH4 

oxidation rates, none of the GC measurements exceeded the MDF. In contrast, almost all values measured by 

LAS exceeded the MDF, which likely contributed to the weak correlation between the two methods CH4 fluxes. 

– A central advantage of the LAS method lies in its considerably lower MDF in combination with the higher 

measurement frequency (~ 1 Hz), which enables the detection of statistically significant fluxes (flux > MDF) 400 

even at a very low flux range. This is especially relevant for CH4 and N2O, where small flux rates occur and 

uptake of either gases into the soil-plant system might remain undetected. 

– The ability to visualize and validate measurements in real time adds to the practical benefits of LAS, offering 

increased flexibility in field campaigns. However, high acquisition costs and sensitivity to dust and moisture 

remain important limitations that must be considered when choosing the appropriate measurement technology. 405 
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– Chamber closure time influenced the variability of LAS-derived fluxes, with shorter durations leading to higher 

measurement uncertainty. However, no statistically significant differences were observed in the absolute flux 

values between the different closure times of 30, 20 and 10 minutes. This confirms that shorter chamber closure 

times are suitable for field measurements with LAS, offering more flexibility without compromising result 

validity. 410 

 

Overall, this pilot study provides a comprehensive comparison of two widely used analytical techniques for chamber-based 

GHG flux measurements. Given the high agreement observed between methods for CO2 and N2O, we conclude that LAS is a 

valid and reliable alternative to the established GC approach for these gases. For quantifying CH4 uptake rates in aerated soils, 

there is considerable uncertainty regarding the consistency between the two methods; however, this is very likely due to the 415 

high MDF of the GC method. In conclusion, the LAS’s analytical sensitivity and operational flexibility clearly supports its 

broader application in trace gas research, especially for gaining new insights into the natural variability of low soil GHG fluxes 

which are masked by instrumental noise of the traditional closed static chamber method. 

 

Appendix A: Details of standard gases for gas chromatography measurements 420 

 
Table A1: List of (non-isotope) standards used for testing and calibration1.  

Standard 

gas (SG) 

CO2 CH4 N2O O2 

Conc. 

(ppm) 

Relative error 

(±%) 

Conc. 

(ppm) 

Relative 

error (±%) 

Conc. 

(ppb) 

Relative 

error (±%) 

Conc. 

(vol%) 

Relative 

error (±%) 

SG1 304 1 1.02 2 248.4 3 19.01 0.5 

SG2 402.3 0.5 1.81 2 321.3 3 20.97 0.5 

SG3 1509.2 0.5 5.02 2 2010 3 15 0.5 

SG4 3999.6 0.5 20.9 2 15100 2 10 0.5 

1According to analysis certificate of the manufacturer (DEUSTE Steininger GmbH, DE). 
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Competing interests 

We have no competing interests to declare. 430 

Author contributions 

WA and MM contributed equally and took lead in writing the manuscript and analysing the data. CE provided GC raw data, 

CMG and CK were in charge of conceptualization. CBi provided weather data. AG, CBi, CBr, CE, CK, CMG, MRF, TKDW 

supported us in writing the manuscript and all authors approved the final version. 

Acknowledgements 435 

The long-term experiment (AKHWA project, URL: www.akhwa.de) and the laser gas analyzers were funded by the Hessian 

Ministry for Agriculture, Environment, Viticulture, Forestry, Hunting and Homeland Affairs. Furthermore, we acknowledge 

the valuable contributions of all field technicians and student assistants involved in the long-term field experiment where this 

investigation took place. 

References 440 

Aumer, W., Möller, M., and Eckhardt, C.: Closed chamber flux dataset comparing gas chromatography and mid-infrared 

laser absorption spectroscopy for greenhouse gas measurements, Zenodo [Data Set], doi:10.5281/zenodo.15674498, 

2025. 

Bilibio, C., Weber, T. K. D., Hammer-Weis, M., Junge, S. M., Leisch-Waskoenig, S., Wack, J., Niether, W., Gattinger, A., 

Finckh, M. R., and Peth, S.: Changes in soil mechanical and hydraulic properties through regenerative cultivation 445 

measures in long-term and farm experiments in Germany, Soil and Tillage Research, 246, 106345, 

doi:10.1016/j.still.2024.106345, 2025. 

Brümmer, C., Lyshede, B., Lempio, D., Delorme, J.-P., Rüffer, J. J., Fuß, R., Moffat, A. M., Hurkuck, M., Ibrom, A., 

Ambus, P., Flessa, H., and Kutsch, W. L.: Gas chromatography vs. quantum cascade laser-based N2O flux 

measurements using a novel chamber design, Biogeosciences, 14, 1365–1381, doi:10.5194/bg-14-1365-2017, 2017. 450 

https://doi.org/10.5194/egusphere-2025-2862
Preprint. Discussion started: 5 August 2025
c© Author(s) 2025. CC BY 4.0 License.



20 
 

Butterbach-Bahl, K., Willibald, G., and Papen, H.: Soil core method for direct simultaneous determination of N2 and N2O 

emissions from forest soils, Plant Soil, 240, 105–116, doi:10.1023/A:1015870518723, 2002. 

Cavigelli, M. and Robertson, G.: Role of denitrifier diversity in rates of nitrous oxide consumption in a terrestrial ecosystem, 

Soil Biology and Biochemistry, 33, 297–310, doi:10.1016/S0038-0717(00)00141-3, 2001. 

Chapuis-Lardy, L., Wrage, N., Metay, A., Chotte, J.-L., and Berenoux, M.: Soils, a sink for N 2 O? A review, Global change 455 

biology, 13, 1–17, doi:10.1111/j.1365-2486.2006.01280.x, 2007. 

Christiansen, J. R., Outhwaite, J., and Smukler, S. M.: Comparison of CO2, CH4 and N2O soil-atmosphere exchange 

measured in static chambers with cavity ring-down spectroscopy and gas chromatography, Agricultural and Forest 

Meteorology, 211-212, 48–57, doi:10.1016/j.agrformet.2015.06.004, 2015a. 

Christiansen, J. R., Romero, A. J. B., Jørgensen, N. O. G., Glaring, M. A., Jørgensen, C. J., Berg, L. K., and Elberling, B.: 460 

Methane fluxes and the functional groups of methanotrophs and methanogens in a young Arctic landscape on Disko 

Island, West Greenland, Biogeochemistry, 122, 15–33, doi:10.1007/s10533-014-0026-7, 2015b. 

Cowan, N., Levy, P., Tigli, M., Toteva, G., and Drewer, J.: Characterisation of Analytical Uncertainty in Chamber Soil Flux 

Measurements, European J Soil Science, 76, doi:10.1111/ejss.70104, 2025. 

Flessa, H., Ruser, R., Schilling, R., Loftfield, N., Munch, J., Kaiser, E., and Beese, F.: N2O and CH4 fluxes in potato fields: 465 

automated measurement, management effects and temporal variation, Geoderma, 105, 307–325, doi:10.1016/S0016-

7061(01)00110-0, 2002. 

Fuss, R. and Hüppi, R.: gasfluxes (Version 0.4-4): Greenhouse Gas Flux Calculation from Chamber Measurements, 

doi:10.32614/CRAN.package.gasfluxes, 2024. 

Glatzel, S. and Stahr, K.: Methane and nitrous oxide exchange in differently fertilised grassland in southern Germany, Plant 470 

Soil, 231, 21–35, doi:10.1023/A:1010315416866, 2001. 

Hüppi, R., Felber, R., Krauss, M., Six, J., Leifeld, J., and Fuß, R.: Restricting the nonlinearity parameter in soil greenhouse 

gas flux calculation for more reliable flux estimates, PloS one, 13, e0200876, doi:10.1371/journal.pone.0200876, 2018. 

Hutchinson, G. L. and Livingston, G. P.: Vents and seals in non‐steady‐state chambers used for measuring gas exchange 

between soil and the atmosphere, European J Soil Science, 52, 675–682, doi:10.1046/j.1365-2389.2001.00415.x, 2001. 475 

Hutchinson, G. L. and Mosier, A. R.: Improved Soil Cover Method for Field Measurement of Nitrous Oxide Fluxes, Soil 

Science Society of America Journal, 45, 311–316, doi:10.2136/sssaj1981.03615995004500020017x, 1981. 

Hütsch, B. W.: Tillage and land use effects on methane oxidation rates and their vertical profiles in soil, Biology and 

Fertility of Soils, 27, 284–292, doi:10.1007/s003740050435, 1998. 

Johannesson, C.-F., Nordén, J., Lange, H., Silvennoinen, H., and Larsen, K. S.: Optimizing the closure period for improved 480 

accuracy of chamber-based greenhouse gas flux estimates, Agricultural and Forest Meteorology, 359, 110289, 

doi:10.1016/j.agrformet.2024.110289, 2024. 

https://doi.org/10.5194/egusphere-2025-2862
Preprint. Discussion started: 5 August 2025
c© Author(s) 2025. CC BY 4.0 License.



21 
 

Kong, M., Mitu, F. F., Petersen, S. O., Lærke, P. E., Abalos, D., Sørensen, P., Brændholt, A., Bruun, S., Eriksen, J., and 

Dold, C.: A comparison of chamber-based methods for measuring N2O emissions from arable soils, Agricultural and 

Forest Meteorology, 370, 110591, doi:10.1016/j.agrformet.2025.110591, 2025. 485 

Kottek, M., Grieser, J., Beck, C., Rudolf, B., and Rubel, F.: World Map of the Köppen-Geiger climate classification updated, 

metz, 15, 259–263, doi:10.1127/0941-2948/2006/0130, 2006. 

Krauss, M., Ruser, R., Müller, T., Hansen, S., Mäder, P., and Gattinger, A.: Impact of reduced tillage on greenhouse gas 

emissions and soil carbon stocks in an organic grass-clover ley - winter wheat cropping sequence, Agriculture, 

ecosystems & environment, 239, 324–333, doi:10.1016/j.agee.2017.01.029, 2017. 490 

Le Mer, J. and Roger, P.: Production, oxidation, emission and consumption of methane by soils: A review, European Journal 

of Soil Biology, 37, 25–50, doi:10.1016/S1164-5563(01)01067-6, 2001. 

Leisch, S., Bilibio, C., Weber, T., and Finckh, M. R.: Focus Area - Site Neu Eichenberg Research Farm [Data set], Leibniz 

Centre for Agricultural Landscape Research (ZALF), doi:10.4228/ZALF-R29F-BA86, 2025. 

LI-COR: The Importance of Water Vapor Measurements and Corrections, 2023. 495 

Livingston, G. P. and Hutchinson, G. L.: Enclosure-based measurement of trace gas exchange: applications and sources of 

error.: In: Matson, P.A. and Harris, R.C., Eds., Biogenic trace gases: measuring emissions from soil and water. 

Blackwell Science Ltd., Oxford, UK., 1995. 

Lundegardh, H.: Carbon dioxide evolution of soil and crop growth, Soil Science, 23, 417–453, doi:10.1097/00010694-

192706000-00001, 1927. 500 

Maier, M., Weber, T. K. D., Fiedler, J., Fuß, R., Glatzel, S., Huth, V., Jordan, S., Jurasinski, G., Kutzbach, L., Schäfer, K., 

Weymann, D., and Hagemann, U.: Introduction of a guideline for measurements of greenhouse gas fluxes from soils 

using non‐steady‐state chambers, J. Plant Nutr. Soil Sci., 185, 447–461, doi:10.1002/jpln.202200199, 2022. 

Nickerson, N. R.: Evaluating gas emission measurements using Minimum Detectable Flux (MDF), 2016. 

Obalum, S. E., Uteau-Puschmann, D., and Peth, S.: Reduced tillage and compost effects on soil aggregate stability of a silt-505 

loam Luvisol using different aggregate stability tests, Soil and Tillage Research, 189, 217–228, 

doi:10.1016/j.still.2019.02.002, 2019. 

Powlson, D. S., Stirling, C. M., Jat, M. L., Gerard, B. G., Palm, C. A., Sanchez, P. A., and Cassman, K. G.: Limited potential 

of no-till agriculture for climate change mitigation, Nature Clim Change, 4, 678–683, doi:10.1038/nclimate2292, 2014. 

Rheault, K., Christiansen, J. R., and Larsen, K. S.: goFlux: A user-friendly way to calculate GHG fluxes yourself, regardless 510 

of user experience, JOSS, 9, 6393, doi:10.21105/joss.06393, 2024. 

Schmidt, J. H., Bergkvist, G., Campiglia, E., Radicetti, E., Wittwer, R. A., Finckh, M. R., and Hallmann, J.: Effect of tillage, 

subsidiary crops and fertilisation on plant‐parasitic nematodes in a range of agro‐environmental conditions within 

Europe, Annals of Applied Biology, 171, 477–489, doi:10.1111/aab.12389, 2017. 

https://doi.org/10.5194/egusphere-2025-2862
Preprint. Discussion started: 5 August 2025
c© Author(s) 2025. CC BY 4.0 License.



22 
 

Triches, N. Y., Engel, J., Bolek, A., Vesala, T., Marushchak, M. E., Virkkala, A.-M., Heimann, M., and Göckede, M.: 515 

Advancing N 2 O flux chamber measurement techniques in nutrient-poor ecosystems, Atmos. Meas. Tech. Discuss. 

[preprint], doi:10.5194/amt-2024-203, in review, 2025. 

Yao, Z., Zheng, X., Xie, B., Liu, C., Mei, B., Dong, H., Butterbach-Bahl, K., and Zhu, J.: Comparison of manual and 

automated chambers for field measurements of N2O, CH4, CO2 fluxes from cultivated land, Atmospheric Environment, 

43, 1888–1896, doi:10.1016/j.atmosenv.2008.12.031, 2009. 520 

Yu, C. and Yao, W.: Robust linear regression: A review and comparison, Communications in Statistics - Simulation and 

Computation, 46, 6261–6282, doi:10.1080/03610918.2016.1202271, 2017. 

Zheng, X., Mei, B., Wang, Y., Xie, B., Wang, Y., Dong, H., Xu, H., Chen, G., Cai, Z., Yue, J., Gu, J., Su, F., Zou, J., and 

Zhu, J.: Quantification of N2O fluxes from soil–plant systems may be biased by the applied gas chromatograph 

methodology, Plant Soil, 311, 211–234, doi:10.1007/s11104-008-9673-6, 2008. 525 

 

 

 

 

 530 

 

 

https://doi.org/10.5194/egusphere-2025-2862
Preprint. Discussion started: 5 August 2025
c© Author(s) 2025. CC BY 4.0 License.


