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A B S T R A C T   

Soil organic matter (SOM) plays a vital role for soil quality, sustainable food production and climate change 
mitigation. It is common knowledge that SOM consists of different pools with varying qualities, quantities, and 
turnover times. However, it is still poorly understood how mineral and organic fertilization affects the formation 
and stabilization of mineral-associated organic matter (MAOM) and how long it can remain there. Here, we 
report on the long-term effects of different farming systems on the stability and turnover of the fine silt and clay- 
sized MAOM fraction (<6.3 μm) of a Haplic Luvisol (0–20 cm) in the DOK long-term trial (Switzerland). We 
compared three farming systems with contrasting fertilization (CONMIN = pure mineral, CONFYM = mineral +
organic, BIODYN = pure organic) with an unfertilized control (NOFERT) between 1982 and 2017. We performed 
specific surface area (SSA) measurements on fractionated MAOM samples (<6.3 μm) from 1982 to 2017, before 
and after removal of OM, measured the 14C activity of all samples during the entire period and estimated the 
mean residence time (MRT) with a model taking into account ‘bomb 14C’ and radioactive decay. We found 
constant MAOM-C contents under organic fertilization. Results of SSA analysis indicate best conditions for 
MAOM-C stabilization under organic fertilization and different sorption mechanisms in MAOM between farming 
systems with and without organic fertilization. The modelled MRTs were significantly higher in NOFERT (238 ±
40 yrs) and CONMIN (195 ± 27 yrs), compared to CONFYM (138 ± 18 yrs) and BIODYN (140 ± 19 yrs), 
implying a high C turnover (i.e. more active MAOM) at high C contents under organic fertilization. Our findings 
show that MAOM is not the dead OM but corroborates the concept of ‘dynamic stability’. Continuous OM inputs 
from organic fertilizers and their rapid and constant turnover are needed to stabilize the “stable” MAOM-C 
fraction.   

1. Introduction 

Arable soils have a large potential to sequester carbon (C) as soil 
organic matter (SOM) (Amelung et al., 2020; Lal et al., 2018), making 
this process and the associated measures an attractive negative emission 
strategy (Paustian et al., 2019). This has prompted scientists and policy 
makers worldwide to promote it as a strategy for mitigating climate 
change (de Vries, 2018; Minasny et al., 2017). 

SOM has positive effects on many physical, chemical and biological 

soil properties. Increasing SOM contents in arable soils enhances water 
holding capacity, soil structure, nutrient cycling and microbial diversity 
(Lal, 2020; Rabot et al., 2018; Weil and Magdoff, 2004), improving soil 
fertility and soil health (Bünemann et al., 2018), and consequently 
contributing to sustainable crop production and food security (Lal, 
2010). By improving soil structure, SOM promotes infiltration and 
retention of water, thus ensuring soil functions in the face of increasing 
weather extremes (e.g. droughts) (Kundel et al., 2020). 

Anthropogenic climate change is predicted to accelerate the already 
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severe SOM losses (Riggers et al., 2021; Wiesmeier et al., 2016) brought 
on by land use change and agricultural management (Paustian et al., 
2016; Sanderman et al., 2017). Accordingly, it is essential to implement 
agricultural practices that increase the transfer of atmospheric C to the 
soil and prevent its rapid release, i.e. promote long-term C storage in the 
soil as SOM. The application of organic fertilizers is known to enhance 
SOM contents compared to mineral fertilization (Gattinger et al., 2012; 
Krause et al., 2022). While fertilizer type (i.e. mineral vs. organic) and 
qualitative differences between organic fertilizers have shown to be 
decisive for the accumulation of labile OM (Mayer et al., 2022), their 
effects on the stable OM fractions remain poorly understood. Therefore, 
estimating the duration of C storage and understanding the underlying 
soil processes under contrasting fertilization, especially over long-term 
periods, is of great interest for the design of the respective measures. 

The persistence of SOM, i.e. SOM longevity as a result of the in-
teractions with its chemical, physical and biological environment 
(Schmidt et al., 2011), can be expressed as mean residence time (MRT). 
The estimation of MRT is often based on isotopic approaches. Among 
these, radiocarbon analysis is a unique technique that enables the 
determination of C dynamics in soils on decadal to millennial timescales 
(Paul et al., 1997; Trumbore, 2009; Wang and Hsieh, 2002). In mineral 
soils, MRT of SOM largely depends on organo-mineral interactions, 
which are driven by specific stabilization mechanisms. Sorption of SOM 
onto surfaces of fine-sized mineral particles following microbial trans-
formation is considered a dominant mechanism responsible for the 
formation of a stable mineral-associated OM (MAOM) fraction (Cotrufo 
et al., 2013; Newcomb et al., 2017; Schmidt et al., 2011). Over time, the 
gradual formation of organo-mineral complexes and microaggregates 
(Totsche et al., 2018) spatially separates SOM from microbes and en-
zymes. This limits its further decay through reduced accessibility and 
oxygen supply, ultimately increasing the MRT to time-scales of centuries 
to millennia (Kleber et al., 2015; Kögel-Knabner et al., 2008; Six et al., 
2002; von Lützow et al., 2006). 

Reactive surfaces of fine mineral particles stabilize the majority of 
organic C in many mineral soils (Kramer and Chadwick, 2018), but the 
size of these surfaces varies for different phyllosilicates (Kleber et al., 
2021). Therefore, soil mineralogy has a major influence on the SOM 
stabilization potential (Barré et al., 2014; Feng et al., 2013). However, 
the dynamic nature and reversibility of this binding mechanism has been 
described (Kleber et al., 2021; Kuzyakov et al., 2000; Steffens et al., 
2009), defying the long-held belief that adsorption to fine mineral sur-
faces would put a stop to the cycling of affected SOM. In addition, 
studies dealing with OM storage in differently stable SOM fractions even 
indicate that this stable MAOM is not increased but only kept stable 
under specific agricultural practices (Chung et al., 2008; Gulde et al., 
2008; Steffens et al., 2011). An improved knowledge of the involved 
mechanisms will thus allow to better evaluate farming systems in terms 
of their effectiveness for the long-term storage of atmospheric CO2 as 
SOM, thereby maintaining soil quality and contributing to climate 
mitigation via climate-smart agricultural practices (Paustian et al., 
2016). 

The objective of this study was to assess the long-term effect of 
different farming systems on the stability of fine silt and clay-sized 
MAOM (<6.3 μm; 0–20 cm depth), in the DOK long-term experiment 
(Therwil, CH) (Mäder et al., 2002). Our study focused on four farming 
systems: an organic system using only organic manure (BIODYN), two 
conventional systems, one using only mineral fertilizer (CONMIN) and 
the other combining the use of mineral fertilizer and farmyard manure 
(CONFYM), and an unfertilized control (NOFERT). Recent results on the 
long-term development of bulk SOC (<2 mm) show an increase in 
BIODYN, no change in CONFYM and decreases in CONMIN and NOFERT 
(Krause et al., 2022). However, no quantitative changes of MAOM were 
measured over a 36-year period, regardless of fertilizer quality within 
the farming systems (Mayer et al., 2022). 

We hypothesize, that (i) long-term organic fertilizer application 
(CONFYM and BIODYN) initiates higher stability of MAOM through 

enhanced microbial activity and diversity, and as a result (ii) this would 
translate to longer MRTs than in farming systems with pure mineral 
(CONMIN) or without any fertilizer application (NOFERT). To test this 
hypothesis, we measured changes in SSA via N2 adsorption and took 
advantage of 14C radiocarbon analyses to elucidate the turnover dy-
namics within MAOM by means of MRT estimation. 

2. Materials and methods 

2.1. Experimental setup and sample selection 

The DOK farming system comparison trial is located in Therwil 
(canton of Basel Landschaft, Switzerland, 47◦30′ N, 7◦32’ E) and was 
initiated in 1978 (Mäder et al., 2002). Here, organic and conventional 
farming systems are compared under temperate climatic conditions 
(10.5 ◦C mean annual temperature; 840 mm mean annual precipitation 
(Krause et al., 2020);). The soil is a Haplic Luvisol (WRB, 2015), 
developed on deposits of alluvial loess, with 3% sand, 76% silt and 21% 
clay (Mayer et al., 2022). 

The experiment has a split-plot design, each farming system is 
replicated in four columns, and subject to the same seven-year crop 
rotation (crop rotation period = CRP) with two years of grass-clover ley 
(Supplementary Table 1), temporally shifted in three subplots. All 
farming systems have the same type of tillage (moldboard plowing, 
0–20 cm), but receive different types of plant protection (Supplementary 
Table 2). We focused on four farming systems with different fertilizer 
types and quantities within the six completed CRP (CRP 1 = 1978–1984, 
CRP 2 = 1985–1991, CRP 3 = 1992–1998, CRP 4 = 1999–2005, CRP 5 
= 2006–2012 and CRP 6 = 2013–2019). NOFERT is the unfertilized 
control. CONMIN is conventionally managed, and receives mineral 
fertilizer only (unfertilized in CRP 1). CONFYM is an integrated con-
ventional system, with combined mineral and organic fertilizer appli-
cation. BIODYN is an organic, biodynamically managed farming system 
that receives only organic fertilizer. 

In CONFYM (stacked farmyard manure and slurry) and BIODYN 
(composted manure and slurry), the addition of organic fertilizer is 
equivalent to the manure and slurry produced by 1.4 livestock units 
ha− 1 yr− 1. Farming system-specific preparation of raw manures (CON-
FYM = manure stacking, BIODYN = aerobic composting) led to quan-
titative and qualitative differences at the time of its application. In 
addition, slurry is added to meet the nutrient requirements of the 
respective crop (mainly N). In CONMIN and CONFYM, mineral fertil-
izers are added up to the limits of Swiss fertilization recommendations 
(Richner and Sinaj, 2017). Because farmyard manure N inputs are not 
fully accounted for as readily bioavailable, N inputs are higher in 
CONFYM than in CONMIN (Supplementary Table 3). After harvest, 
straw biomass was removed from the plots. Over the observational 
period from 1982 to 2017, annual OM inputs via manure and slurry to 
the analyzed plots in subplot B (Supplementary Fig. 1) averaged 2508 
(CONFYM) and 2000 kg dry matter ha− 1 yr− 1 (BIODYN). Organic and 
conventional farming systems of the DOK trial have yield-independent 
belowground C inputs, as well as similar total root biomass and rhizo-
deposition for the crops present on the analyzed plots in this study (Hirte 
et al., 2018a; Hirte et al., 2018b). After harvest, straw biomass was 
removed from the plots. 

We used air-dried (40 ◦C) and sieved (<2 mm) bulk soil samples from 
the DOK soil sample archive at Agroscope Reckenholz. These were taken 
from 16 plots (subplot B, see Supplementary Fig. 1) in the same year 
within each completed CRP (1982, 1989, 1996, 2003, 2010 and 2017) 
(Supplementary Table 1) after harvest with a soil corer (0–20 cm depth). 
This totaled 96 soil samples (four farming systems x four replicates x six 
CRPs). 

2.2. Clay content and clay mineralogy 

Texture of bulk soil samples (<2 mm) was measured with the PARIO 
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Plus Soil Particle Analyzer (METER Group, Germany/USA). Prior to 
measurement, OM was removed from 25 to 30 g of soil via oxidation (12 
h) with hydrogen peroxide (H2O2, 30%). Subsequently, H2O2 was 
removed from the sample by rinsing with deionized water, centrifuging 
and decanting until an electrical conductivity of <400 μS m− 1. Sodium 
hexametaphosphate (Na6O18P6) was used for sample dispersion. 

Mineralogy of the clay fraction (<2 μm) was determined using 
powder X-ray diffraction (P-XRD, Cubix3, Malvern Panalytical, Almelo, 
Netherlands). Prior to analysis, samples were treated with hydrochloric 
acid (HCl) to remove OM. P-XRD was performed on random powder 
samples and on oriented samples after saturation with Ca2+ and 
ethylene glycol (room temperature) and K+ (room temperature and 
stepwise heated to 550 ◦C). 

2.3. Physical fractionation 

We followed a modified density and particle size fractionation 
scheme of Kölbl and Kögel-Knabner (2004) and Steffens et al. (2009) to 
separate POM and MAOM fractions from bulk soils. A detailed 
description of the fractionation procedure can be found in Mayer et al. 
(2022). Briefly, POM fractions (>20 μm), i.e. free particulate OM 
(fPOM) and occluded particulate OM (oPOM), were separated via den-
sity fractionation in a Na-polytungstate solution (ρ = 1.8 g cm− 3) before 
and after aggregate disruption through ultrasonication (200 J ml− 1), 
from 30 g of air-dried bulk soil (<2 mm). The remaining mineral fraction 
was rinsed salt-free and separated by wet sieving and sedimentation in 
Atterberg cylinders to yield the fine silt and clay-sized MAOM fraction 
(<6.3 μm) (Mueller et al., 2014). 

All separated SOM fractions were air-dried at 60 ◦C, ground and 
analyzed in duplicate for total C concentrations via dry combustion on a 
Vario EL cube elemental analyzer (Elementar Analysensysteme, Hanau, 
Germany). As bulk samples were free of carbonates, the total C con-
centration equals the organic C concentration. 

2.4. Specific surface area analysis 

We measured the specific surface area (SSA) of the MAOM fraction 
from 1982 to 2017 by multiple-point BET (Brunauer et al., 1938) 
adsorption of N2 at 77 K, using the BELSORP®-miniX surface area and 
pore size distribution analyzer (Microtrac MRB, USA/Japan/Germany), 
each before (SSAuntreated) and after removal of OM (SSANaOCl). Prior to 
measurement, samples were outgassed for 6–12 h under vacuum at 
75 ◦C. After SSAuntreated measurement, OM was removed from the same 
samples following a modified method of Kaiser et al. (2002) and Zim-
mermann et al. (2007). Briefly, 0.7–1 g of sample was oxidized during 
18 h at room temperature (25 ◦C) with 6% sodium hypochlorite 
(NaOCl). We adjusted the solution to pH 8 with concentrated hydro-
chloric acid (HCl), at a soil-to-solution ratio of 1:50 (wt/wt). The sam-
ples were then centrifuged at 2000 g for 30 min and rinsed with 
deionized water until <50 μS cm− 1. OM oxidation and rinsing was 
repeated three times. Afterwards the SSA was determined again for the 
treated samples (SSANaOCl). 

2.5. Radiocarbon analysis 

The 14C activity of OC in the separated MAOM fraction (<6.3 μm) of 
all plots and sampled years (n = 16 × 6 = 96) was measured with 
accelerator mass spectrometry (AMS) at the Laboratory for the Analysis 
of Radiocarbon with AMS (LARA) at the University of Bern (Szidat et al., 
2014). Without any further chemical treatment, roughly 30 mg of 
ground and homogenized sample material (≅ 1 mg C) was combusted in 
an elemental analyzer (Vario Micro Cube, Elementar Analysensysteme, 
Hanau, Germany), transformed into solid targets using an automated 
graphitization equipment (AGE), and measured with the MIni CArbon 
DAting System MICADAS (Synal et al., 2007). Each AMS measurement 
included multiple OxII radiocarbon standards (NIST, SRM 4990 C) and 

fossil sodium acetate samples for normalization and correction of blanks 
as well as isotopic fractionations. 

2.5.1. Mean residence time (MRT) of MAOM 
The mean residence time (MRT) of MAOM was calculated using a14C 

model that takes into account ‘bomb 14C’ and radioactive decay (Conen 
et al., 2008; Mueller et al., 2014). First, we determined the 14C activity 
(Fraction Modern; F14C) of OC, following the approach of Harkness et al. 
(1986): 

At =A(t− 1) ∗ e− k +(1 − e− k) ∗ Ai − A(t− 1) ∗ λ (1)  

where At is the measured 14C activity in MAOM at time t, i.e. the 
respective year of soil sampling, corrected for radioactive decay until the 
year of 14C measurement (2021). A(t− 1) is the 14C activity of SOM in the 
year preceding sampling, k the exchange rate of OC in MAOM (i.e. 1/ 
MRT), and λ the 14C decay constant (1/8268 yr− 1). Ai is the 14C activity 
within the atmosphere and is composed of data from Reimer et al. 
(2020) (1511–1950) and Hua et al. (2022) (1950–2017). 

A fundamental requirement of the model is the steady-state condi-
tion of the investigated fraction, i.e. balanced C inputs and outputs. In 
BIODYN and CONFYM, the MAOM-C content was in steady-state from 
1982 to 2017, and in CONMIN and NOFERT from 1989 to 2017 and from 
2003 to 2017, respectively (Supplementary Table 4). This meant that 
MRTs had to be estimated based on 14C activities of different periods 
within the farming systems. Therefore, we additionally used the period 
from 2003 to 2017, during which MAOM-C contents of all farming 
systems were in steady-state. 

We calculated the MRT of OM in MAOM according to equation (1) by 
repeatedly adjusting the MRT until the root-mean-square error (RMSE) 
between the calculated Ai at the chosen MRT and the measured 14C 
activity at the corresponding sampled years reached the minimum. 
However, there is an unknown time difference between C assimilation 
by the crop and OM incorporation into MAOM (i.e. time lag). Therefore, 
we tested different time lags (0, 5 and 10 years), to account for the 
change in 14C signal of the incoming OM caused by radioactive decay 
during this period, which affects the estimation of the MRT. 

2.5.2. C turnover rates within MAOM 
We calculated the annual C turnover rate in MAOM (mg g− 1 yr− 1) for 

each plot by dividing the mean MAOM-C content (mg g− 1) during 
steady-state periods (NOFERT: 2003–2017, CONMIN: 1989–2017, 
CONFYM and BIODYN: 1982–2017) by the estimated MRT. In addition, 
we multiplied the annual MAOM-C turnover rate of each plot with its 
soil volume per hectare (0–20 cm depth) (using bulk densities of CRP 1, 
assuming its consistency over time (Leifeld et al., 2009)) to obtain values 
in a physical unit relevant to practice (kg C ha− 1 yr− 1). 

2.6. Statistical analyses 

We used a one-way ANOVA in RStudio (R version 4.1.2.; RStudio 
Team (2021)) to identify statistically significant differences between 
farming systems for SSA, estimated MRTs and turnover rates. Prior to 
the ANOVA, residuals were tested for normal distribution using the 
Shapiro-Wilk test and visual inspection of QQ-plots, and homogeneity of 
variances was tested using Levene’s test. Subsequently, a post-hoc Tukey 
HSD test was performed using a significance level of α = 0.05, for all 
tests. 

We applied a linear mixed effects model with repeated measure-
ments to determine the impact of farming systems on 14C activities and 
OC removal (i.e. oxidation-resistant and removable OC) as a function of 
sampling year. In short, the lme function of the nlme package was used 
(Pinheiro et al., 2020) with farming system nested in subplot and col-
umn as repeated random factors to account for spatial heterogeneity 
within the experimental design of the DOK trial. A two-way ANOVA was 
then employed to determine the impact of farming system, sampling 
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year and their interaction on 14C activities. Residuals were tested for 
normal distribution using the Shapiro-Wilk test and visual inspection of 
QQ-plots, and homogeneity of variances was tested using Levene’s test. 
Subsequently, a post-hoc Tukey HSD test was performed using a sig-
nificance level of α = 0.05, to test for differences between the farming 
systems. 

3. Results 

3.1. Clay content, mineralogy and development of MAOM-C contents 

Clay content (<2 μm) was similar between all farming systems and 
averaged 21.5 ± 3.2%. Clay mineralogy was dominated by 2:1 phyllo-
silicates, i.e. Illite (12.6 ± 3.1%) and Smectite (3.7 ± 1.7%) (Table 1). 
Within NOFERT, CONMIN and BIODYN there was one plot each (plot 
93, 94 and 88) that had higher clay contents and Illite and/or Smectite 
contents compared to the other three plot replicates within the farming 
system. 

Detailed results on the distribution of C between the separated 
fractions and their temporal development can be found in Mayer et al. 
(2022). In BIODYN and CONFYM, MAOM-C contents remained stable 
over the whole observation period (Supplementary Table 4). In CON-
MIN, MAOM-C contents decreased by 14% from 1982 to 1989, but 
remained stable thereafter. In NOFERT, MAOM-C contents decreased by 
27% from 1982 to 2003, but remained stable thereafter. Throughout the 
whole observation period, CONFYM and CONMIN had similar MAOM-C 
levels. The only significant differences in MAOM-C contents were 
measured between BIODYN and NOFERT from 2003 onwards. 

3.2. Specific surface area analysis 

In 1982, SSAuntreated of MAOM was similar in all farming systems, 
averaging 17.1 ± 1.8 m2 g− 1 (Fig. 1 and Table 2). SSAuntreated remained 
constant in 2017 in all farming systems except NOFERT, where it 
increased significantly. This increase occurred only when excluding an 
extreme outlier (plot 93, marked with asterisk in Fig. 1), which showed a 
strong decrease of − 6.2 m2 g− 1 from 1982 to 2017 and had by far the 
highest clay content (24.8%) compared to the other NOFERT plots 
(Table 1). 

Across all plots and years, the efficiency of OC removal as the relative 
proportion of initial OC in MAOM ranged from 62 to 82% which is 

consistent with results of other studies that also used NaOCl (Helfrich 
et al., 2007; Mikutta and Kaiser, 2011; Mikutta et al., 2005). In 1982, the 
average OC removal via NaOCl was 5.4 ± 0.8 mg g− 1 (= 69.5 ± 2.8% of 
total MAOM-C) with no significant differences between the farming 
systems (Fig. 2 and Table 2). The amount of oxidation-resistant OC was 
also similar across farming systems. The removal of OC significantly 
increased the measured SSA (SSANaOCl) by 22.99 m2 g− 1 on average to a 
mean of 40.1 ± 3.2 m2 g− 1, with no significant differences among 
farming systems. 

In 2017, oxidation-resistant OC significantly decreased in NOFERT 
and slightly decreased in CONMIN, compared to 1982. In CONFYM and 
BIODYN, the amount of oxidation-resistant OC remained unchanged 
from 1982 to 2017 (Fig. 2 and Table 2). SSANaOCl increased significantly 
more than after NaOCl treatment in 1982 (+30.8 m2 g− 1) to an average 
of 48.9 ± 7.4 m2 g− 1 across all systems (Fig. 1 and Table 2). 

Per milligram OC removed by NaOCl, an average of 4.4 ± 0.9 m2 of 
SSA was exposed in 1982, with no significant differences between 
farming systems (Table 2). In 2017, the SSA exposed per milligram of 

Table 1 
Overview of clay characteristics of all 16 observed plots, measured on bulk soil samples from 2019. Values in bold indicate mean values and standard deviations of the 
4 plots per farming system. A one-way ANOVA revealed no significant differences between any of the farming systems for any parameter.     

2:1 1:1 

clay (<2 μm) phyllosilicates Illite Smectite Chlorite Kaolinite 

farming system plot [%] [%] [%] [%] [%] [%] 

NOFERT 3 19.5 21.6 11.7 4.6 4.3 1.0 
37 15.5 18.0 10.9 2.7 3.5 0.9 
59 21.1 18.6 11.3 2.7 4.5 0.1 
93 24.8 21.7 8.6 7.3 2.7 3.0  

20.2 ± 3.4 20.0 ± 2.0 10.6 ± 1.4 4.3 ± 2.2 3.8 ± 0.8 1.3 ± 1.2 
CONMIN 4 21.9 20.8 12.9 3.1 2.9 1.9 

38 20.7 19.4 10.9 4.2 2.0 2.3 
60 19.9 15.7 8.0 4.1 1.8 1.9 
94 24.3 26.3 16.9 3.9 4.3 1.3  

21.7 ± 1.9 20.6 ± 4.4 12.2 ± 3.7 3.8 ± 0.5 2.8 ± 1.1 1.9 ± 0.4 
CONFYM 22 21.4 17.5 11.4 2.5 3.2 0.4 

32 16.5 21.0 14.7 2.6 3.1 0.6 
66 22.4 20.4 14.1 2.4 3.7 0.3 
76 21.2 21.5 14.4 2.6 3.4 1.1  

20.4 ± 2.6 20.1 ± 1.8 13.7 ± 1.5 2.5 ± 0.1 3.4 ± 0.3 0.6 ± 0.4 
BIODYN 10 21.7 24.7 12.1 7.6 2.4 2.6 

44 21.7 17.5 11.5 2.1 2.0 1.9 
54 21.3 16.9 11.5 1.8 2.2 1.4 
88 29.3 31.5 21.0 4.2 2.6 3.7  

23.5 ± 3.9 22.7 ± 6.9 14.0 ± 4.7 3.9 ± 2.7 2.3 ± 0.3 2.4 ± 1.0  

Fig. 1. Specific surface area (SSA) of MAOM determined by multiple-point BET 
adsorption of N2. Symbols show single plot replicates (n = 4) for each farming 
system from the first year (1982, circles) and last year of sampling (2017, tri-
angles). Dark and light shades show untreated samples and samples after OC 
removal with NaOCl, respectively, color-coded according to each farming sys-
tem. Black bars represent the mean of 4 plot replicates and post-hoc Tukey 
letters give significant differences at p < 0.05. Single plot replicates with as-
terisks are outliers within the farming systems. Post-hoc Tukey letters in 
brackets give the significant differences when excluding outliers. 
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removed OC increased to a mean of 6.5 ± 2.0 m2 (NOFERT: +3.9, 
CONMIN: +2.0, CONFYM: +1.2 and BIODYN: +1.1 m2 mg− 1) with 
significant increases in NOFERT. 

3.3. Carbon mean residence times 

In all farming systems, the average 14C activity of MAOM (Fraction 
Modern, F14C) significantly decreased from 1.0589 in 1982 to 1.0205 in 
2017, and was significantly affected by sampling year and farming 
system (Fig. 3). It is noticeable that systems without organic fertilizer 
(NOFERT and CONMIN) and systems with organic fertilizer application 
(CONFYM and BIODYN) show significantly different 14C activities from 
1996 onwards. On average, 14C activity was 0.0214 F14C higher in 

CONFYM and BIODYN compared to CONMIN and NOFERT. 
The basic model requirement for the MRT estimation was the steady- 

state condition of MAOM. We had to choose a time lag (between C 
assimilation by the crop until incorporation in MAOM) and a period for 
the estimation of MRT (steady-state period for each individual farming 
system, or due to better comparability, the steady-state period of 
NOFERT (2003–2017) for all farming systems). Estimated MRT were 
found to be robust in a sensitivity analysis, regarding the order of 
farming systems for all tested time lags and periods (Supplementary 
Fig. 2 and Supplementary Table 5). The 10-yr time lag was excluded due 
to high RMSE (steady-state: 0.0194, 2003–2017: 0.0242). The 0-yr time 
lag had relatively low RMSE (steady-state: 0.0133, 2003–2017: 0.0098), 
but would imply that there was no temporal offset between C assimi-
lation by the crop and incorporation of OM into MAOM, which is un-
likely and would affect the MRT estimation. Finally, we chose a 5-yr 
time lag and the individual steady-state periods of the farming systems 
(Supplementary Table 5) to account for higher amounts of observations 

Table 2 
Overview of OC removal efficiency and SSA analyses of each farming system for the first year (1982) and last year of observation (2017), before (SSAuntreated) and after 
(SSANaOCl) treatment with NaOCl. SSANaOCl - SSAuntreated corresponds to the mineral surface area exposed after OC removal and ΔSSA/OC removed corresponds to the 
mineral surface area exposed per mg of OC removed. The values correspond to the mean of n = 4 plots per farming system and their standard deviation. Significant 
differences between systems at p < 0.05 are indicated by post-hoc Tukey letters. Post-hoc Tukey letters in brackets give the significant differences excluding outliers.  

year  OC removal oxidation-resistant 
OC 

SSAuntreated SSANaOCl SSANaOCl - 
SSAuntreated 

ΔSSA/OC 
removed 

farming 
system 

[mg g− 1] [%] [mg g− 1] [m2 g− 1] [m2 g− 1] [m2 g− 1] [m2 mg− 1] 

1982 NOFERT 5.45 ± 0.70 a 72.1 ±
2.2 

2.13 ± 0.47 a 17.47 ± 2.06 a 39.89 ± 2.67 a 22.42 ± 2.93 a 4.19 ± 0.93 a 

CONMIN 5.52 ± 0.94 a 70.3 ±
2.1 

2.34 ± 0.45 a 16.28 ± 1.64 a 42.01 ± 1.52 a 25.73 ± 2.47 a 4.73 ± 0.75 a 

CONFYM 4.84 ± 0.41 a 68.7 ±
2.2 

2.23 ± 0.43 a 18.56 ± 1.90 a 39.48 ± 5.54 a 20.92 ± 3.60 a 4.39 ± 1.10 a 

BIODYN 5.57 ± 1.21 a 66.8 ±
2.3 

2.76 ± 0.55 a 16.00 ± 0.71 a 38.90 ± 2.02 a 22.90 ± 1.55 a 4.28 ± 1.11 a 

2017 NOFERT 4.37 ± 0.34 a 79.0 ±
2.4 

1.18 ± 0.25 a 20.62 ± 4.95 a (a*) 56.19 ± 5.02 a (a*) 35.56 ± 9.77 a 8.11 ± 1.93 a 

CONMIN 4.97 ± 0.46 
ab 

73.8 ±
2.7 

1.78 ± 0.38 ab 17.97 ± 0.58 a (ab*) 50.62 ± 8.28 a (a*) 32.65 ± 8.60 a 6.71 ± 2.20 a 

CONFYM 4.61 ± 0.19 
ab 

67.3 ±
4.9 

2.26 ± 0.47 bc 19.18 ± 3.21 a (ab*) 45.11 ± 2.70 a (b*) 25.93 ± 4.87 a 5.61 ± 1.00 a 

BIODYN 5.60 ± 0.99 b 67.1 ±
2.6 

2.73 ± 0.32 c 14.34 ± 3.51 a (b*) 43.51 ± 6.40 a (b*) 29.17 ± 9.89 a 5.42 ± 2.18 a  

Fig. 2. Efficiency of C removal in MAOM in all farming systems via treatment 
with NaOCl for the first (1982) and last year (2017) of observation. Filled 
columns show the C proportion that was not removed by NaOCl, i.e. resistant to 
oxidation, and shaded columns show the C proportion that was removed by 
NaOCl. Error bars show the standard deviation of the individual plots (n = 4) 
per farming system. Results of a repeated two-way ANOVA (sys = farming 
system, yr = year) are depicted, using a linear mixed effect model that accounts 
for the spatial arrangement of plots within the experimental design. Post-hoc 
Tukey letters give significant differences between 1982 and 2017 at p < 0.05. 

Fig. 3. 14C activity, given in Fraction Modern (F14C) measured within MAOM 
for all farming systems and sampled years. Circles show farming system means 
and the error bars show the standard deviation of single plot replicates (n = 4) 
per farming system. Results of a repeated two-way ANOVA (sys = farming 
system, yr = year) are depicted, using a linear mixed effect model that accounts 
for the spatial arrangement of plots within the experimental design. Post-hoc 
Tukey letters give significant differences at p < 0.05. 
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(steady-state: n = 80, 2003–2017: n = 48) instead of minimal im-
provements in model accuracy (RMSE; steady-state: 0.0107, 
2003–2017: 0.0102). The estimated MRTs of MAOM averaged 178 ± 49 
yrs across all farming systems and were significantly higher in NOFERT 
(238 ± 40 yrs) and CONMIN (195 ± 27 yrs), compared to CONFYM (138 
± 18 yrs) and BIODYN (140 ± 19 yrs) (Fig. 4a). 

We identified one outlier plot in both, NOFERT an CONMIN (marked 
with an asterisk in Fig. 4a). The NOFERT outlier (plot 37) had a 
significantly lower clay content (15.5%), as well as the lowest calculated 
MRT compared to the other NOFERT plots. In contrast, the CONMIN 
outlier (plot 94) had the highest clay content (24.3%), as well as the 
highest calculated MRT, compared to the other CONMIN plots. In 
addition, we observed a positive correlation between the calculated 
MRT and clay content, especially for farming systems not receiving 
organic fertilizers (R2: NOFERT = 0.85, CONMIN = 0.83) (Fig. 5a). We 
also found a strong positive correlation between the estimated MRT and 
smectite contents (Fig. 5b). 

3.4. Carbon turnover rates within MAOM 

The amount of MAOM-C that passes annually through this fraction 
during steady-state periods averaged 0.043 mg C g− 1 yr− 1. It was lowest 
in NOFERT (0.024 ± 0.003 mg C g− 1 yr− 1), followed by CONMIN (0.034 
± 0.003 mg C g− 1 yr− 1), CONFYM (0.051 ± 0.009 mg C g− 1 yr− 1) and 
highest in BIODYN (0.059 ± 0.004 mg C g− 1 yr− 1) (Fig. 4b, bottom 
right). We found no significant differences between CONFYM and BIO-
DYN, but their C turnover was significantly higher than in CONMIN and 
NOFERT, and significantly higher in CONMIN than in NOFERT. This 
corresponded to an average annual C mass flow rate in MAOM of 111 kg 
ha− 1 yr− 1 (0–20 cm) across farming systems (NOFERT: 62 ± 8 <
CONMIN: 91 ± 6 < CONFYM: 137 ± 22 < BIODYN: 155 ± 11 kg C ha− 1 

yr− 1) (Fig. 4b). 

4. Discussion 

4.1. Best preconditions for MAOM-C stabilization under organic 
fertilization 

In 1982, oxidation of OM with NaOCl resulted in an equal increase of 
SSANaOCl (Fig. 1) and similar amounts of oxidation-resistant C (Fig. 2) in 
all farming systems. In 2017, SSANaOCl significantly increased in 
NOFERT and CONMIN (Fig. 1), and oxidation-resistant C significantly 
decreased in NOFERT, compared to treated samples from 1982 (Table 2 
and Fig. 2). This suggests that 36 years of arable farming negatively 
affected the stability of OM in MAOM in these systems. 

Oxidation-resistant C is typically found in organo-mineral associa-
tions (Eusterhues et al., 2003; Mikutta et al., 2006), i.e. building units of 

microaggregates (Totsche et al., 2018). Microaggregates are formed 
within macroaggregates (Oades and Waters, 1991). Therefore, macro-
aggregate formation and turnover is a major determinant of MAOM 
stability (Six et al., 2000), but is negatively influenced by tillage and 
harvesting practices (Mayer et al., 2022). Organic fertilization in BIO-
DYN and CONFYM significantly increased the microbial activity (Krause 
et al., 2022), which led to increased aggregate formation, relative to 
NOFERT and CONMIN (Mayer et al., 2022). In BIODYN and CONFYM, 
this resulted in unchanged amounts of oxidation-resistant MAOM-C at 
higher levels than in CONMIN and NOFERT, where oxidation resistant 
MAOM-C was reduced from 1982 to 2017 (Fig. 2). 

NaOCl treatment increased the exposure of mineral surface area per 
mg of destroyed OC in 2017, compared to treated samples in 1982 
(Table 2). In BIODYN (5.42 ± 2.18 m2 g− 1) and CONFYM (5.61 ± 1.00 
m2 g− 1), less SSA was exposed compared to CONMIN (6.71 ± 2.20 m2 

g− 1) and the significant increase in NOFERT (8.11 ± 1.93 m2 g− 1) 
(Table 2). These results indicate a reduced aggregate stability, especially 
under low OM inputs (i.e. NOFERT and CONMIN), which allowed NaOCl 
to increasingly enter and break up previously more stable aggregates, 
exposing surface areas that were not accessible in 1982. In addition, this 
could indicate a shift of C sorption from organo-organic associations (i.e. 
C patches) to organo-mineral associations (i.e. directly on the mineral 
surface) (Kleber et al., 2015; Vogel et al., 2014) in CONMIN and 
NOFERT. In BIODYN and CONFYM however, new OM from fertilizers 
might preferentially form patchy organo-organic assemblages, where 
OM is already present (Possinger et al., 2020; Vogel et al., 2014). 
Therefore, we assume that in systems with regular OM supply via 
organic fertilization, its stabilization in MAOM is largely decoupled from 
the availability of free binding sites on fine mineral particle surfaces 
(Schweizer et al., 2018). 

It is noteworthy, that the qualitative differences between the applied 
organic fertilizers (BIODYN = composted manure; CONFYM = stacked 
manure) did not affect OM stabilization in MAOM (Figs. 1 and 2 and 
Supplementary Table 4). This was despite the relative enrichment of 
BIODYN compost with more recalcitrant plant-derived OM and micro-
bial degradation products due to the higher losses of labile C compounds 
during aerobic composting (Flieβbach and Mäder, 2000), compared to 
stacked manure in CONFYM. Previous fractionation results with the 
same samples showed significant differences in POM quantity and 
aggregate stability between these two systems as a consequence of 
different fertilizer qualities (Mayer et al., 2022). This could have 
affected MAOM-forming processes via more direct contacts between 
organic fertilizers and mineral surfaces. We assume that (1.) the quali-
tative differences were too subtle (C/N 17 in BIODYN vs. 23 in CON-
FYM); and (2.) the differences were neutralized during the transition 
from the POM to the MAOM fraction. 

In addition, avoiding the use of mineral fertilizers and pesticides in 

Fig. 4. a) Estimated mean residence times (MRT, yrs) 
of MAOM for each farming system (5-yr time lag) and 
(b) annual C mass flow rate (kg C ha− 1 yr− 1) during 
steady-state periods within each farming system 
(NOFERT: 2003–2017, CONMIN: 1989–2017, CON-
FYM and BIODYN: 1982–2017). The black bars 
represent the mean values per farming system of n =
4 individual plot replicates, depicted as colored cir-
cles. Post hoc Tukey letters give significant differ-
ences at p < 0.05 between farming systems after one- 
way ANOVA. Single plot replicates marked with an 
asterisk show outliers.   
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BIODYN, which affect soil microbial community structure (Hartmann 
et al., 2015), also had no positive effect on OM stabilization in MAOM, 
compared to CONFYM. 

Overall, the constant supply of OM through organic fertilizers in 
BIODYN and CONFYM initiates an improved aggregate stability and 
different sorption mechanisms of OM to fine mineral surfaces, compared 
to CONMIN and NOFERT. Therefore, our hypothesis that organic 
fertilization would lead to increased stabilization of MAOM, is true. 

4.2. Dynamic stability of MAOM-C - highest contents despite highest 
turnover under organic fertilization 

We expected higher MRTs and lower turnover of MAOM under 
organic fertilization, because of the supposedly higher stability of 
MAOM-C in BIODYN and CONFYM (i.e. enhanced aggregation, higher 
oxidation resistance (Fig. 2)) compared to CONMIN and NOFERT. 
However, MRTs of MAOM were significantly higher in NOFERT (238 ±
40 yrs) and CONMIN (195 ± 27 yrs), compared to CONFYM (138 ± 18 
yrs) and BIODYN (140 ± 19 yrs) (Fig. 4a). These results were surprising 
given the fact that chemical oxidation with NaOCl has been shown to 
leave C with significantly higher ages and MRTs (Jagadamma et al., 
2010; Kleber et al., 2005; Kögel-Knabner et al., 2008). This shows that 
chemical methods are of limited use in differentiating the stability of OM 
to biodegradation (Mikutta and Kaiser, 2011). 

In BIODYN and CONFYM, the increased microbial activity (Krause 
et al., 2022) ensured a faster processing of the steady high supply of 
young OM from organic fertilizers. This led to an increased accumula-
tion of young microbial degradation products in MAOM, significantly 
shorter MRTs (− 78 yrs) (Fig. 4a) and significantly higher annual C mass 
flow rates in MAOM (+70 kg C ha− 1 yr− 1) (Fig. 4b), compared to 
NOFERT and CONMIN. The amount of MAOM-C in BIODYN and CON-
FYM remained constant over the 36-year period from 1982 to 2017 
(Fig. 2 and Supplementary Table 4). This implies that the faster turnover 
of MAOM-C in BIODYN and CONFYM (factor 1.7) is compensated by the 
even greater OM input rates (factor 2.3), resulting in higher MAOM-C 
contents, relative to NOFERT and CONMIN. 

The omission of additional OM inputs via fertilization in NOFERT 
and CONMIN resulted in a high spatial substrate heterogeneity (Leh-
mann et al., 2020; Shi et al., 2021), reducing the likeliness for the spatial 
co-occurrence of MAOM and decomposers (Don et al., 2013). The un-
changed 14C activity in MAOM during the steady-state period in 
NOFERT (2003–2017) (Fig. 3) illustrates these low OM inputs of which 
very little was incorporated into MAOM over this period. As a result, a 

small, old OM fraction was isolated and preserved that turned over much 
slower, resulting in longer MRTs compared to CONFYM and BIODYN 
(Fig. 4a). The fact that the older MAOM in NOFERT had significantly 
lower aromatic C than younger MAOM in BIODYN (Mayer et al., 2022), 
supports the assumption that its reduced turnover and longer MRT 
resulted from the spatial isolation from its decomposers and not due to 
its recalcitrance to microbial degradation. This is in line with findings of 
Kleber et al. (2011), who showed that OM with the highest 14C age (i.e. 
highest MRTs) had an easily metabolizable chemical composition. 

We found no quantitative increase in MAOM-C of BIODYN and 
CONFYM over the 36-year period despite high OM inputs (Supplemen-
tary Table 4). This underlines that direct management of MAOM-C is not 
possible. Using the empirical formulas of Hassink (1997) and Wiesmeier 
et al. (2015), Mayer et al. (2022) showed high C saturation deficits of the 
fine fraction (<20 μm) for all farming systems. Thus, C saturation is not 
an explanation for the lack of MAOM-C enrichment. Furthermore, the 
14C data of this study show the continuous rejuvenation of MAOM with 
new OM across all farming systems (Fig. 3), contradicting that the 
36-year period was too short for the incorporation of new OM in MAOM. 
Imaging techniques could provide further insight into the mechanistic 
processes that control and/or limit the accumulation of OM within 
MAOM at the submicron scale and improve our knowledge of how 
different fertilizer types might affect these processes (Steffens et al., 
2017; Vogel et al., 2014). 

Overall, we found MAOM-C to be more active in farming systems 
receiving organic fertilizers than in purely mineral and unfertilized 
systems, which was contrary to our hypothesis of longer MRTs in BIO-
DYN and CONFYM. Just recently, attention has been drawn to the need 
for continuous turnover and microbial utilization of OM inputs to agri-
cultural soils in order to maintain OM storage, aptly termed ‘dynamic 
stability’ by Dynarski et al. (2020). In our study, the ‘dynamic stability’ 
is manifested by the rapid and constant turnover of continuous OM in-
puts from composted (BIODYN) and stacked manure (CONFYM), and 
the subsequent stabilization of its degradation products in MAOM. This 
highlights the importance of maintaining continuous organic inputs in 
general, as a stop is anticipated to result in the fastest OM degradation in 
farming systems with high C turnover and short MRTs. 

4.3. Clay content and clay mineralogy are crucial for OM stabilization - 
in the absence of organic fertilizers 

We observed a strong positive correlation between clay content and 
the estimated MRT, especially in farming systems without organic 

Fig. 5. Correlation of estimated MRT (yrs) of MAOM with (a) clay content (<2 μm) and (b) smectite content. Circles show the single plot replicates and dotted lines 
show the linear trends of circles colored according to the respective farming system. In (b), the linear trend over all plots is shown, excluding the outlier marked with 
an asterisk. 

M. Mayer et al.                                                                                                                                                                                                                                  



Soil Biology and Biochemistry 184 (2023) 109095

8

fertilization (Fig. 5a). This suggests that at low MAOM-C contents, clay 
content has greater influence on the stabilization (or ‘retention’) of OM 
than at higher MAOM-C contents. In the latter, OM sorption is less 
limited by vacant binding sites on mineral surfaces due to the preferable 
formation of organo-organo compounds (Possinger et al., 2020). Thus, 
the amount of clay particles is less critical for the stabilization of OM in 
CONFYM and BIODYN. In NOFERT and CONMIN, where MAOM-C 
contents are low, increased clay contents enhance the high spatial sub-
strate heterogeneity (Lehmann et al., 2020; Shi et al., 2021) (see Chapter 
4.2.) via stabilization and physical isolation of OM in aggregates, further 
reducing substrate availability to microbes and, as a result increase 
MAOM MRT. 

Furthermore, we observed a positive correlation between smectite 
content and estimated MRT (Fig. 5b). Wattel-Koekkoek et al. (2003) 
identified clay mineralogy as the main factor explaining differences in 
MRT of OM, with the slowest turnover times in smectite-dominated 
soils. Smectite is an expendable 2:1 phyllosilicate with a high sorptive 
capacity due to its large SSA (Kleber et al., 2021; Saidy et al., 2013). The 
effect of smectite properties on MRT was stronger in NOFERT and 
CONMIN compared to CONFYM and BIODYN. 

Notably, the outlier plots 88, 93, and 94 with the highest clay con-
tents per farming system (Table 1), are directly adjacent in the DOK 
experimental design (Supplementary Fig. 1). This illustrates that at low 
SOM contents and in the absence of organic fertilization, even small clay 
content gradients at the field or plot level (NOFERT: 15–25%, CONMIN: 
20–24%) (Table 2) can result in significant differences in MRT. For 
practice, this should raise awareness towards the fact that SOM turnover 
is also controlled by the heterogeneity of soil properties, particularly 
when OM inputs from fertilizers are missing. Consequently, exact 
knowledge about the heterogeneity of soil properties, e.g., through 
replicated and geolocated samplings, helps to minimize uncertainties in 
estimates of SOM persistence. 

5. Conclusions 

Using 14C analysis and MRT estimation of the physically separated 
MAOM fraction (<6.3 μm), we demonstrated that constant organic 
fertilization resulted in significantly higher MAOM-C turnover and 
significantly shorter MRTs compared to non-organic fertilization over a 
36-year period. Despite the highest MAOM-C turnover, MAOM-C con-
tents were kept constant under organic fertilization, implying that the 
faster turnover is compensated by the high OM input rates. The results of 
this study illustrate that a constant supply and turnover of OM in 
mineral-associated fractions is vital to ensure the long-term stability of 
MAOM-C contents. However, we lack understanding on the sub-micron 
scale mechanisms that control C sequestration in MAOM explaining the 
limited accumulation of additional MAOM-C. This will improve the 
evaluation of the ability of agricultural soils to act as long-term C sinks. 
Overall, this study highlights the importance of the dynamic nature of 
organo-mineral interactions for SOM stabilization, especially in the 
context of advancing climate change. Supporting this dynamic nature of 
SOM via continuous organic fertilization and improving biological soil 
quality should therefore become the focus of sustainable and climate- 
friendly agriculture. This corroborates the theory of managing SOM 
rather than locking it away, which mixed farming systems that integrate 
livestock and arable farming are best suited for. 
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Kölbl, A., Kögel-Knabner, I., 2004. Content and composition of free and occluded 
particulate organic matter in a differently textured arable cambisol as revealed by 
solid-state 13C NMR spectroscopy. Journal of Plant Nutrition and Soil Science 167, 
45–53. 

Kramer, M.G., Chadwick, O.A., 2018. Climate-driven thresholds in reactive mineral 
retention of soil carbon at the global scale. Nature Climate Change 8, 1104–1108. 

Krause, H.-M., Fließbach, A., Mayer, J., Mäder, P., 2020. Implementation and 
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Mäder, P., Fließbach, A., Dubois, D., Gunst, L., Fried, P., Niggli, U., 2002. Soil fertility 
and biodiversity in organic farming. Science 296, 1694–1697. 
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Kleber, M., Kögel-Knabner, I., Lehmann, J., Manning, D.A., Nannipieri, P., Rasse, D. 
P., Weiner, S., Trumbore, S.E., 2011. Persistence of soil organic matter as an 
ecosystem property. Nature 478, 49–56. 

Schweizer, S.A., Hoeschen, C., Schlüter, S., Kögel-Knabner, I., Mueller, C.W., 2018. Rapid 
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