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A B S T R A C T

Mediterranean agricultural soils are characterized by low organic matter content and high mineralization rates, 
making carbon stabilization a particular challenge. Here, we combined lipid biomarker analysis with compound- 
specific stable isotope analysis (CSIA) to trace the incorporation of maize-derived C following a crop switch from 
wheat (C3) to maize (C4). Two treatments were compared: (A) biomass+root inputs and (B) root-only inputs. 
Within 21 months, significant enrichment in δ13C was detected across compound classes, with long-chain n-al
kanes, hydroxy acids and sterols showing increases of + 3 to + 6 ‰, especially in the upper 5 cm, while unsat
urated fatty acids displayed minor contributions (< 1 ‰) due to rapid turnover. Aboveground residue inputs 
(treatment A) enhanced microbial assimilation of maize carbon in surface soils, leading to fast but short-lived 
incorporation, consistent with shorter bulk SOC mean residence times (MRT) of ca. 15 days compared to the 
root-only treatment (ca. 28 days). In contrast, root-derived inputs (treatment B) contributed to more persistent 
pools at depth, where bulk SOC MRTs increased up to 30 days and suberin-derived biomarkers showed pro
nounced environment. Bulk SOM δ13C showed smaller changes (< 1 ‰) than individual compounds, under
scoring the value of CSIA for capturing short-term dynamics. These results demonstrate the complementary roles 
of aboveground residues and roots in shaping SOC turnover and stabilization. In Mediterranean soils with 
inherently low organic matter stability, residue management strongly mediates both the amount and persistence 
of new carbon, with implications for developing residue-management strategies that enhance potential pathways 
towards carbon stabilization in fragile Mediterranean agroecosystems.

1. Introduction

Soil organic matter (SOM) is central to terrestrial carbon (C) cycling 
and climate regulation, yet its persistence remains highly variable and 
context-dependent. The chemical heterogeneity of SOM arises from the 
continuous input of plant and microbial residues and their subsequent 
transformations in soils. Among SOM constituents, lipids are particu
larly informative because they include both plant waxes and microbial 
membrane components that act as biomarkers for sources and processes 
(Wiesenberg et al., 2004; Hirave et al., 2020). Their variable stability, 
from resistant long-chain n-alkanes to labile fatty acids and alcohols, 
makes them valuable tracers of decomposition and stabilization path
ways (Tu et al., 2017; Lv et al., 2022). Mediterranean agricultural soils 

are especially relevant in this context, as they are characterized by low 
SOM content, high mineralization rates, and vulnerability to degrada
tion under intensive cultivation (Francaviglia et al., 2018; Ferreira et al., 
2024).

A key unresolved question is the relative contribution of above- 
versus belowground plant inputs to soil organic carbon (SOC) persis
tence. Aboveground residues are typically more labile, rapidly decom
posed at the soil surface, and strongly coupled to short-term microbial 
activity (Fanin and Bertrand, 2016). In contrast, root-derived inputs 
penetrate deeper into the profile and are enriched in biopolymers such 
as suberin that are more resistant to decomposition, thereby contrib
uting disproportionately to long-term SOC stabilization (Crow et al., 
2009; Angst et al., 2018; Sokol and Bradford, 2019). Recent syntheses 
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suggest that belowground inputs may dominate SOC formation (Fu 
et al., 2025), yet field-based evidence disentangling the fate of roots and 
aboveground residues under different management strategies remains 
scarce, particularly in Mediterranean croplands. However, there is a 
notable lack of field-based studies that use compound-specific isotope 
analysis (CSIA) of diverse lipid biomarkers to disentangle how these two 
above- versus belowground residue-derived carbon is incorporated and 
transformed in Mediterranean soils.

Stable isotope approaches provide a powerful means to trace plant 
carbon into soils. The natural difference in δ13C between C3 and C4 
plants creates an in-situ tracer for following new organic matter inputs 
(Balesdent and Mariotti, 1996; Wynn and Bird, 2007). Crop-switching 
experiments exploit this shift to estimate SOC turnover and the rout
ing of new C into different pools. This abovementioned CSIA approach 
further enhances this approach by resolving isotopic changes in indi
vidual biomarker classes, which may be masked at the bulk level 
(Reiffarth et al., 2016; Smith and Chalk, 2021). Combined with molec
ular proxies such as carbon preference index (CPI) and average chain 
length (ACL), CSIA enables a detailed assessment of how distinct plant 
fractions contribute to SOM formation (Ren et al., 2016).

Here, we apply a C3– C4 crop-switching experiment in Mediterranean 
soils, replacing wheat (C3) with maize (C₄) and applying two residue 
management treatments: (i) retention of roots only (root), and (ii) 
retention of both roots and chopped aerial biomass (biomass+root). This 
design allows us to disentangle the pathways of maize-derived carbon 
incorporation into bulk SOC and lipid biomarkers. We hypothesized that 
(1) overall SOC accumulation would remain low due to the high 
mineralization potential of Mediterranean soils; (2) incorporation of 
maize-derived C would be greater in surface soils due to intense mi
crobial activity and faster turnover in the upper horizons; and (3) 
aboveground residue addition would primarily enhance rapid maize- 
derived C incorporation into labile pools at the surface, whereas root- 
only inputs would contribute more persistently to deeper SOM stabili
zation through suberin-rich tissues and rhizodeposition.

2. Materials and methods

2.1. Study area and experimental setup

This experiment was carried out at the “La Hampa” experimental 
farm belonging to the “Instituto de Recursos Naturales y Agrobiología de 
Sevilla (IRNAS-CSIC)”. The farm is located in the municipality of Coria 

del Río, Seville (Spain) (37◦16’54”N, 6◦03’47”W) under a typical 
Mediterranean climate. From the farm’s agroclimatic station the 
average temperature during the duration of the experiment was 12.2 ◦C 
during winter (month to month) and 25.8 ◦C during the spring-summer 
season (month to month), with mild rainy winters (496 mm mean 
annual rainfall;). The soil, a Calcaric Cambisol with a sandy clay loam 
texture (IUSS Working Group WRB, 2014), is characterised by high 
carbonate content (~27 %), low fertility and low organic matter content 
(~1.5 %).

The experimental trial consisted of a crop switching experiment, 
entailing the tracing of carbon using the C4 biosynthetic pathway, where 
maize discriminates less strongly against 13C, i.e., δ13C values of SOM 
and fatty acids originating from maize are expected to be less negative 
than those of fatty acids from wheat. The experimental design consisted 
of a factorial field study with a completely randomized block design 
(Fig. 1), where, from February 2017 a wheat crop (Triticum aestivum L., 
C3 plant) was replaced by a maize (Zea mays L.) crop (C4 plant), 
comprising two treatments in two plots each: (A) after harvesting, maize 
aerial parts were chopped and applied to the surface soil, besides leaving 
the roots and hereafter designated as ‘biomass+root’ treatment; (B) the 
total part of maize plant was left out after harvesting leaving the roots, 
hereafter known as the ‘root’ treatment. Each treatment was applied to 
two sub-replicate plots of approximately 10 × 0.75 × 4 = 30 m2, with a 
separation distance of 0.75 m, resulting in a total of four plots. Addi
tionally, control samples were collected from two separate plots (sub- 
replicates) adjacent to the treatment plots within the same field. This 
control soil was tilled but not planted with maize, and therefore retained 
the same isotopic signature as the soil under its former land use (C3 
vegetation). The experimental area covered approximately 2500 m2.

2.2. Soil sampling and preparation

Soil sampling was conducted in November 2018, 21 months after the 
experiment’s inception. From each plot, a composite soil sample was 
taken, consisting of three sub-samples combined at each of the three 
different depths: 0–5, 5–20 and 20–40 cm. In total, 18 soil samples were 
taken. Soils were oven-dried at 40 ºC for 3 days then roughly ground 
using a mortar and pestle and dry sieved through a sieve < 2 mm; 
macroscopic plant remains, and stones were removed with tweezers.

Prior to carbon content and bulk stable isotope analysis, carbonates 
that may interfere with elemental SOC and stable carbon isotope (δ13C) 
analysis were removed by direct acidification with 1 M HCl following 

Fig. 1. Experimental layout of the C3 to C4 vegetation change trial, illustrating the two treatments (A: biomass+root; B: root-only), their replicated plots, and the 
adjacent control plot maintained under the original C3 vegetation.
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Verardo et al. (1990). Carbonates were removed by, and samples were 
not exposed to acid for more than 6 h to avoid preferential loss of 
13C-enriched organic moieties during decarbonation, as prolonged acid 
treatment can slightly alter δ13C values (Komada et al., 2008).

2.3. Elemental and bulk isotopic composition of soil

For δ13C bulk isotopic determinations, 2.5 mg aliquots of bulk soil 
samples were weighted into tin capsules. Each soil sample was analysed 
in duplicate (n = 2) to ensure measurement precision, representing 
technical replicates. The analysis was performed using an EA IsoLink™ 
IRMS System (Thermo Fisher Scientific, Bremen, Germany). The EA 
microanalyzer was equipped with a combustion furnace set at 1020◦C 
and coupled via a ConFlo IV interface unit to a continuous flow Delta V 
Advantage isotope ratio mass spectrometer (IRMS) for measuring δ13C 
values. Isotopic values were corrected by using appropriate standards 
recognized by the International Atomic Energy Agency (IAEA).

The stable isotope determinations are reported in the delta (δ) no
tation (e.g., δ13C) relative to an international measurement standard. 
The isotope value is defined in Coplen (2011), according to Eq. (1). 

δ13Csample =
R (δ13/δ12)sample
(δ13/δ12)standard

− 1 (1) 

Where “R” is the molar ratio of the heavy (13C) to light (12C) most 
abundant isotope of carbon. The “δ” values are reported in per mil (‰). 
The stable isotope standard for reporting carbon measurements is the 
Vienna Pee Dee Belemnite limestone (VPDB scale). The analytical pre
cision and accuracy of bulk δ13C values was typically less than ± 0.5 
standard deviation. The total C was determined by the dry combustion 
method using the same instrument specified above (EA IsoLink) in the 
CN analyser mode.

2.4. Total lipid extraction (TLE)

Soil lipids were extracted from each soil sample (7 g) in a solvent 
mixture of dichloromethane and methanol (3:1 (for 45 min), using a 
microwave-assisted extraction system (Ethos, EX, Milestone, Italy), 
heating the samples to 70 ºC at 5 ºC/min and holding the temperature for 
10 min. The total lipid extract (TLE) was then concentrated through 
evaporation and passed through sodium sulphate (anhydrous) to remove 
any remaining water. Fatty acids in the TLE were transmethylated by 
adding 1 ml of MeOH:acetyl chloride (30:1), left to react for 12 h at 45◦C 
to form GC-amendable fatty acid methyl esters (FAMEs). The extracts 
were then passed through potassium carbonate, which removes excess 
acid (acetic acid, hydrochloric acid). Compounds containing hydroxy 
groups (e.g., hydroxy acids, alcohols, sterols) were silylated using N,O- 
bis-(trimethyl-silyl)-trifluoroacetamide (BSTFA, with 1 % trimethyl
chlorosilane), kept at 65 ◦C for 30 min.

Compounds were first screened by gas chromatography with flame 
ionization detection (GC-FID) and, subsequently, by gas- 
chromatography-mass spectrometry (GC-MS). The GC-MS analyses 
were carried out using a Trace 1300 Series gas chromatograph (GC) 
fitted with a HP-1 non-polar capillary column (50 m × 0.32 mm i.d., 
0.17 μm film thickness; carrier gas: helium at 2.00 ml min–1; on-column 
injector). The GC oven temperature was programmed from 60 ºC to 170 
ºC at 6 ºC min–1, then to 315 ºC at 2.5 ºC min–1 and held for 10 min. The 
column was fed directly into a single quadrupole mass spectrometer 
model ISQ-LT (Thermo Fisher Scientific, Waltham, MA, USA). Organic 
compounds were identified through their mass spectra and their relative 
retention times. All compounds were quantified by comparing their peak 
area to the peak area of an internal standard (5α-cholestane). A known 
volume and concentration of the standard (100 µL of a 124.2 ng µL–1) 
was added to each sample prior to extraction to correct for losses 
throughout the entire analytical procedure.

2.5. Compound-specific isotope analysis (CSIA)

Compound-specific carbon isotope compositions of selected bio
markers were measured with a Finnigan Trace gas chromatograph 
coupled to a Finnigan Delta XP isotope ratio mass spectrometer (GC-C- 
IRMS) (Thermo Scientific, Hamburg, Germany) equipped with a DB- 
5MS column (60 m × 0.25 mm internal diameter, film thickness 0.25 
μm). Aliquots (1 μL) of TLE were injected in splitless mode at an injector 
temperature of 300 ◦C. The GC oven temperature was programmed from 
50 ◦C (held for 1 min) to 220 ◦C at a rate of 10 ◦C min–1 (held for 2 min) 
and then to 300 ◦C at a rate of 2 ◦C min–1 (held for 20 min), and finally to 
310 ◦C at a rate of 10 ◦C min–1 (held for 20 min). Helium was used as the 
carrier gas (1.4 ml min–1). Instrument performance was verified before 
and after each sample run using a FAME standard mixture (C11, C13, C16, 
C21, and C23 FAME) with known δ13C values ranking from –31.58 to 
–28.83 ‰ (Sigma-Aldrich, U.S.A.). Reproducibility of the δ13C values for 
specific compounds (i.e., n-alkanes) was better than ± 0.5 ‰ (standard 
deviation), based on triplicate analyses (n = 3). Results are reported in 
the δ notation (‰) relative to the Vienna Peedee Belemnite (VPDB) 
standard.

2.5.1. Mass balance correction
The δ13C values of fatty acid methyl esters (FAMEs) were corrected 

for the exogeneous carbon added during the methylation process (from 
methanol: –44.74 ‰) according to the mass balance equation of Rieley 
(1994): 

ncdδ13Ccd = ncδ13Cc+ ndδ13Cd (2) 

where n is the number of C atoms, c the underivatized compound, d the 
derivatising agent and cd is the derivatised compound.

2.5.2. Calculations of new carbon and turnover times of specific compounds
The introduction of C4-cropping on previously exclusively C3-crop

ped soils allows for calculation of new C4-incorporations. Turnover time 
calculations are based on turnover rates under assumed steady state 
conditions, i.e., the carbon content (net balance of input and degrada
tion) is constant in the soils (Balesdent and Mariotti, 1996). The incor
poration of new carbon by C4-vegetation (fC4) can be calculated as 
follows (Balesdent et al., 1987): 

fC4 =
δ13CC4soil − δ13CC3soil

δ13Cplant − δ13CC3soil
(3) 

where δ13Cplant is the isotope composition of C4- plant (maize), ac
cording to the ‘A’ and ‘B’ treatment plots. δ13CC4 soil and δ13CC3 soil are 
the isotope composition of the C4-cropped soil and the original C3- 
cropped soil. Then, the SOC decomposition is assumed in most models to 
follow a first-order kinetics at steady state conditions (Balesdent and 
Mariotti, 1996). The decomposition of SOC per time unit was introduced 
as turnover rate equivalent to the decay rate or decomposition rate (k) 
can be calculated (Collins et al., 1999) as: 

k =
ln(1 − fC4)

t
(4) 

Where t is the time at which soils were sampled since the experiment was 
firstly established. Based on this calculation the turnover time rate (k), 
which is used synonymously to the mean residence time (MRT) of 
organic carbon in soils, can be calculated as: 

MRT = 1/k (5) 

To study the new maize proportions and turnover times of bulk soils 
and individual lipid fractions we applied the equations given above to 
each, bulk SOC, and those individual compounds that were identified by 
CSIA.
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2.6. Diagnostic biomarker distributions and proxies

Lipids are frequently used to calculate diagnostic ratios, which are 
than related to SOC sources and dynamics. These compounds can also be 
used to trace microbial activity (Xie et al., 2004, Andersson et al., 2011). 
Presence of specific biomarkers, their diagnostic distributions and ratios, 
and conclusions that can be drawn from these are briefly discussed 
henceforth.

2.6.1. n-alkanes
n-Alkanes are used to calculate the Carbon Preference Index 

(CPIALK), reflecting the degree of odd-over-even predominance for n- 
alkane chain lengths. The CPIALK can indicate inputs of plant-derived 
organic matter since leaf waxes of higher plants have a strong odd/ 
even predominance (CPI > 10) or to which degree this material has been 
degraded, mainly by bacteria (CPI values close to 1). Here, the CPI index 
was calculated for n-alkanes with 24–31 carbon atoms, using a modified 
formula from Cranwell (1973) as described in San-Emeterio et al. 
(2023a): 

CPIALK =
[(∑

C25− 33odd
/∑

C24− 32even
)

+
(∑

C25− 33odd
/∑

C26− 32even
) ]/

2
(6) 

where Cn odd and Cn even are the abundances of n-alkanes with odd- 
numbered and even-numbered carbon chains, respectively.

The hydrocarbon average chain length (ACL) index can be used as a 
proxy for the source and degradation of SOM (Gonzalez-Vila et al., 
2003). It can be used to identify the source of organic matter, from 
microbial-derived or reworked organic matter, characterised by a 
shorter ACL, to fresh plant-derived organic matter with higher ACL 
values, with long-chain homologues (carbon number ≥ 26) typically 
deriving from leaf waxes (Bush and McInerney, 2013 and references 
therein). While ACL values of long-chain hydrocarbons are not chemo
taxonomically diagnostic in general, shifts in ACL may still indicate 
changes in specific organic matter sources, in particular, if the sources 
can be narrowed down and/or the ACL of potential sources are known 
(e.g., Holtvoeth et al., 2016). ACL was calculated for the long n-alkane 
range (C26–33): 

ACL =
∑

(Cn × n)26− 33

/∑
(Cn)26− 33 (4) 

where n is the number of carbon atoms and Cn is the relative abundance 
of the respective alkane with n carbons.

The short-over-long chain length ratio (S/L) is the relative abun
dance of short to long hydrocarbon chains. S/L was calculated according 
to the following Eq. (5): 

S
/

L =
∑

(Cn)10− 23
/
(Cn)24− 32 (7) 

where n is the number of carbons and Cn is the relative amount of the 
respective alkane with n carbons.

2.6.2. n-alkanols
Saturated C22–30 n-alkanols in plants show a strong even-over-odd 

predominance. In analogy to the n-alkanes, variation of this domi
nance can provide information about SOM degradation and can be 
calculated as CPIOH as suggested by Routh et al. (2014): 

CPIOH =

∑
C20− 26even +

∑
C22− 28even

2 ×
∑

C21− 29odd
(8) 

It should be noted that this equation includes the mid-chain C22 and 
C24 n-alkanols, which in soils can derive from suberin in root tissue 
rather than leaf waxes (Holtvoeth et al., 2016).

The Higher Plant Alkane (HPA) index was introduced by Poynter and 
Eglinton (1990) to provide a numerical measure of degradation of 

non-functionalised vs. functionalised compounds: where alkanols and 
alkanoic acids are susceptible to microbial degradation, n-alkanes tend 
to be selectively preserved. This can be expressed by the HPA index, 
calculated according to Routh et al. (2014): 

HPA =
(C24 + C26 + C28)alkanol

(C24 + C26 + C28)alkanol + (C25 + C27 + C29)alkane
(9) 

2.6.3. n-alkanoic acids
Like n-alkanols, n-alkanoic acids (saturated fatty acids) from plant 

sources feature a strong even-over-odd predominance. In order to cover 
two main distinct sources (microbial biomass and plants, the carbon 
preference index for fatty acids, CPIFA, was calculated comprising two 
ranges: short-chain FAs of bacterial origin (C12-C22) (Eq. 10), and long- 
chain FAs (C23-C32) (Eq. 11): 

CPIshort− FA =
[(∑

C12− 22even
/∑

C13− 19odd
)

+
(∑

C12− 22even
/∑

C15− 21odd
) ]/

2
(10) 

CPIlong− FA =
[(∑

C24− 32even
/∑

C23− 29odd
)

+
(∑

C24− 32even
/∑

C25− 31odd
) ]/

2
(11) 

2.7. Statistical analysis

Normality and homoscedasticity were checked prior to all the ana
lyses using the Kolmogorov-Smirnov test and the Levene test, respec
tively. In those cases where data did not meet the normality or 
homogeneity requirements a log transformation was applied before 
further analysis. In the cases where the normality and homoscedasticity 
requirements were met, an analysis of variance (ANOVA) and a multiple 
comparison test (Tukey) was made. In cases these requirements were not 
met, non-parametric tests were completed, i.e., the Kruskal-Wallis test 
along with a Dunn post-hoc test for multiple non-parametric compari
sons, and the Mann-Whitney U test. These statistical analyses were made 
with a 95 % confidence level using the statistical package SPSS 20.0 
(SPSS Inc., Chicago, USA).

Table 1 
Soil parameters corresponding to the different plots and treatments, at different 
soil depths (mean ± SE, n = 4).

Treatment Depth 
(cm)

pH SOC (%) δ13C 
bulk 
(‰)

CaCO3 

(%)
TLE 
(μg 
g¡1 

SOC 
%)

Biomass 
+ roots, 
‘A’

5 8.5 
± 0.1

0.82 
± 0.07b

− 24.0 
± 0.3a

27.2 
± 0.2

46.6 
± 5.2

20 8.5 
± 0.1

0.77 
± 0.05b

− 24.8 
± 0.2a

26.8 
± 0.7

49.7 
± 2.5

40 8.9 
± 0.3

0.41 
± 0.07a

− 24.1 
± 0.2a

27.6 
± 0.3

24.3 
± 5.0

Roots, ‘B’ 5 8.7 
± 0.1

0.85 
± 0.04b

− 24.5 
± 0.3a

24.5 
± 2.8

53.8 
± 3.2

20 8.9 
± 0.0

0.83 
± 0.04b

− 24.4 
± 0.2a

26.8 
± 1.1

54.0 
± 4.4

40 9.1 
± 0.1

0.66 
± 0.11a

− 24.5 
± 0.2a

28.0 
± 0.5

37.2 
± 2.6

Control 5 8.2 
± 0.0

1.1 
± 0.0b

− 25.8 
± 0.2b

25.3 
± 0.8

45.9 
± 1.4

20 8.3 
± 0.1

0.91 
± 0.09ab

− 25.8 
± 0.2b

25.9 
± 0.8

33.9 
± 6.0

40 8.3 
± 0.1

0.74 
± 0.02a

− 24.8 
± 0.0b

25.6 
± 0.9

22.4 
± 0.3

TLE: Total lipid extract. Significant differences (p < 0.05) are indicated by 
different letters between depths for the same treatment.
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3. Results

3.1. Soil organic carbon and bulk δ13C patterns

The elemental data from the soil samples is summarized in Table 1. 
Accordingly, SOC contents display a pattern with higher contents in the 
upper subsoil and significantly lower contents at a depth of 40 cm 
(p < 0.05). No differences were observed in either pH values or car
bonate content, either between treatments or down the soil profile. 
Significant differences are observed for the bulk ẟ13C values, which are 
more depleted in the control plots compared to the treatments, whilst no 
effects of the depth are observed.

Total lipid extracts (TLEs) are given as μg related to SOC content 
(Table 1). The TLE concentration did not differ in soil from the treatment 
and control plots (p = 0.193). The decrease of TLE concentration with 
depth (p = 0.032), reflecting a normal pattern as lipids become more 
degradable than the SOC.

3.2. Lipid analysis

The TLEs from all soil samples were found composed of homologous 
series of short-chain (< C22), mid-chain (C22-C24) and long-chain (> C24) 
fatty acids (FAs), branched and unsaturated FAs (both mono- and 
polyunsaturated), α- and ω- hydroxy FA, n-alkanols, n-alkanes, and 
sterols. A detailed list of all quantified compounds is provided in 
Table S1, along with a selection of major compounds sorted by their 
biogenic groups (Table S2), and an example chromatogram is shown in 
Fig. 2. Short-chain and monounsaturated FAs (MUFAs) were the pre
dominant compounds in the TLEs. The MUFAs (Cn:1, namely various 
isomers of C16:1, C18:1, C20:1 and C22:1) were also detected in remarkable 
amounts in all samples (71.6–237.9 µg g− 1 SOC-TLE; Table 1).

3.2.1. n-alkanes
The chain-length distribution of n-alkanes ranged from C16 to C33, 

with maximum at C29 and C31 (Fig. 3a; Table S2). Overall abundances 
were lower in control compared to both maize treatments. The CPIALK 
values ranged from 2.1 to 7.7 and were significantly higher at 5 cm in all 
plots, with an additional increase at 20 cm in the root-only treatment (B) 
(p < 0.01; Fig. 4a). ACL values varied between 29.2 and 30.7, with no 
significant treatment effects (p > 0.05). Depth-related increases in ACL 
were significant in the control plots (0–20 cm) but not in the treatments, 
while lower values were found at 40 cm (p < 0.05; Fig. 5a). The S/L 

ratio was significantly higher at 40 cm than at 5 cm (0.75 ± 0.24 vs 
0.40 ± 0.15; p < 0.05), except in treatment B where no depth effect was 
observed (Fig. 5b). Lastly, the HPA index ranged from 0.38 to 0.67, 
showing a significant decrease with depth in treatment B (p < 0.05; 
Fig. 5c).

3.2.2. n-Alkanols (saturated alcohols)
The n-alkanol distribution in all samples ranged from C12 to C32, with 

a strong even-over-odd predominance and bimodal maxima at C18–OH 
and C28–30–OH (Fig. 3b). In the biomass+root (A) treatment, the relative 
abundance of C18, C21, and C26 homologues was significantly higher at 
5 cm compared to the control (p < 0.05). No differences were observed 
at deeper depths. Treatment B showed intermediate abundances. The 
CPI index for alkanols (CPIOH) ranged from 4.0 to 10.8, increasing 
significantly with depth in treatment plots, but not in controls (p < 0.05; 
Fig. 4b). This increase was accompanied by lower CPIALK values.

3.2.3. n-Alkanoic acids (saturated n-fatty acids)
The n-Alkanoic acids (FAs) constituted the highest proportion in all 

TLEs, with chain lengths ranging from C13 to C32 and showing a unim
odal distribution peaking at C16 (Fig. 3c). Treatment plots contained 
significantly higher concentrations of short-chain FAs (C16, C18) in the 
top 20 cm compared to controls (p < 0.05). Long-chain FAs (C24-C32) 
were present across all plots, with mid-chain homologues (C22, C24) also 
detected. The CPIFA-short ranged from 21.0 ± 1.3–44.7 ± 1.1, showing 
significantly lower values at 5–20 cm than at 40 cm in treatment plots 
(p = 0.001). No depth effect was observed in controls (Fig. 4c). The 
CPIFA-long ranged from 2.0 ± 0.3–4.3 ± 0.1, with significantly higher 
values in treatments than in controls, particularly in topsoil (p < 0.05; 
Fig. 4d).

3.2.3.1. Mono- and poly- unsaturated fatty acids. MUFAs and PUFAs 
were detected in all samples, dominated by C16:1 and C18:1, along with 
minor C20:1, C22:1, C24:1 and C20:4 homologues (Table S1). Abundances 
were significantly higher in treatments compared to controls, particu
larly in the top 20 cm, with the biomass+root (A) plots showing elevated 
C16:1cis9, C18:1tr9, and C20:3cis11 (Fig. 6a,b). In treatment B, two C22:1 
isomers were significantly more abundant at 40 cm (p < 0.01; Fig. 6c).

3.2.3.2. Branched fatty acids. Saturated branched FAs were identified in 
all soil samples within the C14-C18 carbon range, in particular, the iso- 
and anteiso-branched forms of C15:0 and C17:0 FAs. In general, the 

Fig. 2. Partial chromatogram of the total lipid extracts of a representative soil sample. Key: IS = internal standard (cholestane); Cxx refers to total carbon numbers.
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presence of this group was significantly greater under both treatments 
compared to the control, with the exception of at 20 cm depth, where no 
significant differences were spotted. It is notable the remarkable influ
ence of the ‘B’ treatment (only roots) at 40 cm in the abundance of this 
group of compounds pointing to high microbial activity (Fig. 6c). By 
looking at the specific compounds, the C17:0 and C18 branched FAs were 
relatively more abundant in both treatments compared to the control. 
The presence of i-, a-C15:0 branched FAs was notable under the “B” 
treatment (p < 0.05), leading to that increase at 40 cm that was 
mentioned above.

3.2.3.3. ω- and α- hydroxy acids. Hydroxy acids ranged from C15 to C24 
and showed clear bimodal distributions. ω-hydroxy acids peaked at C16 
and C24, while α-hydroxy acids peaked at C16 and C22 (Fig. 7). In all 
cases, abundances were significantly lower in the control compared to 
the two maize treatments (p < 0.05). In the biomass+root (A) plots, 
α-C18 and short-chain α-C15–16 homologues were relatively more abun
dant in the upper 5 cm. At depth (40 cm), ω-C22 and ω-C24 were more 
prominent in treatment plots, especially in the root-only (B) treatment.

3.2.4. Sterols
Five sterols were identified in the TLEs: cholesterol (C27), campes

terol (C28), and stigmasterol, stigmastanol, and sitosterol (C29) (Fig. 8). 
Sterol abundances were consistently lower in the control plots compared 
to both treatments. Among them, campesterol and stigmasterol were 
significantly more abundant in treatment soils (p = 0.014). Across all 

plots, sterol concentrations decreased with depth, with highest values in 
the top 5 cm.

3.3. Compound specific stable carbon isotope composition of lipids (ẟ13C 
CSIA)

Reliable δ13C values were determined for 21 compounds, including 
n-alkanes, n-alkanols, saturated and unsaturated fatty acids, hydroxy 
acids, and sterols (Table S3). Values ranged from –18.7 ± 0.3 to –38.1 
± 0.7 ‰, within the typical range for soil free lipids. Both maize treat
ments (A: biomass+root; B: root-only) showed systematic 13C enrich
ment relative to the control, confirming the incorporation of C4-derived 
carbon (Fig. 9). Bulk SOM δ13C values were also enriched under maize, 
but to a lesser extent than individual compounds (Table 1), underscoring 
the higher sensitivity of compound-specific analysis. Importantly, the 
magnitude of this enrichment varied markedly across compound classes 
and between treatments, reflecting differences in biochemical origin and 
turnover.

Across all lipids, hydroxy acids and long-chain n-alkanes showed the 
strongest 13C-enrichment, often exceeding that of fatty acids, alcohols, 
or sterols. In contrast, unsaturated fatty acids exhibited the smallest 
shifts, reflecting their rapid turnover. The identified n-alkanes (C27, C29, 
C31), which were generally more depleted than other compound classes 
(mean values between –27.9 ± 0.4 and –35.9 ± 0.9 ‰), showed signif
icant enrichment with treatment B exhibiting the strongest surface-layer 
13C signal (p < 0.05), consistent with greater contributions from root- 

Fig. 3. Change-length distributions of a) n-alkanes, b) n-alcohols c) n-fatty acids (saturated) in soils under the three treatments. Values represent mean abundances 
(n = 4 ± standard error, SE) of each homologous compound, from the uppermost 5 cm which distribution is representative for all depths. Smaller bar graphs in c) 
show zoomed n-fatty acids chains.
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derived inputs.
Saturated fatty acids (C20–C23) ranged from –26.6 ± 0.7 to –32.2 

± 0.6 ‰ and were consistently enriched in both treatments, although 
enrichment was greatest at 0–5 cm under treatment A (Fig. 9a), 
reflecting rapid microbial assimilation of aboveground residues. The 
unsaturated C₂₂:1 FA showed pronounced enrichment in the upper 
20 cm, especially in biomass+root plots. Hydroxy acids showed the 
clearest differentiation between treatments. α-C20-OH was significantly 
enriched across the profile in treatment B, while α-C24-OH was enriched 
at 40 cm (p < 0.01). Conversely, α-C16-OH was more enriched in surface 
soils under treatment A. ω-hydroxy acids were also enriched in treat
ments, with ω-C16 showing a strong surface signal under root-only 
conditions.

Branched fatty acids (iso- and anteiso-C15:0, C17:0) were enriched in 
both treatments but showed an additional depth-related enrichment in 
treatment B. Sterols showed δ13C values between –18.7 ± 0.3 and –35.0 
± 0.2 ‰. Significant enrichment occurred primarily in the surface 
0–5 cm for total sterols (p < 0.05), while stigmasterol was enriched 
down to 20 cm in both treatments, suggesting incorporation of maize 
phytosterols beyond the surface layer (Fig. 9b).

3.4. Estimation of C turnover

Based on bulk soil δ13C values and compound-specific isotope ana
lyses, we estimated the proportion of maize-derived C and turnover 
times across treatments and depths (Fig. 10). Treatments A (bio
mass+root) and B (root-only) added between 2.4 % and 13.9 % new C to 
soil organic matter, with significantly higher inputs in the surface layer 
of treatment A (Fig. 10a). Across depths, maize-derived C was 

incorporated into bulk SOM and all lipid classes, with contributions 
reaching up to 40 %. Bulk SOM showed the lowest proportional 
enrichment, while unsaturated fatty acids contributed the least among 
specific compounds. Hydroxy acids, long-chain n-alkanes, and sterols 
displayed the highest proportions of maize-derived C, with significant 
treatment effects in several depths, especially for sterols and n-alkanes 
(p < 0.05).

Turnover times (MRT) increased with depth for bulk SOM, and 
several compound classes showed significant treatment differences 
(Fig. 10b). On the surface, bulk SOC had significantly longer MRTs in 
treatment B compared to treatment A (27.8 ± 2.7 vs 15.2 ± 2.3 days; 
p < 0.05). At 20 cm, the trend was reversed, with significantly longer 
MRTs in treatment A showing longer MRTs (30.4 ± 3.7 days) relative to 
treatment B (16.7 ± 4.1 days; p < 0.05). At 40 cm, n-alkanes exhibited 
the longest MRTs among lipid classes, and sterols and hydroxy acids also 
showed significant contrasts between treatments. Across compound 
classes, FAs, unsaturated FAs, and n-alkanes showed shorter MRTs in 
treatment A at the surface, but treatment differences were less pro
nounced with depth.

4. Discussion

Bulk parameters provided important context for interpreting 
biomarker and isotopic patterns. δ13C values were consistently more 
depleted in control plots than in treatments, reflecting incorporation of 
maize-derived carbon into bulk soil even in the absence of measurable 
SOC gains. As expected, SOC contents declined with depth, yet by 
contrast no significant differences were observed between treatments. 
This finding allowed to assume steady-state conditions for assessing the 

Fig. 4. Carbon preference index (CPI) for a) n-alkanes, b) n-alkanols, c) short-chain (C12-C22) and d) mid-, long-chain (C23-C32) n-fatty acids. Values are expressed as 
mean ± SE (n = 4). Significant effects between depth are indicated with lowercase letters (p < 0.05; Tukey HSD); “*” denotes significant differences be
tween treatments.
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turnover of SOC (Amelung et al., 2008). Nevertheless, although the lack 
of significant changes in bulk SOC supports the use of a steady-state 
assumption for MRT calculations, it is important to acknowledge that 
the introduction of fresh maize-derived C may have induced short-term 
non–steady-state conditions, including potential priming effects. On one 
hand, this highlights the limited short-term impact of residue manage
ment on total SOC pools in Mediterranean soils, where rapid minerali
zation constrains C accumulation despite fresh inputs (Li et al., 2020; 
Angers et al., 2022). On the other hand, this indicates that immediate 
changes using 13C-incubation approaches could better assess these po
tential non–steady-state conditions, allowing quantification of 
short-term CO2 release, priming responses, and microbial uptake dy
namics that cannot be resolved through end-point δ13C measurements 
alone. Taken together, these patterns suggest that much of the 
maize-derived carbon incorporated during the 21-month period likely 
replaced mineralized native SOC rather than increasing total stocks, 
consistent with short-term priming and steady-state dynamics previ
ously tested in this experimental trial (San-Emeterio et al., 2023b). 
Distinguishing between true accrual and replacement will require 

long-term monitoring combined with isotopic flux measurements to 
track whether newly incorporated carbon is ultimately stabilized or 
respired.

The relative proportion of extractable lipids (TLEs) to SOC did not 
differ significantly among treatments, indicating that fresh maize resi
dues were rapidly transformed into microbial products rather than 
accumulated as extractable compounds. The decline of TLEs with depth 
mirrors the greater degradability of lipid fractions compared with bulk 
SOC, consistent with their preferential loss during decomposition 
(Holtvoeth et al., 2010). Taken together, these bulk parameters under
line that while total SOC stocks remain stable over short timescales, 
isotopic and biomarker analyses reveal active processing of fresh 
maize-derived carbon within soil organic matter pools.

4.1. Lipid profile

4.1.1. n-alkanes
The dominance of C29 and C31 homologues confirms that the n-al

kanes largely reflect plant wax inputs, as expected for maize residues, 
which produce odd-numbered long-chain homologues (Eglinton and 
Hamilton, 1967). The consistently lower abundances in the control plots 
suggest stronger SOC degradation in the absence of fresh maize-derived 
material, consistent with earlier observations in Mediterranean soils 
where organic matter is highly mineralized (Routh et al., 2014).

The CPIALK values above 2 indicate relatively good preservation of 
hydrocarbons (Andersson and Meyers, 2012). Their increase at 20 cm in 

Fig. 5. Calculated indexes: a) average chain length (ACL) of n-alkanes; b) short- 
to-long chain n-alkanes index (S/L(15–26/27–32)); c) and Higher Plant Alkane 
(HPA) ratio. Values are expressed as mean ± SE (n = 3). Significant effects 
between depth are indicated with lowercase letters (p < 0.05, Tukey HSD).

Fig. 6. Total abundances of α-, ω- hydroxy acids; branched and unsaturated 
(mono- and poly-) fatty acids across soil depths in the three treatments (mean ±
SE, n = 4). Significant effects between treatments are indicated with lowercase 
letters (p < 0.05, Tukey HSD).
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the root-only treatment suggests that deeper n-alkane signals were 
maintained by root-derived inputs and microbial recycling, in line with 
studies emphasizing the role of roots in supplying more stable carbon 
fractions at depth (Angst et al., 2016). Similarly, ACL values near 30 are 
typical of higher plant waxes, while their decline at 40 cm may indicate 
a stronger influence of microbial short-chain homologues 
(González-Vila et al., 2003).

The S/L ratio patterns further support this interpretation. A lower 
ratio in the surface soils of biomass+root plots indicates the predomi
nance of long-chain homologues from maize residues, whereas the 
higher values at depth reflect increased contributions of short-chain 
compounds from microbial sources (Wiesenberg et al., 2009). The lack 
of a depth effect in treatment B suggests that root-derived inputs 
maintained the plant wax signal deeper in the soil. Finally, the decline of 
the HPA index with depth under treatment B points to enhanced 
decomposition of alkanols relative to alkanes in the rhizosphere, 
consistent with aerobic microbial activity around maize roots (Poynter 
and Eglinton, 1990; Routh et al., 2014).

4.1.2. n-alkanols
The strong even-over-odd predominance of n-alkanols complements 

the odd-over-even signal of n-alkanes, together confirming that the lipid 
inputs are primarily plant-derived (Rielley et al., 1991; Van Bergen 
et al., 1997). The bimodal distribution, with peaks at both short- and 
long-chain homologues, reflects contributions from microbial lipids 
(C18) and higher plant waxes (C28–30) (Otto et al., 2005; Li et al., 2015; 
2022).

The significant enrichment of short- and mid-chain homologues in 
the biomass+root treatment at the soil surface suggests enhanced mi
crobial activity fueled by aboveground maize residues. This contrasts 
with the root-only treatment, where intermediate values point to more 
modest stimulation. The absence of differences below 5 cm indicates 

that alkanols from surface residues were not translocated downward, 
emphasizing the localized impact of surface litter inputs.

The depth-related increase in CPIOH in treatment plots, particularly 
at 40 cm, suggests the accumulation of secondary alkanol products 
during SOM degradation (Simoneit and Mazurek, 2007; Zheng et al., 
2007). The lack of a similar trend in controls highlights the role of 
maize-derived inputs in shaping this pattern. Moreover, the inverse 
relationship between CPIOH and CPIALK points to differential preserva
tion pathways for alkanes and alkanols: while alkanes are relatively 
resistant, alkanols may undergo more extensive microbial reworking 
(Thomas et al., 2021). Lower CPIOH values (< 6) in surface soils under 
treatments likely reflect this enhanced microbial processing, stimulated 
by the fresh maize inputs.

4.1.3. n-alkanoic acids
The dominance of C16 reflects strong microbial contributions, 

consistent with its role as a key membrane lipid (Eglinton and Hamilton, 
1967). The enrichment of short-chain homologues in the topsoil under 
both maize treatments indicates enhanced microbial activity fueled by 
fresh C inputs, in agreement with previous studies showing bacterial 
preference for C16 and C18 fatty acids (Nierop et al., 2005).

By contrast, the persistence of long-chain homologues points to in
puts from maize leaf waxes, while C22 and C24 likely reflect a combi
nation of wax- and root-derived suberin contributions. The depth trend 
in CPI values supports this interpretation: lower CPIFA-short values at the 
surface indicate stronger microbial reworking of fatty acids where 
residue-derived C is most available, whereas higher values at depth 
reflect reduced alteration. Conversely, the higher CPIFA-long values in 
treatment plots suggest reduced degradation of plant-derived long-chain 
FAs (Ren et al., 2016), highlighting their relative stability in comparison 
with the more labile short-chain homologues. Together, these patterns 
suggest that maize inputs stimulate microbial activity near the surface, 

Fig. 7. Distribution of ω-hydroxy (ω-FA-OH) and α-hydroxy (α-FA-OH) acids across soil depths in all treatments. Values represent mean ± SE (n = 4).
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while root-derived lipids contribute more persistently to deeper layers.
As for the mono- and polyunsaturated FAs, the high relative abun

dances of C16:1 and C18:1 homologues indicate active microbial pro
cessing, since these unsaturated fatty acids are widely synthesized by 
bacteria and plants but are highly labile (Bobbie and White, 1980; Zelles 

and Bai, 1993). Their predominance in surface soils under maize treat
ments reflects stimulation of microbial communities by fresh inputs of 
labile C. The particularly strong signal of C16:1cis9 and C18:1 homologues 
in biomass+root plots suggests that aboveground residues provided 
additional substrates that accelerated microbial lipid synthesis. In 
contrast, the enrichment of C22:1 isomers at 40 cm in root-only plots 
points to a distinct pathway: unsaturated lipids associated with root 
tissues or root exudates that are incorporated deeper in the soil 
(Chávez-Lara et al., 2019). These depth-specific differences illustrate 
how above- and belowground inputs differentially shape microbial ac
tivity and lipid turnover in the soil profile.

Branched FAs are reliable markers of bacterial inputs, especially 
Actinomycetes and Gram-positive bacteria (Zelles, 1999; Quezada et al., 
2007). Their increased abundance in the maize treatments demonstrates 
the stimulation of microbial biomass by fresh plant-derived inputs. The 
strong signal at depth in the root-only treatment highlights the impor
tance of rhizodeposition and root turnover in sustaining microbial ac
tivity in subsoils. This finding reinforces the idea that root-derived C, 
though less abundant than surface litter, may disproportionately fuel 
microbial processes and contribute to deeper incorporation of new C 
into soil organic matter (Ludwig et al., 2015).

Lastly, the bimodal distributions of both ω- and α-hydroxy acids are 
consistent with contributions from plant biopolyesters. ω-hydroxy acids, 
particularly ω-C16, derive from both cutin (leaves) and suberin (roots), 
whereas ω-C22 and ω-C24 are mainly associated with suberin in root 
tissues (Bull et al., 2000; Kolattukudy, 2001; Nierop et al., 2005). The 
strong presence of these mid- and long-chain ω-hydroxy acids at depth in 
the treatment plots, especially in root-only soils, points to root-derived 
suberin as a key contributor to deep soil carbon inputs.

In contrast, the relative enrichment of α-hydroxy acids in surface 
soils under the biomass+root treatment highlights microbial activity. 
Compounds such as α-C18 and short-chain α-C15–16 are well-established 
markers of Gram-negative bacteria (Langer and Rinklebe, 2009; Holt
voeth et al., 2010), suggesting that aboveground maize residues stimu
lated microbial processing in the upper soil.

These results altogether showed that, even in shallow-rooted crops 
such as maize, above- and belowground inputs follow fundamentally 
different pathways of incorporation into SOM. Aboveground residues 

Fig. 8. Vertical distribution of major sterols across soil depths (0–5, 5–20, and 
20–40 cm) under the three treatments. Abundances of cholesterol (C27), cam
pesterol (C28), stigmasterol (C29), sitosterol (C29), and stigmastanol (C29) are 
shown as mean ± SE (n = 4).

Fig. 9. Average ẟ13C ranges (mean ± SE, n = 4) of the diverse compounds identified by CSIA between treatments for each depth: a) 5 cm, b) 20 cm, c) 40 cm. Letters 
indicate significant differences between treatments for each group of compounds (p < 0.05, Dunn Test).
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accumulate at the surface, where they undergo rapid microbial 
decomposition, leading to short-lived increases in microbial-derived 
carbon and surface SOC. In contrast, maize roots introduce carbon 
directly into deeper soil layers through rhizodeposition, fine-root turn
over, and the decay of suberin-rich tissues. These compounds enter 
subsoil horizons in situ, bypassing the highly oxidative surface envi
ronment. Taken together, these patterns indicate that aboveground 
residues enhanced microbial contributions in surface soils, whereas 
roots supplied more resistant suberin-derived compounds to deeper 
horizons. This duality underscores the contrasting roles of plant com
partments in shaping the vertical distribution and turnover of hydroxy 
acids in SOM.

4.1.4. Sterols
The detection of C28 and C29 sterols reflects contributions from 

higher plant waxes, while cholesterol likely derives from fungi and soil 
fauna (Rielley et al., 1991; Pancost et al., 2002; Puglisi et al., 2003). The 
elevated concentrations of campesterol and stigmasterol in the maize 
treatments confirm the incorporation of aboveground plant inputs, 
particularly in surface soils where residues were deposited.

Sterols are often considered relatively stable biomarkers compared 
to other lipids, as they lack easily degradable functional groups (Van 
Bergen et al., 1997). However, their strong decline with depth in all 
plots indicates that they are also subject to decomposition and microbial 
assimilation. The consistently lower concentrations in control soils 
suggest accelerated SOM mineralization when fresh inputs are absent, 
leading to sterol loss through degradation (Heumann et al., 2011; 
Vanmierlo et al., 2013).

Overall, sterols reinforce the broader pattern observed across other 
lipid classes: the biomass+root treatment promotes greater inputs and 
preservation of plant-derived compounds at the surface, whereas the 

absence of residues in the control leads to stronger microbial con
sumption and depletion.

4.2. Compound specific stable carbon isotope composition of lipids (ẟ13C 
CSIA)

The δ13C patterns across compound classes highlight both the 
distinct biosynthetic origins of lipids and their contrasting roles in car
bon cycling. Both n-alkanes and n-alkanols were consistently more 
depleted than other compound groups, in agreement with the general 
depletion of leaf wax-derived alkanes compared to root- or microbially 
derived compounds (Wiesenberg et al., 2004). Their enrichment in 
treatment plots confirms maize inputs, with the strongest signal in sur
face soils where aboveground residues were added. Interestingly, 
enrichment of long-chain alkanes at depth in control soils suggests 
contributions from older C3 vegetation stabilized in SOM (Rumpel et al., 
2004; Crow et al., 2009; Wu et al., 2019).

Fatty acids showed stronger enrichment than alkanes, particularly in 
the short- and mid-chain homologues, indicating their dynamic role in 
microbial processing. The enhanced enrichment in topsoil of treatment 
A supports the idea that fresh aboveground residues stimulate microbial 
uptake of maize-derived C. Similar enrichment of unsaturated C22:1 FA 
in biomass+root plots points to its rapid turnover and preferential use of 
maize C by microbial communities (Kindler et al., 2009; Knief et al., 
2020).

Hydroxy acids clearly differentiate between the above- and below
ground inputs. Enrichment of α-C20-OH in root-only plots reflects mi
crobial reworking of root exudates (Hobbie and Werner, 2004; Bull 
et al., 2000; Angst et al., 2016). Deeper enrichment of α-C24-OH high
lights suberin contributions from roots (Kolattukudy, 2001; Feng et al., 
2010), while surface enrichment of α-C16-OH in biomass+root plots 

Fig. 10. Calculation of a) proportion of new C4-derived carbon (%) according to the two different treatments, and b) turnover time calculations, expressed in mean 
residence time (MRT, days) based on new C4-C proportions. Both parameters are reported for bulk SOC and average of the different groups of lipids. Values are 
reported as average (n = 4 ± SE).
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reflects microbial activity stimulated by residue addition. The con
trasting behaviors of α- and ω-hydroxy acids can be attributed to their 
degradation pathways: ω-hydroxy acids, more closely linked to suberin, 
are relatively resistant to decomposition, whereas α-hydroxy acids are 
more strongly associated with microbial activity and thus more dynamic 
(Mendez-Millan et al., 2011).

Microbial markers further confirm these trends. Branched fatty acids 
were strongly enriched in both treatments, especially in surface soils, 
indicating active microbial assimilation of maize C (Zelles, 1999; Que
zada et al., 2007). Their additional enrichment at depth in treatment B 
underscores the role of rhizodeposition in stimulating bacterial activity 
and incorporation of root-derived C.

Sterols, though generally less responsive, showed enrichment in 
surface soils under both treatments. Enrichment of stigmasterol down to 
20 cm indicates that phytosterols from maize were incorporated beyond 
the immediate surface, though their relatively labile nature may explain 
weaker signals compared to hydroxy acids and fatty acids (Bull et al., 
2000; Heumann et al., 2011).

The consistent enrichment of compound-specific lipids compared to 
bulk SOM confirms that CSIA provides a more sensitive measure of new 
C incorporation (Paterson et al., 2007). Bulk δ13C values average across 
pools and processes, obscuring the dynamics captured at the biomarker 
level.

Overall, δ13C-CSIA reveals complementary pathways of maize- 
derived C incorporation. Aboveground residues (treatment A) 
enhanced enrichment in surface plant waxes and microbial lipids, 
reflecting rapid cycling and microbial assimilation. Root-only inputs 
(treatment B) disproportionately enriched suberin-derived hydroxy 
acids and bacterial markers at depth, indicating that roots contributes to 
pools with a longer mean residence time, potentially acting as a more 
persistent pathway for incorporating this new, C4-derived carbon into 
subsoils. These compound-specific isotopic shifts corroborate the con
centration data and highlight how residue management mediates both 
the depth distribution and the fate of new C inputs in Mediterranean 
cropping systems.

Taken together, the δ13C-CSIA results demonstrate complementary 
roles of above- and belowground inputs in shaping the isotopic 
composition of soil lipids. Aboveground residues mainly influenced 
surface lipids, including plant wax n-alkanes and microbial-derived 
unsaturated FAs, while root inputs contributed to the isotopic enrich
ment of suberin-derived hydroxy acids and bacterial lipids at depth. 
These findings corroborate the concentration data and support our hy
pothesis that aboveground inputs stimulate microbial incorporation of 
maize-derived C near the surface, whereas belowground, root-related 
inputs showed a higher potential for a higher persistence of carbon in 
deeper soil horizons.

4.3. Estimation of C turnover

The isotopic mass-balance approach revealed that both maize 
treatments contributed new carbon to SOM throughout the soil profile, 
but the pathways differed between above- and belowground inputs. The 
greater enrichment in the biomass+root treatment at the surface reflects 
the rapid incorporation of aboveground maize residues, which enhanced 
microbial assimilation but also led to faster turnover, as indicated by 
shorter MRTs. This pattern aligns with recent findings that aboveground 
residue inputs can increase microbial carbon use efficiency but simul
taneously accelerate priming and turnover of SOM (Xie et al., 2022), and 
that incorporation of maize residues promotes rapid accumulation of 
particulate organic carbon fractions (Wang et al., 2020). In contrast, the 
root-only treatment showed slower C incorporation at the surface but 
longer MRTs, suggesting that the absence of surface litter limited labile 
inputs, leading to slower cycling of existing pools. Similar patterns have 
been observed in litter manipulation experiments, where exclusion of 
aboveground residues reduced short-term C turnover while root inputs 
promoted the formation of more stable SOM (Lajtha et al., 2014; Zeng 

et al., 2024).
At 20 cm, the reversal in MRT patterns —with longer residence times 

in treatment A— suggests that degradation products from maize resi
dues were transferred down the profile and contributed to SOM pools 
with a higher potential for persistance. This agrees with previous studies 
showing that decomposition of aboveground biomass can generate sol
uble by-products that percolate into subsoils and stabilize (Crow et al., 
2009). At 40 cm, the particularly long MRTs of n-alkanes are consistent 
with their recalcitrance, due to the absence of functional groups that 
make them resistant to microbial attack (Lichtfouse et al., 1998). This 
stability is well documented, as n-alkanes undergo limited trans
formation from plant to soil (Thomas et al., 2021), and their isotopic 
composition often reflects inherited vegetation signals due to their 
persistence in soils (Rao et al., 2017).

Compound-specific differences also align with their biochemical 
reactivity. Unsaturated fatty acids, which contain double bonds prone to 
microbial and abiotic degradation, incorporated maize-derived C 
rapidly but cycled out within the 21-month period, explaining their low 
contributions (Nierop et al., 2003). In contrast, hydroxy acids and sterols 
accumulated larger proportions of maize-derived C, reflecting their 
relative stability and association with suberin and structural plant 
components. This greater persistence of hydroxy acids arises from their 
biochemical structure: ω-hydroxy and mid-chain hydroxy acids are in
tegral constituents of suberin, a highly aliphatic and cross-linked poly
ester that decomposes slowly and can strongly associate with mineral 
surfaces via polar functional groups (Yang et al., 2020). By contrast, 
unsaturated fatty acids contain double bonds and shorter chains that are 
more chemically reactive and readily accessible to enzymatic attack, 
which accelerates their decay and shortens their residence time (Zelles, 
1999; Yang et al., 2020). Additionally, root-derived suberin compounds 
have previously been shown to contribute significantly to SOC profiles 
(Mendez-Millan et al., 2012), while sterols, despite being more labile 
than alkanes, can also persist in arable soils and thus provide useful 
indicators of plant inputs (Wiesenberg, 2004).

In addition to microbial processing, abiotic stabilization mechanisms 
could potentially contribute to the depth-specific MRT patterns 
observed. Small, labile compounds such as short-chain fatty acids, un
saturated FAs, and low–molecular weight alkanes can be rapidly sorbed 
onto reactive mineral surfaces —including Fe/Al (oxyhydr)oxides and 
clay minerals— which can slow decomposition and increase their 
apparent residence times at depth (Van Hees et al., 2003; Kleber et al., 
2015). Moreover, subsoils experience fluctuating redox microsites that 
facilitate oxidative reactions driven by hydroxyl radicals (⋅OH) and 
Fenton-type chemistry, accelerating transformation of unsaturated and 
functionalized lipids and increasing thus C mineralization (Chen et al., 
2020; Yu and Kuzyakov, 2021). These abiotic pathways provide com
plementary explanations for why MRTs of small-molecule lipids did not 
decrease uniformly with depth and why treatment differences were 
attenuated in deeper horizons.

Because suberin-associated lipids and microbially processed rhizo
deposits have slower turnover rates and form stronger associations with 
minerals, they contribute more persistently to SOC stabilization at 
depth. This mechanistic distinction explains why shallow-rooted crops 
can still generate deeper and longer-lived carbon inputs compared with 
surface residues. Nevertheless, it is appropriate to recall to the above
mentioned mineral interactions as for a potential cause for this C sta
bilization, as suberin-derived lipids are known to bind efficiently to 
reactive mineral phases (Spielvogel et al., 2014). This may complement 
the explanation of more enduring carbon pools observed in the root-only 
treatment.

Overall, these results highlight a dual dynamic: aboveground resi
dues drive rapid but short-lived incorporation of maize-derived carbon 
into labile microbial and FA pools, whereas root-derived inputs and 
residue-derived by-products contribute to longer-lived SOM fractions in 
deeper horizons This partitioning into “fast” and “slow” pools un
derscores the importance of residue management in determining not 
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only the amount but also the persistence of new C in agricultural soils. 
Nevertheless, these results taken together should be interpreted as evi
dence of short-term biochemical retention and early routing of new 
carbon into specific molecular pools, rather than confirmation of long- 
term SOC sequestration.

5. Conclusions

This study provides new insights into soil organic carbon (SOC) dy
namics in Mediterranean agricultural soils, where low organic matter 
content and high mineralization rates limit carbon stabilization. By 
combining lipid biomarker analysis with compound-specific stable 
isotope analysis (CSIA), we traced the incorporation of C4-derived car
bon following a crop shift from wheat to maize. Even within 21 months, 
significant maize-derived C was incorporated into SOM, both through 
direct residue inputs and microbial assimilation.

Our results show that long-chain n-alkanes (C29, C31) served as 
robust indicators of direct aboveground plant residue inputs, whereas 
fatty acids and hydroxy acids revealed complementary signals of mi
crobial reworking and root-derived carbon at depth. Isotopic enrich
ment patterns highlighted rapid cycling of labile fractions in surface 
soils, contrasted with the greater short-term retention of root- and 
suberin-derived lipids in deeper horizons. These compound-specific 
signals were more sensitive than bulk δ13C measurements, which ten
ded to mask short-term dynamics.

Overall, our findings underline the dual role of biomass and roots in 
shaping SOM composition and turnover: aboveground inputs drive fast 
but transient microbial cycling, while roots contribute to carbon inputs 
that are retained longer in subsoils over the study period. This duality 
emphasizes both the challenges and opportunities of enhancing carbon 
sequestration in Mediterranean soils. Future studies should explicitly 
quantify mineral-associated organic matter fractions and miner
al–organic interactions to determine whether the short-term biochem
ical pathways identified here ultimately translate into long-term SOC 
stabilization in Mediterranean soils.
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