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Abstract 

Calcium (Ca) may contribute to the preservation of soil organic carbon (SOC) in more ecosystems than previously thought. 

Here we provide evidence that Ca is co-located with SOC compounds that are enriched in aromatic and phenolic groups, across 

different acidic soil-types and locations with different ecosystem properties, differing in terms of climate, parent material, soil 

type, and vegetation. In turn, this co-localised fraction of Ca-SOC is removed through cation-exchange, and the association is 20 

then only re-established during decomposition in the presence of Ca (Ca addition incubation). Thereby Thus, highlighting a 

causative link between decomposition and the co-location of Ca with a characteristic fraction of SOC. ; whereby 
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dDecomposition increases the relative proportion of negatively charged functional groups, which we proposecan increases the 

propensity for the association between SOC and Ca, and in turn, this association inhibits dissolved organic carbon export orbe 

protected from further decomposition,. We propose that this This mechanism could be driven by Ca hotspots on the microscale 25 

shifting local decomposition processes and thereby  explaining the colocation of Ca with SOC of a specific composition across 

different acidic soil environments. Incorporating this mechanism biogeochemical process into conceptual and numericalEarth 

System mModels couldan improve our understanding, predictions, and management of carbon dynamics in natural and 

managed soils, and account for their response to Ca-rich amendments. 
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Non-technical summary 

This study shows calcium helps to preserve soil organic carbon in acidic soils, challenging previous beliefs that their 

interactions were largely limited to near-neutral to alkaline soils. Using spectromicroscopy, we found calcium is co-located 35 

with a specific type of carbon rich in aromatic and phenolic-rich carbon. and that t This association was disrupted when the 

calcium was removed, and only reformed during decomposition with added calcium. This suggests that calcium amendments 

could enhance soil organic carbon stability. 
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1.0 - Introduction 

The accumulation and persistence of SOC is linked to its interactions with minerals and metal ions such as aluminium, iron 

(Fe), and calcium (Ca; Rasmussen et al., 2018; Kleber et al., 2021). Until recently, the effect of Ca on SOC was largely thought 

to be limited to soils with near-neutral to alkaline pH (Rasmussen et al., 2018; Rowley et al., 2018), or soils amended with 45 

alkaline minerals such as Ca carbonate (Paradelo et al., 2015). The classical model of Ca-SOC bonding involves outer-sphere 

cation bridging (Ca2+), where Ca bridges the negatively-charged surface of a clay mineral to a SOC carboxylic functional 

group (Edwards and Bremner, 1967; Oades, 1988). Yet, recent studies suggest that a wider range of interactions exist between 

Ca and SOC, driven by an array of interacting abiotic and biotic processes (Shabtai et al., 2023; Rowley et al., 2021; Beauvois 

et al., 2020). It is broadly accepted thatSpecifically, Ca can abiotically influence SOC accumulation through its effects on soil 50 

aggregation and occlusion, or through different sorption processes involving various minerals or organic compounds 

(Fernández-Ugalde et al., 2014; Sowers et al., 2018). However,; yet, Ca can also play an important role in decomposition of 

SOC and has strong effects on microbial community composition and C use efficiency (Sridhar et al., 2022b; Sridhar et al., 

2022a; Schroeder et al., 2024). For instance, Shabtai et al. (2023) demonstrated that Ca addition (CaCl2) in mesocosms shifted 

the microbial community towards surface-colonising organisms, which enhanced C use efficiency, and decreased C 55 

mineralisation. This highlights that aAdvanced fine-scale spectromicroscopy combined with targeted experiments could 

nowwould now offer a powerful approach to further unravel the relevance and interplay of these mechanisms across different 

soil environments. 

Until recently, the effect of Ca on SOC was largely thought to be limited to soils with near-neutral to alkaline pH (Rasmussen 

et al., 2018; Rowley et al., 2018), or soils amended with alkaline minerals such as Ca carbonate (Paradelo et al., 2015). Yet, 60 

SOC is also co-located with Ca in carbonate-free, acidic soils as confirmed recently using scanning transmission X-ray 

microscopy coupled with carbon (C) near-edge X-ray absorption fine structure spectroscopy (STXM C NEXAFS; Rowley et 

al., 2023). In the acidic grassland soils at Point Reyes, California (hereafter Grassland), Ca was co-located with SOC that 

contained higher proportions of aromatic- and phenolic-C, and less O-alkyl-C, relative to the SOC associated with Fe. If 

identified in other acidic soil environments, this observation could challenge our conceptual understanding that the interactions 65 

between Ca and SOC are only limited to a narrow pH range in soils (Rowley et al., 2018; Rasmussen et al., 2018). We 

hypothesise that the the co-location between Ca and a fraction of SOC rich in aromatic and phenolic functional groups in acidic 

grassland soils (Rowley et al., 2023) may be partly driven by microbial processes rather than physical or chemical processes 

alone. To confirm this hypothesis, additional STXM C NEXAFS measurements arewould be required on both natural samples 

from another acidic site with different ecosystem properties, and on samples subjected to experimental treatments, including 70 

Ca removal, addition, and decomposition in the presence or absence of Ca. 
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The classical model of Ca-SOC bonding involves outer-sphere cation bridging (Ca2+), where Ca bridges the negatively-charged 

surface of a clay mineral to a SOC carboxylic functional group (Edwards and Bremner, 1967; Oades, 1988). Yet, recent studies 

suggest that a wider range of interactions exist between Ca and SOC, driven by an array of interacting abiotic and biotic 

processes (Shabtai et al., 2023; Rowley et al., 2021; Beauvois et al., 2020). It is broadly accepted that Ca can abiotically 75 

influence SOC accumulation through its effects on soil aggregation and occlusion, or through different sorption processes 

involving various minerals or organic compounds (Fernández-Ugalde et al., 2014; Sowers et al., 2018); yet, Ca can also play 

an important role in decomposition of SOC and has strong effects on microbial community composition and C use efficiency 

(Sridhar et al., 2022b; Sridhar et al., 2022a; Schroeder et al., 2024). For instance, Shabtai et al. (2023) demonstrated that Ca 

addition (CaCl2) in mesocosms shifted the microbial community towards surface-colonising organisms, which enhanced C use 80 

efficiency, and decreased C mineralisation. Speculatively, these observations could imply that the co-location between Ca and 

a characteristic fraction of SOC in acidic grassland soils (Rowley et al., 2023) may be partly driven by microbial processes 

rather than physical or chemical processes alone. To confirm this hypothesis, additional STXM C NEXAFS measurements are 

required on both natural samples from another acidic site with different ecosystem properties, and on samples subjected to 

experimental treatments, including Ca removal, addition, and decomposition in the presence or absence of Ca. 85 

To test the mechanism(s) underlying the association of Ca with a specific fraction of SOC, we characterised samples (plant, 

litter, and soil) from the Blodgett Experimental Forest (hereafter Forest), Georgetown, California, using STXM C NEXAFS 

and bulk chemical techniques. We then monitored the response of soils to different experiments, including cation-exchange 

and incubation, and compared the results to existing data from the Grassland (Rowley et al., 2023). The Forest site represents 

a temperate mixed-conifer site ecosystem, distinctly different from the Grassland in terms of climate, parent material, soil type, 90 

and vegetation (detailed in the Methods appendix). Notably the Forestit has significantly less total Ca than the Grassland (> 

20 cm depth; Fig. S1 & S2; Table S1), thereby enabling us to investigate whether variations in Ca contentthe availability of 

Ca also influences the its interaction of Ca with a specific fraction of SOC in acidic soils under different environmental 

conditions.providing an ideal comparison for examining the association of Ca with a characteristic fraction of SOC across 

varied environmental conditions. 95 

2.0 - Results and discussion 

The STXM C K-edge NEXAFS spectra collected from acidic forest soils (pH = 3.7-6.2) show that SOC had a higher proportion 

of aromatic and phenolic C when co-located with Ca than with Fe (Fig. 1A & C). The C spectra of plant and litter samples 

from the Forest were similar irrespective of its co-location with Ca (Fig. S5); thereby, highlighting that the Ca-SOC association 

is not inherited from the inherent composition of plant or litter samples, but instead, seems to seems to forms in the soil. The 100 

characteristic fraction of SOC co-located with Ca in the Forest soils had a similar spectrum to that observed in the Grassland 

soils (Fig. S6; pH = 3.8-5.3; Rowley et al., 2023). Even though there was a large difference in total Ca content between the 
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sites (Fig. S1 & S2; Table S1), the average (total) C spectrum was only slightly closer to the Fe-C spectrum in the Forest (linear 

combination fitting results = 83 % Fe-C vs. 17 % Ca-C) than at the Grassland (77 % Fe-C vs. 23 % Ca-C). Cluster and non-

negative matrix factorisation (NNF) analysis of the C in organo-mineral assemblages (Fig. 1B) revealed that SOC was clustered 105 

into statistically relevant groups, which were strongly associated to the distribution of Fe and Ca (Fig. 1A & B; Fig. S7). Thus, 

across the samples that we investigated, Ca and Fe were co-located with statistically distinct fractions of SOC, implying that 

these elemental associations were important in dictating the distribution of SOC at the microscale (or vice-versa). 
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 110 

Fig. 1. The microscale co-location of Ca or iron with specific carbon compounds in soils. A.) A tricolour elemental 

map of the co-location of iron (blue), Ca (green), and carbon (red) in an organo-mineral assemblage from the 10-20 cm 

depth interval. B.) The fitting of non-negative matrix (NNF) factorisation statistical endmembers of carbon into clusters 

that correspond closely with its elemental distribution in A. The C (K-edge, C1s ) near-edge X-ray absorption structure 

spectra (NEXAFS) from these endmembers can be found in Fig. S7, in total there were 4 endmembers, but one was 

associated with a background signal. C.) The C1s NEXAFS spectra of the overall carbon (total C), carbon specifically 

associated with only Ca (Ca-C), only iron (Fe-C), or both Ca and iron (Fe-Ca-C), with the standard error of the averaged 

result fitted as a shaded area outside of the spectra. Regions of the spectra associated with specific functional groups are 

plotted in grey behind the spectra and were attained from Lehmann et al. (2009). 
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To test the mechanisms governing the co-location of Ca with a characteristic fraction of SOC, we conducted two experiments. 

First, we conducted a potassium cation-exchange (KCl) experiment to remove the Ca from soil samples and investigate its 

influence on SOC composition with STXM C NEXAFS. Cation-exchange leached the Ca and SOC co-located with it from 

our samples (Fig. 2A; Fig. S8 & & S9A), lowering the aromatic and phenolic C content, but also the aliphatic C content (ca. 

287 eV). This experiment confirmed that Ca preserves a characteristic fraction of SOC, and were preventing its 115 

exportconsistent with reports that it can decrease as inhibit dissolved organic C (DOC) leachingfrom the leaching in Fforest 

soils (Minick et al., 2017).  

After this cation-exchange reaction, we re-introduced Ca to the samples, causing it to associate with soil particles and the SOC 

remaining after the KCl cation-exchange (Fig. 2A; Fig. S8). The STXM C NEXAFS spectra of samples post-exchange and Ca 

addition were similar to the Fe-C spectrum, with less aromatic and phenolic C than a typical Ca-C spectrum (Fig. 1C & 2A; 120 

Fig. S9). The C pool associated with Fe was resistant to this cation-exchange procedure, suggesting that it was probably bound 

by inner-sphere ligand-exchange reactions. Furthermore, the composition of the C co-located with Fe supports the hypothesis 

that Fe oxides preferentially bind microbially-transformed SOC, rather than new plant inputs (Fig. 1C & 2A; Spielvogel et al., 

2008). Contrastingly, the co-location of Ca with a characteristic fraction of SOC was irreversibly disrupted by cation-exchange 

and, within the timeline of our experiments, could not be re-established through Ca addition alone (Fig. 2A; Fig. 7A).  125 

In the second experiment, we incubated freshly collected soil samples after the addition of water, KCl as a control, or CaCl2 

(Fig. S4). Ca addition always reduced C mineralisation in our incubation experiments relative to the incubation with water (no 

KCl or CaCl2; Fig. S4; Table S2). However, in our short-term experiments, unlike Shabtai et al. (2023), we did not see a 

significant decrease in C mineralisation relative to the monovalent cation control (0.2 M KCl; Fig. S4; Table S2). Yet, 

contrasting the results of the cation-exchange experiment (Fig. 2A), one month of microbial decomposition with added Ca 130 

shifted the STXM C NEXAFS spectra of total C towards the spectra associated with Ca-C co-location (Fig. 2B; Fig. S9B). 

Consequently, samples that were incubated with Ca had higher aromatic and phenolic, and lower O-alkyl C, in both the Ca-C 

and total C spectra relative to the pre-incubation spectra (Fig. S9B). This change in the STXM C NEXAFS spectra reproduced 

the observations in unaltered soil samples from the Forest and Grassland (Fig. 2B; Fig. S6 & Fig. S9) suggesting it was unlikely 

to be an artefact of the Cl- addition during incubation. The decrease in O-alkyl C, indicative of labile carbohydrates, in the 135 

incubated samples instead likely resulted from microbial decomposition prior to the association of remaining fraction of SOC 

with Ca and its subsequent preservation. In other words, the addition of Ca during incubation led to the preservation of a 

characteristic fraction of SOC co-located with Ca and significantly altered overall C composition. In conclusion, the association 

of Ca with a characteristic fraction of SOC does not form through physicochemical mechanisms alone, but instead, arises from 

coupled biogeochemical processes involving microbial decomposition.   140 
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The SOC fraction associated with Ca was enriched in aromatic and phenolic C, likely bound with Ca through carboxylic and 

hydroxyl phenolic functional groups in organo-mineral assemblages. Within the organo-mineral density fractions Iofn 145 

calcareous soils, Grünewald et al. (2006) demonstrated a similar enrichment of lignin degradation products (rich in aromatic, 

phenolic, and carboxylic functional groups) within organo-mineral density fractions, attributing this to the preferential 

adsorption of either positively-charged layered hydroxide minerals (1.6-2.2 g cm-3) or calcite (> 2.2 g cm-3; Suzuki, 2002). As 

for acidic systems, Ca-binding affinities of C compounds at pH 4.5 do indeed increase with the number of carboxylic groups 

(Tam and Mccoll, 1990). The relative proportion of negatively charged functional groups increases as SOC undergoes 150 

oxidative transformation or decomposition (Lehmann and Kleber, 2015; Lehmann et al., 2020), enhancing its propensity for 

Ca binding (Fig. S10). We thus propose a conceptual model in which decomposition by microbes is essential as the first step 

for the efficient formation of Ca-SOC association. In this scenario, initial decomposition and mineralisation of O-alkyl C 

increases the relative proportions of Ca-binding functional groups. Upon which, this decomposed fraction can then be bound 

by Ca, forming its association with a characteristic fraction of SOC, protecting it in organo-mineral assemblages, inhibiting its 155 

export as DOC, further decomposition, and ultimately its mineralisation, establishing its association with a characteristic 

fraction of SOC  (Fig 2; Fig. S9).  

The mechanism of co-location between Ca and a characteristic fraction of SOC was amplified by Ca addition (Fig. 2B; Shabtai 

et al., 2023; Sridhar et al., 2022a) and is consistently observed at the microscale across the different locations, depths, and 

acidic soil types. We can therefore further hypothesise that this mechanism of co-location is likely driven by Ca hotspots or 160 

abundance on the microscale, creating microdomains of decomposition that drive this characteristic association in natural 

samples (Kleber et al., 2021; Lehmann et al., 2020). Thus, a localised increase or microdomains in Ca availability could be 

driving local changes in microbial community (Shabtai et al., 2023; Sridevi et al., 2012; Sridhar et al., 2022a), decomposition 

pathways (Fig. 2B), the microscale distribution of C, and the association of a characteristic fraction of SOC with Ca (Fig. 1C).  

Fig. 2. Manipulation Targeted experiments demonstrate the importance of decomposition processes in the formation 

of the co-location of Ca with a characteristic fraction of soil organic carbon. A.) The exchange of Ca with potassium 

(KCl) disrupted the carbon co-located with Ca (Fig. S8), reducing the associated aromatic and phenolic carbon in the C1s 

near-edge X-ray absorption fine structure (NEXAFS) spectra, and upon addition (CaCl2), Ca re-associates with the 

remaining carbon (Fig. S8 & S9A). This remaining carbon has a spectrum like the carbon co-located with iron in unaltered 

samples (Fig. 1C), which was ultimately resistant to cation-exchange. B.) Incubation with added Ca reduceds the O-alkyl 

carbon content in NEXAFS spectra while increasing the relative abundance of aromatic and phenolic carbon in the remaining 

sample (Fig. S9B). Thereby, microbial decomposition in the presence of added Ca reproduced a spectrum that was like the 

Ca-carbon spectrum of unaltered samples at the Grassland and Forest (Fig. 1C; Fig. S6). These experiments were run on 

two different samples from the same site explaining slight differences in the initial NEXAFS spectra, see methods for details. 
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This study confirms that Ca is preferentially-associated with a characteristic fraction of SOC and the formation of this co-165 

location is driven by chemically-altered decomposition processes. Uncovering this mechanism advances our understanding of 

SOC decomposition and its prediction in Earth System Models. Moreover, these mechanisms of SOC retention could be 

enhanced through Ca-rich agricultural amendments, such as those currently applied to acidic soils as part of agricultural and 

climate resilience practices, in particular liming or enhanced rock weathering (Shabtai et al., 2023; Paradelo et al., 2015; Xu 

et al., 2024; Vicca et al., 2022). To conclude, these data show that Ca plays key roles in the cascade of biogeochemical 170 

processes that affect SOC, its decomposition, and accumulation in more environments than previously thought.  
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Appendix – Methods 

Supplementary methods are also presented in the SI. 185 

Field site 

Blodgett Experimental Forest (Forest) is situated in the Sierra Nevada foothills (1370 m asl) near Georgetown, California. The 

Forest soils were characterised as Alfisols, which are equivalent to Dystric Cambisols (Iuss Working Group Wrb, 2015), and 

had formed in granitic parent materials, in a temperate climate, under thinned, mixed-coniferous forest (Fig. S3; Gaudinski et 

al., 2009). The results from this paper are compared to soils sampled at Point Reyes (Grassland; Fig. S3), the full description 190 

of which can be found in Rowley et al. (2023). The Grassland soils were Luvisols or Lixisols developed in mixed sedimentary 
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deposits, in a Mediterranean climate, under mixed-grassland species (Rowley et al., 2024), which spanned an acidic pH 

gradient (ca. soil pHKCl 4-5).  

Sampling  

Samples were taken from the whole-soil warming experiment at the Forest. This section of the research centre has been subject 195 

to whole-soil warming of +4°C since the winter of 2013, the experimental details of which can be found in Hicks Pries et al. 

(2017). Soil cores were sampled from the control (soil cores 1-3) and warmed (soil cores 4-6) paired plots 1-3 in May 2021 (n 

= 6), while samples for the incubations, plant (leaf and branch), and litter samples were sampled in January 2023. Samples 

were oven dried at 40°C, sieved to 2 mm, with a separate, adjacent soil core sampled and sent to the University of Zurich for 

bulk characterisation (see SI for details).  200 

Bulk characterisation.  

Soil pH was measured potentiometrically in 0.01 M Ca chloride (CaCl2) solution at a 2:1 ratio with a Hamilton Polilyte Lab 

(238403) electrode. Total C and nitrogen contents were measured at the UC Davis Stable Isotope Facility using a Vario Micro 

Cube elemental analyser and Isoprime 100 isotope-ratio mass spectrometer. Total element contents were established using X-

ray fluorescence (SPECTRO X-LAB 2000) without loss on ignition treatment. 205 

Experimental set-up  

To exchange Ca out from our samples and then add it back to the potassium-leached (exchanged) samples, we used the methods 

detailed in Whittinghill and Hobbie (2012). Briefly, we exchanged Ca from the soil core 4 (warmed plot 1) 60-70 cm sample 

using successive rinses with potassium chloride (KCl) solutions of decreasing strength (0.1 > 0.05 > 0.01 M KCl), before 

finally washing the sample with Milli-Q H2O (18.2 MΩ cm-1 at 25°C). To add the Ca back into the exchanged samples we 210 

resuspended the samples with 0.1 M CaCl2 (high Ca treatment equivalent) and then rinsed them again with Milli-Q H2O. 

Samples were centrifuged between solutions, removing the supernatant, vortexed to resuspend samples in the subsequent rinse 

solution, before oven drying the remaining slurry on the final rinse with H2O at 40°C.  

The incubation mesocosms were created by combining 20 g of surface soil samples from the Forest (0-20 cm) in sealed glass 

jars with either Milli-Q H2O, 0.2 M KCl, or 0.1 M CaCl2, equivalent to 20 c.molc. L-1, and then incubated at 20°C for 1 month 215 

in the dark. Samples were maintained at 70 % field capacity throughout the incubation with Milli-Q H2O. The respired CO2 

was sampled at different time points during the experiment, stored in pre-evacuated vials, replaced with Ultra Zero Air (CO2 

< 5 parts per million volume; Linde Gas and Equipment, Inc., Part # AI 0.0UZ-AS), and then measured using gas 

chromatography (Shimadzu). Air was regularly replaced with Ultra Zero Air to prevent toxic concentrations of CO2 building 

up within the mesocosms, measuring and accounting for the removed CO2. Initial SOC contents were used to calculate the 220 

cumulative C respired (mg CO2-C respired g SOC-1). Pre-testing (see SI for details) revealed that Ca addition always reduced 
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C mineralisation in our incubation experiments relative to the incubation with water (no KCl or CaCl2; Fig. S4; Table S2). 

However, in our short-term experiments, unlike Shabtai et al. (2023), we did not see a significant decrease in C mineralisation 

relative to the monovalent cation control (0.2 M KCl; Fig. S4; Table S2).  

STXM C NEXAFS  225 

We used STXM C NEXAFS to investigate the microscale physical and chemical association of SOC with Ca or Fe in samples 

using methods detailed in Rowley et al. (2023). Briefly, soil samples from 3 depth intervals (10-20, 40-50, and 60-70 cm) of 

soil cores 1-6 (control and warmed plots 1-3), plant (leaf and branch combined), litter samples from the field site, and samples 

from the exchange and incubation experiments were measured at beamline 5.3.2.2 of the Advanced Light Source. We 

combined observations from all plots (n = 6) as the exclusion of observations from the warmed plot samples (soil cores 4-6) 230 

had no significant effect on the STXM C NEXAFS spectra or our interpretations. Samples were spotted onto Si3N4 windows 

using methods adapted from Chen et al. (2014). Energy calibration was performed using CO2 gas, setting the 1s→3sσg peak 

in the C K-edge to 292.74 eV, and then checked at the end of the run (Prince et al., 1999). 

Statistical and data analysis 

All STXM C NEXAFS imaging and image analysis was completed in the STXM control program and C Fe STXM Image 235 

Reader (Marcus, 2023), respectively. A minimum of 2 STXM C NEXAFS image stacks were collected on each sample, 

background subtracted for I0, positionally aligned, and mapped for C (295-280 eV), Ca (394.4-342 eV), and Fe (710-698 eV). 

Image stacks were checked for saturation / thickness effects prior to further analysis. The image stacks were subset using a 

Boolean function in C Fe STXM Image Reader to isolate the C NEXAFS spectrum corresponding to the overall C, Ca 

associated C (no Fe), Fe-C (no Ca), or Fe-Ca-C signal (Rowley et al., 2023). 240 

The STXM C NEXAFS stacks were investigated using principal component, clustering, and non-negative matrix factorisation 

analysis to group statistically relevant endmembers or standard spectra of clustered groups of C. These endmembers were then 

fit to the overall data using a least-squares fitting method. All exported spectra were background normalised in Athena (Ravel 

and Newville, 2005). The edge jump was set at 284.8 eV with an intensity of 1.0, the data were normalised by fitting a second-

order polynomial to the post-edge region (291.8-302.0 eV) and the pre-edge was subtracted (279.8-283.3 eV; Rowley et al., 245 

2023). Linear combination fitting of the total C with Fe-C and Ca-C was completed in Athena (Ravel and Newville, 2005). 
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