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A B S T R A C T

Global population growth will demand a 70% increase in food production by 2050, which may mostly occur in 
developing countries. In Brazil, organic agriculture expanded notably since the implementation of the National 
Policy for Agroecology and Organic Production in 2012. In southern Brazil, conventional and organic banana 
agroforestry systems are expanding quickly over Atlantic Forest, posing increasing pressure on this native biome. 
Organic farming depends on the multifunctionality of soil organic matter (SOM), which is highly sensitive to 
land-use change. However, shifts in SOM composition and soil organic carbon (SOC) stocks following Atlantic 
Forest-to-banana conversion remain largely unacknowledged. We analyzed SOC stocks and SOM composition 
(0–10 and 10–20 cm layer) using advanced techniques (13C NMR, thermogravimetry, lipid biomarkers) after 18 
years of Atlantic Forest conversion to banana in conventional (Banana) and organic agroforestry (Forest + Ba
nana) systems in southern Brazil. We hypothesized: SOC stocks would be similar in Forest and Forest + Banana, 
but lower in Banana (H1), and that SOM chemical composition in Banana site would contrast more remarkably 
with that in Forest compared to the Forest + Banana site (H2). SOC stocks were statistically similar across the 
systems at 0–10 cm (30.6–38.6 Mg ha− 1) and 10–20 cm layer (16.1–20.0 Mg ha− 1), contradicting H1. However, 
Banana promoted a marked depletion of labile SOM (O-alkyl C), accompanied by a relative enrichment of more 
stable compounds (mainly aryl C at 0–10 cm and alkyl C at 0–20 cm). Lower lipid Carbon Preference Index 
indicated comparatively more degraded SOM in Banana soil (0–20 cm). Overall, SOM aromaticity, hydropho
bicity, and thermal stability gradually increased with land-use intensity (Banana > Forest + Banana > Forest), 
supporting H2.

1. Introduction

The global population reached 8.2 billion in 2024 and is expected to 
continue growing in the next decades, peaking at around 10.3 billion by 
the mid-2080s, with most of this growth occurring in developing 
countries such as Brazil (United Nations, 2013; 2024; FAO, 2025). 
Meeting food demand will require a 70% increase in global food pro
duction between 2005 and 2050, 90% of which is expected in emerging 

economies (FAO, 2009). Meanwhile, demand for organic food is 
increasing rapidly. Between 1999 and 2023, the global area under 
organic agriculture grew from 11 to 99 million hectares, the number of 
organic farmers reached 4.3 million, and the global organic market was 
estimated at 136.4 billion euros (FiBL and IFOAM, 2025). In 2023, ba
nana (Musa spp.) was the leading organic commodity in Europe and 
United States (FiBL and IFOAM, 2025).

In Brazil, organic farming has expanded largely since the National 
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Policy for Agroecology and Organic Production (Presidential Decree No. 
7,794, 2012). Between 2013 and 2023, the number of certified organic 
producers in Brazil increased by 98%, reaching 24,853 farmers, and the 
area used for organic production increased by 42%, reaching 1.0 million 
hectares (FiBL and IFOAM, 2015; 2025). Along with other Latin Amer
ican countries, Brazil plays a strategic role in the global organic market 
due to its large-scale, export-oriented agriculture, with bananas, coffee, 
and soybeans among the main organic exports. Among tropical and 
subtropical fruits, banana leads the global area (27.4%) under organic 
cultivation (FiBL and IFOAM, 2025).

The rapid expansion of agriculture in Brazil occurs within a broader 
global context of increasing pressure on soil resources. The fact that one 
third of soils globally are degraded and losing productivity (FAO and 
ITPS, 2015) intensifies pressure on natural environments, which often 
exhibit inherent soil fertility. Thus, agricultural intensification and 
expansion must be reconciled with environmental preservation. The 
Atlantic Forest, the predominant natural vegetation at the southern 
coast of Brazil, has been also under pressure by agricultural expansion 
(Carlucci et al., 2021).

Recent high-resolution estimates suggest that 28% of the Atlantic 
Forest cover remains, which is considerably higher than previous esti
mations, i.e., 11.4–16.0% (Ribeiro et al., 2009), indicating a regenera
tive power of the forest (Rezende et al., 2018). Nevertheless, the 
integrity of the remaining Atlantic Forest fragments is continuously at 
risk, for example due to recent changes in legislation that may simplify 
environmental licensing processes in the country (Weidlich et al., 2025). 
Consequently, fragmentation of the Atlantic Forest may continue, with 
banana cultivation being one of the main activities replacing Atlantic 
Forest in southern Brazil (Rossato et al., 2025). This region is the 
smallest of the five regions of the country but accounted for 11% of the 
national banana area in 2023 (456,522 ha) (IBGE, 2025).

Since the early 1990s, southern Brazil has become a hotspot for 
organic banana cultivation integrated with Atlantic Forest. Gonçalves 
(2008) found greater socio-economic gains for these agroforestry 
farmers compared to conventional banana cultivation, while maintain
ing tree biodiversity comparable to that in adjacent forest fragments. 
According to the latest available survey, about 300 farmers produce 
banana under such organic agroforestry system in the region of Torres 
city, Rio Grande do Sul State, Brazil (Gonçalves and Motter, 2015).

A central component for maintenance of soil productivity, particu
larly in organic farming, is soil organic matter (SOM), which is 
composed of about 58% of carbon (C) (Stockmann et al., 2013). These 
systems rely primarily on organic fertilizers, minimal soil interventions, 
and nutrient cycling from crops and forest plants. Thus, the multifunc
tional role of SOM in maintaining soil fertility, is crucial for ensuring 
banana yields and the sustainability of the system. Soil organic C (SOC) 
and total nitrogen (TN) stocks as well as SOM chemical composition are 
highly sensitive indicators of land use change and management practices 
(USDA, 2015; Sá et al., 2018). Losses of SOC stocks following forest 
conversion to agricultural land undermine efforts to increase SOC for 
climate mitigation (Wei et al., 2014; Beillouin et al., 2023).

Quartucci et al. (2023) examined SOC stock changes (0–20 cm layer) 
after reforestation (16 years), natural regeneration (17 years), conven
tional agriculture (25 years) and agroforestry (5.7 and 19-year) 
following Atlantic Forest deforestation. The authors found that only 
natural regeneration and long-term agroforestry reached SOC levels 
comparable to secondary forest (70.4 Mg ha− 1). These data are chal
lenged by Ramos et al. (2025), who observed equivalent SOC contents 
(21.3–22.1 g kg− 1, 0–10 cm layer) in southeastern Atlantic Forest 
compared to an eight-year agroforestry system including intercropping 
of banana and other species. Contrastingly, Santos et al. (2019) reported 
a 15 Mg ha− 1 (0–30 cm layer) increase in SOC stocks 15 years after 
Atlantic Forest conversion to Brachiaria pasture. Overall, Villela et al. 
(2026) recently reported that the deficit of SOC stocks (0–30 cm layer) in 

agricultural land previously under native vegetation across Brazil’s six 
biomes (Amazon, Cerrado, Pantanal, Caatinga, Atlantic Forest, Pampa) 
is largest in Atlantic Forest.

Although several studies emphasize the importance of monitoring 
SOC changes after Atlantic Forest conversion, differences in cultivation 
systems hinder the identification of consistent SOC trends. In addition, 
research has focused mainly in southeastern and northeastern Brazil, 
where predominantly tropical conditions drive SOC dynamics that differ 
from subtropical regions (Dieckow et al., 2009; Freitas et al., 2024). 
Furthermore, the impacts of conventional and organic banana agrofor
estry systems on SOC stocks after Atlantic Forest conversion remain 
largely unstudied, despite the spatial and economic representativeness 
of these areas along Brazil’s southern coast. Moreover, the effects of such 
land-use changes on SOM structure, chemical composition and stability 
remain unknown, increasing uncertainty about the long-term preser
vation of SOC stocks (Almendros and González-Pérez, 2025). Teixeira 
et al. (2024) found that conversion of subtropical Atlantic Forest to 
managed land altered the interplay between microbial community 
structure and SOC stocks, with implications for SOM composition and 
stability. Accordingly, Bieluczyk et al. (2023) reported that management 
of former Atlantic Forest soils increased SOM humification indexes, 
indicating the lack of labile SOM associated with lower input of fresh 
biomass in the managed compared to the forest site.

This study aimed to bring insights into how Atlantic Forest conver
sion to conventional and organic banana agroforestry systems alters SOC 
and TN stocks, as well as SOM chemical composition and stability. We 
combined advanced analytical techniques, such as solid-state cross-po
larization magic angle spinning (CPMAS) 13C nuclear magnetic reso
nance spectroscopy (13C NMR), thermogravimetric analysis (TG), and 
molecular biomarker profiling of free lipids. Solid-state 13C NMR in
forms on the chemical nature of SOM, distinguishing between alkyl, O- 
alkyl, aromatic, and carbonyl C groups (Knicker, 2011), providing in
sights into SOM transformation processes and the relative contributions 
of plant- and microbially-derived inputs (Chukov et al., 2018). Soil TG 
analysis complements this by informing on SOM thermal stability and 
distinguishing labile and recalcitrant fractions (Plante et al., 2009; De la 
Rosa and Knicker, 2011; Prats et al., 2021). Free lipid biomarkers, 
particularly n-alkanes, provide additional molecular-level information 
on SOM sources and diagenetic status, with the Carbon Preference Index 
(CPI) and Average Chain Length (ACL) serving as recognized indicators 
(Thomas et al., 2021).

We hypothesize that 1) SOC and TN stocks in the organic banana 
agroforestry system would be comparable to the Atlantic Forest refer
ence, while lower in the conventional banana site; 2) SOM structural 
changes would be more pronounced in the conventional banana system, 
whereas SOM in the organic banana agroforestry system would retain 
characteristics closer to the Atlantic Forest soil.

2. Material and methods

2.1. Study site location and characterization

The studied sites are located in the municipality of Três Cachoeiras, 
27 km south of the city of Torres, Rio Grande do Sul, southern Brazil. The 
climate is humid subtropical (Cfa) with hot and humid summers, mild 
winters and year-round precipitation according to Köppen's classifica
tion (Alvares et al., 2013). The annual average temperature is 19.8 ◦C, 
monthly precipitation is 181 mm, and elevation above sea level is 16 m.

The soil samples were collected at three sites adjacent to each other: 
Atlantic Forest (Fo), organic banana plantation integrated with Atlantic 
Forest (Fo + Ba), and conventional banana plantation (Ba) (Fig. S1). The 
size of Fo, Fo + Ba and Ba areas was 0.5, 2.3 and 2.0 ha, respectively. 
Both Ba and Fo + Ba areas had been converted from Atlantic Forest 18 
years before the realization of this study. The approximate spacing 
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between banana plants at Ba site was 3 m × 2.2 m, whereas in Fo + Ba 
site it was 3 m × 2 m. The three areas had the same soil type, a Nitisol 
(IUSS Working Group WRB, 2015) corresponding to a Nitossolo Vermelho 
according to the Brazilian Soil Classification System of Embrapa (Santos 
et al., 2018).

The fertilization in Ba area followed the Liming and Fertilization 
Manual for the States of Santa Catarina and Rio Grande do Sul (CQFS, 
2016). Thus, NPK fertilization is based on soil analysis and orchard 
development stage (pre-planting, growth stage, and maintenance 
fertilization). In pre-planting stage, on average 130 kg P2O5 ha− 1 and 60 
kg K2O ha− 1 is applied. In growth stage, 200 kg N ha− 1 is applied (for 
intermediate SOM content as in Ba). In the maintenance fertilization 
stage, 3.0 to 5.0 kg N ha− 1 year− 1, 1.0 kg P2O5 ha− 1 year− 1, and 13 kg 
K2O ha− 1 year− 1 is applied per estimated ton of banana to be harvested. 
In Ba site, mostly chemical fertilizers are used, infected banana residues 
are removed from the area and chemical weeding with glyphosate is 
performed at beginning and end of summer.

The fertilization in Fo + Ba area was conducted according to rec
ommendations of a local farmers’ association (Gonçalves and Motter, 
2015) because the aforementioned fertilization manual for conventional 
banana does not include recommendations for organic banana agro
forestry systems. According to the farmer, the levels of NPK applied in Ba 
are used as reference for banana fertilization in Fo + Ba. However, 
instead of chemical fertilizers, bokashi compost, manure, and rock 
powder are used. The specific amount and composition of these products 
vary from one year to the other, as usually these are produced artisa
nally, or donated by local companies in the case of rock powder. In Fo +
Ba, weeding is conducted manually at beginning and end of summer, 
and infected banana residues are removed from the field, as similarly 
performed in Ba site. According to the farmer, soil mechanization (e.g., 
ploughing and harrowing) in Fo + Ba and Ba has never been conducted 
until soil sampling for our study.

Given these considerations, we assumed that differences in the 
investigated response variables were intrinsic of the native (Fo) or 
cultivation systems (Ba and Fo + Ba) because all three areas were 
located adjacent to each other, had the same soil type and texture, 
climate classification, and soil samples were taken at same relief 
position.

The five main tree species at the Fo + Ba site were: juçara palm 
(Euterpe edulis), jerivá (Syagrus romanzoffiana), guava (Psidium guajava), 
embaúba (Cecropia sp.) and cedro (Cedrela fissilis). In Fo + Ba site, about 
150 juçara palm plants and other 45 trees, all native species, were 
present. These trees are spatially randomly distributed as they are not 
planted by the farmer but inherited from the forest or have grown 
spontaneously. At the Fo site, the five main tree species were: juçara 
palm (Euterpe edulis), yellow cinnamon (Nectandra lanceolata), capor
oroca (Myrsine umbellata), japan grape (Hovenia dulcis) and licurana 
(Hyeronima alchorneoides). The number of trees at Fo site was estimated 
at 600. Based on this, it is estimated that the number of trees ha− 1 in Fo 
(1200) is about 14-fold greater than in Fo + Ba, with relatively minor 
differences on tree species diversity expected. In a study with eight 
organic banana agroforestry farms conducted in the same region, Gon
çalves (2008) found on average 118 tree species belonging to 37 families 

in the agroforestry sites, which was very similar to the numbers found in 
the Atlantic Forest reference sites (114 tree species belonging to 44 
families).

2.2. Soil sampling and analyses

Disturbed and undisturbed soil samples were collected (three repli
cates per site) at the 0–10 and 10–20 cm layer. The geolocation of soil 
sampling points is displayed in Table S1. The disturbed soil samples 
were air-dried and passed through a 2-mm sieve for analysis of soil pH, 
sand, silt and clay content. The undisturbed soil samples were collected 
with volumetric rings (143.7 cm3) from the 0–10 and 10–20 cm layers 
and used for determination of soil total porosity, water-holding capacity, 
and bulk density, which is required for SOC and N stocks calculation. 
These analyses were conducted according to Teixeira et al. (2017) for 
soil characterization (Table 1).

2.2.1. SOC and TN content determination and stocks calculation
For SOC and TN content determination, soil samples were combusted 

at 1040 ◦C in an elemental analyzer coupled to an isotope ratio mass 
spectrometer (EA-IRMS, Flash EA 2000 coupled with a Delta V Plus, 
Thermo Fisher Scientific, Bremen, Germany). The SOC and TN stocks 
were calculated based on SOC and TN contents, bulk density and 
thickness of soil layers (Table 1) according to Bernoux et al. (2002).

2.2.2. SOM composition

2.2.2.1. Solid-state 13C-nuclear magnetic resonance (13C NMR) 
spectroscopy. Prior to analysis, composite soil samples, formed from the 
three field replicates, were demineralized with 10% HF according to 
Gonçalves et al. (2003) to improve the sensitivity of the samples to 13C 
NMR spectroscopy. The samples were milled, homogenized and subse
quently placed into 4 mm zirconium rotors with KEL-F caps. The 13C 
NMR spectra were obtained with a Bruker Avance III HD 400 MHz 
(Bruker Biospin, Rheinstetten, Germany) by rotating the sample with a 
speed of 14 kHz. A ramped 1H pulse was used during 1 ms of contact 
time to avoid Hartmann-Hahn mismatches. The required number of 
scans ranged from 15,608 to 193,813 across samples. The 13C chemical 
shifts were calibrated relative to tetramethylsilane (0 ppm) with glycine 
(COOH at 176.08 ppm).

The contribution of the C-groups to the total 13C signal intensity was 
calculated with the MestreNova 10 Software (Santiago de Compostela, 
Spain). For that, the integration of the signal intensity of each C-group 
was performed and the area of individual chemical regions in the spectra 
was divided by the total area (100%) and expressed in percentage 
(Knicker et al., 2013). Five chemical regions were identified in the 
spectra: 0–45 ppm (alkyl C), 45–60 ppm (N-alkyl C/methoxyl C), 
60–110 ppm (O-alkyl C), 110–160 ppm (aryl C) and 160–225 ppm 
(carboxyl C) (Knicker et al., 2013). The intensity of the spinning side 
bands was added to that determined for the chemical shift region be
tween 90 and 160 ppm according to Knicker et al. (2005).

The 13C NMR aromaticity index (ArI) was calculated as the aryl C to 
alkyl C ratio according to De la Rosa et al. (2018), the hydrophobicity 

Table 1 
Soil pH, sand, silt and clay content, bulk density (Bd), total porosity (Tp), and water-holding capacity (WHC) in the 0–10 and 10–20 cm layer in the forest (Fo), organic 
banana agroforestry (Fo + Ba), and conventional banana (Ba) site. Values are means followed by standard deviation within parentheses (n = 3).

Site Layer 
(cm)

Sand Silt Clay Bd Tp WHC

pH g kg− 1 g cm− 3 cm3 cm− 3 g 100 g− 1

Fo 0–10 5.6 (0.3) 331 (30) 353 (25) 316 (12) 0.96 (0.1) 0.64 (0.0) 76.6 (7.4)
Fo + Ba 0–10 6.0 (0.4) 277 (56) 335 (39) 388 (28) 1.06 (0.0) 0.60 (0.0) 79.0 (6.2)
Ba 0–10 5.8 (0.1) 265 (31) 381 (67) 353 (36) 0.95 (0.1) 0.64 (0.0) 89.7 (5.1)
Fo 10–20 5.0 (0.5) 298 (14) 317 (28) 386 (37) 1.04 (0.1) 0.61 (0.0) 74.6 (4.7)
Fo + Ba 10–20 5.1 (0.2) 254 (12) 415 (134) 331 (122) 1.02 (0.0) 0.64 (0.0) 74.3 (4.0)
Ba 10–20 5.6 (0.5) 238 (66) 365 (18) 396 (73) 0.99 (0.1) 0.63 (0.0) 78.6 (1.6)
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index (HI) was calculated as the aryl C + alkyl C to carboxyl C + O-alkyl 
C ratio according to Abelmann et al. (2005), and the decomposition 
index (DI) of SOM was assessed by the alkyl C to O-alkyl C ratio ac
cording to Leifeld and Kögel-Knabner (2005). Overall, higher values of 
ArI, HI and DI indicate higher aromaticity, hydrophobicity and 
decomposition degree of SOM, respectively.

2.2.2.2. Thermogravimetry (TG) analysis. The TG analyses were con
ducted in a Discovery SDT 650-Simultaneous TG-DSC instrument (TA 
Instruments, New Castle, Delaware, USA). For the analysis, 5 mg of dried 
and finely ground soil (individual replicates) were placed in Alumina 
crucibles, which were weighed beforehand. The crucibles were then 
exposed to a N2 flux, with a flow rate of 50 mL min− 1, reduced to 10 mL 
min− 1 at the micro-furnace, while being heated and scanned at a con
stant rate of 20 ◦C min− 1. The temperature range for the scans was from 
50 to 900 ◦C. The area of the thermo-gravimetric curve was divided into 
five regions (0 to 4) to inform the weight loss according to the degree of 
resistance of SOM to thermal oxidation (W0: 50–105 ◦C, water; W1: 
105–175 ◦C, water and very labile organic matter; W2: 175–375 ◦C, 
intermediate organic matter; W3: 375–650 ◦C, recalcitrant organic 
matter; and W4: 650–850 ◦C, stable organic matter and minerals) (De la 
Rosa et al., 2023). The TG curves and weight loss were obtained using 
the software TRIOS (TA Instruments, New Castle, DE, USA).

The TG index (TGI) of SOM, adapted from Ortner et al. (2025), was 
calculated as the relative weight loss in W3 (375–650 ◦C) divided by the 
relative weight loss in W2 (175–375 ◦C), assuming a thermal decom
position of major organic constituents between 175 and 650 ◦C, as 
similarly performed by Lopez-Capel et al. (2005).

2.2.2.3. Lipid profile. Lipid extraction was performed in duplicate using 
a batch procedure adapted from Metherel et al. (2009). A 2 g aliquot of 
each sample was weighed into glass centrifuge tubes, and 15 ml of n- 
hexane was added. The samples were ultrasonicated for 15 min to 
enhance extraction. Afterwards, the samples were centrifuged for 10 
min at 3000 rpm using a Consul 22 centrifuge with an RT 285 rotor 
(Ortoalresa, Madrid, Spain). The supernatant was collected in a flask, 
and the sample was re-extracted with an additional 15 ml of n-hexane. 
This procedure was repeated three times to ensure maximum recovery.

The collected extract was concentrated to approximately 1 ml using a 
rotary evaporator EVA180-B (Labbox Labware, S.L., Premia de Dalt, 
Barcelona). The extract was then transferred to a chromatography vial, 
dried to completion, and re-dissolved in 1 ml of n-hexane for chro
matographic analysis.

A 2 µl aliquot of the lipid extract was injected into a gas chromato
graph 7820A (Agilent Technologies, Santa Clara, United States) equip
ped with an Agilent HP-5MS column (30 m length, 0.25 mm internal 
diameter, and 0.25 µm film thickness) and an Agilent MS 5973i mass 
spectrometer (Agilent Technologies, Santa Clara, United States). Helium 
was used as the carrier gas at a constant flow rate of 1 ml min− 1. The 
temperature program consisted of the following steps: initial tempera
ture of 50 ◦C for 1 min, a ramp of 30 ◦C min− 1 up to 100 ◦C, a subsequent 
ramp of 10 ◦C min− 1 up to 300 ◦C and a final isothermal hold at 30 min.

The abundance of compounds was obtained using single ion moni
toring traces on a semi-quantitative basis. The relative abundance (%) of 
each peak within each series was calculated and the peaks grouped in 
the major compound classes: fatty acids, N-compounds, linear alkanes 
(high molecular weight), linear alkanes (low molecular weight), S- 
compounds, other alkanes. The data was expressed as percentage of total 
ion chromatogram.

Lipid molecular proxies were calculated to assess the contribution of 
plant and microbial compounds to SOM composition: average chain 
length (ACL) described as [(Σzn × n)/Σzn], where zn is the relative 
amount of the n-alkane with n-carbons; and C preference index (CPI), 
which informs about the predominance of odd-over-even in alkane 
chains (Σcodd/Σceven) (Wiesenberg et al., 2010). High values of ACL 

and CPI are associated with predominant contribution of plant biomass 
to SOM because of the selective preservation of long chain lipids 
(Eglinton and Hamilton, 1967).

2.3. Statistical analysis

The data was normally distributed according to Shapiro-Wilk’s test 
and exhibited variance homogeneity according to Levene’s test. Thus, 
the data was subjected to analysis of variance (ANOVA) followed by 
Tukey’s test (p < 0.05) to compare means of responsible variables ob
tained in the different investigated sites within each soil layer. Principal 
component analysis (PCA) was performed with 13C NMR, TG (except for 
the 50–105 ◦C region, because it is attributed to water and not to SOM 
loss), CPI and ACL data to display shifts in SOM chemical composition at 
0–10 and 10–20 cm layers in response to land use change. Because 
output data of these analyses is expressed on different scales, the z- 
transformation of the data was conducted before PCA. The quadrants of 
the PCA biplot were identified as Q1, Q2, Q3 and Q4 to assist results and 
discussion.

3. Results and discussion

3.1. SOC and TN stocks

The SOC stocks in the 0–10 cm layer varied between 30.6 (Fo + Ba) 
and 38.6 Mg ha− 1 (Ba) without significant differences among the sites 
(Fig. 1a). Similarly, the SOC stocks in the 10–20 cm layer ranged from 
16.1 (Fo) to 20.0 Mg ha− 1 (Ba), without significant differences (Fig. 1a). 

Fig. 1. Total soil organic carbon (SOC) stocks (a) and soil total nitrogen (TN) 
stocks (b) in the 0–10 and 10–20 cm layer of a Nitisol under Forest, Forest +
Banana and Banana. Means followed by different letters within the respective 
soil layer differ statistically according to Tukey’s test (p < 0.05). ns = not 
significant. Error bars show standard deviation.
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Overall, these results contradict our first hypothesis. Interestingly, these 
unchanged SOC stocks contrast with the meta-analysis study by Villela 
et al. (2026), which reported average SOC stock debits of 7.6 Mg ha− 1 in 
the 0–20 cm layer of diverse agricultural systems (from monocropping 
to integrated systems) formerly under Atlantic Forest. These results 
suggest that banana systems may have greater capacity to maintain or 
recover SOC stocks. However, this interpretation should be confirmed 
by data from a larger number of banana sites.

After 18 years of conversion of Atlantic Forest to Fo + Ba and Ba, it 
was expected that the lower biomass input to soil specially in Ba system 
compared to Fo could result in lower SOC stocks. However, our data 
contradicted such expectations, at least within the examined depth and 
time after conversion. These results agree with Quartucci et al. (2023)
who observed that a 19-year agroforestry system in southeastern Brazil, 
established after conversion of Atlantic Forest, resulted in a lower 
addition of biomass C to the soil. The authors also observed no decrease 
in SOC stock in the 0–40 cm and 0–300 cm layers compared to a sec
ondary Atlantic Forest. These findings disagree also with Silva et al. 
(2022) who found that the SOC stock (0–20 cm) was reduced by 31.3 Mg 
ha− 1 after 30 years of Atlantic Forest conversion to banana cultivation in 
southeastern Brazil. Together, these findings highlight the need to 
monitor potential SOC losses in our examined cultivation systems over a 
longer term, especially because the SOC dynamics in subtropical organic 
banana agroforestry systems is yet poorly understood.

In general, our findings suggest a remarkable resilience of SOC stocks 
to land-use change, possibly due to the relatively high clay content of the 
soils (Table 1), which is known to protect SOC from rapid decomposition 
(Schweizer et al., 2021; Yang et al., 2021). In general, converting our 
average (0–20 cm) SOC content (%) data (not shown) obtained by dry 
combustion to equivalent contents as obtained by sulfochromic oxida
tion with external heating (regional standard method, 130 ◦C for 0.5 h) 
by a factor of 0.98 used for Brazilian soils and then to SOM content by 
multiplication with 1.724 (Fernandes et al., 2015), the SOM contents of 
Fo, Fo + Ba and Ba (3.9 to 5.0%) are classified as “intermediate” 
(2.6–5.0%) according to regional thresholds (CQFS, 2016). In the study 
region, the SOM class is used to calculate the banana N-fertilization rate. 

This means that Fo + Ba and Ba may receive the same amount of ni
trogen (CQFS, 2016). Although all sites exhibited intermediate SOM 
content and comparable SOC stocks (0–20 cm), Quartucci et al. (2023)
reported significant differences when broader C pools were considered. 
These authors observed that when accounting for aboveground (living 
+ necromass) and belowground C storage (roots + SOC up to 3 m depth), 
the C stock in a subtropical secondary Atlantic Forest site (384.3 Mg 
ha− 1) was 134% higher compared to a site with over 25 years of agri
cultural use, and statistically similar to a site with 19 years of agrofor
estry. For the cultivated systems of our study (Fo + Ba and Ba), such 
broader C stock (aboveground + deep-belowground) balance in relation 
to the Fo reference deserves quantification in future studies.

Soil TN stocks in the 0–10 cm layer varied from 3.3 to 3.9 Mg ha− 1, 
without significant differences among sites (Fig. 1b). However, the TN 
stock in the 10–20 cm layer of Fo (1.7 Mg ha− 1) was 41% and 32% lower 
than at the Fo + Ba and Ba site, respectively (Fig. 1b). These differences 
likely resulted from external N additions in the cultivated areas (Fo + Ba 
and Ba), either in the form of organic amendments (Fo + Ba) or as 
mineral fertilizer (Ba). Although not significant, the TN at the Ba site 
tended to be the highest also at 0–10 cm (Fig. 1b), supporting the 
interpretation of a probable fertilizer contribution. The higher TN stocks 
may have helped to maintain the SOC stocks in the cultivated systems 
comparable to that of Fo, as N has been shown to be fundamental for 
SOC stabilization via organo-mineral interactions (Cotrufo et al., 2019). 
This is coherent with the lower C:N ratio found in the cultivated systems 
(5.9–10.1) compared to the forest site (9.4–10.5), irrespective of soil 
layer. Likely, the higher TN stocks in banana systems stimulated mi
crobial activity and enhanced the decomposition of SOM, promoting the 
stabilization of decomposed plant material, microbial necromass and 
bioproducts through association with soil minerals (Manzoni and 
Cotrufo, 2024). Consequently, the SOM in the cultivated systems ap
pears to be relatively more stabilized, as supported by its enhanced 
aromaticity and thermal stability (see section 3.2). Additionally, this 
may also reflect the lower addition of fresh biomass usually found in 
banana soils compared to forest soil (Quartucci et al., 2023).

Fig. 2. 13C NMR spectra of soil samples collected in the 0–10 and 10–20 cm layer of a Nitisol under Forest, Forest + Banana and Banana. Spectra regions: 160–225 
ppm = carboxyl C, 110–160 ppm = aryl C, 60–110 ppm = O-alkyl C, 45–60 ppm = N-alkyl C, 0–45 ppm = alkyl C.
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Table 2 
Relative contribution (%) of carbon chemical groups to the total intensity of 13C NMR spectra, aromaticity index (ArI), hydrophobicity index (HI) and decomposition 
index (DI) of organic matter of soil samples collected in the 0–10 and 10–20 cm layer of a Nitisol under Forest (Fo), Forest + Banana (Fo + Ba) and Banana (Ba).

225–160 160–110 110–60 60–45 45–0 ppm

Site Layer Carboxyl C Aryl C O-alkyl C N-alkyl C Alkyl C ArI* HI** DI***
​ cm % ​ ​ ​
Fo 0–10 9.9 14.3 37.8 11.2 26.8 0.53 0.86 0.71
Fo + Ba 0–10 11.5 15.0 35.8 10.7 27.0 0.56 0.89 0.75
Ba 0–10 11.7 17.3 33.0 11.0 27.1 0.64 0.99 0.82
Fo 10–20 11.8 12.8 35.0 11.2 29.3 0.44 0.90 0.84
Fo + Ba 10–20 12.1 13.4 34.1 11.0 29.5 0.45 0.93 0.87
Ba 10–20 12.9 11.0 32.9 11.1 32.2 0.34 0.95 0.98

* Aromaticity index (ArI) = aryl C/alkyl C.
** Hydrophobicity index (HI) = (aryl C + alkyl C)/(carboxyl C + O-alkyl C).
*** Decomposition index (DI) = alkyl C/O-alkyl C.

Fig. 3. Total weight loss (a) and relative weight loss (b) in the temperature intervals assessed by thermogravimetry in the 0–10 and 10–20 cm layer of a Nitisol under 
Forest, Forest + Banana and Banana. Means followed by different letters within a soil layer and temperature interval indicate significant differences according to 
Tukey’s test (p < 0.05), ns = not significant. W0, W1, W2, W3 and W4 refer to weight loss in the different temperature ranges. Error bars show standard deviation.
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3.2. Shifts in SOM structure, thermal stability and lipid proxies

The analyses of SOM by spectroscopic, thermal and chromatographic 
techniques revealed clear shifts in SOM composition after land-use 
change, confirming the interpretations previously inferred from 
changes in C:N ratios.

3.2.1. 13C NMR and TG analyses
Overall, the 13C NMR spectra (Fig. 2) exhibited a similar pattern and 

were dominated by O-alkyl C (32.9 to 37.8%) and by alkyl C signal (26.8 
to 32.2%), regardless of site and soil layer (Table 2). The carboxyl C 
signal was similar across sites both in the 0–10 cm (9.9 to 11.7%) and 
10–20 cm (11.8 to 12.9%) layer (Table 2). The sites also exhibited quite 
similar N-alkyl C signal intensity at 0–10 cm (10.7 to 11.2%) and 10–20 
cm (11.0 to 11.2%) layer (Table 2).

The 13C NMR analysis revealed a gradual reduction in O-alkyl C 
content with land use change intensity (from Fo to Ba) in both layers 
(Table 2), indicating depletion of labile carbohydrate-rich compounds. 
This occurred mostly at expenses of increased alkyl C, aryl C, and 
carboxyl C, in Fo + Ba and Ba (except aryl C in Ba at 10–20 cm) 
(Table 2). These C-groups are generally associated with more recalci
trant or microbially processed organic matter (Dieckow et al., 2005; 
Knicker et al., 2012). These trends were reflected in the ArI, HI and DI 
which tended to increase with land-use intensity (Table 2), indicating a 
progressive enrichment of SOM with more chemically resistant and 
hydrophobic components.

The 13C NMR results were well aligned with the TG data (Fig. 3a-b). 
The TG curves and relative weight loss data are displayed in Fig. S2–S4. 
In both soil layers, the total weight loss in W3 (recalcitrant SOM), W2 
(intermediate SOM), W1 (labile SOM) and W0 (water) tended to 
decrease in the order Ba > Fo + Ba > Fo (Fig. 3a). However, significant 
differences in the 0–10 layer occurred only for W0 and W1 (Ba > Fo +
Ba = Fo). In the 10–20 cm layer, significant differences occurred for W3 
(Ba > Fo + Ba = Fo), W1 and W0 (Ba > Fo, Fo + Ba did not differ from 
both) (Fig. 3a). Overall, the higher weight loss in W3 of Ba compared to 
the other sites indicates a greater and preferential accumulation of 
thermally stable SOM, likely aromatic-C structures (Stoner et al., 2023). 
Conversely, the higher weight loss in W2 observed for the Fo site is 
consistent with less altered and more diverse organic inputs from natural 
litterfall (Gao et al., 2015).

Notably, the TGI correlated strongly with the ArI of 13C NMR as 
similarly observed in other studies (De la Rosa et al., 2008; Merino et al., 
2014; Stoner et al., 2023), but SOM in Ba site at 10–20 cm layer seems to 
follow a distinct dynamic (Fig. 4). These results indicate that gains in 
SOM thermal stability in the 10–20 cm layer at the Ba site may be less 
associated with aromatic condensed-like structures, but more likely with 
the relative enrichment of stable-hydrophobic alkyl C compounds 
(Lorenz and Lal, 2009; Bonanomi et al., 2013), which are typical of 
humified material and lipids in soil (Knicker, 2011; Knicker et al., 2013). 
In our study, this is supported by a low CPI value, revealing a remarkable 
enrichment of the 10–20 cm layer of Ba with relatively more degraded n- 
alkanes compared to the other sites (see section 3.2.2). For instance, 

Fig. 4. Relationship between the SOM aromaticity index (ArI), obtained by 13C 
NMR, and the thermogravimetric index (TGI), obtained by thermal stability 
analysis of SOM, of soil samples collected in the 0–10 and 10–20 cm layer of a 
Nitisol under Forest (Fo), Forest + Banana (Fo + Ba) and Banana (Ba). 
*Excluded from analysis because it was shown that increased thermostability in 
Banana (10–20 cm) was more strongly relate to enrichment with alkyl C, and 
less with aryl C.

Fig. 5. Relative abundance (%) of major lipid compound classes identified in the free lipid fraction of soil samples collected in the 0–10 and 10–20 cm layer of a 
Nitisol under Forest, Forest + Banana and Banana.
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Kiem et al. (2000) observed in six long-term field experiments, covering 
a range of climate features and soil types, a relative enrichment of alkyl 
C as indicative of a higher degree of SOM decomposition in cultivated 
soils without organic amendments compared to their pairs receiving 
fresh organic amendments. This is consistent with the DI, HI and TGI 
values (Ba > Fo + Ba > Fo) in our study indicating enhanced SOM 
decomposition, hydrophobicity and thermal stability in response to the 
intensity of land-use change (Table 2, Fig. 4), regardless of soil layer. 
This is attributed to conventional agricultural practices, such as those in 
Ba, which typically result in the depletion of O-alkyl C and other ther
mally labile compounds, as well as an increased proportion of stable and 
decomposed C structures in soil (Leifeld et al., 2006; Leifeld et al., 2017).

3.2.2. Free-lipid analysis
The analysis of free lipids extracted from soil samples (Fig. 5; 

Table S2) revealed six major families of organic compounds: n-fatty 
acids, long chain n-alkanes, short chain n-alkanes, N-containing organic 
compounds (N-compounds), sulfur-containing compounds (S-com
pounds), and branched alkanes (other alkanes). Their relative abun
dance varied across soil layers and land use (Fig. 5). The presence of 
fatty acids and N-compounds was higher in Fo + Ba, especially at a 
depth of 10–20 cm (Fig. 5). Minor contributions from S-compounds and 
other alkane-type compounds were observed across all samples, with no 
consistent trend (Fig. 5). Interestingly, branched n-alkanes were found 
in the Ba and Fo + Ba soils, but not in the Fo soil (Fig. 5).

In both layers of the Fo soil, the predominant compounds were high 
molecular weight (MW) linear alkanes (Fig. 5), which are typically 
associated with undecomposed plant waxes, indicating fresh plant- 
derived organic matter input (Jiménez-Morillo et al., 2022). In 
contrast, a higher proportion of low MW linear alkanes and a relative 
depletion of high MW compounds was found in Ba soil (Fig. 5). Soils 
under the Fo + Ba system displayed a transitional profile, with more 

balanced contributions from both high and low MW alkanes (Fig. 5). 
This was supported by the ACL proxy values, which tended to decrease 
(Fo > Fo + Ba > Ba) with the increase of land-use intensity (Fig. 6) and 
agreed with the DI of 13C NMR (Table 2) and the TGI (Fig. 4). Altogether, 
these results indicate that decomposition degree and thermal stability of 
SOM increased with land-use change intensity.

The molecular composition of free soil lipids revealed important 
shifts in both the organic matter sources and the transformation path
ways of SOM in response to land-use change. High CPI values typically 
reflect fresh plant inputs with an odd-over-even predominance of n-al
kanes, while lower values indicate microbial reworking or more 
advanced degradation of organic materials (Jansen and Wiesenberg, 
2017; Thomas et al., 2021). Similarly, ACL reflects changes in vegetation 
types and/or climate regimes. Because land-use change alters vegetation 
cover, microbial activity and litter inputs, both CPI and ACL serve as 
sensitive molecular indicators of SOM quality under different manage
ment systems.

Overall, the CPI and ACL values were highest at the Fo site, con
firming the dominant contribution of higher-plant derived alkanes with 
less microbial alteration. In contrast, Ba soil exhibited markedly lower 
CPI and ACL values (Fig. 6), reflecting a depletion of long-chain odd- 
numbered alkanes and a predominance of shorter-chain homologues. 
This pattern is consistent with intensified microbial processing and se
lective degradation of plant-derived compounds (Santana et al., 2015). 
The Fo + Ba system displayed intermediate values, suggesting partial 
retention of native SOM features under agroforestry, meeting our second 
hypothesis, at least up to 18 years of the Fo + Ba system.

The composition of soil lipids provided further evidence of these 
changes. In Fo soils, a broader diversity of lipid classes was detected, 
including long-chain fatty acids and high MW n-alkanes, typically 
derived from leaf waxes and microbial residues (Table S2). In contrast, 
Ba soils exhibited a higher relative abundance of short-chain alkanes 

Fig. 6. Distribution of individual n-alkanes (C14–C33) in the free lipid fraction of soil samples collected in the 0–10 and 10–20 cm layer of a Nitisol under Forest, 
Forest + Banana and Banana. CPI = carbon preference index, ACL = average chain length. Error bars show standard deviation. CPI and ACL numbers displayed on 
the graphs are average followed by ± standard deviation.
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(C15–C20) and N-containing compounds, which are often associated 
with microbial necromass and more processed SOM (De la Rosa et al., 
2008, 2023; Prats et al., 2021). The presence of branched n-alkanes 
solely at the Ba and Fo + Ba soils confirms this finding. This family is 
typically present in highly microbially degraded SOM (Santana et al., 
2015). These results suggest that microbial inputs and decomposition 
products dominate the lipid pool in intensively managed soils.

Notably, the n-alkane distribution in Ba soil showed a clear shift 
toward lower chain lengths (Fig. 6), further indicating an extensive 
degradation of the SOM. This observation is in line with the increased 
abundance of alkyl-C compounds detected in the 13C NMR spectra and 
supports the notion of selective preservation of microbially derived, 
alkyl-rich compounds under more intensive land use (Knicker, 2011). 
This was further confirmed by TG analysis, which revealed increased 
thermal stability of SOM in Ba soils, associated with a more processed 
and less labile organic matter pool, as indicated by an increase in W3 at 
the expense of W1 (De la Rosa et al., 2008; Prats et al., 2021).

The intermediate profile of the Fo + Ba site underscores the potential 
of agroforestry to buffer SOM degradation, maintaining inputs of higher- 
plant-derived compounds, while still experiencing enhanced microbial 
transformation. Altogether, these findings highlight the diagnostic value 
of lipid biomarkers in tracing SOM quality and suggest that conversion 
of Atlantic Forest to organic agroforestry and conventional banana 
systems leads to compositional simplification of SOM.

3.2.3. Comprehensive assessment of SOM composition by PCA analysis
The principal components 1 (PC1) and 2 (PC2) of the PCA biplot 

explained 54.6% and 22.7%, respectively, of the shifts in SOM compo
sition associated with land-use change (Fig. 7). Notably, the Fo samples 
collected from the 0–10 cm and 10–20 cm layer plotted within the same 
quadrant (Q4), suggesting a homogeneous continuum of SOM in this 
undisturbed system.

In PCA plot, Fo (0–10 cm layer) was ordinated within Q4, mostly due 
to higher O-alkyl C intensity, ACL and CPI values (Fig. 7). In contrast, Fo 
+ Ba and Ba samples (0–10 cm layer) were ordinated closely together in 
Q3 in view of their greater aryl C intensity and thermal stability asso
ciated with recalcitrant SOM (weight loss in 375–650 ◦C) (Fig. 7). The 
10–20 cm samples of the different sites exhibited a salient dispersion 
across Q4 (Fo), Q1 (Fo + Ba) and Q2 (Ba) (Fig. 7). This pattern of relative 
loss of O-alkyl C accompanied by increased alkyl C intensity indicates 

progressive decomposition degree of SOM with land-use intensity 
(Fig. 7), as suggested also by the DI (Table 2). Notably, the exclusive 
presence of Ba (10–20 cm) in Q2, contrary to CPI and ACL in Q4, em
phasizes the unique characteristics of SOM in this sample, which is 
enriched with recalcitrant lipids.

4. Conclusions

We found that after 18 years of Atlantic Forest conversion, the ba
nana systems did not alter significantly the SOC and TN stocks (0–10 cm, 
10–20 cm) compared to the reference Atlantic Forest site. Nevertheless, 
we recommend continued monitoring in similar systems and expanding 
analyses to include above- and belowground C stocks (at greater depths) 
to assess potentially negative C balances of banana systems in relation to 
Atlantic Forest.

Differently from unchanged C stocks, such land use change induced 
marked shifts in the molecular composition and thermal stability of 
SOM. Solid-state 13C NMR spectroscopy and TG analyses indicated that 
land use intensity (Ba > Fo + Ba > Fo) promoted a gradual loss of labile 
compounds (as O-alkyl C) and enrichment of SOM with more stable 
structures (alkyl, aryl, and carboxyl C). Consequently, SOM aromaticity, 
hydrophobicity, and degree of decomposition increased with land-use. 
Soil lipid proxies support this trend by revealing a relative predomi
nance of lipids of microbial origin in Ba sites. The organic banana 
agroforestry system partially maintained forest-like SOM features even 
after nearly two decades of land use change. These findings emphasize 
that while topsoil C stocks may appear stable after such land use change, 
the underlying chemical composition of SOM and, thus, its ecological 
function and long-term stability can be substantially altered.
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