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Abstract.  12 

Global warming could potentially increase the decomposition rate of soil organic matter 13 

(SOM), not only in the topsoil (< 20 cm) but also in the subsoil (> 20 cm). Despite its low 14 

carbon content, subsoil holds on average nearly as much SOM as topsoil across various 15 

ecosystems. However, significant uncertainties remain regarding the impact of warming on 16 

SOM decomposition in subsoil, particularly root-derived carbon, which serves as the primary 17 

organic input at these horizons. In the Blodgett Forest warming experiment (California, USA), 18 

we investigated whether warming accelerates the decomposition of root-litter at three depths 19 

(10-14, 45-49, and 85-89 cm) by using molecular markers and in-situ incubation of 13C-labelled 20 

root-litter at each depth. Our results reveal that the decomposition of added root-litter was only 21 

accelerated in the topsoil (10-14 cm) but not in the subsoil (45-49 and 85-89 cm) with warming. 22 

In subsoil, although the decomposition rate of root-litter derived carbon did not differ 23 

significantly between ambient and warmed plots, the underlying reasons for this similarity are 24 

distinct. With molecular marker analysis, we found higher microbial activity, indicated by 25 

higher concentration of certain fatty acid monomers that could be originally microbial-derived 26 

such as octadecanoic acid (C18:0 fatty acids), octadecenoic acid (C18:1 fatty acids), and 27 

hexadecanoic acid (C16:0 fatty acids) than those originally derived from roots in ambient 28 

subsoil. With warming, the higher concentration of long-chain (C number > 20) 𝜔-hydroxy 29 

acids and diacids left after 3 years of root incubation suggested a lower turnover rate and this 30 

could be due to lower microbial abundance and lower soil moisture induced by warming. Our 31 

https://doi.org/10.5194/egusphere-2025-299
Preprint. Discussion started: 6 February 2025
c© Author(s) 2025. CC BY 4.0 License.



2 

 

study demonstrates that the impact of warming on the decomposition of root-litter in a 1 

temperate forest is depth-dependent. The slower turnover rate of long-chain 𝜔-hydroxy acids 2 

and diacids shows that they are more persistent compared to bulk root mass and could be 3 

preserved in subsoil for longer time as long as the environmental conditions are unfavorable 4 

for decomposition with warming. 5 
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Highlights 10 

Warming accelerates the decomposition of root-litter in the topsoil but not subsoil 11 

Hydrolysable lipids are not resistant to warming in topsoil and could be preserved in subsoil 12 

for with warming 13 

No priming effects on the pre-existing bulk soil carbon and hydrolysable lipids after 3 years 14 
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1. Introduction 15 

Global air temperatures are projected to increase between 2.6 ℃ and 4.8 ℃ by 2100 under 16 

Representative Concentration Pathway 8.5, according to the Intergovernmental Panel on 17 

Climate Change (IPCC, 2013). In synchrony with air temperature, soil temperature is also 18 

expected to increase, not only in topsoil (< 20 cm) but also in subsoil (> 20 cm) (Soong et al., 19 

2020). Global soils hold the largest actively cycling terrestrial carbon pool and store between 20 

2000 Pg and 3000 Pg of carbon in the top 3 m, with over 50% located in subsoil (Scharlemann 21 

et al., 2014). Previous studies demonstrated that warming could accelerate the decomposition 22 

of soil organic matter (SOM) in topsoil (Scharlemann et al., 2014), as well as in subsoil (Hicks 23 

Pries et al., 2017; Soong et al., 2021), potentially causing loss of CO2 to the atmosphere. 24 

Moreover, enhanced temperature accelerated the decomposition of complex polymeric organic 25 

matter (OM) (Ofiti et al., 2023; Zosso et al., 2023), which had been regarded as comparatively 26 

recalcitrant to microbial decomposition.  27 

Often, manipulative field warming experiments have focused on topsoil (Chen et al., 28 

2022; van Gestel et al., 2018; Melillo et al., 2017; Verbrigghe et al., 2022), both in terms of the 29 

soil depths warmed by the manipulation and focus of the investigation. Therefore, it remains 30 

unclear from these experiments if the deeper soil horizons respond in similar ways to 31 

environmental changes as topsoil, since biotic and abiotic properties differ. Subsoil SOM has 32 

been assumed to be relatively insensitive to warming, because larger proportions of this deep 33 

SOM are more spatially inaccessible to microorganisms due to their associations to mineral 34 

surfaces compared to surface soil (Lützow et al., 2006). Furthermore, the microbial abundance 35 

varies throughout the soil profile (Rumpel et al., 2012; Zosso et al., 2021). Microbial biomass 36 

is substantially higher in topsoil than in subsoil (Naylor et al., 2022), by as much as two orders 37 

of magnitude (Fierer et al., 2003), leading to significantly slower turnover of carbon in the 38 

subsoil (Spohn et al., 2016). Also, microbial community structure changes with depth. Across 39 

different ecosystems, there is generally a proportional increase of Gram-positive to Gram-40 

negative bacteria with depth (Eilers et al., 2012; Xu et al., 2021; Zosso et al., 2021) due to 41 

decreased carbon availability and quality (Fanin et al., 2019; Naylor et al., 2022). With 42 

warming, the difference in microbial abundance and composition between topsoil and subsoil 43 

could become more pronounced (Fontaine et al., 2007; Zosso et al., 2021), leaving large 44 

uncertainties of the impact on SOM decomposition at different depths. 45 
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One of the most important biotic factors could change the SOM dynamics in the subsoil 46 

is root mass. Compared to topsoil, root mass is one of the major carbon sources in the subsoil 47 

(Button et al., 2022; Rumpel and Kögel-Knabner, 2011), especially in seasonally dried 48 

temperate evergreen forest, where root depth could be deep (Schenk and Jackson, 2005). 49 

Moreover, roots impact on SOM dynamics in subsoil in two way: They are more likely to form 50 

stable SOM (Jackson et al., 2017; Rasse et al., 2005; Sokol and Bradford, 2019) to aboveground 51 

plant biomass, and they also could stimulate the microbial mineralisation of  preserved SOM 52 

in subsoil, leading to loss of old and pre-existing SOM (Dijkstra et al., 2021; Fontaine et al., 53 

2007). However, the scientific debate continues, how root and SOM interaction will alter under 54 

global warming, specifically in the subsoil. Previous studies showed a variety of responses root 55 

biomass in the surface soil to warming, with either more fine root biomass (Kwatcho Kengdo 56 

et al., 2022; Malhotra et al., 2020; Wang et al., 2021), less root biomass (Arndal et al., 2018; 57 

Ofiti et al., 2021),  or no change in root biomass (Wang et al., 2017). In subsoil, it is assumed 58 

that roots will forage in deeper soil horizons under water stress induced by warming (Wang et 59 

al., 2021, 2017), but the opposite was observed in a warming experiment in a temperate forest 60 

with a substantial loss of fine roots (< 2 mm) and coarse roots (2-5 mm) (Ofiti et al., 2021) 61 

across the soil profile after 4 years of warming. Additionally, it was also observed that warming 62 

(Parts et al., 2019; Yaffar et al., 2021) or higher temperature induced drought (Meier and 63 

Leuschner, 2008) increased mortality of fine root biomass. Since this root-litter could serve as 64 

new substrates for carbon-limited subsoil horizons and fuel decomposition of pre-existing 65 

carbon, it is important to understand how microorganisms will respond to this new input at 66 

different depths under warming conditions. 67 

Besides, previous studies exhibited evidence of carbon loss with warming (Soong et 68 

al., 2021), mainly by rapid decomposition of decadal-aged carbon (Hicks Pries et al., 2017),  69 

but they did not provide information of the transformation of new carbon input and soil C 70 

formation at molecular level. Molecular proxies or markers such as plant-derived hydrolysable 71 

lipids suberin, which mainly derive from woody tissues such as roots (Kolattukudy, 1980), 72 

could be used as quantitative and qualitative methods to follow alterations of root-derived 73 

carbon during decomposition and determine their turnover rate when in combination with 74 

compound-specific 13C isotopic analysis (Feng et al., 2010). It is also very important to know 75 

whether these molecular proxies could be preserved under warming since harnessing roots, 76 

especially to increase their hydrolysable lipids content, is regarded as one of the solutions to 77 

mitigate climate change (Eckardt et al., 2023). 78 
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Many previous studies on the mechanisms of the interaction between root-derived 79 

carbon and soil (decoupling carbon from mineral protection or formation of soil C) were 80 

conducted as laboratory incubation experiments (Keiluweit et al., 2015; Sokol and Bradford, 81 

2019). Such techniques with high replicability and controlled conditions contribute to 82 

understanding certain soil carbon transformation or stabilization processes. However, 83 

laboratory incubations are usually far from natural conditions and lack many of the biotic or 84 

abiotic interactions that occur in soil in-situ.  85 

Therefore, in our study, we used a multi-year, whole-soil-profile warming experiment, 86 

located at the University of California Blodgett Experimental Forest, to study the effect of 87 

warming on the decomposition of root-litter at different soil depths (10-14 cm, 45-49 cm, and 88 

85-89 cm). We incubated 13C-labelled roots in-situ for three years, to understand how the 89 

decomposition of root-derived carbon varies with depth and warming. Specifically, we 90 

determined the quantity of different monomers in hydrolysable lipids, released from polymeric 91 

SOM. For each monomer we investigated stable carbon isotope values (δ13C) by compound-92 

specific 13C isotope analysis to understand how quickly root-derived carbon and hydrolysable 93 

lipids degrade at different soil depths with warming. We hypothesized that first: warming 94 

would accelerate the decomposition of root biomass and root-derived hydrolysable lipids 95 

across the whole soil profile regardless of soil depths. Second, we expect a relative 96 

accumulation of hydrolysable lipids in the root-derived carbon because they are commonly 97 

regarded as chemically persistent compounds (Lorenz et al., 2007). 98 

2. Material and methods 99 

2.1 Study site  100 

The whole-soil warming experiment at University of California Blodgett Experimental 101 

Forest is located on the foothills of the Sierra Nevada near Georgetown, CA (120°39′40′′W; 102 

38°54′43′′N) at 1370 m above sea level (Hicks Pries et al., 2018). The site has a Mediterranean 103 

climate with a mean annual air temperature of 12.5 ℃ and a mean annual precipitation of 1774 104 

mm (Bird and Torn, 2006). The experiment is situated in a thinned 80-year-old mixed 105 

coniferous temperate forest, dominated by ponderosa pine (Pinus ponderosa), sugar pine 106 

(Pinus lambertiana), incense cedar (Calodefrus decurrens), white fir (Abies concolor), and 107 

douglas fir (Pseudotsuga menziesii) (Hicks Pries et al., 2017). The soils are Holland series and 108 

classified as fine-loamy, mixed superactive, mesic ultic Alfisol of granitic origin (mean pH 109 

5.5).  110 
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Briefly, the whole-soil warming experiment consists of 6 plots in total arranged in three 111 

replicated blocks, each having a pair of warmed and controlled circular plots 3 m in diameter. 112 

Soils in warmed plots were 4 ℃ above ambient temperature to 1 m depth while the natural 113 

temperature gradient with depth was maintained following the design described previously 114 

(Hicks Pries et al., 2017). To maintain warming down to 1 m depth, twenty-two 2.4-m-long 115 

resistance heating cables (BriskHeat, Ohio, USA) were vertically installed in metal conduits at 116 

a radius of 1.75 m, surrounding each plot. Two concentric rings of surface heater cable were 117 

installed at 1 and 2 m in diameter, 5 cm below the soil surface, to compensate for surface heat 118 

loss. The setup of the control plots is identical to the warmed plots but without heating cables 119 

placed inside the metal conduits (Hicks Pries et al., 2017). 120 

2.2 13C-labelled root-litter experiment and sampling 121 

Common wild oat (Avena fatua) is an annual grass, and its roots were used as a model 122 

substrate in this experiment (Hicks Pries et al., 2018).  Avena fatua seedlings were grown for 123 

12 weeks in a greenhouse within an airtight chamber at the University of California, Berkeley. 124 

Every 4 days the source of CO2 was switched between ambient CO2 and 10 atom% 13CO2 125 

(Cambridge Isotope Laboratories, Inc., Massachusetts, USA) (Castanha et al., 2018; Hicks 126 

Pries et al., 2018). After this labeling phase, roots were excavated, dried and cut in 1-2 cm 127 

pieces (< 2 mm diameter).  128 

A total of six soil cores were prepared in each plot by using a perforated custom coring 129 

system made of polycarbonate and aluminum tubes (5.04 cm outer diameter and 4.41 cm inner 130 

diameter). Each core consisted of four polycarbonate sections (10 cm, 35 cm, 40 cm, and 10 131 

cm in length, respectively) that were threaded on each end (male threads) and connected with 132 

female-to-female threaded polycarbonate connectors. The aluminum tube was screwed onto 133 

each section of one core sequentially so that the polycarbonate sections could be hammered in 134 

the soil for coring. The top 4 cm of soil in each section was marked and scooped into aluminum 135 

tins. A pre-weighed, aliquot of 0.14 g. Avena fatua fine roots (0.463 g C g root-1, 5.6% atom 136 

13C) (Castanha et al., 2018; Hicks Pries et al., 2018) were added to three soil depths (10-14 cm, 137 

45-49 cm, and 85-89 cm) of four out of the six cores which were referred to as root treatment. 138 

The labelled roots were added and mixed in. The other two cores without labelled roots but 139 

with the same disturbance were used as disturbance controls (DC).  For disturbance control, 140 

the soil was mixed without root addition. After adding roots to each target depth, the core 141 

sections were connected by the female-to-female connectors and the resulting 95 cm long core 142 
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was placed back in the hole from which it originated. In July 2019, i.e., after three years of in-143 

situ field incubation, two root treatment and one disturbance control cores were retrieved from 144 

each plot. The retrieved cores were wrapped in aluminum foil and transported to Lawrence 145 

Berkeley National Laboratory and stored in a –20 ℃ freezer before further processing.   146 

2.3 Soil preparation and characterization  147 

In the results and discussion for this paper, the topsoil denotes the soil depth at surface 148 

(10-14 cm) and the subsoil describes the soil depths at 45-49 cm (mid-depth) and 85-89 cm 149 

(deep soil). In the laboratory, we opened the polycarbonate cores to retrieve the 4 cm section 150 

where labelled roots were added (same for disturbance control). We also sampled the 4 cm 151 

section above and below the target depths. The soil samples were sieved <2 mm. Roots were 152 

picked off the top of the sieve by tweezers. Bulk soil <2 mm was freeze-dried and re-weighed. 153 

A subsample of bulk soil samples was ground by a ball mill (MM400, Retsch, Haan, Germany) 154 

and analyzed for carbon and nitrogen concentrations, as well as stable carbon isotope 155 

composition (δ13C) using an elemental analyzer-isotope ratio mass spectrometer (EA-IRMS; 156 

Flash 2000-HT Plus, linked by Conflo IV to Delta V Plus isotope ratio mass spectrometer, 157 

Thermo Fisher Scientific, Bremen, Germany). The results are reported in the δ notation: 158 

𝛿13𝐶 = (
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
− 1) × 1000                                  (1) 159 

Where Rsample and Rstandard are the 13C/12C ratios of the sample and the international 160 

standard, Vienna Pee Dee Belemnite (VPDB, 0.01118), respectively. At least two analytical 161 

replicates were measured for all samples. Calibration was carried out using IAEA-certified 162 

primary standards (e.g., N600 caffeine) and caffeine (Merck) as secondary standard. 163 

2.4 Analysis of hydrolysable lipids 164 

All soil samples (< 2 mm) were pre-extracted by Soxhlet following an established 165 

protocol (Wiesenberg and Gocke, 2017) to remove solvent-extractable lipids with 166 

dichloromethane (DCM): methanol (93:7; v/v) for 48 hours. The extraction residues were dried 167 

until constant weight. 168 

The extraction residues were homogenized with a ball mill (MM400, Retsch, Haan, 169 

Germany) and then hydrolyzed according to (Zosso et al., 2023)(2023). Therefore, an aliquot 170 

of each residue equivalent to > 20 mg carbon was weighed in a 250 mL round bottom flask. 171 

The sample was mixed with the extraction solution methanol: deionized water (9:1; v/v) with 172 

6% potassium hydroxide (KOH) and then saponified for 20 hours at around 85-88 ℃ in a water 173 
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bath under reflux. Subsequently, the solution was filtered and transferred to a separation funnel 174 

for phase separation. The solution was acidified to pH 2.0 using 6 M hydrochloric acid (HCl) 175 

and then extracted with DCM. The collected fractions were volume-reduced and remaining 176 

water was removed by water-free sodium sulfate (Na2SO4). 177 

For quantification of hydrolysable lipids, deuterated eicosanoic acid (D39C20; 178 

Cambridge Isotope Laboratories, Inc.) was added to the samples as an internal standard. The 179 

samples were silylated at 80 ℃ for 1 hour with bis(trimethylsilyl)acetamide (BSA) 180 

(Wiesenberg and Gocke, 2017). Individual compounds were quantified on an Agilent 7890B 181 

gas chromatograph (GC) equipped with a multi-mode inlet and a flame ionization detector 182 

(FID). Compound identification was performed on an Agilent 6890N GC equipped with 183 

split/splitless inlet and coupled to an Agilent 5973 mass selective detector (MS). Compounds 184 

were identified by comparison of mass spectra with those of external standards and from the 185 

NIST and Wiley mass spectra library. Both instruments were equipped with DB-5MS columns 186 

(50 m × 0.2 mm × 0.33 µm) and 1.5 m de-activated pre-columns, with helium as the carrier gas 187 

(1 ml min -1). Silylated fractions were injected in splitless mode at an initial GC oven 188 

temperature of 50 ℃ that was kept isothermal for 4 min, then increased to 150 ℃ at a rate of 189 

4 ℃ min-1. Thereafter, the temperature ramped up to 320 ℃ at a rate of 3 ℃ min-1 and held for 190 

40 min. The GC-MS was operated in electron ionization mode at 70 eV and scanned from m/z 191 

60-650. The analysis of the data was processed with Agilent Chemstation software. The 192 

concentration of each compound was finally normalized to the organic carbon concentration of 193 

the respective sample (stated as µg g-1 OC). The weight of samples weighed in for 194 

hydrolyzation is always corrected by accounting for the mass loss due to free lipid extraction: 195 

𝑀𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 =  
𝑀𝑤𝑒𝑖𝑔ℎ𝑒𝑑

(1−𝑝𝑓𝑟𝑒𝑒 𝑙𝑖𝑝𝑖𝑑𝑠)
                    (2) 196 

Where Mcorrected is the corrected weight of soil samples, Mweighed is the weight of soil 197 

samples weighed in for hydrolyzation, and pfree lipids is the proportion of free extractable lipids 198 

to the mass of soil samples weighed in for Soxhlet extraction. 199 

In this paper, mid-length and long-chain monomers are the compounds with a carbon 200 

chain length n between 14 and 20 (14 ≤ n < 20) and length ≥ 20, respectively. For each 201 

compound class, n-carboxylic acids are the synonymously used for  for n-fatty acids, ω-202 

hydroxy acids are short for ω-hydroxy carboxylic acids, diacids stand for ɑ, ω-alkanedioic 203 

acids, alcohols are abbreviated for n-alcohols, and mid-chain acids stand for mid-chain 204 

hydroxylated fatty acids, referring to fatty acids with functional groups or structural 205 
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modifications located in the middle of their carbon chain, typically at the C-9 and C-10 carbon 206 

positions, such as x, ω-dihydroxyhexadecanoic acid (x = 9 or 10) (Graça, 2015).  207 

Different monomers can be used as markers for leaf and needle (cutin) or woody and 208 

root (suberin) biomass. However, there are no universal markers across a variety of studies 209 

since the relative proportions of cutin and suberin markers could vary among plant taxa, plant 210 

functional type or plant organ (Jansen and Wiesenberg, 2017; Mueller et al., 2012). Here, we 211 

selected 𝜔-hydroxy alkanoic acids and diacids as suberin markers since these monomers exist 212 

in substantial amount in the roots of the dominating plant species around the experiment plots 213 

and are 10 times higher in concentration compared to the same monomers in leaves or needles 214 

in the same species (Supplementary Fig. S2). Cutin markers could not be distinguished since 215 

all the mid-chain acids which were traditionally considered as cutin markers were present in 216 

considerable amounts both in leaves/needles and roots in the analyzed plants (Supplementary 217 

Table S1). 218 

To the best of our knowledge, there are no studies reporting the composition of mid-219 

chain fatty acids, ω-hydroxy or diacids from microorganisms in soil, although it was reported 220 

that microorganisms can synthesize the compound classes mentioned above (Huf et al., 2011; 221 

Kim and Park, 2019). These compound classes, however, are more region-specific and differ 222 

from those in plants and animals (Kim and Oh, 2013) and usually have a carbon chain-length 223 

< 20 (Zhang et al., 2024). Therefore, we hypothesize that all the compounds with a carbon 224 

chain length ≥ 20 and mid-chain fatty acids are exclusively plant-derived. 225 

2.5 Compound-specific isotope analysis 226 

To determine the δ13C of individual compounds, a Trace GC Ultra, coupled via GC 227 

Isolink II and Conflo IV to Delta V Plus isotope mass spectrometer (Thermo Fisher Scientific) 228 

was used to perform compound-specific δ13C analysis of individual hydrolysable lipids. The 229 

settings of the instrument and temperature program used here was the same as mentioned 230 

above. Reproducibility and stability (<0.6‰) of δ13C values were checked with pulses of CO2 231 

reference gas and n-alkane standard mixture (C20-30; Sigma Aldrich) of known isotope 232 

composition. The δ13C values were presented in per mil (‰) relative to the Vienna-Pee Dee 233 

Belemnite (V-PDB) reference standard. Every sample was measured with three analytical 234 

replicates and the difference between measurements typically did not exceed 1.0 ‰ for natural 235 

abundance samples and 10% of the measured isotope value for 13C labelled samples. 236 
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2.6 Calculations 237 

The isotope composition of individual hydrolysable lipids was corrected for the value 238 

of the δ13C value of each trimethylsilyl group that was added during silylation as: 239 

𝛿𝑈𝐷 =
(𝑛+3×𝑎)×𝛿𝐷−3 ×𝑎× 𝛿𝑀

𝑛
          (3) 240 

Where n is the number of C atoms in the underivatized hydrolysable lipids and δUD and 241 

δD are isotope ratios of the underivatized and the derivatized hydrolysable lipids, respectively, 242 

a is the number of functional groups in individual compounds that were derivatized by BSA. 243 

δM is the C isotope ratio of the added trimethylsilyl group (-44.3‰). δM was determined by 244 

repeated measurement (n = 8, with 3 analytical replicates of each) of derivatized standard FAs 245 

(C10 and C12 FAs with known δ13C isotope composition).  246 

The 13C-excess, which can be expressed as percent atom excess, presents the 247 

enrichment of 13C in individual hydrolysable lipids. The value is defined as the ratio of the 248 

relative abundance of the heavier stable isotope in a labelled sample to the natural isotope 249 

abundance in the identical unlabelled sample (Epron et al., 2012). It was calculated as 250 

followings (Speckert et al., 2023): 251 

 𝐶 
13 − 𝑒𝑥𝑐𝑒𝑠𝑠[%] = (

100

 𝐶 13 / 𝐶 12
𝑑𝑖𝑠𝑡𝑐𝑜𝑛𝑡𝑟𝑜𝑙

 ×   𝐶 
13 / 𝐶 

12
𝑙𝑎𝑏𝑒𝑙𝑙𝑒𝑑) − 100   (4) 252 

Where 13C/12Cdistcontrol is the atomic ratio of the stable isotopes in the compartments 253 

(bulk soil carbon, and individual monomers of hydrolysable lipids) of the disturbance control 254 

plots as natural abundance values, and 13C/12Clabelled is the atomic ratio in the corresponding 255 

compartments in the plots with added labelled root litter. 256 

As individual isotope values can vary a lot in between different homologues for each 257 

compound-class specifically in isotope labeling experiments, a more meaningful measure was 258 

chosen to express the δ13C values of the respective compound-classes that can be assigned to 259 

the same carbon source (Wiesenberg et al., 2008). The δ13C values and 13C-excess for the most 260 

abundant compound classes (n-alcohols, n-fatty acids, diacids, and 𝜔-hydroxy acids) within 261 

the hydrolysable lipid fractions were calculated separately as weighted means of individual 262 

compounds within each compound class. This means within each compound class, weightings 263 

will be given to each monomer in this compound class (e.g., 𝜔-hydroxy acids) based on the 264 

proportional contribution of individual monomer (e.g., C24 𝜔-hydroxy acids) to the total 265 

concentration of this compound class. Then for individual monomers, their weightings will be 266 

multiplied by their δ13C values, and we sum up all the monomers identified to get the weighted 267 

mean δ13C values for this compound class:  268 

https://doi.org/10.5194/egusphere-2025-299
Preprint. Discussion started: 6 February 2025
c© Author(s) 2025. CC BY 4.0 License.



11 

 

𝜇𝑐  
=  ∑  𝑏

𝑖=𝑎 (𝑥𝑐𝑖 × 𝑤𝑐𝑖 )          (5) 269 

Where µ denotes the average value and subscript c represents different compound 270 

classes, x denotes the value of either δ13C or 13C-excess, a and b represent the lower and upper 271 

limits of the respective carbon number range, wi indicates the relative abundance of the 272 

individual compounds within compound class c. 273 

The amount of root carbon that was recovered in bulk soil was calculated by dividing 274 

the amount of 13C-labelled root-derived carbon left in the soil by the amount of carbon added 275 

with the original labelled roots. The proportion of root-derived carbon (froot) was estimated by 276 

using a simple mixing model (Hicks Pries et al., 2018): 277 

 𝐶 
13  𝑎𝑡𝑜𝑚%𝑠𝑎𝑚𝑝𝑙𝑒 =  𝐶 

13  𝑎𝑡𝑜𝑚%𝐷𝐶 × 𝑓𝑠𝑜𝑖𝑙 +   𝐶 
13  𝑎𝑡𝑜𝑚%𝑟𝑜𝑜𝑡  ×  𝑓𝑟𝑜𝑜𝑡  (6) 278 

𝑓𝑟𝑜𝑜𝑡 +  𝑓𝑠𝑜𝑖𝑙 = 1          (7) 279 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦𝑟𝑜𝑜𝑡  =  
𝑓𝑟𝑜𝑜𝑡 × 𝑀𝑠𝑜𝑖𝑙 × 𝐶%𝑠𝑜𝑖𝑙

0.14 × 0.463
        (8) 280 

Where 13C atom%sample is the 13C atom% of soil samples where labelled root-litter was 281 

added; 13C atom%DC is the 13C atom% of soil samples in the disturbance control plots; 13C 282 

atom%root is the 13C atom% of initial 13C labelled roots; fsoil and froot are the proportion of carbon 283 

originally derived from native soil and labelled root-litter, respectively. Msoil is the mass of the 284 

soil sample and C%soil is the carbon content of the corresponding soil sample. 0.14 is the mass 285 

of root-litter (g) added at individual soil depth and 0.463 is the carbon content of the added 286 

root-litter. 287 

The decay rate, k, of initially added 13C-labelled roots and root-derived hydrolysable 288 

lipids was calculated based on the following model (Olson, 1963): 289 

−𝑘𝑡 = 𝑙𝑛 
𝑀𝑡

𝑀0
           (9) 290 

where M0 is the mass of original roots or root-derived hydrolysable lipids, Mt denotes 291 

the mass of root-derived carbon or hydrolysable lipids at time t, and t is the duration of 292 

incubation which is three years in our study. The model assumes that M is a well-mixed carbon 293 

pool with first-order decay kinetics. The residence time is the reciprocal of k.  294 

The priming effect of added 13C labelled root-litter was calculated using the mass of 295 

carbon in DC cores at individual depths as background values. Then, based on the calculations 296 

shown in 2.6.4, the proportion of native SOM that is left in the labelled cores within the same 297 

plot after three years of incubation was calculated: 298 

𝑃𝑟𝑖𝑚𝑖𝑛𝑔 𝑒𝑓𝑓𝑒𝑐𝑡 =  
𝑀𝑆𝑂𝑀𝑙−𝑀𝑆𝑂𝑀𝐷𝐶

𝑀𝑆𝑂𝑀𝐷𝐶
                  (10) 299 
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Where MSOMl and MSOMDC denote native SOM left in labelled cores and SOM in DC 300 

cores. The priming effect for hydrolysable lipids was calculated with the same approach. One 301 

outlier is excluded in priming effect calculation at mid-depth in ambient plots. 302 

2.7 Statistical analysis 303 

All statistical analyses were performed in RStudio (Version 2024.09.1+394, Posit team, 304 

2024) with R 4.4.2 (R: The R Project for Statistical Computing, 2025). Shapiro-Wilk test and 305 

Levene test were used to assess the normality and heteroscedasticity of the data. To analyse the 306 

impact of main effects and their interactions on response variables, linear mixed effects models, 307 

lmerTest package was used (Kuznetsova et al., 2017). Normality and homoscedasticity were 308 

visually checked via residual plots. We used Akaike’s information criterion (AIC) to test 309 

whether different fixed effects structures could improve model fit. If we observed a 310 

heteroscedasticity of variance of residuals, we log-transformed the data.   311 

Hydrolysable lipid concentrations in disturbance control plots were tested in response 312 

to warming treatment, depth, and their interactions. 13C-excess of bulk soil was tested in 313 

response to carbon content, depth, warming, and their interactions. We examined the effect of 314 

warming, depth, and their interactions on root recovery. We investigated how different 315 

compound classes, depth, warming, and their interactions influence 13C-excess and mass 316 

change of hydrolysable lipids. For the priming effect of bulk soil and hydrolysable lipids, we 317 

tested how they respond to warming, depth and their interactions. All analyses included paired 318 

plots nested in blocks as a random effect. We regarded results as significant when the p-values 319 

are lower than 0.05. 320 
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3. Results 321 

3.1 Soils without litter incubation 322 

Figure 1: (a) Hydrolysable lipids normalized to soil organic carbon concentrations (mg g-1OC) in 323 

disturbance control cores with ambient temperature (left) and warming (right) in 2019 after 3 years in-situ 324 

incubation (mean ± SE, n = 3); (b) Proportions of individual compound classes to total hydrolysable lipids 325 

identified in disturbance control cores (mean, n = 3). For clarity of the visual presentation SE error bars are shown 326 

cumulatively. 327 

After three years of in-situ incubation, the average concentrations of hydrolysable lipids 328 

did not differ between ambient and warmed treatments, but they decreased with depth by the 329 

same amount under both treatments. These cores did not receive any 13C labeled root-litter, 330 

thus they tested how warming affected the abundance and composition of the pre-existing 331 

hydrolysable lipids at the experimental site. The concentrations of hydrolysable lipids were not 332 

different between ambient and warmed plots (LME; p = 0.94; F = 0.006) and depths (LME; p 333 

= 0.17; F = 2.1). with 18.4 ± 4.4 and 18.6 ± 3.8 mg g-1 OC at topsoil and 17.8 ± 6.2 vs. 16.8 ± 334 

5.1 mg g-1OC at mid-depth in warmed and ambient plots, respectively. In the deep soil, the 335 

concentrations of hydrolysable lipids tended to be lower in the plots under ambient temperature 336 

(11.0 ± 2.7 mg g-1OC) compared to warmed plots (12.5 ± 2.1 mg g-1OC). We did not find 337 

interactions between warming and depths for concentrations of hydrolysable lipids (warming 338 

and depth, p = 0.94). Throughout results, the error bars represent standard errors. 339 

To test how the hydrolysable lipid composition changed in between the three years of 340 

warming (i.e., between year 2016 and 2019) in the cores without litter incubation, we calculated 341 

the proportional contributions of individual compound classes to total hydrolysable lipids (Fig. 342 

1b). The proportions of individual compounds in ambient temperature plots and warmed plots 343 

at topsoil and at mid-depth were similar. In contrast, in the deepest soil horizon, the proportions 344 
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of fatty acids were much higher under ambient temperature (45%) than in the warmed treatment 345 

(28%), leading to lower proportions of all the other compound classes in ambient plots.  346 

With depth, the proportions of mid-chain hydroxy acids decreased regardless of 347 

temperature difference. In ambient and warmed plots, the proportion of mid-chain hydroxy 348 

acids consistently declined from topsoil (22% and 27% for ambient and warmed, respectively) 349 

to deep soil horizon (11% and 12%, respectively). In the warmed plots, the proportions of 𝜔-350 

hydroxy acids and diacids increased slightly from 45% in the topsoil to around 50% in mid-351 

depth and deep soil. In the ambient plots, these lipids increased between topsoil (44%) to mid-352 

depth soil (52%) but then decreased to deepest soil depth (37%).  353 

3.2 Soils with root litter incubation 354 

Figure 2: (a) The presence of carbon derived from the 13C-labeled root in the bulk soil after three years 355 

of incubation, expressed as 13C-excess of bulk soil carbon (Mean ± SE, n = 3) at 10-14, 45-49, 85-89 cm depth in 356 

2019 in ambient plots (white circles) and warmed plots (black circles). Error bars represent the standard error of 357 

the mean. (b) Proportions of the added root-derived carbon recovered after three years of incubation in bulk soil 358 

in ambient (white circles) and warmed plots (black circles). Mean ± SE (n = 3). 359 

We estimated the amount of added 13C-labeled root-litter remaining after three years 360 

in-situ incubation as the 13C-excess of bulk soil organic carbon.  361 

Carbon concentration (LME; p < 0.001; F = 78.54), depth (LME; p = 0.016; F = 13.83) 362 

and their interaction (LME; p = 0.005; F = 26.09) had significant impact on 13C-excess, 363 

whereas warming treatment (LME; p = 0.42; F = 0.81) did not. In topsoil, there were on average 364 

lower 13C-excess values in warmed plots (2.6 ± 0.7%) than in ambient plots (5.3 ± 0.8%). In 365 
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subsoil, 13C-excess was on average higher in warmed than ambient plots. At mid-depth, 13C-366 

excess was lower in ambient plots (9.2 ± 2.8%) than in warmed plots (12.2 ± 3.3%), but these 367 

differences were not significant. In deep soil, warmed-plot values had large variability but 368 

averaged higher 13C-excess (27.6 ± 12.4%) compared to ambient plots (23.1 ± 4.7%). The 369 

standard error increased significantly with depth, especially in warmed plots in the deep soil.  370 

The recovery of root-derived carbon was similar, regardless of depth (LME; p = 0.151; 371 

F = 2.29) or temperature treatment (LME; p = 0.130; F = 2.72), except for the warmed topsoil 372 

where the recovery was significantly lower in warmed (13.6 ± 1.9%) than the ambient-plot 373 

topsoil (24.9 ± 6.5%) (LME; p = 0.011). The interaction between warming and depth is close 374 

to the statistically significant threshold (LME; p = 0.069; F = 3.53), and this interaction is 375 

significant at mid-depth (LME; p = 0.034). 376 

Figure 3: (a) Comparing the means of weighted 13C-excess of each compound class from warmed plots 377 

(y-axis) and ambient plots at three depths (10-14 cm, 45-49 cm, 85-89 cm)  with a 1:1 line n = 3; (b) Comparing 378 

of mean of mass change (%) of each compound class in hydrolysable lipids compared to those in the roots that 379 

were added to the soils for the in-situ incubation experiment. In both plots, the error bars denote the standard error 380 

of each compound class in ambient and warmed plots in the individual soil depths. Values smaller than 100% 381 

indicate a loss and those larger than 100% indicate a gain of this compound class. Values above the 1:1 line 382 

indicate higher values in warmed plots than in ambient plots and values below the 1:1 line indicate lower values 383 

in warmed plots than in ambient plots. 384 

Similar to bulk soil organic carbon, the weighted 13C-excess of each compound class 385 

increased with depth (LME; p < 0.0001; F = 74.80) (Fig. 3a). In topsoil, all compound classes 386 

had lower 13C-excess in warmed plots than in ambient plots (LME; p = 0.012). Besides, the 387 

weighted 13C-excess depends significantly on compound classes (LME; p < 0.0001; F = 9.09).  388 
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The decomposition of different compound classes at mid-depth and in deep soil were 389 

similar, except for fatty acids. The 13C-excess of alcohols, mid-chain acids, ω-hydroxy acids, 390 

and diacids was on average higher in the warmed plots than in the ambient temperature plots, 391 

although the differences were not significant. The 13C-excess of fatty acids was higher in 392 

warmed than ambient plots in subsoil, particularly in the deep soil. In the latter, warming led 393 

to, on average, much lower 13C-excess of 60.5 ± 23.9 compared to ambient temperature (78.3 394 

± 19.3), although statistically not significant (LME; p = 0.219). Similar to 13C-excess of the 395 

bulk soil, the standard error was in general also larger in warmed than in ambient plots. 396 

The differences of the absolute amounts of each compound class compared to added 397 

root-litter allowed us to quantify the loss or accumulation of each compound class after three 398 

years of incubation (Fig. 3b).  399 

On the molecular level, as in bulk soil, warming did not have a significant impact on 400 

the decomposition of hydrolysable lipids (LME; p = 0.518; F = 0.42) across the whole soil 401 

profile but in the topsoil, decomposition was faster of all the compound classes compared with 402 

deeper soil depth (LME; p = 0.001). After three years of incubation the warmed topsoil had 403 

less hydrolysable lipids that derived from added labelled roots remaining compared to ambient 404 

temperature, indicated by higher loss of all the compound classes at this depth (Fig. 3b). After 405 

three years of incubation, the warmed topsoil had less than half of the initial compound classes 406 

left that was originally from the added as 13C-labelled root-litter, i.e. 40.1 ± 6.6% of fatty acids, 407 

29.4 ± 12.1% of alcohols, 42.8 ± 12.0% of mid-chain acids, 39.4 ± 15.2% of ω-hydroxy acids, 408 

and 41.3 ± 16.0% of diacids. More of each compound class was remaining in ambient plots, 409 

i.e., 63.8 ± 26.8% of fatty acids, 39.6 ± 7.7% of alcohols, 86.5 ± 31.3% of mid-chain acids, 410 

56.3 ± 13.4% of ω-hydroxy acids, and 58.4 ± 4.2% of diacids, respectively (Fig. 3b).  411 

Similar to the pattern observed for the 13C-excess of individual hydrolysable lipids (Fig. 412 

3a), fatty acids and other compound classes showed an opposite trend (LME; p < 0.001; F = 413 

14.99) in subsoil when compared to topsoil (Fig. 3b). At both mid-depth and deep soil with 414 

ambient temperature, there was a trend to a higher loss of each compound class due to microbial 415 

decomposition compared to warmed plots except for fatty acids (Fig. 3b). On the contrary, fatty 416 

acids seemed to accumulate more under ambient temperature in subsoil (131.2 ± 32.3% at 45-417 

49 cm and 165.9 ± 1.8% at 85-89 cm), than with warming (106.0 ± 35.2% for 45-49 cm and 418 

91.6 ± 18.9% for 85-89 cm) (Fig. 3b). Specifically, the values above 100% indicate an 419 

enrichment of 13C compared with the added root biomass over time, which was a surprising 420 

finding. 421 
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3.3 Priming effect 422 

Figure 4: Relative mass difference of: (a) pre-existing bulk soil organic matter and (b) hydrolysable lipids 423 

between cores with and without addition of 13C-labeled root-litter (labelled – DC cores). Negative values indicate 424 

the accelerated decomposition of pre-existing soil organic carbon (positive priming effect). Positive values 425 

indicate inhibition (negative priming) of decomposition. Mean ± SE (n = 3). 426 

Overall, there are no significant impacts of warming (LME; p = 0.558; F = 0.37) or 427 

depth (LME; p = 0.422; F = 0.95) on the priming effect. In the bulk topsoil, addition of 13C 428 

labeled root-litter reduced the decomposition (negative priming) of pre-existing SOM in topsoil 429 

independent of temperature treatments (Fig. 4a). There was 28.1 ± 26.6 % and 11.1 ± 28.5 % 430 

more pre-existing SOM in the labelled cores than in the DC with ambient temperature and 431 

warming, respectively. In contrast to topsoil, the subsoil showed the opposite trend. At both 432 

mid-depth and deep soil, we observed a loss of pre-existing SOM upon addition of root litter, 433 

regardless of temperature. 434 

For the hydrolysable lipids, similar to bulk soil, we did not find significant impacts of 435 

either warming (LME; p = 0.987; F = 0.0002) or depth (LME; p = 0.310; F = 1.34) on the 436 

priming effect.  We observed a reverse trend at topsoil and deep soil compared to bulk soil 437 

(Fig. 4b). In the topsoil, addition of root-litter led to the loss of pre-existing hydrolysable lipids 438 

in ambient (-18.6 ± 20.5%) and warmed (-22.3 ± 18.9%) plots. Thus, positive priming occurred. 439 

This positive priming happened also at mid-depth, where added labelled root-litter stimulated 440 

the loss of pre-existing hydrolysable lipids in both ambient (-53.6 ± 5.1%) and warmed (-23.5 441 

± 35.3%) plots. However, in deep soil, there was negative priming, regardless of temperature 442 
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treatment (ambient, 26.3 ± 35.9%; warmed, 12.8 ± 54.5%). But the heterogeneity also increased 443 

with depth as indicated by generally increasing standard errors. 444 

4. Discussion 445 

After three years of in-situ +4°C warming, we observed different trends for 446 

decomposition of added 13C-labelled root-litter between top- and subsoil both at bulk soil and 447 

molecular level. Soil warming altered several factors that could govern the decomposition rate 448 

of added root-litter such as microbial abundance, community structure (Zosso et al., 2021) and 449 

soil water content (Pegoraro et al., submitted), and these changes could potentially further 450 

affect microbial activity through reduced accessibility of substrates to exoenzymes or 451 

microorganisms under warming conditions (Salomé et al., 2010). The warming effects further 452 

interact with different abiotic and biotic conditions between top- and subsoil, leading to distinct 453 

depth-dependent decomposition of added root-litter at different soil horizons.   454 

4.1 Warming accelerated the decomposition of root-litter in topsoil, but not in subsoil 455 

The same amount of root-litter was added to all depths, and thus initial 13C-excess 456 

increased with depth, as soil organic carbon concentrations decreased. After three years of field 457 

incubation, this general trend was still preserved.  458 

Root biomass decomposition responded differently to experimental warming in topsoil 459 

and subsoil. On average, we found lower 13C-excess of bulk SOM in topsoil under warming 460 

(Fig. 3a) compared to ambient conditions, indicating that warming accelerated the 461 

decomposition of the 13C-labelled root-litter in topsoil (p = 0.01). This finding confirms 462 

previous observations from the same site, where warming accelerated decomposition of plant-463 

derived inputs and increased soil respiration (Ofiti et al., 2021; Soong et al., 2021). There could 464 

be several reasons: First, at the same site, after 4 years of warming, there was an increase of 465 

carbon stock and free particulate organic matter in the topsoil (Soong et al., 2021), meaning 466 

there is sufficient easily decomposable substrate for microbial growth. This argues for co-467 

metabolic decomposition of the added root litter, despite its lower decomposability than bulk 468 

carbon (Poirier et al., 2018). Therefore, microbial abundance was not significantly reduced by 469 

warming in topsoil (Zosso et al., 2021); Pegoraro et al., submitted). Second, warming enhanced 470 

microbial activity (Walker et al., 2018), potentially by activating a greater number of bacterial 471 

taxa (Metze et al., 2024). Third, because of more active bacteria and reorganization of microbial 472 

community towards more actinobacteria which could degrade more complex carbon sources 473 
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(DeAngelis et al., 2015; Goodfellow and Williams, 1983), a wider range of complex C and N 474 

sources could be utilized by microbes (Dove et al., 2021) compared to ambient plots.  475 

In the subsoil, we did not observe significant effects of depth (45-49 cm, p = 0.81; 85-476 

89 cm, p = 0.64) on the decomposition of added root-litter. However, the interaction between 477 

warming and depth in subsoil is significantly more pronounced (warming x 45-49 cm, p = 0.03) 478 

or close to the threshold of statistical significance level (warming x 85-89 cm, p = 0.06). This 479 

means that warming has depth-specific effects on the decomposition of added root-litter, 480 

highlighting the variability of subsoil compared to topsoil or even within subsoil between 481 

different depths. One reason could be the soil moisture. In ambient plots, the average annual 482 

soil volumetric water content increased with depth from 19.4 % (CI: 16.4, 22.2) to 90 cm by 483 

10.5 % (CI: 8.1, 12.9) in ambient plots (Pegoraro, et al., submitted). Warming decreased soil 484 

moisture significantly at surface soil and at 90 cm, whereas soil moisture levels converged 485 

between warmed and ambient plots at 50 cm (Pegoraro, et al., submitted).  Higher soil moisture 486 

increases the mobility of SOM, microorganisms, and exo-enzymes, which will allow the 487 

translocation of fresh C and decomposers (Védère et al., 2022) and then increases the 488 

connectivity among them (Védère et al., 2020), potentially resulting in higher decomposition 489 

rate. Another reason could be changes in microbial abundance and microbial community 490 

induced by warming. Warming decreases microbial abundance, especially in deep soil, and 491 

shifts microbial community towards relatively more actinobacteria and Gram+ bacteria which 492 

can utilize more complex carbon sources and adapt to environmental stress such as warming 493 

(Zosso et al., 2021). If bacteria could access the substrate, they could be more active under 494 

warming conditions. The cumulative effects of the two factors could compensate for each other 495 

and lead to on average no difference of root recovery in subsoil between warmed and ambient 496 

plots. However, they can only partially explain the results, since other factors such as oxygen, 497 

SOM protected by mineral-associations, pH could also have impacts on the variability between 498 

different depths. 499 

Overall, our results reveal more complex responses of root-litter decomposition in 500 

subsoil under warming conditions in comparison to more straightforward acceleration of root-501 

litter decomposition in topsoil. 502 

4.2 Hydrolysable lipids are more resistant to decomposition than bulk roots  503 

Root-derived hydrolysable lipids, especially those root-derived markers such as ω-504 

hydroxy acids and diacids, degraded slower than root bulk carbon, indicated by higher 505 
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proportions of hydrolysable lipids remaining in the soil than the bulk root recovery (Fig. 2b, 506 

Fig. 3b). However, despite their higher resistance to decomposition compared to other root 507 

components, they resisted less to decomposition in warmed topsoil. One possible reason could 508 

be that the microbial population was well-adapted to the higher temperature and was able to 509 

harness complex biomass sources via hydrolytic processes (Dove et al., 2021; Zosso et al., 510 

2021). The reported increased relative abundance of actinobacteria with warming in this 511 

experiment (Pegoraro et al., submitted) was similar to some other findings (DeAngelis et al., 512 

2015; Pold et al., 2016). Since actinobacteria are assumed to decompose complex carbon 513 

sources (Bhatti et al., 2017) and are a main group of soil microorganisms producing hydrolytic 514 

enzymes (Mohan and El-Halwagi, 2007), the relative increase of actinobacteria could have 515 

capitalized on the warmed conditions and have accelerated the decomposition of added root 516 

litter. However, this acceleration of hydrolysable lipids could be only traced in topsoil with 517 

warming. Although the amount of the roots added to subsoil is proportionally more substantial 518 

compared to that added to topsoil, especially for deep soil (proportionally contribution to pre-519 

existing carbon ranging from 10% to 39%), this short-term new substrate did not result in long-520 

term faster mineralization of root-litter with warming at depth. There may be an initial quick 521 

response of microbial mineralization to added root-litter at the beginning of the experiment, 522 

but this faster decomposition could be slowed down over time as the added litter becomes more 523 

fragmented and depleted at depth. This pattern of decomposition with depth, which evolves 524 

over time, has also been observed in another root-litter decomposition experiment (Hicks Pries 525 

et al., 2018). However, since we don't have time resolved observations for our experiment, this 526 

argument cannot be confirmed. With continuing warming, microbial capacity to utilize root-527 

litter could further deteriorate by lower microbial abundance, unfavorable environmental 528 

conditions such as lower soil moisture, and less spatial accessibility of microorganisms to 529 

fragmented litter as mentioned above, leading to a slower decomposition of root-litter in 530 

warmed than in ambient subsoil. 531 

The faster and slower decomposition of hydrolysable lipids at warmed top- and subsoil, 532 

respectively, lead to depth-specific mean residence time (MRT) of molecular markers such as 533 

ω-hydroxy acids and diacids. In one previous study, hydrolysable lipids were revealed to have 534 

a decadal MRT of 32 to 34 years (Feng et al., 2010). At topsoil in warmed plots, only about 535 

40% of ω-hydroxy acids and diacids remained, whereas more (between 68% and 80% of these 536 

two markers) were left in subsoils (Supplementary Table S2), leading to a shorter MRT of these 537 

compound classes in the topsoil (3.4 years and 3.6 years, respectively) and longer in the subsoil 538 
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(between 6.3 and 15.0 years) (Supplementary Table S3). In ambient plots, the MRT of ω-539 

hydroxy acids and diacids did not change much with depth (Supplementary Table S3), which 540 

has a similar trend as bulk root recovery in ambient plots. The molecular makers we analyzed 541 

had a shorter MRT, which could be related to the fact that they stem from grass roots (Avena 542 

fatua) with less lignin and lower C/N ratios than the mostly woody roots originating from the 543 

local vegetation at the site (Hicks Pries et al., 2018; Silver and Miya, 2001), and hydrolysable 544 

lipids without association to lignin could be steadily decomposed (Angst et al., 2016). 545 

However, an underestimation of MRT could exist in our study since we have a much shorter 546 

experimental duration compared to other studies (Feng et al., 2010). 547 

Another striking finding is that there is accumulation of fatty acids in subsoil in ambient 548 

plots where the hydrolysable lipids were steadily decomposed (Fig. 4b). This accumulation of 549 

fatty acids is also observed in deep soil in DC ambient plots where root-litter was not added 550 

(Fig. 1b). The mass of fatty acids found in the soil after hydrolysis exceeds that in originally 551 

added labelled roots, implying another source for these additional fatty acids. The accumulation 552 

of this compound class is predominantly from an increase of octadecanoic acid (C18:0 fatty 553 

acids), octadecenoic acid (C18:1 fatty acids), and hexadecanoic acid (C16:0 fatty acids) 554 

(Supplementary Table S2). It is noteworthy that there is no accumulation of fatty acids with a 555 

chain length larger than 20 (Supplementary Fig. S1), which is also confirmed by an on-average 556 

shorter carbon chain-length in DC ambient plots than in DC warmed plots Supplementary Fig. 557 

S2).  Long-chain fatty acids are typically enriched in higher plant biomass, while the mid-length 558 

homologues are often enriched in microbial and plant biomass (Harwood and Russell, 1984). 559 

These additional fatty acids originate likely from microbial biomass, e.g. phospholipid fatty 560 

acids (PLFA) (Joergensen, 2022; Zelles, 1997), since these ester-linked microbial markers also 561 

contain fatty acids which could be released during hydrolyzation as non-bound free-extractable 562 

fatty acids were removed before hydrolysis. This is also confirmed by the presence of probably 563 

root-derived fatty acids, or other root-derived C has been metabolized by microorganisms and 564 

the 13C signal is incorporated in microbial membrane lipids (Gunina et al., 2014).  565 

Another possible reason for the accumulation of fatty acids could be preferential loss 566 

of certain other compound classes in hydrolysable lipids during their decomposition. Previous 567 

studies suggested contradictory theories of how suberin and cutin can depolymerize. One 568 

theory is simultaneous and similar decomposition of the compound classes (Riederer et al., 569 

1993). Alternatively, long-chain (>16) 𝜔-hydroxy and diacids could be more prone to be 570 

released (Naafs et al., 2005; Nierop et al., 2003), or monomers with only one functional group 571 
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such as n-alcohols could be preferentially decomposed due to their terminal position in 572 

polyesters (Mueller et al., 2013). Therefore, we cannot state whether fatty acids in our 573 

experiment were preferentially lost and taken up by microorganisms. However, the results of 574 

higher enrichment of 13C signature in fatty acids in ambient plots support previous statements 575 

that microbial activity is higher in subsoil with ambient temperature than with warming, which 576 

is additionally validated by higher δ13C values that are incorporated in PLFA (Pegoraro et al., 577 

submitted.). 578 

Combining the results of root recovery in bulk soil and at molecular level we can notice 579 

that although the overall root-derived carbon recoveries are similar between warmed and 580 

ambient subsoil, a considerable amount of root-derived carbon is already incorporated in 581 

microbial biomass in ambient plots, meaning a slower decomposition of root-litter in warmed 582 

subsoil.  583 

4.3 Minor priming effect of added 13C-labelled root litter  584 

Fresh biomass input can stimulate (prime) the decomposition of native, pre-existing 585 

SOM. This is especially relevant in subsoils, where SOM might have existed for a long time, 586 

from decades to millennia (Fontaine et al., 2007; Luo et al., 2019; Shahzad et al., 2018). Such 587 

priming could offset long-term carbon sequestration, especially in subsoil where there is 588 

usually substrate limitation (Bernard et al., 2022; Bingeman et al., 1953).  589 

Three years after adding 13C-labelled root tissues at three different soil depths, we found 590 

no evidence for significant priming across the whole soil profile, both for pre-existing bulk C 591 

and hydrolysable lipids. There could be several explanations. First, fresh carbon input was 592 

added only at the beginning of the incubation. Since priming is a temporary response to fresh 593 

carbon input (Schiedung et al., 2023) and is commonly strongest at the beginning of the 594 

incubation (Fontaine et al., 2007; Tao et al., 2024),  this effect might became negligible after 595 

three years of incubation. Second, warming could suppress priming due to decreased N mining 596 

of microorganisms in native soil (Dong et al., 2024; Li et al., 2023; Sun et al., 2019). Blodgett 597 

Forest is limited in nitrogen and the added grass root-litter contains more nitrogen than the 598 

roots of native tree species (Hicks Pries et al., 2018; Silver and Miya, 2001). When native SOM 599 

is nitrogen deficient, and the added substrate contains nitrogen, as in our study, warming will 600 

stimulate the mineralization of the added substrate and release nitrogen from it for microbial 601 

growth (Feng and Zhu, 2021). Such a process could partially explain why we found negative 602 

priming (inhibition) for bulk subsoil SOM.  603 
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4.4 Subsoil responds more heterogeneously than topsoil to warming  604 

One of the difficulties to implement an in-situ field warming experiment is the inherent 605 

heterogeneity and complexity of natural soil conditions, especially in subsoil. 606 

Since the same amount of 13C labelled root-litter was added at different depths, it could 607 

have different impacts on the microorganisms between top- and subsoil. Specifically, when the 608 

heterogeneous carbon concentrations between pairs of plots or even within the same plots were 609 

considered (Supplementary Table S5), the new input could contribute between 10% and 39% 610 

to the pre-existing carbon. This heterogeneity is partially reflected in 13C-excess of bulk soil 611 

carbon (Fig. 2a), with larger error bars with depth. Although the root-litter was fully mixed 612 

with soil and the amount of added substrate is substantial for subsoil microorganisms, this does 613 

not mean that all the substrates could be accessed by microorganisms (Inagaki et al., 2023; 614 

Salomé et al., 2010), especially in warmed subsoil due to less abundant microorganisms 615 

compared to topsoil and their restricted mobility. 616 

The different responses of root-litter decomposition between top- and subsoil with 617 

warming highlight the fundamental importance for regarding depth as a rudimentary factor for 618 

studying soil carbon dynamics. The large heterogeneity existing in subsoil spotlights the 619 

uncertainties in predicting subsoil’s responses to climate change, especially when subsoil is 620 

considered for long-term carbon sequestration (Button et al., 2022; Sierra et al., 2024), and 621 

more focus should be drawn on observation into subsoil. To reduce the large heterogeneity in 622 

an experiment such as ours, a more realistic amount of root-litter added to individual depths 623 

could be achieved by first assessing root distribution across the whole soil profile via 624 

techniques such as minirhizotrons (Rahman et al., 2020), and then adjusting the added amount 625 

of root litter. 626 

5. Conclusions 627 

Natural ecosystems are complex and their response to warming is intricate, depending 628 

on many biotic and abiotic factors and their interactions. Warming accelerated the 629 

decomposition of root-derived carbon in topsoil after three years of incubation, but surprisingly 630 

not in the subsoil. This difference could be attributed to the fundamental differences of biotic 631 

and abiotic factors between top- and subsoil, which are further affected by environmental 632 

stress, such as warming.  633 

 Suberin markers, such as ω-hydroxy acids and diacids, are relatively more resistant 634 

compared to other root components, but they are less resistant to decomposition with warming 635 
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in topsoil. However, once the decomposition is slowed down in subsoil by warming due to 636 

unfavorable conditions such as lower microbial abundance and soil moisture, these molecular 637 

markers could be preserved in subsoil over one decade (Supplementary Table S3). Warming 638 

also altered the composition of hydrolysable lipids, especially in subsoil, with an accumulation 639 

of fatty acids. We interpreted the accumulation of fatty acids as potential evidence for the 640 

higher microbial activity and higher turnover rate of new OM in ambient than warming plots. 641 

It is noteworthy that the decomposition of added root-litter in natural subsoil with warming 642 

was heterogeneous, which obscured potentially existing trends with depth, and potential 643 

systematic differences between ambient and warmed plots.  644 

Our experiment is one of the first in-situ long-term incubations on the effect of warming 645 

on the decomposition of simulated new substrates input at different soil depths in natural 646 

conditions at molecular level. The compound-specific isotope analysis leaves us a key message: 647 

Although after 3 years of incubation the recoveries of root-derived carbon are similar in subsoil 648 

regardless of temperature treatment, the carbon dynamics could be fundamentally changed by 649 

warming. The intrinsic chemical or thermodynamic properties may slow down the 650 

decomposition of chemically persistent molecules like hydrolysable lipids. However, in 651 

subsoil, the key factors influencing whether root-litter is transformed into long-term carbon 652 

storage are the decomposers' possibilities to access the substrates and their strategies to survive 653 

in harsh conditions with limited nutrients and substrates. The large natural heterogeneity of the 654 

investigated soil did not allow to identify a clear trend how subsoil responds to warming. Future 655 

in-situ observations should include both short-term (months) and long-term (several years to 656 

decade) observations to identify and quantify the time-resolved fate of new OM substrate and 657 

how the microbial community responds to warming.  658 
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