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Graphic Abstract 

 

ABSTRACT 

Microbial carbon (C) use efficiency (CUE) drives soil C formation, while physical-

chemical protection stabilizes subsequent microbial necromass, both shaped by soil 

aggregates and minerals. Soils inherit many properties from the parent material, yet the 

influence of lithology and associated soil geochemistry on microbial CUE and 

necromass stabilization remains unknow. Here, we quantified microbial CUE in well-

aggregated bulk soils and crushed aggregates, as well as microbial necromass in bulk 

soils and the mineral-associated organic matter fraction, originating from carbonate-

containing (karst) and carbonate-free (clastic rock, non-karst) parent materials along a 

broad climatic gradient. We found that aggregate crushing significantly increased 

microbial CUE in both karst and non-karst soils. Additionally, compared to non-karst 
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soils, calcium-rich karst soils increased macroaggregate stability and decreased the 

ratio of oligotrophic to copiotrophic microbial taxa, leading to a reduction in microbial 

CUE. Moreover, microbial CUE was negatively associated with iron (hydr)oxides in 

karst soils, attributed to the greater abundance of iron (hydr)oxides and higher soil pH. 

Despite the negative effects of soil aggregation and minerals on microbial CUE, 

particularly in karst soils, these soils concurrently showed greater microbial necromass 

stability through organo-mineral associations compared to non-karst soils. 

Consequently, i) bedrock lithology mediates the effects of aggregates and minerals on 

microbial CUE and necromass stability; and ii) balancing minerals’ dual roles in 

diminishing microbial CUE and enhancing microbial necromass stability is vital for 

optimizing soil C preservation. 

 

Synopsis 

This study reveals that soil aggregation and minerals decrease microbial CUE and 

necromass production while increasing necromass stability, highlighting the need to 

balance these factors for effective carbon sequestration. 
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1 INTRODUCTION 

Soil organic carbon (SOC) forms the largest carbon (C) pool in terrestrial 

ecosystems, profoundly influencing the climate1 and ecosystem functioning.2,3 

Microbial C use efficiency (CUE), defined as the proportion of assimilated C that 

remains retained in the microbial biomass, provides an integrative metric of microbial 

community metabolic regulation of organic C transformation in soils.4 A high CUE 

implies microbes allocate more C to biomass formation and resulting necromass 

production. 5 While microbial CUE promotes SOC formation,4 the stabilization of 

subsequent microbial necromass regulates long-term soil C preservation.6 Therefore, 

microbially-mediated SOC storage relies on both the production and stabilization of 

microbial necromass. However, current research often isolates factors influencing 

either microbial CUE or necromass stability, neglecting their integration. 

Soil aggregates have a large influence on microbial CUE, by shaping the physical 

structure of soil habitat and affecting resource availability and microbial community 

dynamics.7 For example, increased soil aggregation reduces nutrient availability, 

resulting in microbes allocating more energy for nutrient acquisition and losing more C 

in respiration.8 Additionally, aggregates and the associated pores create diverse 

microhabitats, influencing moisture as well as the quantity and quality of organic 

substrates.9 These aggregate-scale microhabitats shape soil microbial communities in 

terms of abundance, diversity, and life strategies (e.g. oligotrophic and copiotrophic 

strategists).10 The diverse energy maintenance requirements of microbial taxa result in 

differing CUE11 and energy use efficiency.12 Therefore, it is crucial to identify the effect 
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of aggregates on microbial CUE. 

In parallel, soil minerals like iron (Fe) (hydr)oxides and calcium (Ca) not only 

shape soil structure13 but also determine microbial metabolic processes14 and can 

stabilize microbial necromass as mineral-associated organic matter (MAOM).15 

However, the effect of minerals on microbial CUE and C storage is complex and 

dualistic. On one hand, high abundance of Fe (hydr)oxides and Ca can increase SOC 

accrual by stabilizing microbial products (i.e. necromass) in mineral–organic 

associations,16,17 contributing to the long-term persistence of SOC.18 On the other hand, 

these mineral–organic associations can also hinder SOC accrual, by decreasing 

substrate accessibility, increasing substrate limitation to microbes and thereby 

increasing microbial C allocation to extracellular enzyme synthesis for substrate 

acquisition, thereby reducing CUE.19 This reduction in CUE is considered to be 

negatively related to the SOC balance.4 The complex and dualistic influence of minerals 

on CUE and C accrual underscores the importance of studying these influences under 

different environmental conditions, especially under varying mineral preservation 

capacities.  

Thus, we posit that variations in soil aggregates and minerals may have a major 

influence on microbial CUE and necromass stability,14 with differences in lithology of 

parent materials likely being a key source of this variation. The diversity of bedrock 

lithologies and rates of rock weathering affect biogeochemical cycles, by determining 

nutrient availability, mineral formation, organo-mineral associations, and 

aggregation.20,21 Theoretically, lithology influences microbial CUE and soil C storage 
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through a two-step process: i) regulating CUE by affecting the content and saturation 

status of soil minerals, as well as the structure and stability of soil aggregates; and ii) 

influencing microbial product stabilization through physical-chemical protection by 

aggregates and minerals. Nevertheless, the influence of lithology and associated soil 

geochemistry on microbial CUE and necromass stability remains unclear. 

Here, we assessed how soil aggregates and minerals influence microbial CUE and 

necromass stability in strongly contrasting soils, derived from carbonate-containing 

(karst) and carbonate-free (clastic rock, non-karst) parent materials across different 

climates. Further, to test the influence of soil aggregation on CUE, we subjected these 

soils to two physical manipulations: well-aggregated bulk and crushed aggregate soils. 

We also explored whether there exist trade-offs between microbial- and mineral-driven 

C accumulation by examining the relationships between microbial CUE, necromass, 

and soil minerals across the two contrasting lithologies. We hypothesized that 

macroaggregates and minerals have a larger effect in reducing microbial CUE in karst 

soils compared to non-karst soils. This is attributed to the rapid kinetics associated with 

carbonate rocks, which leads to faster dissolution rates than those of clastic rocks.22 

Consequently, this promotes the release of essential rock-derived nutrients such as Ca 

and Fe into the soil. These processes facilitate the accumulation of secondary Ca and 

Fe minerals, enhancing the stability of macroaggregates23 and fostering the formation 

of organic-mineral associations.24 We also hypothesized that despite reduced CUE 

resulting from aggregates and minerals in karst soils, the abundant Ca and Fe contents 

would promote stable necromass-mineral associations. Thus, we hypothesized that 
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there is a trade-off in the influence of aggregates and minerals on soil C balance, 

decreasing CUE and necromass production but increasing the stability of these 

necromass in soil. 

 

2 MATERIALS AND METHODS 

2.1 Site description and experimental design 

The karst region in southwest China, spanning over 0.54 million km2, represents 

one of the largest continuously exposed carbonate rock areas globally.25 The karst 

ecosystems are predominantly composed of carbonate rocks such as limestone, 

dolomite, and their mixtures, which are much more soluble than most other bedrocks. 

This leads to the formation of thin and discontinuous soil horizons, cracks and holes in 

the rock, resulting in strong water limitation and low vegetation productivity.26 In 

contrast, non-karst ecosystems in the region are primarily composed of clastic rocks, 

which are rich in silicon (Si) and contain very low in soluble components, making them 

highly resistant to weathering. Over the past half-century, the karst regions experienced 

strong environmental degradation due to population pressure and limited environmental 

carrying capacity.25 However, with the implementation of ecological restoration 

projects, the region is now recognized as a "Greening Earth" hotspot and a major 

contributor to China's vegetation C sink.27 

The region has a subtropical monsoon climate, with a wide range in mean annual 

temperature (MAT) varying from 12 °C to 24 °C and mean annual precipitation (MAP) 

generally exceeding 1000 mm. This range of MAT and MAP is attributed to the region's 
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wide range in elevation (from <500 m to >3000 m above sea level) and latitude.25 Given 

the gradient in both climate and geology (carbonate to clastic rocks), the karst region 

provides an ideal system to explore how geology determines microbial CUE and 

necromass stability. 

The study was conducted along a north-to-south transect in Chongqing, Guizhou, 

and Guangxi provinces (21°84′–29°11′ N, 106°93′–108°75′ E) of southwest China. Six 

areas with distinct climatic gradients were selected along the transect. Sampling sites 

were established in secondary forests over carbonate rocks (karst) and clastic rocks 

(non-karst) in each area (Fig. 1). To ensure comparability among the sampling sites, the 

following criteria were implemented before establishing the sample plots. First, the 

bedrock type of the karst sites was confirmed to be carbonate rocks, while the non-karst 

sites was confirmed to be clastic rocks. This determination was made by initially 

referring to the lithological geological map to identify potential sample sites over 

carbonate and clastic rocks in each area. Subsequently, unweathered bedrock samples 

were collected from these sites to analyze their chemical properties and confirm the 

bedrock lithology (Fig. 1b). Second, the forests over both bedrock types had similar 

land-use history and stand age. All selected secondary forests were subject to extensive 

deforestation before the 1960s, after which they regenerated naturally and reached an 

estimated age of 60 ± 5 years at the time of sampling. The land-use history information 

for the selected forests was provided by the local forestry administration. 

In each area, five large sampling plots (20 × 30 m) were established. The five 

sampling plots were generally located within a 1000 × 1000 m sampling square, with a 
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minimum distance of 20 m between them. In some cases, to meet bedrock and forest 

criteria, the distance between plots exceeded 1 kilometer. In total, 60 plots were 

established, comprising six areas, two bedrock types, and five replicates. The MAT of 

the sampling sites ranged from 11.4 ℃ to 21.7 ℃, while the MAP ranged from 1165 

mm to 1878 mm. Climate data were extracted from a high-resolution (1/24°, ~4 km) 

global dataset of monthly climate provided by the TerraClimate database.28 Detailed 

information on the sampling sites, including latitude, longitude, and dominant plant 

species can be found in Supplementary Table 1. 

 

Fig. 1 Geographic overview of the sampling sites overlying carbonate rocks (karst) and clastic rocks 

(non-karst). (a) Spatial distribution of carbonate rocks globally and the study region; (b) bedrock 
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geochemical composition of the sampling sites. The colors within the pie charts in (b) represent the 

element contents of the bedrock. 

 

2.2 Rock sampling and geochemical composition analysis 

Within each plot, three to five minimally weathered rock samples were collected 

from intact bedrock outcrops and combined to represent the site’s bedrock. In the 

laboratory, the outer weathered layer of each rock sample was removed using a lapidary 

slab saw. The unweathered rock samples were then subjected to a 24-hour cleaning 

process in 5% hydrogen peroxide to eliminate surface organic matter.29 Afterward, the 

samples were heated to 105 °C to decompose any residual hydrogen peroxide. The 

cleaned rocks were subsequently crushed and ground to a particle size of 75 μm using 

a grinding machine. The elemental composition of the bedrock, including Si, Ca, and 

magnesium (Mg), was analyzed using an X-ray fluorescence spectrometer (Axios mAX, 

Malvern Panalytical B.V., Netherlands), with results expressed as the percentage 

content of SiO, CaO, and MgO, respectively. 

 

2.3 Field sampling 

In each plot, all individual woody plants with a diameter at breast height (DBH) ≥ 

1 cm (1.3 m above the forest floor) were identified, marked, and measured for DBH 

and tree height. Subsequently, 20 mineral soil cores (10 cm diameter, 0–10 cm depth) 

were collected from each plot using an S-shaped sampling method, following the 

removal of the organic layer. These soil cores were pooled to form composite samples. 
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Visible stones and roots were carefully removed. All soil samples were temporarily 

stored in iceboxes in the field and immediately transported to the laboratory. 

In the laboratory, each soil sample was divided into three sub-samples using the 

quartering method. One part was stored at 4 °C for microbial C metabolism analyses, 

and another at –80 °C for microbial community structure analyses. All relevant 

measurements for the soil samples stored at both 4 °C and –80 °C were completed 

within two weeks. The remaining soil was naturally air-dried indoors at 25°C and then 

divided into three portions. One portion was used for soil aggregate fractionation, 

another for differentiating soil organic matter (SOM) into particulate organic matter 

(POM) and MAOM fractions, and the final portion for physicochemical property 

analyses. 

 

2.4 Analysis of microbial C use efficiency 

Microbial biomass C (MBC) and N (MBN) were determined using the chloroform 

fumigation-extraction method.30 Then, to fully elucidate the effects of aggregates on 

CUE, both well-aggregated bulk soils and crushed aggregates were utilized to measure 

microbial CUE. The fresh soil, which passed through a 2 mm mesh sieve, was divided 

into two subsamples: one for well-aggregated soil and the other for crushed aggregates. 

For the crushed treatment, a ball mill (MM400; Retsch GmbH, Haan, Germany) was 

used to crush 10 g of soil per batch for 1 minute at a vibrational frequency of 250 min–

1, effectively breaking up the aggregates.31  

Soil community-scale microbial CUE was determined using the substrate-
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independent method based on the incorporation of 18O-H2O into microbial DNA.32,33 

Briefly, both well-aggregated and crushed soils were preincubated in darkness at 25 °C 

for 7 days, maintaining soil moisture at 60% of their respective water holding capacity. 

Notably, the water holding capacity was measured separately for well-aggregated and 

crushed soils to ensure accurate comparisons. Subsequently, four replicates of each 

well-aggregated and crushed soils were prepared, with two tubes used for 18O-H2O 

labeling and the other two for unlabeled controls. For each replicate, 2 g of soil were 

placed into 2 mL centrifuge tubes. The tubes were then placed in 50 mL glass bottles, 

with four empty bottles serving as blanks. CO2-free air was then flushed into each bottle 

to ensure consistent initial gas conditions. The 18O-H2O (97 at% 18O) was added to each 

of the two replicates, and the abundance was adjusted to 20 at% 18O in the final soil 

water. The other two replicates received the same volume of unlabeled water to serve 

as natural abundance controls. After incubation at 25 °C for 24 hours, a 15 mL gas 

sample was collected from each bottle using a syringe, and the CO2 concentration was 

determined using a gas chromatograph (GC-7890A; Agilent, Santa Clara, CA, USA). 

Microbial respiration rate (Respiration, μg C g–1 soil h–1) was calculated by determining 

the difference in headspace CO2 concentration between the soil sample and blank 

(Equation 1). 𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛 = (𝐶−𝐶0)∗𝑀∗𝑉∗273𝑉𝑚∗𝐷𝑊∗298∗𝑡∗1000  (1) 

Where 𝐶  and 𝐶0  are the CO2 concentrations (ppm) in the sample and blank, 

respectively; 𝑀 is the molecular mass of the C (12 g mol−1); 𝑉 is the volume of the 

headspace in a bottle (mL); 273 is the absolute temperature (K) at standard atmospheric 
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pressure; 𝑉𝑚 is the standard molar volume of ideal gas (L mol−1); 𝐷𝑊 is the dry mass 

of soil (g); 298 is the incubation temperature (K); 𝑡 is the incubation time (h); and 

1000 is the unit conversion factor. 

Microbial growth was calculated by tracking the incorporation of 18O into 

microbial DNA through synthesis of new DNA. Total DNA was extracted from 0.5 g 

freeze-dried soil after incubation using the FastDNA Spin Kit (MP Biomedicals, Santa 

Ana, CA, USA) following the manufacturer's procedures. The quantity and quality of 

DNA were measured using a NanoDrop 2000 UV-VIS-spectrophotometer (Thermo 

Fisher Scientific, Wilmington, DE, USA). The remaining DNA extract was transferred 

into a silver cup and dried at 45 ℃, after which the abundance of 18O and the total O 

content were measured using a combined isotope ratio mass spectrometry and elemental 

analyzer equipment (IRMS/EA, Thermo Fisher, USA). During the 24-hour incubation, 

newly produced DNA (DNAproduced, μg) was quantified by the difference in 18O 

abundance between the labelled and unlabeled samples (Equation 2) 𝐷𝑁𝐴𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 = 𝑂𝑡𝑜𝑡𝑎𝑙 ∗ 𝑎𝑡%𝑒𝑥𝑐𝑒𝑠𝑠100 ∗ 100𝑎𝑡%𝑓𝑖𝑛𝑎𝑙 ∗ 10031.21  (2) 

where 𝑂𝑡𝑜𝑡𝑎𝑙 is the total O content (μg) of the dried DNA extract; 𝑎𝑡%𝑒𝑥𝑐𝑒𝑠𝑠 is the 

difference between 18O at% of the labelled and unlabeled sample; 𝑎𝑡%𝑓𝑖𝑛𝑎𝑙  is the 

enrichment of 18O at% of the final soil solution; and the constant 31.21 is the average 

proportional mass of O content in DNA (C39H44O24N15P4). 

The corresponding conversion factor (fDNA) was calculated based on the ratio of 

MBC (μg g–1 soil) to DNA content (μg g–1 soil). Microbial growth rate (Growth, μg C 

g–1 soil h–1) was calculated based on the DNAproduced and fDNA (Equation 3). 
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𝐺𝑟𝑜𝑤𝑡ℎ = 𝑓𝐷𝑁𝐴∗𝐷𝑁𝐴𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑∗1000𝐷𝑊∗𝑡∗1000   (3) 

Where 𝐷𝑊 is the dry mass of soil (g), and 𝑡 is the incubation time (h). 

Biomass-specific respiration (Respirationm, mg C g–1 MBC h–1) and growth 

(Growthm, mg C g–1 MBC h–1) were calculated based on microbial biomass (Equations 

4 and 5). 𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛𝑚 = 𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛𝑀𝐵𝐶   (4) 𝐺𝑟𝑜𝑤𝑡ℎ𝑚 = 𝐺𝑟𝑜𝑤𝑡ℎ𝑀𝐵𝐶   (5) 

Finally, microbial CUE was calculated based on growth and respiration (Equations 

6). 𝐶𝑈𝐸 = 𝐺𝑟𝑜𝑤𝑡ℎ𝐺𝑟𝑜𝑤𝑡ℎ + 𝑅𝑒𝑠𝑝𝑖𝑟𝑎𝑡𝑖𝑜𝑛  (6) 

 

2.5 Analysis of microbial community structure 

Soil microbial community structure, including bacterial and fungal abundance and 

community composition, was analyzed from fresh soil samples collected in the field 

and temporarily stored at –80°C. The DNA extraction method was consistent with that 

used for assessing microbial CUE. DNA quantity and quality were assessed with a 

NanoDrop 2000 UV-VIS spectrophotometer (Thermo Fisher Scientific, Wilmington, 

DE, USA). The abundance of bacterial 16S rRNA and fungal ITS genes was quantified 

using the 9600 Plus quantitative PCR system (Bioer Technology, Hangzhou, China). 

Primer pairs 341F (CCTAYGGGRBGCASCAG) and 806R 

(GGACTACHVGGGTWTCTAAT) were used for 16S rRNA gene amplification, while 

ITS1F (CTTGGTCATTTAGAGGAAGTAA) and ITS2R 
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(GCTGCGTTCTTCATCGATGC) were used for ITS gene amplification. The 20 μL 

PCR reaction mixture contained 10 μL of 2 × ChamQ SYBR Color qPCR Master Mix, 

0.4 μL of each primer (5 μM), 2 μL of DNA template, and sterile ddH2O. The PCR 

protocol was 5 min at 95 °C, followed by 40 cycles of 95 °C for 30 s, 56 °C for 30 s, 

and 72 °C for 40 s.  

Bacterial and fungal community were determined by 16S and ITS gene amplicon 

sequencing, respectively. Amplification of the 16S rRNA gene sequences was achieved 

using the primer pair 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-

GGACTACHVGGGTWTCTAAT-3′). For the ITS gene sequences, the primer pair 

ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2R (5′-

GCTGCGTTCTTCATCGATGC-3′) were used. PCR mixtures contained dNTPs, 

FastPfu Buffer, primers, TaKaRa Taq DNA polymerase, BSA, template DNA, and 

sterile water. PCR was performed at 95 °C for 3 min, followed by 27 cycles for 16S 

rRNA and 35 cycles for ITS genes, each cycle consisting of 95 °C for 30 s, 55 °C for 

30 s, and 72 °C for 45 s, ending with a final extension at 72 °C for 10 min. The products 

were sequenced using the Illumina MiSeq PE300 (Illumina, San Diego, CA, USA). The 

raw sequence data for 16S and ITS are openly accessible in the NCBI SRA under 

BioProject ID PRJNA1169648. The accession IDs for the data range from 

SAMN44080278 to SAMN44080401.  

Sequencing data were analyzed using QIIME 2, with raw reads denoised via q2-

dada2-plugin and unique sequences clustered into 97% identity OTUs using q2-vsearch. 

Taxonomic assignment for bacterial and fungal OTUs employed SILVA_v13234 and 
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UNITE_v8.335 databases, respectively. Microbial α-diversity, quantified by the 

Shannon-Wiener index, was assessed using a rarefied ASV abundance table, with 

singletons and doubletons excluded to minimize sequencing noise. The calculation was 

conducted using the ‘RAM’ package in R (R Core Team, Vienna, Austria).  

Classification of bacterial and fungal life strategies was based on phylum (or 

subphylum) level distinctions.36,37 For bacteria, phyla or subphylum such as 

Alphaproteobacteria, Deltaproteobacteria, Acidobacteria, Actinobacteria, 

Planctomycetes, and Chloroflexi were classified as likely oligotrophic phyla, whereas 

Gammaproteobacteria, Firmicutes, Gemmatimonadetes, and Bacteroidetes were 

classified as copiotrophic phyla.38 For fungi, the phyla Basidiomycota and Ascomycota 

were classified as likely oligotrophic and copiotrophic phyla, respectively.39 The ratio 

of oligotrophs to copiotrophs, calculated separately for bacteria and fungi, represents 

the quotient of the total relative abundance of oligotrophic phyla divided by the total 

relative abundance of copiotrophic phyla. We acknowledge the limitations of 

classifying microbial life strategies at the phylum (or subphylum) level, as diverse life 

strategies may coexist within specific phyla.38,40 However, given the current constraints 

in identification accuracy, we opted for phylum-level classifications, which can provide 

a broad approximation and generalization.41 We emphasize that these results should be 

interpreted with caution, and further research at finer taxonomic levels is essential to 

fully elucidate microbial life strategies. 

 

2.6 Analysis of amino sugars 
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Microbial necromass C (MNC) content was quantified by analyzing amino sugars 

in both bulk soils and the MAOM fraction. We initially fractionated SOM into POM 

and MAOM forms.42 Briefly, we mixed 10 g of oven-dried soil with 50 mL of a solution 

containing 5 g L−1 sodium hexametaphosphate and glass beads. The mixture was 

agitated on a reciprocating shaker for 18 hours to achieve comprehensive soil dispersion. 

After several rinses with distilled water, the fraction that passed through the 53-μm 

mesh was collected as the MAOM fraction, while the materials retained on the mesh 

were identified as POM fraction. Subsequently, the POM and MAOM fractions 

underwent drying at 45°C until a constant weight was achieved. 

Amino sugars were extracted using the following method.43 Approximately 0.10 g 

of oven-dried soil (sample weight determined based on the corresponding total nitrogen 

[TN] content) underwent hydrolysis with 10 mL of 6 M HCl at 105 °C for 8 hours. An 

internal standard, myo-inositol, was added, and the solution underwent filtration and 

pH adjustment to 6.6–6.8 using KOH solution, followed by centrifugation for 10 min. 

The resulting supernatant was freeze-dried, and 5 mL of methanol was added to 

dissolve the residues. The solution was then dried using N2 gas at 45 °C. Quantitative 

standard, N-methyl glucosamine, was added, and amino sugars were transformed into 

aldononitrile derivatives through heating in 0.3 mL of a derivatization reagent 

containing 32 mg mL−1 of hydroxylamine hydrochloride and 40 mg mL−1 of 4-

(dimethylamino)-pyridine in a mixture of pyridine and methanol (4:1) at 75–80 °C for 

35 min. Following cooling, the solution was reheated at 75–80 °C for 25 min for 

acetylation after the addition of 1 mL of acetic anhydride, followed by freeze-drying. 
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The removal of excessive derivatization reagents was done by extraction with 1 M HCl 

and deionized water. The dichloromethane phase containing amino sugar derivatives 

was then dried using N2 gas at 45 °C. Prior to quantification, amino sugar derivatives 

were dissolved in 200 μL of ethyl acetate-hexane. Derivatives of amino sugars were 

analyzed using a gas chromatograph (GC-7890A; Agilent, Santa Clara, CA, USA) 

equipped with an HP-5 column and a flame ionization detector. Quantification 

employed internal standards to assess recovery efficiency during extraction procedures. 

We acknowledge that using myo-inositol recovery as a proxy for extraction efficiency 

has inherent limitations, as it may not fully capture the extraction efficiency of different 

amino sugars, particularly in soils with high pedogenic oxide content. Nevertheless, 

this approach remains the most widely accepted and utilized method for quantifying 

soil amino sugar content. 

Amino sugars were quantified as glucosamine, galactosamine, and muramic acid. 

Muramic acid was used as a biomarker for bacterial necromass. Given that glucosamine 

is present in both fungal and bacterial cell walls, fungal-derived glucosamine was 

estimated based on the molar ratio of glucosamine to muramic acid of 2:1 in bacterial 

cells. Fungal and bacterial necromass C were calculated by multiplying the content of 

fungal-derived glucosamine by 9 and muramic acid by 45, respectively.44 Total MNC 

was calculated as the sum of fungal and bacterial necromass C. 

 

2.7 Soil aggregate separation 

The soil aggregate size distribution was determined using wet sieving technique.31 
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Briefly, soil samples that were air-dried for a short period indoors (equivalent to 50 g 

dry weight) were submerged in deionized water for 5 min and then sieved successively 

over 250 μm and 53 μm sieves, with a shaking frequency of 30 times per minute for 30 

minutes. The portion collected on the 250-μm sieve represented macroaggregates (>250 

μm), while that collected on the 53-μm sieve represented microaggregates (53 to 250 

μm). The remaining suspension (<53 μm) was considered silt + clay. Each fraction was 

then dried and weighted. 

 

2.8 Soil physico-chemical properties 

Soil exchangeable cations, such as Ca (Caex) and Mg (Mgex), as well as calcium 

carbonate (CaCO3) and Fe (hydr)oxides, were determined to represent soil minerals. 

Briefly, Caex and Mgex were extracted using a 1 mol L−1 ammonium acetate.24 Free Fe 

(hydr)oxides (Fed) represents pedogenic Fe and were extracted using the citrate-

bicarbonate-dithionite (CBD) method.45 Briefly, a solution of trisodium citrate and 

sodium bicarbonate was added to 0.50 g of soil and heated to 80 °C in a water bath. 

Sodium dithionite, the reducing agent, was then added, and the mixture was maintained 

at 80 °C for 15 minutes. After cooling, the solution was centrifuged, and the process 

was repeated multiple times to ensure complete extraction. The Fe content in the liquid 

extract was then measured. We chose the CBD method for two key reasons. First, 

preliminary experiments showed that in our study area, oxalate-extractable Fe 

accounted for a substantial proportion of Fed. Second, the high Ca content in karst soils 

means that CBD extraction not only captures oxalate-extractable Fe but also includes 
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Fe-OC-Ca complexes.46 The contents of Caex, Mgex, and Fed were determined using an 

inductively coupled plasma emission spectrometer (5110 ICP-OES; Agilent, Santa 

Clara, CA, USA).  

Soil CaCO3 content was determined by acid–base titration. In brief, after 

dissolving CaCO3 with 0.5 mol L–1 HCl, the excess acid was titrated back with 0.2 mol 

L–1 NaOH to calculate the equivalent CaCO3. Soil pH was determined using a pH 

electrode (FE20K, Mettler-Toledo, Switzerland) in a 1:2.5 soil-to-water suspension. 

SOC and TN in both bulk soils and the MAOM fraction were determined using an 

Elementar Vario MAX cube (Elementar, Hanau, Germany), with SOC being acidified 

using phosphoric acid prior to measurement.  

 

2.9 Plant richness and biomass 

Based on the vegetation survey data, plant α diversity, including richness and 

Shannon-Wiener diversity indices of tree species, was calculated using the “vegan” 

package in R. Aboveground biomass (AGB) was estimated using an allometric model 

with study site as dummy variable (Equation 7), which has been shown to be an 

effective approach for improving the accuracy of forest biomass estimations in 

subtropical China.47 According to the 972 records of plot measured AGB in subtropical 

forest of China, a dummy variable allometric model was established, 47 and we used 

these parameters to calculate AGB (Equation 8). 𝐴𝐺𝐵 = exp (𝑎0 + ∑ 𝑎𝑖𝑧𝑖 + 𝑅𝑆𝐸2 2) ∗ (𝐷2𝐻)𝑏⁄   (7) 𝐴𝐺𝐵 = exp(– 1.896 + 0.321 + 0.038) ∗ (𝐷2𝐻)0.785  (8) 
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where 𝑎𝑖 is the site-specific parameter; 𝑧𝑖 is the dummy variable (when 𝑧1 = 1, the 

others = 0, when 𝑧2 = 1, the others = 0, etc); 𝑅𝑆𝐸 is the residual standard errors of 

the regressions; 𝐷 is the diameter of the tree at breast height (cm); 𝐻 is tree height 

(m); and 𝑎0 and 𝑏 are parameters. 

 

2.10 Statistical analysis 

We first assessed the normality and homogeneity of variance of the experimental 

data using the Shapiro-Wilk test and Levene's statistic, respectively, prior to conducting 

ANOVA. Natural log-transformation was applied where necessary to meet these criteria. 

The effects of lithology types (karst vs. non-karst) and aggregate structures (well-

aggregated bulk soils vs. crushed aggregates), along with their interaction on microbial 

C metabolism (CUE, growth, and respiration), were investigated using two-way 

ANOVA (Table S2). We also explored the effect of lithology types on microbial C 

metabolism, plant properties (Shannon index and AGB), soil minerals (Caex, Mgex, 

CaCO3, and Fed), aggregates (macroaggregates and microaggregates), and microbial 

community structure (bacterial and fungal abundance, diversity, and life strategies) 

through independent samples t-tests. The effect of aggregate structures on microbial C 

metabolism was assessed via paired t-tests. 

Ordinary least-squares regression was employed to assess the relationships of 

microbial CUE with climate (MAT and MAP), plant properties, soil minerals, and 

microbial community structure in karst and non-karst soils. Prior to conducting the 

regression analyses, we assessed the degree of autocorrelation between these variables 
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using Pearson’s correlation coefficients (Fig. S1). Piecewise structural equation 

modelling (piecewiseSEM) was further utilized to dissect the direct and indirect 

relationships between CUE and the aforementioned variables. Based on prior 

knowledge, an initial hypothesized model was developed for evaluation (Fig. S2). Prior 

to inclusion in the SEM, variables within each group (e.g., climate, soil minerals, and 

microbial community structure) were amalgamated into “composite variable”.48 This 

analysis was performed using the “piecewiseSEM”, “nlme”, and “lme4” packages in R. 

Lastly, we examined the relationship between microbial CUE and soil C storage, 

as well as the difference in soil C stability between karst and non-karst soils. Ordinary 

least-squares regression was used to explore the relationships between microbial CUE, 

SOC, MNC in bulk soils, and MNC in MAOM pool in karst and non-karst soils. 

Additionally, differences in soil C storage parameters (e.g., SOC, MNC, MAOM 

proportion, mineral-associated organic C, and mineral-associated MNC) between karst 

and non-karst soils were determined using independent samples t-tests. 

 

3 RESULTS 

3.1 Microbial C metabolism  

In the well-aggregated bulk soils, MBC and microbial C metabolism parameters 

were similar between karst and non-karst soils (Fig. 2). However, aggregate crushing 

significantly affected all microbial C metabolism parameters (Table S2). In both soil 

types, microbial CUE, soil mass-based microbial growth and respiration, as well as 

biomass-specific growth and respiration, increased after crushing aggregates (p < 0.01, 
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Fig. 2b–f). Notably, the increase in microbial CUE and biomass-specific growth was 

greater in non-karst soils compared to karst soils (p < 0.05, Fig. 2b,d). 

 

Fig. 2 Parameters of microbial C metabolism of well-aggregated bulk soils (Bulk soil) and crushed 

aggregates (Crushed soil) in karst and non-karst. (a) Microbial biomass C (MBC); (b) microbial C 

use efficiency (CUE); (c) soil mass-based microbial growth (Growth); (d) biomass-specific 

microbial growth (Growthm); (e) soil mass-based microbial respiration (Respiration); and (f) 

biomass-specific microbial respiration (Respirationm). The ends of the boxes represent the 25th and 

75th percentiles, and the whiskers indicate 1.5 times the standard deviation. The central line and 

square represent the median and mean, respectively. Different capital letters and lowercase letters 

indicate significant differences (p < 0.05) between karst and non-karst for bulk soils and crushed 

soils, respectively, determined through independent samples t-tests. Asterisks indicate significant 
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differences between bulk soils and crushed soils within the same bedrock lithology from paired t-

test. **, p < 0.01; ***, p < 0.001. ns indicates no significant difference (p > 0.05). 

 

3.2 Associations of microbial CUE with abiotic and biotic factors 

Microbial CUE was negatively associated with macroaggregate proportions in 

karst soils (p < 0.001) but increased with it in non-karst soils (p < 0.05, Fig. 3d). 

Mineralogy also influenced CUE, with a negative association between CUE and Fed in 

karst soils (p < 0.001), while no such relationship was observed in non-karst soils (Fig. 

3e). Climatic factors consistently influence CUE across both soil types, with higher 

MAP and MAT associated with reduced CUE (p < 0.05; Fig. 3a–b). 

In karst soils, both microbial diversity and life strategies were correlated with CUE. 

Bacteria diversity was positively correlated with CUE (p < 0.05, Fig. 3g), whereas 

fungal diversity was negatively correlated (p < 0.01, Fig. 3h). The ratio of oligotrophic 

to copiotrophic bacteria and fungi were positively associated with CUE (p < 0.05, Fig. 

3k–l). In non-karst soils, only bacterial and fungal abundance were positively correlated 

with CUE (p < 0.05, Fig. 3i–j).  
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Fig. 3 Relationships of microbial C use efficiency (CUE) with climate, plant biomass, soil 

aggregates, minerals, and microbial community structure in karst and non-karst. Climate factors 

include (a) mean annual temperature (MAT) and (b) precipitation (MAP); plant biomass is 

represented by (c) aboveground biomass (AGB); soil aggregates are represented by (d) 

macroaggregate proportion; minerals include (e) dithionite-extractable Fe (hydr)oxides (Fed) and (f) 

exchangeable Ca (Caex); and microbial community structure parameters include (g–h) bacterial and 

fungal diversity (Shannon-Wiener diversity index), (i–j) abundance (log10-transformed), and (k–l) 

the ratio of oligotrophic to copiotrophic phyla. Solid lines represent regressions and shaded areas 

denote 95% confidence intervals. *, p < 0.05; **, p < 0.01; ***, p < 0.001. ns indicates no significant 

difference (p > 0.05).  
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PiecewiseSEM was used to assess the hypothesized direct and indirect 

relationships of microbial CUE with climate, plant biomass, soil minerals, 

macroaggregates, and microbial community structure. In karst soils, minerals and 

microbial community structure were directly associated with CUE, while 

macroaggregates were indirectly associated with CUE via microbial community 

structure (Fig. 4a). Climate and plant biomass indirectly influenced CUE by affecting 

minerals and macroaggregates (Fig. 4a). In non-karst soils, climate was identified as 

the sole factor directly and negatively associated with CUE (Fig. 4b). 

 

Fig. 4 Direct and indirect relationships between climate, plant biomass, soil minerals, 

macroaggregates, microbial community structure, and microbial C use efficiency (CUE) in (a) karst 

and (b) non-karst soils. The climate, soil minerals, and microbial community were divided into 

composite variable. Numbers adjacent to measured variables are their coefficients with the 

composite variable. Solid red and blue arrows represent positive and negative effects, respectively, 

while dashed arrows indicate non-significant paths (p > 0.05). Adjacent numbers represent 

standardized path coefficients, with arrow widths proportional to coefficient strengths. MAP, mean 
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annual precipitation; MAT, mean annual temperature; AGB, aboveground biomass; Caex, 

exchangeable Ca; Fed, dithionite-extractable Fe; Shan, Shannon-Wiener diversity index; Abd, 

abundance; Oligo/Copio, the ratio of oligotrophic to copiotrophic phyla. *, p < 0.05; **, p < 0.01; 

***, p < 0.001. 

 

3.3 Microbial CUE, necromass production, and necromass stability 

Soil mass-based microbial growth rate and CUE were positively correlated with 

the contents of SOC (p < 0.05) and MNC in the MAOM pool (p < 0.01) across both 

karst and non-karst soils (Fig. 5), indicating that both microbial growth and CUE 

contribute to necromass production in soils of different lithology. Despite similar SOC 

(Fig. S3a) and MNC contents (Fig. S4) between the two soil types, karst soils had a 

higher MAOM proportion (p < 0.001, Fig. 6a), as well as higher MAOC (p < 0.001, 

Fig. S3b) and mineral-associated MNC contents (p < 0.001, Fig. 6b). Additionally, 

mineral-associated MNC was positively correlated with Caex in karst soils (p < 0.05, 

Fig. 6c) and with Fed in non-karst soils (p < 0.05, Fig. 6d). These results suggest that 

soil minerals enhance microbial necromass stability, particularly in karst soils rich in 

minerals. 
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Fig. 5 Relationships of soil C accumulation with microbial growth rate and C use efficiency (CUE). 

(a–c) Relationships of soil organic C (SOC), microbial necromass C (MNC) in bulk soils, and MNC 

in the mineral-associated organic matter (MAOM, <53μm) pool with microbial growth rate. (d–f) 

Relationships of SOC, MNC in bulk soils, and MNC in the MAOM pool with microbial CUE. Solid 

lines represent regressions, and shaded areas denote 95% confidence intervals. *, p < 0.05; **, p < 

0.01; and ***, p < 0.001. ns indicates no significant difference (p > 0.05).  
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Fig. 6 Mineral-associated organic matter (MAOM) proportion and mineral-associated microbial 

necromass C (MNC) content, along with the relationship between mineral-associated MNC and soil 

minerals in karst and non-karst soils. In (a–b), the MAOM proportion and mineral-associated MNC 

content were compared between karst and non-karst soils from independent samples t-tests. The 

mineral-associated MNC content was calculated by multiplying the MNC content in the MAOM 

pool by the MAOM proportion. Lowercase letters indicate significant differences between karst and 

non-karst soils (p < 0.001). In (c–d), the relationships of mineral-associated MNC with soil 

exchangeable Ca (Caex) and dithionite-extractable Fe (hydr)oxides (Fed) were assessed using 

regression analysis. Solid lines represent regressions, and shaded areas denote 95% confidence 

intervals. *, p < 0.05; and ns indicates no significant difference (p > 0.05). 

 

4 DISCUSSION 
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We present compelling evidence supporting our hypothesis that soil aggregates 

and minerals exhibit a trade-off effect on soil C balance: they reduce microbial CUE 

while enhancing microbial necromass stability. Specifically, we found that decreased 

aggregation (by experimental crushing) strongly increased the CUE in both karst and 

non-karst soils (Fig. 2b). A negative correlation between microbial CUE and soil 

macroaggregate proportion was observed in karst soils (Fig. 3d). Additionally, a 

negative relationship between microbial CUE and Fe (hydr)oxides was found in karst 

soils (Fig. 3e, 4a), characterized by high Fe (hydr)oxides content (Table S3). Despite 

the negative effects of soil aggregation and minerals on microbial CUE, particularly in 

karst soils, these soils showed greater microbial necromass stability compared to non-

karst soils. This was evidenced by the higher proportion of the MAOM fraction and 

increased mineral-associated MNC content (Fig. 6). Overall, our findings highlight the 

dual role of soil aggregates and minerals in shaping microbial CUE and necromass 

stability. 

Aggregate crushing increased microbial CUE in both karst and non-karst soils (Fig. 

2b), likely due to substrate release from organic matter and enhanced microbial 

activity.49 A metabolic modeling study demonstrated that resource availability increases 

CUE, estimating a CUE of 0.3±0.19 under resource-limiting conditions, which 

increased to 0.6±0.17 in the absence of resource limitation.50 Our experimental results 

align with these simulations, showing that crushing aggregates increased CUE from 

0.29 to 0.40 in karst soils and from 0.32 to 0.50 in non-karst soils (Fig. 2b). An 

intriguing question arises as to why soil crushing had a greater effect on increasing CUE 
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in non-karst soils (56%) compared to karst soils (38%). This can be explained by the 

relative abundance of C in POM or MAOM of differing lithology. In the case of our 

experiment, the greater relative abundance of C in POM in non-karst soils resulted in a 

larger effect of aggregate disruption on increasing substrate availability and, in turn, 

CUE. Conversely, the greater relative abundance of C in MAOM in karst soils (Fig. 

S3b–c) maintain some degree of organic matter protection even after aggregate 

disruption. Thus, we posit that in soils with high MAOM abundance and low C 

accessibility, microbes allocate more C for extracellular enzyme synthesis, which 

constrains CUE and may explain low values of CUE reported in strongly weathered or 

tropical soils.4,51–53 Additionally, we posit that CUE in soils with greater relative 

abundance of C in MAOM is less affected by perturbation of soil aggregates. 

The negative association between microbial CUE and higher macroaggregate 

proportion in karst soils could be attributed to the influence of soil Ca. In soils high in 

CaCO3, such as karst soils, the continuous dissolution and local reprecipitation of 

CaCO3 enhance the formation and stability of macroaggregates.54 This occurs via the 

formation of secondary carbonate crystals, which can cement macroaggregates, 

increase the heterogeneity of matrix distribution, and decrease aggregate porosity.23,55 

We observed that macroaggregate proportion in karst soils was positively correlated 

with Caex and CaCO3 (Fig. S5). Additionally, carbonate crystals were abundantly 

present on the surface of macroaggregates (Fig. S6). Consequently, high Ca content 

contributes to macroaggregate stability, causing microbes to invest more C in secreting 

extracellular enzymes, thereby reducing CUE. Furthermore, the continuous dissolution 
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and reprecipitation of CaCO3 within macroaggregates create dynamic microsites, 

fostering environments favorable to copiotrophic microorganisms, which rapidly 

exploit short-lived resources and adapt to environmental fluctuations.41,56 Consistent 

with the viewpoint, we found that karst soils had higher abundances of bacterial and 

fungal copiotrophic phyla and lower ratios of oligotrophs to copiotrophs compared to 

non-karst soils (Fig. S7). Additionally, in karst soils, lower ratios of oligotrophs to 

copiotrophs were correlated with higher macroaggregate proportion (Fig. S8). 

Copiotrophic phyla, characterized by faster catabolic processes due to higher energy 

demand,57 exhibit lower CUE compared to oligotrophic microorganisms.38 Similarly, 

our results indicate that a reduction in the ratio of oligotrophs to copiotrophs correlated 

with lower microbial CUE (Fig. 3k–l; Fig. 4a). These findings suggest potential 

interactions among Ca, aggregation, and microbial community structure in decreasing 

microbial CUE.  

Slightly different from our expectations, we found that microbial CUE was 

negatively correlated with Fe (hydr)oxides content only in karst soils, while no such 

correlation was observed in non-karst soils (Fig. 3e). This difference is likely due to the 

significantly higher Fe (hydr)oxides content in karst soils compared to non-karst soils 

(Table S3). The rapid weathering of carbonate rocks accelerates the accumulation of 

secondary minerals,22 including Ca and Fe (hydr)oxides, in these soils.20 The abundant 

Ca and Fe minerals in karst soils enhance SOC protection, thereby limiting C 

availability for microbes.6 As a result, microbes allocate more C to synthesizing 

extracellular enzymes for C acquisition, rather than incorporating it into biomass, which 
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leads to lower CUE.19 Additionally, Fe minerals may hinder microbial colonization in 

karst soils. The surface charge of Fe (hydr)oxides, influenced by soil pH, affects 

microbial-mineral interactions.58 With the pH of karst soils (6.6±0.1) approaching 

ferrihydrite's zero charge point (pH ≥ 7),59 Fe (hydr)oxides likely carry neutral or 

negative charges, discouraging microbial colonization due to charge incompatibilities. 

Consequently, the association of SOC with Fe minerals and the surface characteristics 

of Fe (hydr)oxides in karst soils together contribute to the observed negative 

relationship between microbial CUE and Fe (hydr)oxides. 

Besides the direct influence of soil aggregates and minerals, the role of climate in 

mediating microbial CUE should not be neglected. Our findings reveal a negative 

correlation between CUE and both MAT and MAP in karst and non-karst soils (Fig. 3a–

b). In karst soils, higher temperatures and precipitation reduced CUE by lowering forest 

biomass, which in turn constrained the formation of soil macroaggregates and mineral 

accumulation (Fig. 4a). This can be attributed to a notable temperature differential 

(Δtemperature >10 °C) in our study region, which amplifies evapotranspiration and 

exacerbates water stress.60 These effects are particularly pronounced in karst landscapes, 

where extensive subterranean drainage networks amplify water loss,26 leading to a 

decline in forest biomass. Reduced biomass diminishes the dissolution of Ca and Fe 

from bedrock and primary minerals, as well as macroaggregate formation, likely due to 

decreased root exudation.61 In contrast, in non-karst soils, higher temperatures and 

precipitation reduced microbial abundance and CUE (Fig. 4b), likely due to decreased 

soil nutrient availability.53 Warmer temperatures and greater rainfall typically accelerate 
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organic matter decomposition and nutrient leaching, resulting in lower nutrient 

availability.62 Supporting this speculation, we observed negative correlations between 

soil nutrient availability and both temperature and precipitation (Fig. S9). Overall, these 

findings underscore the unneglectable role of climate in shaping microbial CUE. 

As hypothesized, the higher mineral content in karst soils contributes to a higher 

content of mineral-associated microbial necromass C compared to non-karst soils (Fig. 

6 a–b). Additionally, the positive correlation between mineral-associated microbial 

necromass C and minerals in both soil types (Fig. 6c–d) further supports the role of 

minerals in enhancing microbial necromass stability. Mineral protection contributes to 

soil C preservation primarily by restricting substrate availability and inhibiting 

microbial activity. Organic-mineral complexes are generally too large for microbial 

ingestion.18 Additionally, soil extracellular enzymes involved in SOM degradation have 

a strong affinity for mineral surfaces, and their activity diminishes after adsorption.63 

Despite microbial necromass production was positively correlated with microbial 

growth rate and CUE (Fig. 5), without mineral protection, necromass—comprising 

simple, nutrient-rich compounds—undergoes rapid microbial decomposition.64 

Unprotected microbial necromass can decompose 1000 times faster than the mineral-

associated pool,65 emphasizing the crucial role of necromass stabilization in SOC 

persistence.66 Microbial turnover represents the initial stage of SOC accumulation, 

while microbial necromass stability reflects the subsequent stage. Together, these 

processes enhance soil C sequestration. Consequently, the dual role of minerals in 

influencing microbial CUE and necromass stability underscores the importance of 
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integrating the "microbial C pump" and "mineral C pump" concepts,15,18 given their 

synergies and trade-offs. 

Our study establishes a framework for understanding the synergies and trade-offs 

between microbial- and mineral-driven C storage, but it has some limitations that 

warrant further investigation. First, while our study sites in southwest China capture a 

broad gradient in climate and geology,25 expanding the research to other regions with 

diverse environmental conditions and bedrock distributions would enhance the 

generalizability of our findings. Second, although community-level analyses provide 

valuable insights into shifts in microbial structure and function, future studies should 

include keystone microbial taxa, microbial interactions, and functional genes to achieve 

a more comprehensive understanding of microbial-mediated soil C dynamics.14 Third, 

while our study identifies the roles of soil minerals in influencing microbial CUE and 

necromass stability, it is crucial to recognize the complexity and interconnectedness of 

these processes. A more robust approach would involve integrating field observations 

with laboratory simulations across varied environmental conditions.67 

Environmental Implications. Our results clearly demonstrate a trade-off in how 

soil aggregation and minerals affect SOC balance: while they decrease microbial 

growth rate, CUE, and necromass production, they simultaneously enhance the stability 

of microbial necromass. This trade-off is intensified by high mineral preservation 

capacity. Our findings suggest that relying solely on microbial processes underlying 

CUE to predict SOC feedbacks to climate change and to enhance SOC sequestration 

may be misleading. For example, a biogeochemical equilibrium model indicated that 
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microbial CUE in global farmland was higher than in forest soils.68 This does not 

necessarily imply that farmland soils exhibit higher microbial C sequestration potential, 

as stabilization likely plays a more crucial role than production (CUE) in SOC 

accumulation.66 Our findings also suggest that the underlying bedrock types and their 

associated weathering processes mediate the trade-offs between microbial necromass 

production and stabilization. Enhanced rock weathering, achieved by applying 

powdered silicate or carbonate rocks to the soil surface, accelerate natural weathering 

process. This strategy is recognized as effective for atmospheric CO2 removal69 and 

promoting SOC accumulation by releasing short-range-order minerals that enhance soil 

C stabilization.70 However, increased mineral content also reduces microbial CUE, 

leading to more C being respired as CO2. Therefore, practices involving enhanced rock 

weathering must consider both the mineralogy of the added rock powder and its 

application rate. This balance is essential to promote microbial necromass stabilization 

without significantly diminishing microbial CUE, thereby maximizing C sequestration 

potential.  
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