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Abstract 

Particulate organic matter (POM) is a significant component of soil organic carbon (SOC), 

particularly in tropical soils, where it often serves as a primary precursor for the formation of 

mineral-associated organic matter (MAOM). This study investigates the impact of contrasting 

land-use practices on composition of POM in tropical soils. Using dual-energy X-ray 

microtomography approach with osmium tetroxide (OsO₄) staining, we visualized and quantified 

two types of POM: root-derived and pyrogenic (pyC), in soils of three land-use systems: crop 

succession, integrated crop-livestock (ICL), and managed pasture. Fourier transform infrared 

(FTIR) spectroscopy was employed to analyze the chemical composition of the two POM types. 

Results showed that land-use practices significantly influenced pyC chemical composition and Os 

staining efficiency, with ICL exhibiting the highest concentration of staining Os, followed by 

pasture and crop succession. Root-derived POM showed no significant differences in Os staining 

across land uses. FTIR analysis revealed distinct chemical signatures among land uses, with ICL 

demonstrating lower aromatic-to-aliphatic carbon ratios in pyC, suggesting enrichment by plant-

derived aliphatic materials. These findings can be attributed to intensive decomposition of fresh 

organic inputs during crop-pasture rotations in ICL system, providing new insights into the 

mechanisms through which POM of pyrogenic origin may contribute to SOC accrual and 

protection in tropical soils under different management practices. 
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Introduction 

Adoption of agriculture led to major depletions of soil carbon, which combined with other 

human activities, has significantly altered the global carbon balance. Soil organic carbon (SOC) is 

the largest terrestrial carbon reservoir and a crucial climate regulator (Bossio et al., 2020; 

Sanderman et al., 2017) influencing numerous soil processes essential for soil health and 

functioning, including nutrient cycling, regulation of physical and chemical properties, and 

microbial activities (Kögel-Knabner et al., 2022; Lehmann and Kleber, 2015).  The dynamic nature 

of SOC, which is heavily influenced by land use practices and soil management, means it can act 

as both a source and a sink for the atmospheric carbon (Bossio et al., 2020; Lal, 2004). 

 Advancements in X-ray microtomography (μCT) have enabled researchers to overcome 

soil opacity, image and quantify soil structure, addressing issues such as fluid flow, soil stability, 

root growth, and carbon dynamics (Dor et al., 2019; Kravchenko et al., 2019; Schlüter et al., 2022, 

2014). Peth et al. (2014) introduced a novel method to visualize SOC using synchrotron μCT and 

osmium tetroxide (OsO₄), which bonds with organic compounds. Yet, despite the opportunities 

this method presents to explore SOC dynamics and mechanisms, only few studies have used so far 

(Arai et al., 2019; Rawlins et al., 2016; Schlüter et al., 2022; Zheng et al., 2020). The limited 

adoption likely stems from the challenges inherent to the approach. Those include technical 

difficulties in getting access to synchrotron-based monochromatic scanning and the handling of 

extremely toxic osmium tetroxide. But also among the potential restrictions is high micro-scale 

variability in osmium (Os) staining performance due to  (1) the spatial complexity and variance of 

intact soil samples which often results in low signal-to-noise images; (2) extreme heterogeneity of 

organic compounds constituting SOC with myriad potential Os bonding sites, potentially leading 

to non-preferential staining resulting in inconsistent or uneven staining patterns; (3) limitations in 

Os diffusion to SOC staining sites through highly variable and tortuous soil matrix. Better 



understanding and quantification of the limits of Os approach can improve its application, enabling 

better quantitative analysis of SOC processing while studying soil in its intact state. 

 Particulate organic matter carbon (POM-C) represents a substantial fraction of SOC, 

typically accounting for 10-30% of total SOC and >50% in organic soils (Angst et al., 2023; 

Cotrufo et al., 2019). In tropical soils, POM plays a particularly crucial role, often accumulating 

faster than mineral-associated organic matter (MAOM) and serving as its direct precursor (Yu et 

al., 2022). Previous studies using Os staining found POM to be particularly suitable for labeling 

and visualization (Arai et al., 2019; Maenhout et al., 2021; Rawlins et al., 2016; Schlüter et al., 

2022; Zheng et al., 2020). The reactivity of organic components with OsO4 is due to its reaction 

with alkenes to form cyclic esters (Collin and Griffith, 1974). For instance, OsO4 reacts with the 

olefinic sites of unsaturated fatty acids to form mono- and di-esters, as seen in lipids and 

phospholipids (Belazi et al., 2009). Lewis bases (e.g., tertiary amines) accelerate this reaction by 

forming complexes that add more rapidly to the alkene, such as complexes involving Os mono-

esters and electron-donor ligands from amino acids (Belazi et al., 2009). However, POM can 

originate from diverse sources, resulting in a wide range of organic carbon compounds and species. 

This diversity makes consistent soil staining challenging. Consequently, staining effectiveness and 

response in soil samples can vary considerably, potentially limiting the consistent implementation 

of this method and affecting the interpretation of results.  

The goal of this study was to explore POM in the soils subjected long-term differences in 

land use and management, namely, row crop succession, integrated crop-livestock, and managed 

pasture systems using Os staining and FTIR analysis, with expectation that such differences can 

affect POM composition and origin. Integrated crop-livestock and pasture systems, considered 

nature-based solutions for enhancing SOC accrual in Brazilian tropical soils, while crop succession 

serves as a comparison to the current prevailing system (Monteiro et al., 2024). The crop-livestock 

and pasture systems integrate monoculture grass and cattle grazing, contributing to increased 

carbon-rich organic residues above and below ground, thus promoting C accrual  (Bieluczyk et al., 

2020; Brewer and Gaudin, 2020; Carvalho et al., 2010). We hypothesized that POM of recent plant 

origin, e.g., root residues, will differ among the studied systems reflecting differences in the 

prevailing vegetation. Historical burning practices in these fields resulted in substantial quantities 

of pyrogenic POM (Nascimento et al., 2020; Roscoe et al., 2000). We hypothesized that chemical 



characteristics of POM of pyrogenic origin have been defined by the historic burning and will not 

respond to current changes in land use. Moreover, since pyrolysis increases the aromaticity of 

organic materials (Chen et al., 2024; Collard and Blin, 2014), and aromatic compounds have fewer 

bonding sites for Os, we anticipated that pyrogenic POM would be weakly stained by Os and thus 

poorly visible on X-ray μCT scans, in contrast to root-derived POM. 

Materials and Methods  

Experimental site  

 Samples were collected from a long-term experiment at the Brazilian Agricultural Research 

Corporation (EMBRAPA Agrossilvipastoril) experimental station in Sinop, Mato Grosso, Brazil 

(11° 51'S – 55° 35'W, 370 m altitude). The climate is tropical savanna with a mean annual 

temperature of 25.6 °C and rainfall of 1974 mm. The soil is a Typical Hapludox clay (56% clay, 

16% silt, 28% sand). The experiment, established in 2011, used a complete randomized block 

design with three land use treatments and four replicates (blocks), each plot covering 2 ha. The 

treatments were: (1) Crop succession: soybean (Glycine max L.) and corn (Zea mays) under no-till 

rotation (no-till); (2) Integrated crop-livestock (ICL): Four-year cycle alternating between crop 

succession (two years) and palisade grass (Urochloa brizantha) monoculture for cattle grazing 

(two years); (3) Well-managed pasture (Pasture): Continuous palisade grass for cattle grazing.  The 

experiment was established in regions historically used for pasture, where fire is a common 

management practice and accidental burns have been reported prior to the installment of the 

experiment (Roscoe et al., 2000).  

 Twelve intact soil cores (⌀=5cm, h=5cm) were collected at 0-10 cm depth in 2021, one per 

replicated plot, and stored at 4°C until further analysis. 

Sample preparation and Os staining 

 For organic fragment imaging and spectroscopy, soils were air-dried and sieved (2 mm). 

Roots and pyrogenic carbon (pyC) fragments were randomly selected and separated from the air-

dried soil. For X-ray computed tomography (µCT) imaging, the fragments were packed in custom 

printed cylinders (⌀=0.8cm, h=1cm) with three separate sub-compartments designed to facilitate 

easy identification of the individual fragments and for keeping track of them during image analysis. 

For each land use we had six root fragments and six pyC fragments that were embedded within 



fine pure quartz sand (⌀=150-400 µm, Acros Organics, Netherlands). The sand medium held the 

fragments in place, while enabling efficient gas diffusion through its pore space. This setting 

allowed us to examine the Os staining of the organic matter fragments within a pore system without 

the soil background noise.  

Soil organic matter staining was performed using sodium tetraoxide (OsO4) vapors. While 

in the past the staining was accomplished by allowing free diffusion of OsO4 into the samples 

under atmospheric pressure (Maenhout et al., 2021; Peth et al., 2014; Schlüter et al., 2022; Zheng 

et al., 2020), in this study we employed the vacuum system to enhance staining efficiency by 

facilitating OsO4 transport into pores.  Samples were placed in a vacuum desiccator (-90 kPa) 

connected to a flask containing 10 mL of 2% OsO4 solution (Fig.  1a). After establishing vacuum, 

the valve to the OsO4 was carefully opened, exposing sample surfaces to OsO4 vapors for 48 hours. 

Samples were stored at room temperature before µCT analysis.  

Dual energy X-ray tomography  

This technique involves imaging samples twice with monochromatic μCT above and below 

the osmium K-edge, allowing the locations of stained organic materials to be determined from the 

differences between these images. X-ray tomography imaging was conducted at the 

GeoSoilEnviroCARS (GSECARS) BM-13D beamline of the Advanced Photon Source, Argonne 

National Laboratory, IL, USA. Sequential images were collected above (74.0 keV) and below 

(73.7 keV) the Os K-edge. Total of 720 projections were collected for each sample at 5.74 

µm³/voxel resolution (Fig.  1b-c). Raw images were preprocessed and reconstructed using 

GSECARS algorithms (Rivers, 2012).  

To quantify Os content, pyrogenic carbon (pyC) and root-POM were segmented from 

above K-edge images using a deep-learning approach implemented with ORS Dragonfly (build 

2022.1). A training set (<2% of image volume) was created by manual annotation, with pyC and 

root POM as foreground and the rest as background. The trained model was applied to the entire 

image, resulting in a binary image of pyC and root POM. This binary image was used to isolate 

intensity values for POM fragments in below and above Os K-edge images (Fig.  1d). Os 

concentration was calculated using the approach reported by Zheng et al. (2020) and the following 

equation: 



𝑂𝑠 =
Ia − 𝐼𝑏

𝑓𝑟Δ𝜇𝜌−1 
= 0.226 × 10−3( Ia − 𝐼𝑏) 

where 𝑂𝑠 is the 𝑂𝑠 concentration in image voxels (g·cm−3),  Ia and 𝐼𝑏  are the grayscale intensity 

values of above- and below K-edge images, respectively, r is the voxel resolution (5.74 μm), f is 

the conversion coefficient from 32-bit floating point to 16-bit integer (106), Δμ− is the difference 

between the photon mass attenuation coefficients μ/ρ for above and below K-edge energies for Os 

(7.75 cm2 g−1) (Hubbell and Seltzer, 1995). 

Fourier transform infra-red spectroscopy (FTIR) 

For FTIR spectroscopy, roots and pyC samples from the three land uses were randomly 

selected and separated, dried at 60°C for 3 days and ball-milled into powder. Fourier transformed 

infra-red (FTIR) spectra were collected on a Vertex 70 spectrometer (Bruker Scientific LLC, 

Bellerica, MD, USA) equipped with a PIKE Easy-Diff diffuse reflectance accessory (FTIR-

DRIFT). Each spectrum represents an average of 60 scans per sample collected between 600-4000 

cm-1 at a resolution of 4 cm-1. Replicated spectra for each sample (n=4) were baseline corrected, 

normalized with the standard normal variate (SNV) method and smoothed (Savitsky-Goulay 

smoothing) (Fig.  1e). To identify differences originating from organic constituents among the 

samples, we integrated the area of three broad spectral ranges corresponding to different organic 

functional groups: 3000-2800 cm-1 corresponding to aliphatic C-H stretch, 1760-1550 cm-1 

corresponding to C=O stretch, and 1550-1480 cm-1 corresponding to aromatic C=C stretch and/or 

carboxylate C-O asymmetric stretch and/or conjugated ketone C=O stretch (Margenot et al., 2023; 

Parikh et al., 2014; Yu et al., 2022). In addition, we used the three ratios of these representative 

functional groups to interpret the chemical composition of the two types of POM: aliphatic to 

carboxylic carbon, aromatic to aliphatic carbon, and aromatic to carboxylic carbon. 

Statistical analysis 

Differences across the land uses in Os staining concentration for the two types of POM 

were assessed using the linear mixed model approach implemented in the lme4 package in R (Bates 

et al., 2015) (version 4.2.2). The statistical model included the land use, POM type (i.e., pyC or 

roots), and their interaction as fixed effects, and the scanned cylinders as random effects. The 

normality assumption was assessed using normal probability plots of the residuals, and the 



assumption of variance homogeneity was assessed by the residuals plots and the Levene’s test. 

When the interactions between the land use and POM type were found to be statistically 

significant, we proceeded with examining the interactions using simple F-tests (aka slicing), which 

was then followed by all-pairwise comparisons among the means within each F-test slice.  

We used the area under the curve calculated from FTIR spectra as the response in 

characterizing C functional groups. For these data, the statistical model included the fixed effects 

of the functional groups, land uses, POM types, and their interaction, and the replicates, nested 

within the land use and POM type, as random effect. To assess spectral differences and to visualize 

the variability in across the different land uses and POM types, principal component analysis 

(PCA), implemented in the factoMineR in R (Lê et al., 2008), was used to analyze the FTIR 

spectra. PCA reduces the dimensionality of the FTIR spectra data set comprising hundreds of 

absorbance intensities at different wavenumbers into principal components. We selected 5 

principal components, which captured ~95% of the variance, for a linear discriminant analysis 

(LDA) which maximizes ‘inter-group’ variance over the ‘intra-group’ variance of the factors. The 

LDA was implemented in the MASS package in R (W. N. Venables and B. D. Ripley, 2002).  

Results 

Os staining efficiency differences among two types of POM  

The Os staining results for the two types of POM from the different land uses are shown in 

Fig. 2. PyC POM had higher Os staining values compared to root POM (Table S1). Os 

concentrations of the root POM did not differ among the land uses, while Os concentrations of 

pyC were the highest in ICL, followed by Pasture and Crop succession.  

FTIR spectroscopy analysis of the two types of POM  

Principal Component Analysis (PCA) showed distinct clustering patterns among the three 

land uses, and the two types of POM (Fig. 3). The first two principal components accounted for 

78.4% of the total variance, with the first principal component (Dim1) explaining 63.3% and the 

second principal component (Dim2) explaining 15.1%. The most distinct separation occurred 

between roots and pyC-POM along Dim1. PyC data points showed greater variance among land 

uses compared to roots, primarily along Dim1. Pasture roots were clearly separated from ICL and 

Crop succession roots. For pyC, the ICL land use fell between Crop succession and Pasture. 



Further analysis of the two types of POM spectral data revealed distinct differences in 

chemical characteristics among the three land uses (Fig. 4, Table S2). Significant differences were 

observed between roots and pyC for all functional groups (Aliphatic C-H, Aromatic C=C, and 

C=O stretch) across all land uses, with distinct patterns of variation within each POM type. For 

the pyC, the C=O stretch functional group was lower in ICL compared to Crop succession and 

Pasture. In the roots, the C=O stretch was lower in Pasture than Crop succession and ICL. The 

Aromatic C=C group in pyC was highest in Crop succession, followed by Pasture, with ICL having 

the lowest values. In the roots, aromatic C=C values were uniformly low across all land uses. 

Aliphatic C-H in pyC was significantly higher in ICL, followed by Crop succession and Pasture. 

In the roots, ICL had the highest aliphatic C-H, followed by Crop succession and Pasture. Across 

all land uses, pyC exhibited higher aromatic C=C and C=O stretching than roots, while roots 

demonstrated higher aliphatic C-H stretching compared to pyC. 

Fig. 5 illustrates the effects of different land uses on C functional group ratios in pyC and 

roots. Significant differences between the two POM types were observed across all land uses and 

functional group ratios. The aliphatic/carboxylic C ratio in pyC was highest in ICL, significantly 

differing from other land uses, while in roots, it was significantly lower in Crop succession 

compared to ICL and Pasture. The aromatic/aliphatic C ratio in pyC was significantly higher in 

Crop succession and Pasture compared to ICL. In roots, this ratio was highest in Pasture, followed 

by Crop succession, and lowest in ICL. The aromatic/carboxylic C ratio in pyC was higher for 

Crop succession, with no significant differences between ICL and Pasture. In roots, this ratio was 

highest in Pasture, followed by Crop succession and ICL.  



 

Fig.  1 Workflow for Os staining and FTIR spectroscopy for the two types of POM. Diagram showing the vacuum set 

up used for improved and consistent Os staining (a). μCT image showing the two types of POM fragments within the 

sand porous media scanned below (b) and above (c) the Os K-edge; scale bar is 1.5 mm. Os concentration derived 

from the above-below K-edge images (d). Baseline-corrected FTIR spectra of each POM type across the different land 

uses (e). Gray-shaded regions indicate the wavenumber ranges used for integrating spectral features to assign 

functional groups.  



 

        

    
           

              
           

          
 

  

  

  

  

 
 
  
 
 
  
 

 
 

    

  

Fig. 2 Os staining for the different types of POM in the different land uses. Shown 

are means and standard errors for the means, letters indicate significant 

differences among land uses and * mark significant differences between pyC and 

roots within a land use (p<0.05). 

   
       

                  
     

   

 

  

         

            

 
  

 
  
 
 
  
 
 

Fig. 3 Principal component analysis of FTIR spectra visualizing the variability 

of spectral data in the two types of POM of the studied land uses. Ellipses 

represent 95% confidence level around centroid of different groups.  



 

 

   

  

 
  

 

   

   

 

  

        

                                                                        
 

   

   

 
  
 
  
 
 
 
  
  
 
  
 
  
 

                                  

Fig. 4 The area under the curve of wavenumber range indicators for aliphatic (C-H stretch), 

aromatic (C=C) and carboxylic (C=O stretch) carbon in the two types of POM across the land 

uses. Shown are means and standard errors for the means, letters indicate significant differences 

among land uses within each ratio of each POM type (p<0.05). 

  
 

 

  

   

 
  

 
 

 

   

        

           

            

          

           

          

            

           

            

          

           

          

            

   

   

   

   

  
 
 
  
 
 
  
 

                                  

Fig. 5 Ratios of aliphatic, aromatic, and carboxylic carbon in the two types of 

POM from different land uses. Shown are means and standard errors for the 

means, letters indicate significant differences among land uses within each ratio 

of each POM type (p<0.05) 



 

Discussion 

Our hypothesis regarding the impact of land uses on the characteristics of the POM fragments of 

root origin was partially supported by the data. For instance, while Os concentrations of the roots 

did not differ among the three land use systems, differences in terms of aliphatic and carboxylic 

indicators were observed. However, the results did not support the other two hypotheses. 

Specifically, the three systems differed in terms of aliphatic, aromatic, and carboxylic indicators 

in the POM of pyrogenic origin, as well as in their ratios, with also a numeric tendency for 

differences in Os concentrations. Moreover, Os concentrations were significantly higher in POM 

of pyrogenic origin compared to that of root origin. These results highlight sorption capabilities of 

pyrogenic POM, and for the first time demonstrate an impact of long-term land use on composition 

and quantities of organic compounds that can be adsorbed by it.    

Dual energy imaging of Os staining for visualization and quantification of SOC  

Our improved procedure achieved higher staining efficiency than the past efforts of soil 

staining which also used gaseous source of Os. For example, Zheng et al. (2020) reported Os 

concentration of 1-5 mg cm-3 for POM fragments embedded in sand medium in an experimental 

setting comparable to this study, while here Os concentrations in the range of 18-39 mg cm-3 were 

achieved. Given the comparable experimental conditions and the carbon-rich nature of the organic 

materials, which offers abundant Os binding sites, we attribute our higher Os concentration values 

primarily to our newly developed staining protocol, i.e. Os saturation under vacuum.  

Despite its potential for SOC exploration, Os staining is infrequently used due to 

complicated sample preparation and challenges in uniformity of Os delivery into intact soil 

samples, often resulting in noisy, low-contrast images. While formal method testing and 

comparison will be needed in the future, we surmise that vacuum facilitation of OsO4 diffusion 

into porous media proposed here holds promise for ensuring better accessibility of SOC to the 

staining agent and for generating images with better contrast, especially important for future 

explorations of SOC within intact soil samples. Furthermore, the higher range of Os concentrations 

indicates a higher signal-to-noise ratio in our dual-beam synchrotron images, providing more 

reliable quantitative information on Os concentration per pixel than previous studies.  



Differences in Os staining of pyC vs. root originated POM 

 As expected, the two types of POM markedly differed in their chemical compositions (Fig. 

4 and 5). Higher aromatic and lower aliphatic groups in pyC compared to that in root POM (Fig. 

4) were consistent with known highly aromatic nature of pyrogenic C sources generated by 

condensation reactions during biomass pyrolysis (Collard and Blin, 2014). The pyrolysis process 

enhances pyC aromaticity through cyclization of fatty hydrocarbon branch chains and condensable 

compounds, depleting olefinic bonds (Chen et al., 2024). This reduction in olefinic sites limits the 

availability of Os binding sites in these compounds, potentially reducing the effectiveness of 

staining. Indeed, consistent with this expectation Zheng et al. (2020) reported substantially lower 

Os staining for biochar fragments compared to root materials. However, our study generated 

contrasting results (Fig. 2), raising a question of why was the pyC POM not only did not exhibit 

less staining than root POM but also tended to accumulate higher Os concentrations? We suggest 

that the answer lies in the differences in the studied pyC materials. The pyC used by Zheng et al. 

(2020) consisted of biochar pyrolyzed in laboratory conditions shortly prior to the Os staining 

experiment, and it was not exposed to soil or any organic compounds. The pyC used in this study 

was procured directly from the soil. It was a relic of fires predating the establishment of the field 

experimental site (Nascimento et al., 2020; Roscoe et al., 2000), and all the time prior to our Os 

staining experiment the pyC POM was embedded within the soil, being in close contact with soil 

solutions, microorganisms, live and senescent plant roots, etc. Pyrogenic C is a strong geosorbent, 

highly porous with an extremely large reactive surface area, thus able to provide sorption sites for 

various organic molecules (Qi et al., 2017). We suggest that higher Os concentrations in pyC 

compared to root POM (Fig. 2) reflect the organic matter immobilized within it, rather than the 

inherent properties of pyC itself.  

The effect of land use on pyC and root originated POM 

The suggestion that Os staining results of this study reflected not only the properties of 

pyC itself but also of the organic material absorbed by it is supported by the observed differences 

in pyC Os staining among the land uses (Fig. 2). Since burning was not part of any studied land 

use practices at the experimental site, it is reasonable to assume that, initially, i.e., prior to 2011, 

pyC characteristics were uniform across the site. Therefore, the currently observed differences in 

Os concentrations, which followed the order of ICL > Pasture > Crop Succession, reflected the 



influence of >10 years of contrasting land use on sorption of organic compounds by pyC (Fig. 4). 

In its chemical composition pyC from ICL stood out from those of Pasture and Crop Succession 

by its higher aliphatic and lower aromatic indicator values (Fig. 4 and 5). The lower aromatic to 

aliphatic C ratio in pyC POM of ICL suggests its enrichment with plant-derived aliphatic materials 

(e.g., cellulose-derived compounds and carbohydrates). However, it must be noted that the sizes 

of the differences between root and pyC POM fragments in terms of aliphatic and aromatic 

indicators greatly exceeded the differences between land uses for pyC (Fig. 4 and 5), yet without 

a subsequently greater Os staining. This observation suggests that FTIR spectroscopy might not 

be sufficiently sensitive to identify the specific functional groups and chemical compositions of 

roots vs. pyC POM fragments responsible for the interactions with OsO4, emphasizing 

the importance of further studies.  

 Why does ICL, expected to fall between Crop Succession and Pasture, stand out in terms 

of Os staining and SOC chemical composition? We posit this is due to the recurrent intensive 

decomposition of large quantities of fresh organic matter inherent to ICL management. During 

every management cycle, ICL experiences two years of perennial grass growth during its pasture 

stage, likely leading to a significant build-up of fresh C inputs (Monteiro et al., 2024). Subsequent 

seeding of crops exposes these fresh inputs to intensive decomposition, and dissolved organic 

carbon from the resulting decomposition products comes into contact with tillage-dislodged pyC 

fragments and is adsorbed by them. This intensive input/decomposition cycle sets ICL apart from 

the two other land uses and, at least in part, explains the observed differences among them. Unlike 

ICL, Crop Succession lacks the build-up of new carbon due to rapid decomposition of relatively 

lower inputs of plant C, further accelerated by the annual seeding operations. In Pasture, the 

decomposition of continuously accumulating new C is minimal due to lack of soil disturbance. 

While further studies will be needed, these results point to a potentially important role of pyC in 

the storage and protection of newly plant-derived C in conservation management systems of 

tropical agriculture.  

The FTIR spectral data analysis for roots (Fig. 4) showed notable differences among the 

three land uses in terms of their chemical composition. FTIR has previously been shown as a useful 

tool for distinguishing plant species (Legner et al., 2018). Aromatic C, usually an indicator of 

lignin in plant roots, did not differ across land uses, contrasting with the pyC aromatic C results. 



Assuming roots are a major contributor to SOC, this suggests that plant lignin did not directly 

affect pyC composition or Os staining due to a lack of binding sites. The main differences in root 

spectral data were observed in aliphatic C (3000-2800 cm-1), corresponding to lipids, wax, and fats 

(Legner et al., 2018). This aliphatic C pattern was reflected in the pyC results and, given its 

abundance of binding sites, is likely a primary contributor to the Os staining differences in pyC. 

The C=O stretch, commonly used as an indicator of protein in plant roots (Artz et al., 2008), was 

the lowest in the Pasture roots, aligning with the lower protein concentrations reported for palisade 

grass (Leite et al., 2021). Interestingly, there was no difference in C=O between the Crop 

succession and ICL. This likely reflects, in part, the ICL management practice, which aims to 

address increasing global animal protein demand by integrating both crops and forage systems as 

a sustainable pathway for land use in Brazilian agriculture (de Carvalho et al., 2019; Nascimento 

et al., 2021). 

Our study demonstrates that land-use practices influence the chemical composition of pyC in 

tropical soils. The ICL system showed distinct characteristics in pyC composition compared to 

other land uses. The higher Os staining efficiency and lower aromatic-to-aliphatic carbon ratios 

observed in pyC under ICL suggest an enrichment of plant-derived aliphatic materials within pyC 

structures. These findings provide new insights into the potential role of pyC in interacting with 

newly decomposed plant carbon inputs in tropical agricultural soils. The results suggest that pyC 

POM may act as a storage medium for newly decomposed plant carbon inputs, offering new 

evidence of its potential role in SOC dynamics in tropical soils.  

Further research is needed to fully understand and leverage these mechanisms. Future studies 

should focus on investigating the specific processes of SOC protection within pyC structures under 

different land-use systems, conducting long-term experiments to assess the stability and longevity 

of protected SOC in various agricultural systems, and exploring potential strategies to enhance 

pyC-mediated SOC storage in agricultural soils.  
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Supplementary  

Table S1. ANOVA table for Os concentration in the two studied POM types of the three land uses. 

Shown are numerator (NDf) and denominator (DDf) degrees of freedom, F-values and p-values 

(bold when <0.05).  

Source NDf DDf F-value p-value 

Land Use 2 27 2.2 0.13 

POM type 1 27 5.3 0.029 

Land Use * POM type 3 27 1.0 0.37 

 

Table S2. ANOVA table for FTIR spectral data in the two studied POM types of the three land 

uses. Shown are numerator (NDf) and denominator (DDf) degrees of freedom, F-values and p-

values.  

Source NDf DDf F-value p-value 

Comparing differences in functional groups  

Functional group 2 43.2 93847.0 <.0001 

Land Use 2 7.45 33.8 0.0002 

POM type 1 4.91 1883.6 <.0001 

Functional group*Land use 4 43.2 50.7 <.0001 



Functional group*POM type 2 43.2 7492.9 <.0001 

Land use: POM type 2 43.2 3.7 0.0322 

Functional group*Land use*POM type 4 43.2 27.8 <.0001 

Comparing differences in functional groups ratios 

Ratio 2 42.42 17774.7 <.0001 

Land Use 2 8.38 31.5 0.0001 

POM type 1 3.48 2950.6 <.0001 

Ratio*Land use 4 42.42 51.8 <.0001 

Ratio*POM type 2 42.42 10926.3 <.0001 

Land use: POM type 2 42.42 80.8 <.0001 

Ratio*Land use* POM type 

POM type 

4 42.42 5.5 0.0012 

 

 


