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Abstract. In soils from a long-term agricultural experiment (LTE) installed in Uruguay, integrated crop-pasture rotational 

systems promote greater soil organic carbon (SOC) accumulation than continuous cropping systems at the soil surface (0-20 

cm) by avoiding losses of centennial C. Here, we explore whether old C losses due to continuous cropping extend to deeper 

layers or whether other factors control deep carbon dynamics in the same LTE in Uruguay. To answer this question, we 15 

analyzed the vertical profile of SOC, Δ14C and δ13C in fractions representing compartments of different stability at two 

points in time of two contrasting agricultural treatments (continuous cropping and integrated crop-pasture rotational system). 

Additionally, using site-specific data we fit dynamic compartmental models to describe the temporal trajectory of C stocks 

and Δ14C signature in the stable SOC fractions at depth on the integrated crop-pasture system. Based on these models, we 

used the estimated age distribution for soil C to assess whether it is possible to sequester C in these compartments on time 20 

scales relevant in terms of climate change mitigation. We found that the SOC fractions associated with the mineral phase 

(MAOM - HF) are highly isolated with respect to inputs of recent atmospheric CO2 and that this isolation increases 

substantially with depth in the soil profile. This degree of isolation was characterized by a progressive increase in the 

difference between Δ14C profile between MAOM-HF and LF-POM (more labile) fractions with depth. The differences found 

in the C stock between management systems could be explained by different losses of old legacy C and the high stability and 25 

isolation of the compartments associated with the mineral phase in the crop-pasture rotational system. The high stability of 

MAOM-HF in this agricultural system was reflected in the very old ages of these C pools, from approximately 700 years at 

surface to a value of several thousand years at depth. The inclusion of a vertical transfer mechanism for previously stabilized 

material was not necessary to explain the general age structure and the capacity of these systems to sequester new C inputs in 

deep stable layers. The results of this work imply that integrated crop-pasture rotational systems have not been able to 30 

sequester significant amounts of new C along the profile (and in particular at depth), although they are relevant to preserve 

the natural C legacy of these soils. 
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1 Introduction 

There is great interest in the scientific community to develop agricultural technologies that can maintain or increase soil 

organic carbon (SOC) and achieve positive impacts in terms of climate change mitigation (Cates et al., 2016; Rui et al., 35 

2022). This is crucial in a scenario of global temperature rise due to greenhouse gas emissions (IPCC, 2014, 2022). In turn, 

changes in the amount of SOC have not only potential climatic impacts, but the increases in SOC concentration also 

determine the improvement of soil properties such as fertility, erosion control, water retention capacity and infiltration, thus 

affecting its agricultural productivity (Lal, 1993; Rubio et al., 2019).  

SOC does not behave as a homogeneous pool (Cotrufo et al., 2015; Schmidt et al., 2011; Trumbore, 2009), and it is widely 40 

accepted that modeling its dynamics with homogeneous kinetics can lead to significant overestimation errors of the SOC 

response on timescales of decades to centuries (Schuur et al., 2016; Trumbore, 2009). Traditionally, chemical recalcitrance 

of soil organic compounds has been considered the primary factor responsible for SOC stability. However, this concept has 

recently been strongly challenged by a large body of evidence which shows that all SOC is potentially degradable and that 

even simple and labile compounds can have high 14C ages (Kleber et al., 2011). In this paradigm shift, it has been proposed 45 

that the association of soil C with the mineral phase through sorption processes is the main factor in soil C stabilization 

(Schmidt et al., 2011). Another mechanism that has been reported to be responsible for increased C stability is the formation 

of soil aggregates, as the complex geometry of soil porosity determines that part of the SOC is located in places where 

microbial enzymatic action is hindered and oxygen diffusion is slowed down (Chevallier et al., 2010; Keiluweit et al., 2017). 

A final mechanism is through the increased physical isolation of organic compounds from living microbes, especially in 50 

deep soils where microbial biomass declines as does carbon content (Don et al., 2013).  

Separation of soil organic matter into compartments of different stability is required to correctly understand and model SOC 

dynamics (Jenkinson, 1990). Various techniques for partitioning SOC fractions have been applied as a proxy to differentiate 

C pools with contrasting kinetics (Poeplau et al., 2018), with physical methods of particle size or density separation being the 

most widely used (Cambardella and Elliott, 1992; Golchin et al., 1994; Six et al., 2002). Regarding the size fractionation 55 

technique (Cambardella and Elliott, 1992), in most cases two fractions are separated, particulate organic matter (POM) and 

mineral-associated organic matter (MAOM). POM is largely comprised of poorly transformed plant fragments, whereas 

MAOM is composed of low molecular weight compounds with a higher degree of microbial transformation that are 

adsorbed to the mineral phase, giving them a longer persistence in the soil (Lavallee et al., 2020). Another widely used 

fractionation technique is density separation (Golchin et al., 1994; Schrumpf et al., 2013; Sohi et al., 2001). This technique 60 

separates the soil organic matter associated with the mineral phase (heavy fraction, HF) from the particulate (light fraction, 

LF) material inside (occluded light fraction, oLF) and outside aggregates (free light fraction, fLF), characterizing both the 

stabilization by association with the mineral phase (physicochemical protection) and by aggregates formation (physical 

protection). 
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Characterization of the relative abundance of "rare" C isotopes (14C and 13C) in different SOC fractions and respired CO2 has 65 

been widely used as a proxy to understand the turnover time of each of these fractions and to assess whether the separation 

method is effective in generating compartments that are functionally and kinetically contrasting (Balesdent et al., 1987, 

2018; Poeplau et al., 2018; Trumbore and Zheng, 1996). Particularly, soil radiocarbon data is a useful tool for understanding 

C dynamics in terrestrial systems (and in different soil fractions) (Torn et al., 2009; Trumbore, 2000). Radiocarbon is a 

measure of the time that has elapsed since the photosynthetic fixation of CO2 from the atmosphere. In particular, due to the 70 

radiocarbon peak that occurred around 1960, 14C is an extremely useful isotopic tracer for understanding the rates at which 

the biosphere (and especially the soil) exchanges C with the atmosphere (Trumbore, 2009). In turn, the δ13C isotopic 

signature can be used as a proxy to characterize the degree of microbial processing of SOC, due to the existence of a 13C 

enrichment of the microbial biomass with respect to the input plant substrate (ŠantRůČková et al., 2000; Wynn et al., 2005), 

determining that those C compartments with a higher proportion of C of microbial origin are more enriched in this isotope.  75 

Several studies have shown that it is possible to maintain or even increase the SOC content of agricultural soils in temperate 

regions through the application of certain crop management practices (González-Sosa et al., 2024; Rui et al., 2022; Xu et al., 

2020). For example, management practices such as reduced tillage, diversification of agricultural sequences, and application 

of organic amendments have been shown to be effective in increasing the content of labile organic matter (i.e., POM or LF). 

However, their effectiveness in promoting SOC accumulation in more persistent compartments (i.e., MAOM or HF) has 80 

been debated (Castellano et al., 2015; Rui et al., 2022). Particularly, the inclusion of perennial pastures in agricultural 

rotations represents a sustainable intensification strategy capable of maintaining or increasing SOC stocks without 

compromising the productivity of the systems (Baethgen et al., 2021; Pravia et al., 2019). Although efforts have been made 

to generate an initial approximation of the effect of these management practices on SOC stock and its stability at depth in the 

soil profile (Gentile et al., 2005), there is still a need to deepen knowledge on this subject. Contributing to reduce this 85 

knowledge gap, it is important in the context of initiatives such as the ‘4 per 1000’ (Minasny et al., 2017), which proposes to 

increase C concentrations to a depth of 2 meters on a global scale, an assumption that has been debated (Rumpel et al., 2019) 

because there is no consensus in the literature on the actual capacity of deep soil layers to behave as sufficiently active to 

store new C on short time scales. As Trumbore (2000) claims, not all soil carbon interacts with the atmosphere on the same 

time scale, and this is particularly true when we assess it in deep layers. 90 

Deep SOC would have high stability because it has generally been reported with ages ranging on the order of centuries to 

millennia (Mathieu et al., 2015; Rumpel and Kögel-Knabner, 2011; Van Der Voort et al., 2019). This is explained by a more 

rapid decrease in labile C compartments at depth (POM, LF) compared to stable compartments (MAOM, HF) (Galluzzi et 

al., 2025; Salvo et al., 2010) and by low decomposition rates that are compensated by low inputs to result in the relatively 

low SOC concentrations that are typical of deep layers (Von Fromm et al., 2024). These low decay rates are due to the 95 

higher intensity of stabilization mechanisms that would increase at depth (Rumpel and Kögel-Knabner, 2011). Kaiser and 

Kalbitz (2012) also state that a mechanism that could determine older C ages at depth could be desorption and vertical 

movement of pre-aged organic C in the form of dissolved organic carbon (DOC). However, this latter mechanism has been 
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called into question by the findings of Sierra et al. (2024), who suggest that vertical movement in the form of diffusion and 

advection processes seem to be of secondary importance in determining the vertical profile of SOC and 14C and that the 100 

essential process is the net balance between inputs and decomposition at each layer (determined mostly by root inputs and 

microbial decomposition). 

Previous work carried out at the same experimental site as the present work (González-Sosa et al., 2024), based on C stocks 

in size fractions and radiocarbon measurements in soil and incubations, estimated the compartment containing most of the 

organic carbon (MAOM) at the surface (0-20 cm) to be highly stable in temperate soils under the conservationist 105 

management practice of integrated crop-pasture rotational systems. These results suggest that there is an important 

decoupling between the dominant compartment of SOC and the atmospheric C pool used to produce fresh plant organic 

matter inputs. In this work, we aim to expand upon these initial findings by characterizing the effect of the inclusion of 

perennial pastures in agricultural rotations on deep SOC dynamics.  

We hypothesize that soils under crop-pasture rotational systems have higher C stocks than continuous cropping systems 110 

throughout the profile, including deep horizons. This higher deep SOC stock is caused by the elevated persistence of C 

associated with the soil's mineral phase due to the preservation of very old SOC with high microbial reprocessing and not 

due to new C sequestration. The confirmation of this process would be evidenced by highly negative Δ14C isotopic 

signatures and high 13C enrichment (higher δ13C values) in the C compartments associated with the mineral fraction at deep 

layers. Additionally, we hypothesize that the consideration of vertical flows of pre-aged C are not necessary to explain the 115 

older ages of C at depth. Soil C dynamics and aging in the profile were evaluated using a dynamic compartmental model 

(Sierra et al., 2012, 2014) with which we evaluated the effect of changing inputs over time and considering different 

intensities of vertical movement of old C on its 14C signature, age and transit time of C in the system. 

To test our hypotheses, we will focus on answering the following guiding questions: 

1. Do integrated crop-pasture systems constitute an agronomic strategy that enhances the sequestration of mineral-120 

associated C (MAOM-HF) in deep layers compared to systems that include only annual crops? 

2. Does a significant incorporation of recent mineral-associated C occur in deep layers within these productive 

systems? 

3. Is there a higher microbial reprocessing in the mineral-associated C at depth? 

4. Is it necessary to consider a vertical flow of pre-aged C to understand the vertical age profile of mineral-associated 125 

C? 
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2. Materials and methods 

2.1. Experimental site and long-term experiment (LTE) 130 

The study was carried out at the long-term experiment (LTE) of the research station "La Estanzuela" of the National Institute 

of Agricultural Research of Uruguay (INIA). The site is located in southwestern Uruguay (Colonia, Uruguay; 34°20′33′′ S, 

57°43′25′25′′ W), in the center of the Río de la Plata Grassland ecoregion (Baeza et al., 2022). The mean annual cumulative 

precipitation is 1126.7 (±269.9) mm and the cumulative reference evapotranspiration is 1192.5 (±74.3) mm based on 53 

years of meteorological records (Fig. 1a). Rainfall is strongly variable between years, although no changing trends are 135 

observed over time (Fig. 1b). The mean annual temperature reaches 16.9 °C, showing a marked seasonality. On average, 

monthly maximum temperatures are 29.0 °C in January and 14.8 °C in July, while monthly minimum temperatures average 

17.8 °C and 6.2 °C for the same months, respectively (Fig. 1a). 

 

 140 

Figure 1. Monthly distribution of mean accumulated rainfall and evapotranspiration (left Y axis, bars) and monthly mean 

maximum and minimum temperature (right Y axis, lines) (a); time series of annual accumulated rainfall (mm) (dotted red 

line corresponds to the time series average) (b). The information derives from a 53-year time series (1969 – 2022) provided 

by INIA's meteorological stations (INIA GRAS, 2023). Reprinted from González-Sosa et al. (2024), SOIL, licensed under 

Creative Commons Attribution 4.0 International (CC BY 4.0). 145 

 

The geomorphology of the site is characterized by the presence of rolling hills with average slopes of approximately 3%. The 

soil is classified as a fine, smectitic Vertic Argiudoll based on the USDA taxonomy system (Soil Survey Staff, 2014). 

Detailed soil information from a previous sampling conducted at the experimental site is presented in Table 1, which shows a 

slightly acidic soil with a well-developed Bt horizon and no rockiness. 150 
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Table 1. La Estanzuela LTE soil characteristics(a) 

Horizon Ap Bt1 Bt2 Bt3 

Depth (cm) 0-30 30-42 42-72 72-97 

Clay (g kg-1) 287 472 500 466 

Silt (g kg-1) 637 466 461 486 

Sand (g kg-1) 76 62 39 48 

pH (KCl) 5.6 5.6 5.2 5.5 

SOC (g kg-1) 20.8 7.8 9.5 1.3 

Ntot  (g kg-1) 1.7 0.8 0.7 0.4 

CECe (cmolc kg-1) 17.1 22.9 24.4 27.1 

CECpH7 (cmolc kg-1) 20.6 25.5 26.6 28.4 

Note: CECe: efective Cation Exchange Capacity. Information 

obtained from a soil mapping conducted by the Uruguayan Ministry 

of Agriculture in 1985.  
(a)Reprinted from González-Sosa et al. (2024), SOIL, licensed under 

Creative Commons Attribution 4.0 International (CC BY 4.0). 

 

The INIA La Estanzuela LTE, installed in 1963, is the oldest long-term agricultural experiment in Latin America and one of 155 

the oldest in the world. This LTE evaluates the effects on soil properties and crop productivity of a gradient of seven 

treatments of varied agricultural intensity, from continuous cropping agriculture with and without fertilizer application to 

integrated crop-pastures systems. It has a randomized complete block design with three replications and each plot has an area 

of 0.5 ha. The installation of crops and pastures is currently carried out in a no-till farming system. However, this technology 

has been adopted in recent decades, and tillage was implemented in land preparation previously (Baethgen et al., 2021; 160 

González-Sosa et al., 2024). A detailed description of the experimental site and the LTE can be found in several previous 

works, such as Baethgen et al. (2021), González-Sosa et al. (2024) and Grahmann et al. (2020). 

Two of the seven experimental treatments were selected for this work because of their contrasting effects on SOC dynamics: 

a continuous cropping system (CC) and an integrated crop-pasture rotation system (R) with 50% of the time dedicated to 

grain crop production and 50% to perennial pastures. The current crop rotation of the CC system has two winter crops 165 

(barley and wheat) and three summer crops (maize, sorghum and soybeans) that are fit in three years as follows: maize (yr 

1), barley and sorghum double-cropping (yr 2), wheat and soybeans double-cropping (yr 3). On the other hand, the R system 

consists of three years of the same sequence as the CC system in rotation with three years of a perennial pasture of white 

clover, bird's-foot trefoil, and tall fescue. The rotations have undergone slight modifications in the crops grown throughout 

the history of the LTE, intending to adapt the technologies represented in the experiment to changes in agricultural 170 

management practices that have occurred in real farming systems throughout the years. A detailed description of this 

historical evolution can be found in González-Sosa et al. (2024) and Quincke et al. (2019). 
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2.2. Soil sampling and analysis 175 

Stratified soil sampling was carried out in 2008 and 2021 in the plots corresponding to the CC and R treatments of the LTE. 

The stratification scheme used was as follows: 0-10 cm, 10-20 cm, 20-40 cm, 40-60 cm and 60-80 cm. The soil samples 

were sieved to less than 2 mm and a subsample was dried at 40 °C and finely ground to be analyzed for C content by dry 

combustion (Elementar Vario Max) at the Max-Planck Institute for Biogeochemistry (MPI-BGC, Jena-Germany). The 

samples extracted in 2021 were fractionated, separating sand-size SOC or particulate organic matter (POM) (> 53 μm) from 180 

silt plus clay SOC or mineral associated organic matter (MAOM) (< 53 μm) based on the technique described by 

Cambardella and Elliott (1992). Both fractions were dried at 40 °C and finely ground to be analyzed for δ13C signature by 

isotope ratio mass spectrometry (IRMS) and Δ14C by accelerator mass spectrometry (AMS) at MPI-BGC. Additionally, the 

C content of POM was obtained by dry combustion. Undisturbed soil samples were taken in 2021 for bulk density 

determination which were used for SOC stock calculations. Particularly, POM C stock was calculated considering its C 185 

concentration and recovered weight while MAOM C stock was calculated as the difference between SOC and POM C stock. 

All SOC stocks were expressed in Mg ha-1. 

The samples extracted in 2021 were incubated to obtain δ13C and Δ14C isotopic signatures in the CO2 efflux. Previously wet 

to a moisture content equivalent to 60% of its field capacity, 25 g of soil was placed in hermetic 587 mL glass bottles at a 

temperature of 25 °C to promote microbial respiration. A four-day pre-incubation was performed to avoid possible 190 

distortions in the isotopic signatures associated with the start of the incubation and the air in the bottle was replaced with 

synthetic (CO2 free) air. Then, the CO2 concentration in the bottles was monitored using an infrared gas analyzer (Li-6262). 

Once a threshold of 1.8 to 2.0 mg C in the bottle headspace was reached, part of the gas was extracted for δ13C analysis by 

IRMS. The CO2 from the remaining headspace air contained in the bottle was extracted using cryogenic separation of CO2 

from other gases (N2, O2, and H2O) on a vacuum line (Trumbore et al., 2016). The purified CO2 was then heated at 550 °C in 195 

the presence of H2 as a reducing agent and iron powder (Fe) as a catalyst to reduce it to graphite (Steinhof et al., 2017). 

Finally, this mixture of graphite and iron was analyzed to obtain the Δ14C signature by AMS (Steinhof et al., 2017). 

Additionally, 15 g subsamples of soil from the stratified sampling of 2008 and 2021 were fractionated using the density 

separation technique (Golchin et al., 1994; Sohi et al., 2001), separating three fractions: free light fraction (fLF), occluded 

light fraction (oLF) and heavy fraction (HF). The fLF, which represents material with close characteristics to plant input, 200 

was obtained by shaking the sample in a sodium polytungstate solution with a density of 1.8 g cm-3 and then centrifuging and 

aspirating the supernatant. The oLF, which constitutes a pool of C physically protected within soil aggregates, was obtained 

by the same procedure as fLF, but after disrupting the aggregates by sonification (400 J ml-1). The remaining material 

constitutes the HF and represents the C associated with the soil mineral phase, which has a higher density than the liquid 

used in the separation procedure (1.8 g cm-3). The HF was dried and finely ground to be analyzed to obtain the δ13C signature 205 

by IRMS and Δ14C by AMS, as well as the C concentration by dry combustion. In the case of fLF and oLF, a sufficient 

sample recovery was not achieved to allow their subdivision. Therefore, they were only analyzed for C concentration by dry 
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combustion and radiocarbon by AMS. The information presented for these two fractions is a descriptive approximation 

because, due to the small sample mass recovered, it was not possible to make determinations for some plots at some depths. 

For all three fractions, the recovered weight and their C concentrations were used to calculate the amount of C in each 210 

fraction. For those fLF samples for which the determination of C concentration was not available, the average value of all the 

samples was used. The light fraction (LF) (fLF + oLF), representing particulate material inside and outside aggregates, was 

obtained as the difference between SOC and HF stock. 

 

2.3. Statistical analysis and modeling 215 

The effect of the agricultural management treatment (CC or R) on total SOC content and fractions (POM-MAOM and fLF-

oLF-HF) C content, on the isotopic signatures of δ13C and Δ14C by SOC fraction, and on isotopic signatures on CO2 efflux 

for each of the depth layers considered, was evaluated by paired t-tests (p < 0.05). 

To discuss the capacity of integrated crop-pasture systems to stabilize new C in deep layers, we designed a dynamic 

compartmental model in the form of a system of ordinary differential equations (ODE) to identify which SOC cycling rates 220 

and inter-compartment transfers are necessary to explain the C stocks and Δ14C signatures measured in the R system. These 

models can be expressed in this general form (Sierra et al., 2012) (Eq. 1): 

𝑑𝐶(𝑡)

𝑑𝑡
= 𝐼(𝑡) + 𝐴. 𝐶(𝑡) 

Where C(t) is a vector representing the C stock in n pools. I(t) denotes the mass of C entering the system through each of the n 

pools per unit of time. A is an n x n square matrix containing the output rate constants on its main diagonal and the transfer 225 

coefficients between compartments in the off-diagonal entries. This general form can be adapted to represent the radiocarbon 

flux through a compartmental system (Sierra et al., 2014) as follows (Eq. 2): 

𝑑14𝐶(𝑡)

𝑑𝑡
= 𝐼14𝐶(𝑡) + 𝐴 .  

14𝐶(𝑡) − 𝜆14𝐶(𝑡) 

Where I14C(t) is a vector of n dimensions containing the radiocarbon inputs to the n pools, 14C(t) is the amount of radiocarbon 

in each compartment n, and λ is the radioactive decay constant (1/8267 y-1). 230 

 

The model used in this work is an adaptation of the one proposed in González-Sosa et al. (2024), which only represented 

SOC and radiocarbon dynamics in the 0-20 cm layer. This modification has a scheme of two compartments per depth layer, 

and C enters each layer through a fast-cycling pool and it is then transferred to a slow-cycling pool in a stabilization process 

that depends mathematically on the cycling rate of the fast-cycling pool and a transfer coefficient α between both 235 

compartments (Fig. 2). The general scheme outlined in equation 1 is expressed for this case as follows (Eq. 3): 
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𝑑𝐶

𝑑𝑡
 =   𝐼 .

(

 
 
 
 

𝑝1
0
𝑝2
0
𝑝3
0
𝑝4
0 )

 
 
 
 

 .

(

 
 
 
 
 
 
 

𝑘𝑓1 0 0 0 0 0 0 0

∝1 𝑘𝑓1 𝑘𝑠1 0 0 0 0 0 0

0 𝛽𝑖𝑘𝑠1(1 − 𝛾𝑗) 𝑘𝑓2 0 0 0 0 0

0 𝛽𝑖𝑘𝑠1𝛾𝑗 ∝2 𝑘𝑓2 𝑘𝑠2 0 0 0 0

0 0 0 𝛽𝑖𝑘𝑠2(1 − 𝛾𝑗) 𝑘𝑓3 0 0 0

0 0 0 𝛽𝑖𝑘𝑠2𝛾𝑗 ∝3 𝑘𝑓3 𝑘𝑠3 0 0

0 0 0 0 0 𝛽𝑖𝑘𝑠3(1 − 𝛾𝑗) 𝑘𝑓4 0

0 0 0 0 0 𝛽𝑖𝑘𝑠3𝛾𝑗 ∝4 𝑘𝑓4 𝑘𝑠4)

 
 
 
 
 
 
 

 .

(

 
 
 
 
 
 

𝐶𝑓𝑎𝑠𝑡1
𝐶𝑠𝑙𝑜𝑤1
𝐶𝑓𝑎𝑠𝑡2
𝐶𝑠𝑙𝑜𝑤2
𝐶𝑓𝑎𝑠𝑡3
𝐶𝑠𝑙𝑜𝑤3
𝐶𝑓𝑎𝑠𝑡4
𝐶𝑠𝑙𝑜𝑤4)

 
 
 
 
 
 

 

Where the C enters the system through the labile compartment of each layer and the dynamics down to 80 cm depth is 

represented in 20 cm intervals. The parameters kfi and ksi represent the output rate constants of the fast and slow pools for 

each i depth layer, respectively. 240 

The parameters ∝i depict the proportion of C that leaves the fast pool and is transferred to the slow pool at each depth. In 

addition, the parameters βi represent the proportion of C that leaves the slow pool of a given depth layer and is transferred  to 

the immediately deeper layer. This C flowing into the next layer is divided between the slow and fast pools according to a 

parameter γ (Fig. 2). 

 245 

Figure 2. Schematic representation of the model used to interpret the SOC stock and Δ14C results of the R system. Solid 

lines represent flows into or between the system pools, and dotted lines represent flows leaving the system. 
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Since the experimental plots received conventional tillage until 2008 (Baethgen et al., 2021; González-Sosa et al., 2024; 

Quincke et al., 2019), the 0-20 cm depth was represented as a unique layer, aggregating the corresponding information. 

Because our focus in this analysis is the dynamics of stable compartments at different depths, we initially assumed the output 250 

rate constant of the fast pool (kf) to be constant among layers and equal to 0.651 y-1 (González-Sosa et al., 2024). 

Subsequently, to test this assumption, we tested the effect on the 14C signature, age, and transit time of two linear kf 

reduction schemes (0.5 and 1% vertical kf reduction per cm of vertical variation), proportionally adjusting the inputs to 

maintain the estimated stock of the fast pool for each layer. To assess whether the consideration of a vertical movement of 

pre-aged C is necessary to understand the radiocarbon isotopic signatures measured at depth (Kaiser and Kalbitz, 2012), four 255 

scenarios were considered: (1) no vertical movement (β = 0), (2) 10% (β = 0.1), (3) 20% (β = 0.2) and (4) 30% (β = 0.3) of 

the C leaving the slow pool of each layer is transferred to the underlying layer. Additionally, we evaluated the effect of three 

partitioning schemes for these vertical transfers. In the first scheme, the vertical connection occurs exclusively between slow 

pools (γ = 1). In the other two schemes, 70% (γ = 0.7) or 50% (γ = 0.5) of the C leaving the slow pool of one layer is 

transferred to the slow pool of the immediately lower layer, while the remaining fraction is transferred to the fast pool of that 260 

underlying layer. In order to address the hypotheses related to the dynamics of stable compartments associated with the soil 

mineral phase, we adjusted the parameters ksi and ∝i to represent the measured MAOM C stocks and Δ14C signature in the 

slow compartments at different depths for all the combinations of kf, β, and γ evaluated (30 alternative models). 

As proposed by González-Sosa et al. (2024) we assumed the vertical distribution of C inputs to be directly proportional to 

the vertical distribution of POM C. Based on this and the C input rate reported for this system in the 0-20 cm layer (4.94 Mg 265 

ha-1 y-1) (González-Sosa et al., 2024) we calculated the C input profile down to 80 cm. Atmospheric radiocarbon information 

was obtained from Reimer et al. (2013) for the pre-bomb period and from Hua et al. (2022) for the post-bomb period. 

Finally, to evaluate the capacity of the deeper layers to incorporate new C into their slow compartments, we increased C 

inputs to the system by 50% and assessed how much C the different fitted models predicted could be stored in these pools 

over 50 and 100 years. 270 

 

2.4. Age and transit time 

Once a compartmental model (Fig. 2), which describes the system C dynamics in a deterministic form, is obtained, it can be 

transformed into a stochastic version to characterize the SOC persistence by calculating its age distribution (Metzler and 

Sierra, 2018; Sierra et al., 2018). Sierra et al. (2018) define age as the age of the particles or atoms in the system or in its 275 

compartments, from the moment they entered the system boundaries to the time of observation, while the transit time is the 

time elapsed since each atom entered the system until it leaves it. 

Once all the alternative models were obtained, we calculated the age of each of their compartments and the transit time of C 

in the system. A detailed description of the mathematical procedure applied for the calculation of the age distributions, 
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transit times, as well as for the mean values of each of these variables, can be found in Metzler and Sierra (2018) and Sierra 280 

et al. (2018). 

 

 

 

3. Results 285 

3.1. Agricultural treatment effect on SOC stock in bulk soil and fractions 

As previously reported (Baethgen et al., 2021; González-Sosa et al., 2024), there was a clear effect of the agricultural 

management treatment on the SOC stock down to 20 cm depth, reaching higher values in the R system compared to the CC 

system, with significant differences in both the 0-10 cm and 10-20 cm layer and both in 2008 (p value0-10 < 0.010; p value10-

20 = 0.031) and 2021 (p value0-10 =0.015; p value10-20 = 0.030) (Fig. 3a). The SOC stock down to 20 cm in the R system 290 

remained relatively unchanged between years with a stock of 61.17 Mg ha-1 in 2008 and 61.73 Mg ha-1 in 2021. Regarding 

the CC system, the SOC stock was 44.53 Mg ha-1 in 2008 and 48.31 Mg ha-1 in 2021. Focusing on carbon in deeper soil 

layers, statistically significant differences between agricultural treatments were observed in the 20-40 cm (p value = 0.045) 

and 60-80 cm (p value = 0.013) layers in 2008, which determined that the SOC stock of the R system in the 20-80 cm layer 

(80.66 Mg ha-1) was 46% significantly (p value < 0.010) higher than that of the CC system (55.36 Mg ha-1) (Fig. 3a). These 295 

significant differences in SOC stocks at depth were lost in the 2021 assessment, essentially due to an increase in SOC stock 

in the CC system in the 20-40 cm layer and a decrease in stock in the R system in the two deepest layers, with an increase in 

data dispersion in 2021 (Fig. 3a). 
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 300 

Figure 3. Bulk SOC stock by depth, agricultural treatment, and year of evaluation (a); and proportion of C per fraction 

according to fractionation method (POM-MAOM and LF-HF) and agricultural treatment in 2021 (b). 

 

There was reasonable agreement between the capacity of the fractionation methods to separate the C associated with the soil 

mineral phase, represented as HF in the density separation method and as MAOM in the sieving separation method (Fig. 3b). 305 

Most of the C in this soil is associated with the mineral phase (HF - MAOM), accounting for more than 80% of the C in the 

first 10 cm of the soil profile and increasing its relative importance in depth to more than 90% in the last evaluated layer (60-

80 cm) in both agricultural management treatments (CC and R). Below 10 cm depth, LF (density separation) fractions 

comprised a greater proportion of total C compared to POM (size separation), which may be related to the fact that part of 

the LF contains particulate material that is stabilized within aggregates (oLF), and part of this C (that of size < 2 microns) is 310 

contained in the MAOM fraction but not in the POM fraction. 
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Figure 4. C stock by density fraction according to agricultural treatment and year of evaluation (a) (* indicates significant 

differences between agricultural treatments in the same year of evaluation); and C stock by sieving fraction according to 315 

agricultural treatment in 2021 (b) (* indicates significant differences between agricultural treatments). 

 

Regarding the sieving separation performed in the samples obtained in 2021, González Sosa et al. (2024) had already 

identified a significantly higher POM C and MAOM C stock in the R system in comparison with the CC system in the 0-20 

cm layer. When adding the information from deeper soil horizons we found that, in addition to the differences down to 20 320 

cm, there was also a higher POM C stock in the R system for the 20-40 cm layer (p value = 0.017) (Fig. 4b), though there 

were no significant differences between treatments in MAOM C stock below 20 cm in 2021 (Fig. 4b). However, with the 

density separation technique, significant differences between agricultural treatments were observed in almost the entire 

profile in the HF C stock in 2008, with a higher stock in the R system than in the CC in every layer except 40-60 cm (Fig. 
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4a). These differences were maintained in 2021 in the first layer and there was a strong statistical trend towards a higher HF 325 

C stock in the 10-20 cm layer (p value = 0.075), while significant differences were no longer observed below 20 cm (Fig. 

4a), consistent with the results presented for the MAOM C (Fig. 4b) and bulk C (Fig. 3) profile in 2021. In contrast to what 

was observed for the POM fraction, no significant differences were detected in the C stock of the fLF and oLF in 2021 due 

to analytical difficulties linked to this technique for handling such small sample sizes in soils that have little particulate 

material, which led to a large coefficient of variation in the results obtained. 330 

 

3.2. δ13C by agricultural treatment, SOC fraction and depth 

The SOC fractions showed large differences in δ13C signatures, with heavier δ13C in the fractions (MAOM and HF) that tend 

to have more organic matter associated with the mineral phase, and lighter δ13C in fractions representing organic C less 

strongly sorbed to minerals (LF and POM, respectively).  These are consistent with a greater degree of microbial resynthesis 335 

in the HF and MAOM material. Depth profiles of the MAOM and HF fractions were similar for each of the agricultural 

treatments, with no statistically significant differences between them, indicating that both SOC fractionation techniques can 

obtain a fraction with similar characteristics (Fig. 5). Differences in 13C enrichment between more stable compartments 

(MAOM - HF) with respect to those representing labile material (POM) remained statistically significant at all depths 

evaluated (Fig. 5; Table A1).  340 

Higher microbial processing was also observed in the MAOM – HF fraction with respect to the oxidized C in the incubation 

experiment, with the δ13C signatures of evolved CO2 significantly different from these soil fractions at all depths except for 

some comparisons in the two uppermost layers where, in turn, trend differences were observed (Fig. 5; Table A1). 

Regarding the effect of the management treatment, greater 13C depletion was observed in the R system, consistent with a 

lower frequency of C4 photosynthetic cycle crops in the rotation (Fig. 5). Particularly, we observed significant differences 345 

between treatments in the SOC fractions associated with the mineral phase (MAOM - HF) in the soil surface layers (down to 

40 cm for MAOM and down to 20 cm for HF) (Fig. 5). Although the POM data was much more variable, a strong trend of 

13C depletion was observed in the R treatment in 0-10 cm layer (p=0.050) and 10-20 cm (p= 0.059) layer, and significant in 

20-40 cm layer (p= 0.027) (Fig. 5). Differences between treatments in the case of incubation-derived CO2 were much more 

pronounced, with a greater and significant depletion in 13C in the case of the R system for all layers except for 20-40 and 60-350 

80 cm, in which trends were observed (p = 0.057 and p = 0.060, respectively) (Fig. 5). 
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Figure 5. δ13C isotopic signature of HF, MAOM, POM and CO2 derived from soil incubations by agricultural treatment in 

2021. The table on the right side of the figure presents the p-values for each of the comparisons. Note: NS means not 355 

significant. 

 

 

3.3. Δ14C by agricultural treatment, SOC fraction and depth 

The Δ14C profiles for the MAOM and HF fractions evaluated in 2021 were very similar for each agricultural treatment (Fig. 360 

6), as was the case for the δ13C signature (Fig. 5), demonstrating that both fractionation techniques have a similar capacity to 

separate C associated with the mineral phase. For this isotope, no significant differences were found between the MAOM - 

HF fractions in the whole profile for both agricultural treatments except for the CC treatment in the 0-10 cm layer, for which 

the Δ14C in the HF was significantly lower than in the MAOM (p = 0.034) (Fig. 6). The Δ14C signature in these fractions for 

both agricultural treatments had a clear pattern of decreasing with depth starting in the case of MAOM with values of -54.43 365 

(R system) and -71.93 (CC system) in the 0-10 cm layer and reaching approximately the same value of -450 in both 

agricultural treatments in the 60-80 cm layer (Fig. 6).  Regarding the treatment effect, there were no significant differences 

between agricultural managements in the HF or MAOM in 2021 (Fig. 6) and only a significantly higher value of Δ14C was 

observed in the R system in the 20-40 cm layer in the HF in 2008 (Fig. 7). 
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The POM fraction had higher bomb radiocarbon enrichment than the MAOM or HF fractions. This was particularly 370 

significant in the first layer (0-10 cm), in which the average Δ14C value was 2.2 (CC system) and 3.7 (R system), decreasing 

in depth, but never reaching values lower than -100 (Fig. 6). The Δ14C values of the POM fraction were significantly higher 

than those of the MAOM and HF fraction at all depths in the case of the CC treatment (Fig. 6, Table A2). In the case of the R 

system, significant differences were observed between the C fractions associated with the mineral phase (MAOM and HF) 

and POM in the 0-10, 20-40 and 60-80 cm layers (Fig. 6, Table A2). No effect of the agricultural treatment on the POM 375 

Δ14C value was observed. 

Regarding the LF components obtained by the density separation technique (fLF and oLF), despite not being able to test the 

effects of the treatments on the isotopic signature due to the loss of samples, a clear trend of the fLF of following the Δ14C of 

the atmosphere of the sampling year was observed (Fig. 7). This vertical pattern was independent of the sampling depth and 

agricultural treatment, with values around +50 in 2008 and around 0 in 2021. In contrast, the oLF exhibited a completely 380 

different trend as a function of depth, reaching Δ14C values closer to the isotopic signature of the atmosphere in the 0-10 cm 

layer, particularly in 2021, but decreasing rapidly in deeper layers by coupling to the isotopic signature of the HF in both 

treatments (Fig. 7). 

The CO2 derived from incubation experiments, which represents the labile substrate that is available for microbial 

respiration, showed a depth profile with higher Δ14C values than any of the other fractions, evidencing greater enrichment in 385 

recently fixed C derived from atmospheric CO2 since the nuclear-test peak (Fig. 6, Table A2) than other fractions. 

Differences in respired CO2 between the agricultural treatments were only significant in the first two layers (0-10 and 10-20 

cm), with a higher value in the case of the R system (Fig. 6). 
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 390 

Figure 6. Δ14C isotopic signature of HF, MAOM, POM and CO2 derived from soil incubations by agricultural treatment in 

2021. The vertical black dashed line corresponds to the Δ14C atmospheric signature in 2021. Δ14C in CO2 down to 20 cm are 

extracted from González-Sosa (2024). The table on the right side of the figure presents the p-values for each of the 

comparisons. Note: NS means not significant. The inset graph shows the temporal evolution of the atmospheric Δ14C 

signature and its increase during the period of nuclear testing (the gray shaded rectangle indicates the duration of the LTE 395 

and the red dashed vertical line the time of sampling of the data presented in the main graph). 
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Figure 7. Δ14C isotopic signature of HF, fLF, and oLF by agricultural treatment and year of evaluation (* indicates 

significant differences between treatments for HF; † indicates significant differences between treatments for incubation 400 

CO2). Vertical black dashed lines correspond to Δ14C atmospheric signature of the year of sampling. The inset graph shows 

the temporal evolution of the atmospheric Δ14C signature and its increase during the period of nuclear testing (the gray 

shaded rectangle indicates the duration of the LTE and the red dashed vertical lines the time of sampling of the data 

presented in the main graph). 

 405 

 

 

 

 

3.4. Dynamics of C as a function of depth 410 

Figure 8 shows the average results for C stock (Fig. 8a) and radiocarbon (Fig. 8b) for the 30 modelling scenarios evaluated 

for the R system. The specific results and parameterization for each run are presented in Supplementary Material S1. The 

fitted compartmental models were capable of correctly representing the vertical stock distribution of the size fractions (Fig. 

8a) and Δ14C in the MAOM fraction (Fig. 8b). A strong equifinality was observed between the parameter regulating the 

vertical transfer of SOC between stable compartments (β), the slow compartment decay rates ksi and the ∝i parameters 415 

regulating the flux from the fast to the slow pool (stabilization) in each layer. The incremental vertical fluxes (higher values 

of β) were compensated by higher decay rates of the slow pool and lower stabilization fluxes in each layer to achieve the 
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same SOC stock estimate and Δ14C isotopic signature (Table 2). The inclusion of a vertical transfer mechanism for 

previously stabilized material was not necessary to explain the radiocarbon signatures measured in the stable fractions. By 

adjusting the ksi output rates and ∝i stabilization coefficients, it was possible to achieve the same estimates of Δ14C and C 420 

stock for all vertical transfer coefficient (β) values considered. Furthermore, transfers from slow pools to deeper fast pools, 

controlled by combinations of the β and γ parameters, had no significant effect on the model results because these flows 

were very low in magnitude (due to the low value of the ksi constants), with the dynamics of the fast compartments being 

essentially governed by the external C inputs and the kfi constants. Moreover, the downward slowdown in the kfi profile had 

only a minor effect on the radiocarbon signatures and was equifinal with the αi stabilization coefficients. This allowed the 425 

reduced kfi to be compensated by a proportional increase in αi, maintaining the C flow into the corresponding slow 

compartment. All the described equifinalities are visualized in the extremely small standard deviation between model 

estimates with the alternative 30 combinations of β, γ, and kfi vertical reduction schemes considered (Fig. 8). 

 

 430 

 

Figure 8. Model predictions (Eq. 3, Fig. 2) of the vertical distribution of the SOC stock (a) and Δ14C isotopic signature (b) 

by compartment for the agricultural system R. The labile compartment represents the POM fraction, and the stable 

compartment represents the MAOM fraction measured in 2021. The dots and black error bars represent the measurements 

and their standard error. The model predictions in (a) and (b) correspond to the average of the 30 alternative model scenarios 435 

considered; the standard deviation among model estimates is represented as red error bars in (a) and as a light ribbon in (b). 
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Table 2. Model parameters fitted to the R system data, percentage of recent stable SOC and transit time for each alternative 

vertical transfer scheme considered(a). 440 

Depth β kf γ ksi ∝i New stable SOC (%) (b) Transit time 

0-20 0 0.651 - 0.001450 0.01520 7.81 

19.6 (19.6 – 21.6) 
20-40 0 0.651 - 0.000680 0.02370 3.86 (3.84 – 3.86) 

40-60 0 0.651 - 0.000350 0.01580 2.01 (1.97 – 2.01) 

60-80 0 0.651 - 0.000140 0.00450 0.81 (0.78 – 0.81) 

0-20 0.1 0.651 1 0.001450 0.01520 7.81 

19.7 (19.6 – 21.7) 
20-40 0.1 0.651 1 0.000810 0.02100 3.42 (3.40 – 3.51) 

40-60 0.1 0.651 1 0.000420 0.01300 1.67 (1.65 – 1.90) 

60-80 0.1 0.651 1 0.000174 0.00355 0.62 (0.59 – 0.74) 

0-20 0.2 0.651 1 0.001450 0.01520 7.81 

19.7 (19.6 – 21.7) 
20-40 0.2 0.651 1 0.000940 0.01780 2.97 (2.95 – 3.33) 

40-60 0.2 0.651 1 0.000525 0.01020 1.32 (1.30 – 1.73) 

60-80 0.2 0.651 1 0.000230 0.00200 0.35 (0.34 – 0.64) 

0-20 0.3 0.651 1 0.001450 0.01520 7.81 

19.7 (19.6 – 21.7) 
20-40 0.3 0.651 1 0.001050 0.01400 2.4 (2.39 – 3.12) 

40-60 0.3 0.651 1 0.000640 0.00650 0.85 (0.84 – 1.57) 

60-80 0.3 0.651 1 0.000325 0.00050 0.094 (0.090 – 0.49) 

Notes: (a) New stable SOC (%) is the percentage of C that entered the slow compartment (~ MAOM) during the 

period of the experiment (after 1963). 

(b) To simplify the presentation of the results, only the variation with respect to β is shown, with γ and kfi being 

constant. When results are presented in parentheses, they correspond to the minimum and maximum values 

across the 30 runs of the alternative model. Detailed information for each model run is provided in 

Supplementary Material S1. 

 

The mean age of the SOC increased strongly as it was evaluated at greater depths, being 713 years in the 0-20 cm layer and 

evolving to more than 5500 years in the deepest layer (60-80 cm) (Fig. 9). The upper layers, which have a more active C 

exchange with the atmosphere, had a much more right-skewed age distribution with the presence of young C, but a large 

right tail that was responsible for leveraging the age towards higher values. In contrast, the deeper layers, relatively more 445 

isolated from the exchange with the atmosphere, had a less skewed distribution and much higher mean ages. The 

consideration of a vertical transfer mechanism of previously stabilized material did not have a significant impact on the 

MAOM C age estimates in the deep layers, with lower average age values estimated as this transfer coefficient increased due 

to the need to increase the decomposition rates of these compartments to compensate the higher C input associated with this 

process. Furthermore, consideration of different γ values and kf vertical-reduction schemes within each β level did not have a 450 
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significant impact on the age structures either. In any case, the mineral stabilized C ages in deep layers in these soils 

remained extremely old regardless of the consideration of this vertical movement processes. In this sense, the proportion of 

C that entered the stable compartment (~ MAOM) since the installation of the experiment declines sharply with depth, 

decreasing from around 8 % in the 0-20 cm layer to less than 1 % in the deepest layer (Table 2). As a result of the low 

relative importance of the deep layers in determining the overall dynamics of the profile, the system C transit time remained 455 

relatively invariant at a value of approximately 20 years, regardless of β (Table 2). This same pattern is reflected in the 

limited capacity of the deeper layers (and particularly of the slow compartments) to incorporate new C. When a 50% 

increase in C inputs to the system is simulated, the model projects, over 50 years, an increase in slow-pool stocks of 0.45 Mg 

ha⁻¹ (1.30%), 0.14 Mg ha⁻¹ (0.64%), and 0.029 Mg ha⁻¹ (0.21%) in the 20–40, 40–60, and 60–80 cm layers, respectively. 

Conversely, when this same increase in inputs is projected over 100 years, the corresponding increases are 0.95 Mg ha⁻¹ 460 

(2.70%), 0.29 Mg ha⁻¹ (1.33%), and 0.059 Mg ha⁻¹ (0.43%) in these same compartments (Fig. 10). 

 

Figure 9. C age distribution in the C-slow (~ MAOM) pool across depth layers under different scenarios of vertical C 

transfer evaluated in the R system. (a) β = 0, (b) β = 0.1, (c) β = 0.2, (d) β = 0.3. The dark ribbon represents the ensemble of 

model runs across the different γ values and kf vertical-reduction schemes within each β level. Vertical dotted lines indicate 465 

the minimum and maximum mean ages across the corresponding group of simulations for each β scenario. 
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Figure 10. Model predictions of the increase in C stocks in the different compartments resulting from a 50% increase in C 

inputs for 50 and 100 years. The bars represent the average value for the 30 model scenarios. 

 470 

 

 

4. Discussion 

Importance of deep organic C and effect of agricultural treatment 

The studied long-term experimental soils are typical in having a significant amount of C below the normally analyzed first 475 

20 cm. Of the total of 135.1 Mg ha-1 of C in the R system in 2021 within the top 80 cm of soil, 54% was located between 20-

80 cm; while 56% of the total 110.2 Mg ha-1 of C in the CC system was found in the same soil depth range (Fig. 3a). These 

proportions were also similar in the 2008 sampling, with 56.9% and 55.4% of the R and CC system C contained in the 20-80 

cm layer, respectively (Fig. 3a), and confirm the relevance of sampling deep soil to avoid underestimation of SOC stocks, as 

has been claimed in other works (Dietzen et al., 2017; Meersmans et al., 2009; Ward et al., 2016).  480 

From a methodological point of view, we found that the SOC fractionation techniques had similar capacities to separate the 

C associated with the soil mineral phase -MAOM and HF-, obtaining material with the same characteristics and depth-

dependence in δ13C (Fig. 5) and Δ14C (Fig. 6) and representing similar proportions of the total SOC (Fig. 3b). However, the 

small sample size obtained for fLF and oLF in the density separation made this a less useful technique, at least in this type of 
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soils with little particulate material.  The size separation is also much less time consuming and does not involve the expense 485 

of the heavy liquid needed for density separation. Incubation of soil and measurement of the released CO2 shows promise as 

a way to isolate the isotopic signatures of the most ‘labile’ fractions, as it is produced directly by microbes.  Although similar 

in 14C signature to the free light fraction, there were also interesting differences (e.g. at 10-20 cm and 40-80 cm) that could 

indicate that this ‘labile’ pool is not just limited to unprotected free carbon.     

A significant majority of the SOC stock in these soils was contained in compartments representing carbon associated with 490 

the mineral phase (MAOM - HF) and which have been characterized in previous works as being linked to high stability or 

persistence (Lavallee et al., 2020). The proportion of C in these fractions varied from around 80 % in the first 10 cm of soil 

to more than 90 % in the 60-80 cm layer (Fig. 3b, Fig. 4). Salvo et al. (2010) found similar results regarding the distribution 

of SOC among fractions associated with different stability in similar soils of Uruguay, with a POM C to SOC ratio that 

varied between 6.76 and 11.33 % down to 18 cm under different agricultural managements and a very strong vertical 495 

stratification, with the proportion of POM decreasing sharply as depth increased in the soil profile. These results are also in 

line with previous research conducted in "La Estanzuela" LTE, 38 years after its installation (Gentile et al., 2005), who 

determined that MAOM accounted for more than 90% of the SOC below 20 cm and down to 60 cm. 

In our previous work, we identified a significant effect of the incorporation of pastures in agricultural rotations on the SOC 

stock down to 20 cm depth (González-Sosa et al., 2024). In extending this evaluation to deeper soil layers, we also found a 500 

clear effect of the CC system in decreasing the SOC stock in the 20-80 cm layer, which had significantly less C than the R 

system in 2008 (p = 0.0012), though this significance was lost in the 2021 evaluation (p = 0.35) (Fig. 3a). In addition to a 

slight decrease in the C stock in the R system and a slight increase in the C stock in the CC system, which may have 

determined the result of the comparison in 2021, there is also a noticeable increase in data variability, contributing to the loss 

of significance (Fig. 3a). In 2008, the experiment experienced some modifications. Conventional tillage was completely 505 

replaced by a no-till system, and the sunflower crop was replaced by soybean in the rotation. These modifications could have 

contributed to the differences observed between the measurements taken in 2008 and 2021. 

 

What do the Δ14C and δ13C tell us about the vertical evolution of SOC stability? 

The Δ14C profiles in the MAOM and HF indicate a continuous aging as a function of depth (Fig. 6, Fig. 7). This result is 510 

consistent with previous studies showing that C in subsoil horizons is characterized by low 14C activity (Rumpel and Kögel-

Knabner, 2011; Scharpenseel and Becker-Heidmann, 1989; Von Fromm et al., 2024). At the same time, it is important to 

highlight that these fractions, which represent the C associated with the mineral phase, have a high relative importance 

throughout the profile, which increases in depth, reaching more than 90% of the SOC below 20 cm (Fig. 3b). The reasons 

why the 14C age of SOC increases with depth are not fully understood (Trumbore, 2009), and it may indicate that SOC 515 

stabilization processes at depth occur with greater intensity (Rumpel and Kögel-Knabner, 2011) and/or by the microbial 

recycling of old, previously stabilized C (Kaiser and Kalbitz, 2012), or due to the fact of lower root inputs and slower 
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vertical transfers (Sierra et al., 2024; Von Fromm et al., 2024), or to biological factors such as the increasing physical 

separation between microbes and organic C (Don et al., 2013). 

Microbial reprocessing emerges as a mechanism that may explain the stability of the compartments associated with the 520 

mineral phase (HF - MAOM) based on the information provided by the vertical trend of the δ13C signature of the different 

soil fractions. It was observed that both MAOM and HF are more enriched in 13C than POM in both agricultural treatments. 

In addition, a clear enrichment in depth of MAOM and HF was visualized except for the last layer, in which the δ13C 

signature had a slight decrease (Fig. 5). This would indicate that these fractions are more enriched in C of microbial origin 

and that the relative importance of this C source (as opposed to fresh plant inputs) would increase with soil depth. Many 525 

studies have demonstrated a 13C enrichment of microbial biomass with respect to the processed plant substrate 

(ŠantRůČková et al., 2000; Wynn et al., 2005). This fractionation occurs due to the favoring of 12C consumption in microbial 

metabolic processes that generate a residual enrichment in 13C of the unoxidized material. Then, the increasing proportion of 

SOC derived from microbial biomass would generate the enrichment of the soil organic matter in 13C (Lerch et al., 2011).  

Moreover, the results are consistent with previous findings indicating the presence of dynamic SOC at depth (Van Der Voort 530 

et al., 2019) due to the decoupling of Δ14C isotopic signatures between MAOM-HF and that of POM, fLF and incubation-

derived CO2, which becomes more pronounced at greater depth (Fig. 6, Fig. 7). These results show that as depth increases, 

the SOC that is transferred into stable compartments becomes increasingly isolated from the atmosphere. The dynamics in 

deep layers would be dominated by an active pool through which most of the SOC entering the system cycles and a 

progressively smaller proportion flows into the pool associated with the mineral phase as it is evaluated at greater depths.  535 

We had already identified the decoupling between the C pool associated with the mineral fraction and the C inputs to the 

system through a fast pool as the main reason explaining the elevated surficial SOC content and its high stability in 

integrated crop-pastures systems with respect to continuous agriculture (González-Sosa et al., 2024). The results of this 

current work allow us to identify that the process that dominates SOC dynamics in deep layers is not only the same, but that 

this process becomes more pronounced as we evaluate it further down in the profile. The Δ14C profile of the MAOM-HF, 540 

which can be considered similar to bulk SOC because they make up the largest majority of total SOC, resembles soils of 

similar characteristics developed over pastures (Mathieu et al., 2015), which highlights the capacity of this type of soils to 

store and maintain very old C stocks. 

 

Has the integrated crop-pastures system generated a significant incorporation of recent C in deep layers? 545 

The adaptation of the model reported in González-Sosa et al. (2024) aimed at the arable layer to explain SOC dynamics in 

deep layers (Fig. 2) generated insightful results on the C ages and the implications of considering vertical carbon movement 

in integrated crop-pasture systems. Kaiser and Kalbitz (2012) proposed the consideration of vertical movement of pre-aged 

C in the form of DOC to explain the fact that the oldest carbon is found in the newest part of the soil profile (the weathering 

front). Since we do not have information to characterize the importance of this process as an input to the deep layers, we 550 

considered the relevance of evaluating different rates of vertical transfer of previously stabilized C and different schemes for 
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partitioning these vertical flows into the fast or slow compartments of the underlying layers. We characterized the effect of 

the variation of this process on the age structure and transit times of SOC in the system. This exercise made evident the 

strong collinearity between C turnover in each layer and the vertical flow process in explaining the SOC stocks and Δ14C 

signature. It is possible to reach the same result regarding C stock and Δ14C of the MAOM by an increase in the 555 

decomposition rate of the stable compartment and decrease of the flux from the labile pool in each layer as increasing rates 

of vertical C transfer between the stable compartments are considered (Fig. 8, Table 2, Supplementary Material S1). In any 

case, the variation in the relative importance of this process was of small relevance in determining the age structure of 

stabilized deep C, which varied from an approximate mean age of 700 years in the 0-20 cm layer to a value ranging from 

approximately 5500 to 7000 years in the 60-80 cm layer depending on the degree of vertical transfer considered (Fig. 9). 560 

These results are consistent with previous reports of SOC ages in deep layers based on 14C measurements (Mathieu et al., 

2015; Rumpel et al., 2012; Van Der Voort et al., 2019). Additionally, the inclusion of kfi vertical-reduction schemes, 

intended to represent potential vertical variation in this decomposition constant, did not result in any meaningful changes to 

the age structure of stabilized deep C (Fig. 9, Table 2, Supplementary Material S1). Moreover, the consideration of 

alternative vertical transfer rates had virtually no effect on the transit time, which was approximately 20 years in all cases 565 

(Table 2). This value means that each unit mass of new C inputs transits the system in an average period of 20 years or, what 

is the same, that the average age of C leaving the system is 20 years (Sierra et al., 2017). The joint consideration of the 

transit time with the high ages of the previously described SOC stable compartments shows us that in these soils most of the 

C inputs cycle very rapidly through the system and only a very small fraction flows into more stable pools and persists on 

longer timescales. Furthermore, these results show that the cycling of new carbon occurs mostly in the topsoil, where C 570 

cycling is faster. The alternative vertical transfers had no effect on transit times because extremely small amounts of new C 

are cycled at depth and therefore there is no sensitivity to changes in these transfer rates. Moreover, the assessment of new C 

allocation under a 50% increase in inputs demonstrates the very limited ability of deep layers to incorporate this additional 

C, even over a 100-year period (Fig. 10). 

The degree of isolation between the SOC fraction associated with the mineral phase (represented by MAOM and HF) 575 

increases with depth, which was evident in the important decrease in the Δ14C signature (Fig. 6, Fig. 7) and the increase in 

ages described before (Fig. 9). This isolation is explained by the decrease in the C transfer rate from labile to stable 

compartments as depth increases, the only reason that can explain such negative Δ14C signatures at depth in the stable 

fractions. Previous works have suggested the need of a sustained flux of labile C to avoid loss of old C, and it is possible that 

a large proportion of the C input at depth feeds microbial biomass and prevents destabilization of C that is already stabilized 580 

in the mineral phase (Daly et al., 2021; Hicks et al., 2021). The results suggest that as C flows into a stable compartment at 

depth the probability of it flowing out is progressively lower as depth increases. This could be explained by progressively 

lower microbial activity due to lower abundance of labile substrates and oxygen (Sun et al., 2021), higher stability of SOC 

itself due to increased sorption to the mineral phase in a soil that is more distant from saturation in layers with lower SOC 

stock (Rumpel and Kögel-Knabner, 2011) and/or a process of vertical microbial recycling of previously stabilized C (Kaiser 585 
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and Kalbitz, 2012). In this particular case, we could infer that the main mechanism dominating SOC dynamics down to 60 

cm would be C association with the soil mineral phase due to an intense microbial reprocessing (progressively older 14C age 

and higher δ13C), while in the last layer C is highly persistent (high 14C age) despite having less microbial processing 

(decreased δ13C signature), possibly due to a lower partial pressure of O2 (Sun et al., 2021). In any case, the relative 

contribution of each of the alternative processes to SOC stability at depth remains an open research question (Rumpel and 590 

Kögel-Knabner, 2011). 

The consideration of all the information regarding the vertical profile of SOC stocks in fractions and isotopic signatures in 

both agricultural systems (R and CC) and the modeling of the R system suggest that there is no significant capacity of the 

integrated crop-pasture system to incorporate new C at high rates in stable compartments at depth. These results are 

consistent with previous research that has shown that deep layers are relatively isolated from C exchange with the 595 

atmosphere (Sierra et al., 2024). Therefore, the differences observed in C stocks between agricultural treatments in deep 

layers (only significant in 2008 evaluation) would be determined by the capacity of R system to avoid the loss of pre-existing 

old C stored in stable compartments. In this sense, the maintenance of higher stocks of labile C, due to higher C inputs, could 

prevent the loss of previously stabilized C, which would not become the main substrate for microbial oxidation. This process 

had already been described in a previous work down to 20 cm depth (González-Sosa et al., 2024), and it is now demonstrated 600 

that this mechanism is accentuated as it is evaluated in deeper layers. 

5. Conclusions 

Through a comparative evaluation of the vertical distribution of SOC stocks and Δ14C and δ13C isotopic signatures in 

fractions of different stability in two agricultural treatments of different intensity of a 60-year long-term experiment, we seek 

to understand whether integrated crop-pasture rotational systems are an adequate technological strategy to sequester C in 605 

deep stable layers. 

The soils studied are characterized by having a predominant compartment associated with the mineral phase, constituting 

more than 90% of the SOC below 20 cm. The Δ14C isotopic signatures of these compartments are very negative and with 

depth are increasingly distant from those of the more labile fractions, leading to the conclusion that the stable C, the majority 

in this type of soil, has a very high degree of isolation from the fresh inputs derived from atmospheric C. The dynamics of 610 

the deep SOC is dominated by a very small active pool whose cycling determines that the vast majority of the C inputs return 

rapidly to the atmosphere. The absence of evidence of new “bomb” C incorporation in deep stable fractions and their 

extraordinarily high ages indicate that the observed differences between agricultural treatments are due to different loss 

dynamics between them. The evidence would indicate that integrated crop-pasture rotational systems are not capable of 

incorporating new C in deep stable compartments at reasonable rates on human time scales, and the capacity to sequester 615 

new C following agricultural management changes is concentrated mainly in the surface layers. However, the importance of 

these systems would lie in their capacity to avoid the loss of deep and long-term stable C, whose formation process involved 

https://doi.org/10.5194/egusphere-2025-6451
Preprint. Discussion started: 13 January 2026
c© Author(s) 2026. CC BY 4.0 License.



27 

 

time periods of hundreds to thousands of years. Furthermore, these conclusions were not substantially influenced by the 

consideration of alternative connecting structures between the different soil layers that were used to represent different 

intensities of pre-aged C vertical movements when representing the information in models. 620 

 

Appendices 

Table A1. p-values of comparisons of δ13C isotopic signature values between fractions of different stability. 

Depth (cm) 
MAOM R vs 

POM R 
MAOM CC vs 

POM CC 
HF R vs 
POM R 

HF CC vs 
POM CC 

MAOM R vs 
Incubation R 

MAOM CC vs 
Incubation CC 

HF R vs 
Incubation R 

HF CC vs 
Incubation CC 

0-10 0.039 0.029 0.049 0.026 0.044 0.110 0.071 0.118 

10-20 <0.001 0.033 <0.001 0.029 <0.001 0.095 0.003 0.071 

20-40 <0.001 0.012 <0.001 0.014 0.004 0.012 <0.001 0.016 

40-60 0.003 0.005 <0.001 0.005 <0.001 0.001 <0.001 <0.001 

60-80 0.025 0.006 0.024 0.006 0.028 0.039 0.028 0.048 

 

 625 

Table A2. p-values of comparisons of Δ14C isotopic signature values between fractions of different stability. 

Depth (cm) 
MAOM R 
vs POM R 

MAOM CC 
vs POM CC 

HF R vs POM 
R 

HF CC vs 
POM CC 

MAOM R vs 
Incubation R 

MAOM CC vs 
Incubation CC 

HF R vs 
Incubation R 

HF CC vs 
Incubation CC 

0-10 <0.001 0.009 0.006 0.006 <0.001 0.007 0.005 0.005 

10-20 0.210 0.048 0.140 0.009 0.004 0.007 <0.001 0.006 

20-40 0.018 0.024 0.004 0.018 <0.001 0.015 0.002 0.005 

40-60 0.036 0.026 0.085 0.026 0.032 0.017 0.064 0.018 

60-80 0.008 0.020 0.007 0.017 0.006 0.018 0.005 0.015 

 

 

Code and data availability 

 630 

Code and data are available for review at the following git repository: https://github.com/maxigon-

23/data_and_code_gonzalez_25.git. It will be published with a DOI that can be cited in the publication. 
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