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RESUMO

Necromassa microbiana, carbono e agricultura: combinando microrganismos
vivos e mortos para revelar a dinamica do carbono sob agrofloresta na
Amazénia

Os microrganismos do solo sao reportados como mediadores e, mais
recentemente, também contribuintes para a persisténcia do carbono organico do solo
(COS) por meio da necromassa microbiana. No entanto, fatores como clima, uso da
terra e microbial traits (atividade e diversidade) influenciam fortemente os ciclos de
vida e morte microbiana e, portanto, o acumulo de C derivado de microrganismos,
principalmente em regides tropicais. Desse modo, usamos parcelas replicadas de
dendé (Elaeis guineensis) em um sistema agroflorestal a base de dendé (SAF) e em
monocultura de dendé (doravante "agricultura convencional", AC) na Amazbnia
brasileira para investigar os impactos do uso da terra (manejo agricola), profundidade
do solo e sazonalidade na atividade enzimatica extracelular e no pool de C da
necromassa microbiana. Além disso, também avaliamos os conteudos de C nas
fracGes fisicas da matéria organica do solo (MOS, C-MOP e C-MOAM) e na montagem
de comunidades bacterianas e fungicas do solo associadas a cada uso da terra.
Coletivamente, nossos resultados demonstraram que a adocédo de SAF, baseado na
diversificagao da cobertura do solo, aumenta significativamente o COS, C-MOP, C-
MOAM e a atividade de enzimas relacionadas aos ciclos C (B-glicosidase, em geral),
S (arilsulfatase) e parcialmente P (fosfatase acida) em comparagdo com AC ao longo
do perfil vertical do solo. Também promoveu o conteudo de necromassa fungica e
total, mas ndo necessariamente necromassa bacteriana, com o volume de
necromassa sendo dominado pela necromassa fungica. Curiosamente, a razao
necromassa microbiana:SOC foi menor em AFS e/ou igual a CA e as vezes aumentou
com a profundidade do solo (0 maximo contabilizado foi ~28%). Além disso, a
composicao, riqueza e diversidade de comunidades microbianas (bactérias e fungos)
foram montadas de acordo com o uso do solo e promoveram efeitos importantes no
funcionamento do solo. Por fim, C-POM, C-MAOM e a atividade da B-glicosidase e
arilsulfatase, bem como os indices de diversidade flngica, Ca?* trocavel e contetudo
de argila foram os atributos mais importantes para predizer a necromassa. Nossas
descobertas mostraram um papel critico da cobertura da terra na dinamica do C do
solo e destacam o efeito real da agrofloresta na promogéo do C total e de formas
funcionalmente distintas de C na matéria organica, bem como fraits microbianas
especificas. Além disso, fornecem os primeiros insights sobre os caminhos do
acumulo de C de necromassa em sistemas agricolas na Amazénia brasileira.

Palavras-chave: Sistemas agroflorestais, cultivo de dendé, carbono organico do solo,
necromassa microbiana, comunidades microbianas do solo
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ABSTRACT

Microbial necromass, carbon and agriculture: combining living and dead
microbes to reveal carbon dynamics under agroforestry in the Amazon

Soil microbes are reported to mediate and, more recently, also contribute to soil
organic carbon (SOC) persistence through microbial necromass. However, factors
such as climate, land use, and microbial attributes (activity and diversity) strongly
influence microbial life and death cycles and therefore the accumulation of microbial-
derived C, mainly in tropical regions. Thereby, we used replicated oil palm (Elaeis
guineensis) plots in an oil palm-cropland agroforestry system (AFS) and in oil palm
monoculture (hereafter “conventional agriculture”, CA) in the Brazilian Amazon to
investigate the impacts of land use (agricultural management), soil depth, and
seasonality on extracellular enzymatic activity and the microbial necromass C pool. In
addition, we also assessed C contents in the physical fractions of soil organic matter
(SOM) (C-POM and C-MAOM) and on the assembly of soil bacterial and fungal
communities associated with each land use. Collectively, our results demonstrated that
the adoption of AFS, based on land cover diversification, significantly increases SOC,
C-POM, C-MAOM and the activity of enzymes related to the C (B-glucosidase, in
general), S (arylsulfatase) and partially P (acid phosphatase) cycles compared to CA
along the vertical soil profile. It also promotes the content of fungal and total
necromass, but not necessarily bacterial necromass, with the volume of necromass
being dominated by fungal necromass. Interestingly, the microbial necromass:SOC
ratio was lower in AFS and/or equal to CA and sometimes increased with soil depth
(maximum accounted was ~28%). Moreover, the composition, richness and diversity
of microbial communities (bacteria and fungi) were assembled according to land use
and promoted important effects on soil functioning, including C fluxes. Lastly, C-POM,
C-MAOM and the activity of B-glucosidase and arylsulfatase, as well as fungal diversity
indices, exchangeable Ca?* and clay content were the most important attributes to
predict necromass. Our findings showed a critical role of land cover in soil C dynamics
and underline the real effect of agroforestry on promoting total C and functionally
distinct forms of C in organic matter, as well as specific microbial traits. In addition,
they provide the first insights into the pathways of necromass C accumulation in
agricultural systems in the Brazilian Amazon.

Keywords: Agroforestry systems, oil palm plantation, soil organic carbon, microbial
necromass, soil microbial communities
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1. INTRODUCTION

Soil organic carbon (SOC) management is crucial to land-based efforts to
mitigate carbon emissions, sequester atmospheric carbon dioxide and deliver
ecosystem services (Bossio et al., 2020). In the framework of nature-based strategies
to preserve and enhance soil carbon for sustaining food production, agroforestry
systems (AFS) emerge as one of the most promising opportunities (Beillouin et al.,
2023). AFS are land use and management systems characterized by intensive, diverse
practices and high ecological interaction between agricultural and forest crops (Nair,
2017; Visscher et al., 2024). According to global estimates, multi-strata AFS (systems
with structural, spatial and vegetation layer diversity, as well as perennialism and niche
complementarity) (Nair, 2017) can increase SOC by +30% compared to conventional
agricultural practices and provide substantial carbon sequestration up to 0.31 Pg C yr
" (Beillouin et al., 2023; Terasaki Hart et al., 2023).

In Brazilian Amazon, AFS have been recommended as productive, resilient,
and sustainable strategies for oil palm (Elaeis guineensis) plantation as compared to
traditional monocultures (hereafter “conventional agriculture”, CA) (Gomes et al.,
2021), which historically developed from the deforestation of primary or secondary
rainforests (Benami et al., 2018). The advantages of land use changing from CA to oil
palm AFS include improvement in soil physical (aggregation and soil moisture content)
(Oliveira et al., 2022a) and chemical properties (contents of Mg, K and P) (Costa et al.,
2023), as well as biological attributes (microbial traits), including increased microbial
biomass, activity and diversity (Visscher et al.,, 2024). Thus, supporting unique
microbiomes and potentially determining ecological strategies based on distinct key
traits for soil microbes (Leite et al., 2023; Malik et al., 2020).

However, although evidence shows that increasing plant species diversity can
benefit SOC (Chen et al., 2020; Lange et al., 2015; Qian et al., 2023), it is still unclear
how the diversification of plant biomass (below and aboveground) and therefore root
exudation (quantitative and qualitative), can shape the dynamics of C stabilization in
the soil under CA and AFS, especially in the more persistent pools. These pools may
be dominated by microbial necromass (products and residues of biomass, such as
dead cells, cell parts, cellular debris, and extracellular polymeric substances), which
progressively accumulates in the soil after microbial life and death cycles (Buckeridge

et al.,, 2022). The conceptual framework for this process is termed the "microbial
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carbon pump" (MCP) (Liang et al., 2017) and supports global microbial contributions
of between 15 and 80% to SOC, depending on the type of environment and land cover
(forest, grassland, or cropland) (Bai & Cotrufo, 2022; J. Hu et al., 2023; Zhou et al.,
2023).

Nevertheless, some geographic regions and biomes of the world remain
unrepresented (or underrepresented) and microbial-derived C content is still poorly
understood, especially in tropical regions (Beidler et al., 2020; J. Hu et al., 2023),
including the Amazon rainforest. The global lack of knowledge exists because the
accumulation of microbial necromass (bacterial and fungal) is influenced by many
factors, such as microbial activity and diversity, establishment time and type of
agricultural practice, as well as available C chemistry and environmental conditions
(Creamer et al., 2019; J. Hu et al., 2023; Kallenbach et al., 2016). These factors may
also influence the contents of C present in the physical fractions of soil organic matter
(SOM), which can be subdivided, according to its functionality and persistence, into
the relatively labile particulate organic matter (POM) and more persistent mineral-
associated organic matter (MAOM) (Lavallee et al., 2020).

The contents present in those physical SOM pools can be used as reliable
indicators to inform soil carbon sequestration under different land management
regimes, as they generate insights into the quality of SOM (origin, lability, and
persistence) rather than only the quantity present in the soil (Cotrufo et al., 2019).
Thereby, research approaches that integrate aboveground diversity with belowground
microbial traits and their interaction with environmental conditions in long-term systems
are useful to provide a more complete overview of ecosystem-level carbon fluxes in
soils under AFS and CA. This approach is particularly relevant for the Amazon, a
hotspot for agroforestry in Brazil that hosts about 90% of the national oil palm
production and faces constant agricultural and environmental pressure (Artaxo, 2023;
Benami et al., 2018; Gomes et al., 2024). Thus, to address these knowledge gaps, we
conducted a comprehensive field study to investigate the impacts of long-term
adoption of multi-stratum AFS (mix between oil palm, regional Amazonian agricultural
crops and trees) in comparison to CA and the extent of these changes in attributes
core to C storage and quality.

Our main objectives were: (i) to reveal how above-ground plant biomass
diversification can shape the microbial activity and diversity of fungi and bacteria

(traits), and C microbial necromass (bacterial and fungal) as a proportion of SOC, (ii)
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to evaluate whether the C contents presented in the SOM pools (POM and MAOM) in
the different agricultural regimes can be used as an indicator of C storage in each land
use and, finally, (iii) to explore the influence of environmental factors (e.g., soil depth,
physical-chemical attributes and seasonality) on the dynamics of assessed C pools

(microbial, total and in physical) in tropical Amazonian oil palm soils.
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2. MATERIALS AND METHODS

2.1. General characteristics of the study sites

The study was conducted with soils from the municipality of Tomeé-Acu (PA),
located in the Amazon biome and the Northern region of Brazil (Lat.: 02° 40' 54" S;
Long.: 48° 16' 11" W, 55 m.a.s.l.) (Figure 1a). The predominant soil in this region is
classified as Yellow Ferralsols (FAO taxonomy, equivalent to Yellow Oxisols in U.S.A.
Soil Taxonomy), and the climate is classified as Ami (Képpen), hot and humid. The
average annual temperature is 26 °C and the relative humidity is 85%, with an average
annual precipitation of 2,300 mm, occurring mainly from December to May. In general,

soils in this region are considered to have high acidity and low natural fertility.

2.2. Soil management systems

Soil samples were collected in September 2022 and January 2023 (dry and
rainy seasons, respectively) from two land use systems. The management systems in
the first site consisted of an oil palm (Elaeis guineensis) plantation established in 2003
(Lat.: 2° 22' 11.54" S; Long.: 48° 15' 24.60" W) and managed under conventional
agriculture (CA) practices, characterized by monoculture and regular applications of
synthetic fertilizers and pesticides. In contrast, the second site featured an agroforestry
system (AFS) based on oil palm established in 2008 (Lat.: 2° 20' 56.84" S; Long.: 48°
15' 40.90" W) and managed using more sustainable practices, organic fertilization,
maintenance of soil cover and no-tillage. Besides oil palm, the AFS also included
Amazonian agricultural crops, such as cocoa (Theobroma cacao), agai (Euterpe
oleracea Mart.) and tree species planted in strips (hereafter “strip under diversification
and integration”, SID) interspersed between the oil palm rows, belonging to the
experimental area "Oil palm-based agroforestry in family agriculture” (Carvalho et al.,
2014). For details on crop management and employment of agricultural inputs, refer to
historical series available in Table S1.
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Figure 1. Location map of the study sites at (a) macro and micro scales, containing (i)
monoculture oil palm plantation (CA) and (ii) agroforestry system (AFS) with oil palm as the main crop;
and (b) structural organization of the AFS and the adopted sampling strategy (shaded in gray and
ranging from AFS-1 to AFS-6) to incorporate plant interactions in the assessments conducted in this
study in the municipality of Tomé-Agu, state of Para, Eastern Amazon, Brazil.

2.3. Experimental design and sampling strategy carried out

From each land use (CA and AFS), the litter layer was removed and then
composite samples (formed by 3 simple samples) were collected in each of 5 spatially
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replicated plots in rows and inter-rows of each agricultural and/or forest crop, at 3
different depths (0-10, 10-20, and 20-30 cm) and during 2 seasons. This resulted in 8
sampling points (2 in CA and 6 in AFS, Table 1) and a total of 240 samples (8 sampling
points x 2 seasons x 3 depths x 5 sampling replicates). Despite its complexity, this
sampling strategy was adopted with the aim of establishing a similar procedure for the
assessed systems and understanding how management zones (within-row and
between-row in plantations), plant type (agricultural (e.g., local or exotic) or tree), and
the associated vegetative stratum could impact the evaluated parameters (Table 1).
The vegetative stratum becomes relevant for the reason that each plant
presentin the crops (agricultural or tree) possesses a specific genotype, with variations
in above and below-ground carbon input (e.g., rhizodeposits, dissolved organic carbon
from dead roots and litter leachate, and litter deposition on the surface) and the
capacity to form unique ecological relationships with the associated microbial
community (Carvalho et al., 2023; Mendes et al., 2013; Sokol et al., 2019).

Table 1. Description of the 8 sampling points and their respective interactions within the 2
assessed land uses (CA and AFS), along with the assigned acronyms employed across this study.
Land Acronym Sampling Point
use
CA CA-1 Plantation row
CA-2 Plantation inter-row
AFS AFS-1 Qil palm + cocoa plantation row
AFS-2 Oil palm + cocoa plantation inter-row
AFS-3 Inter-row space between the oil palm + cocoa plantation row (AFS-2) and
the agai + cocoa plantation row
AFS-4 Acai + cocoa plantation row
AFS-5 Tree + cocoa plantation row
AFS-6 Inter-row space between the tree + cocoa plantation row (AFS-5) and the

acai + cocoa plantation row (AFS-4)
*CA: conventional agriculture; and AFS: agroforestry system.

2.4. Analyses of the physicochemical attributes

The following chemical attributes were determined: pH in a 1:2.5 soil/water
suspension, and exchangeable Ca?* and Mg?* were extracted with 1M KCI. Ca?* and
Mg?* were determined by atomic absorption spectrometry. K* was extracted by ion-
exchange resin and potential acidity (H + Al) was estimated by an equation based on
the pH determined in SMP buffer solution (pH SMP). Ca?*, Mg?*, K*, and H+Al are

reported as mmolc/dm3. Regarding physical parameters, the following were evaluated:



20

moisture (oven-drying method) and soil texture (Bouyoucos hydrometer method): sand
(sieve analysis), clay (sedimentation), and silt (1000 — (clay + sand)). We emphasize,
however, that soil texture assessment (reported as %) was conducted only for samples
collected during the rainy sampling season. We made this decision under the premise
that texture is relatively stable and exhibits little to no short- and medium-term temporal
variability. Therefore, we chose to extrapolate the data obtained during the rainy
campaign, during which we had a larger volume of soil available, also for the dry

season (soil properties are provide in Table S2).

2.5. Soil microbial activity

The potential activity of the extracellular enzyme B-glucosidase, arylsulfatase,
and acid phosphatase were assayed and used as indicators of soil microbial activity.
To do this, the method described by Tabatabai (1994) was adopted with some
modifications. Briefly, ~1.0 g of fresh soil was placed into 10 mL test tubes, followed
by the addition of 4 mL of MUB buffer solution (pH 6.0 for B-glucosidase and pH 6.5
for acid phosphatase) or acetate buffer (pH 5.8 for arylsulfatase). Afterwards, the
solutions containing soil were shaken and incubated at 37 °C for 1 h with 50 mM p-
nitrophenyl buffer solution (p-nitrophenyl-B-d-glucopyranoside for B-glucosidase, p-
nitrophenyl potassium sulphate for arylsulfatase, and p-nitrophenyl phosphate for acid
phosphatase) (Sigma Aldrich, St. Louis, MO, U.S.A). The quantification of soil
enzymatic activity was based on the colorimetric determination of p-nitrophenol
released (420 nm for B-glucosidase and 410 nm for arylsulfatase and acid

phosphatase).

2.6. Soil organic matter (SOM) physical fractionation

The samples were physically fractionated into mineral-associated organic
matter (MAOM) and particulate organic matter (POM) using the particle size method
proposed by Cambardella & Elliott (1992). Specifically, ~5 g of sieved soil (< 2 mm)
was weighed into a 50mL tube with 1 glass marble and 15 mL of sodium
hexametaphosphate solution (5 g L") and dispersed on a horizontal shaker for 16
hours at 140 rpm. The dispersed solution was then passed through a 53 ym sieve
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while gently adding a stream of deionized water. The coarse fraction (> 53 ym, POM)
retained on the sieve and the washed material (< 53 ym, MAOM) were stored, dried in
an oven (50 °C), finely ground (<100 ym), and had their C content determined using
on a LECO CN-2000. Based on the results, it was also possible to calculate the total

C pool present in the SOM in the bulk soil.

2.7. Extraction and determination of amino sugars in soil samples

The extraction of the amino sugars Glucosamine (GluN) and Muramic Acid
(MurA), considered as biomarkers for microbial necromass, was based on the method
developed by Appuhn et al. (2004) - with small modifications. To achieve this, 500 mg
of sieved (<2 mm) and air-dried soil (bulk soil) was immersed in 10 mL of HCI (6 M)
and hydrolyzed for 6 hours at 105°C. After reaching room temperature, the samples
were shaken, and a 1 mL aliquot was extracted and filtered through a PTFE membrane
(0.22 pm). Subsequently, to remove the HCI, a 500 uL aliquot was evaporated to
dryness under a nitrogen atmosphere (40-45°C), reconstituted in 1 mL of ultrapure
water, evaporated a second time under similar conditions, and reconstituted in 500 pL
of ultrapure water. Then, the samples were subjected to an ultrasonic bath for 5
seconds, with the aim of homogenizing the samples, and stored at 4°C until analysis
(= 1 day).

For the determination of the target compounds, High-Performance Liquid
Chromatography (HPLC) was employed following Indorf et al. (2011). Briefly, analyses
were conducted on an Agilent 1200 HPLC system fitted with a Phenomenex
(Aschaffenburg, Germany) Hyperclone C-18 (ODS) column (125 mm length x 4 mm
diameter, 5 um particle size, 12 nm pore size), and a fluorescence detector (445 nm
emission and 330 nm excitation). In the pre-derivatization process, 500 pL of ortho-
phthaldialdehyde (OPA) and 300 uL of the obtained sample were combined in 2 mL
vials and injected into the HPLC system after approximately 120 seconds of reaction
time. Analytical standards (Sigma Aldrich, St. Louis, MO, U.S.A.) used included D-(+)-
glucosamine hydrochloride and muramic acid. For additional information regarding the
run time, flow rate, system temperature, and mobile phase characteristics (among
others), refer to Indorf et al. (2011).
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2.8. Estimation of microbial C necromass and contribution to SOC

The C of microbial necromass was estimated following the stoichiometric
bases delivered by Joergensen (2018) and Liang et al. (2019), which take into account
the contents of GIuN and MurA. Hence, fungal necromass (FN), bacterial necromass
(BN), and total microbial necromass C (TMN) were calculated as follows:

i Content of fungal necromass (FN) =
(GluN (mg.g™ 5 MurA (mg.g™
*

179.17 251.23
ii. Content of bacterial necromass (BN) = MurA * 45

) x179.17 % 9

iii. Content of total microbial necromass (TMN) = NF + NB

Where 179.17 and 251.23 are the molecular weights of GIuN and MurA,
respectively; 9 is the conversion factor from GIuN to fungal necromass; and 45 is the
conversion factor from MurA to bacterial necromass. Then, based on the obtained C

contents, the percentage contribution of microbial residues to SOC was calculated.

2.9. DNA extraction, sequencing, and bioinformatics data processing

DNA extraction was carried out from 0.25 g of frozen soil (-80 °C) using the
DNeasy PowerSoil Pro Kit (Qiagen, Germany), according the manufacturer’s protocol.
The quality indicators of the DNA were assessed on a NanoDrop 2000c (Thermo
Fisher Scientific, Inc.) and the samples stored at -80°C until further analyses. Amplicon
sequencing, in turn, was performed on a MiSeq (lllumina Inc.) through amplification of
the V4 region of the 16S rRNA gene for bacteria with the primers 515F (5'-
GTGCCAGCMGCCGCGGTAA-3") and 806R (5-GGACTACHVGGGTWTCTAAT-3");
and the ITS region for fungi with the primers ITS1-1F-F (5'-
CTTGGTCATTTAGAGGAAGTAA-3") and ITS1-1F-R (5'-
GCTGCGTTCTTCATCGATGC-3'). This process was carried out only for the samples
from the 0-10 cm depth and in four replicates, as the assessment of the topsoil layer
was ecologically more relevant in this study and also as a strategy to reduce the large
number of samples to be analysed.

The sequences obtained from 16S rRNA and ITS were processed using R
(version 4.2.3) (R Core Team, 2023) via the R Studio interface (version 2023.12.0.369)
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(RStudio Team, 2023) according to DADA2 pipeline (Callahan et al, 2016). To
summarize, the demultiplexed 16S rRNA and ITS sequences had their barcodes and
primers removed. Primers were removed using the trimLeft() function for bacteria and
Cutadapt for fungi (Martin, 2011). Quality control was then applied using the consensus
method to remove any remaining chimeric and low-quality sequences (only samples
with QScore > 25 were kept for bacteria, and the average sequence length was
maintained around 170 nts for fungi). Afterwards, the samples were paired, rarefied to
31,839 and 53,300 sequences (following the number of the lowest sample) for bacteria
and fungi (respectively), and designated as Amplicon Sequence Variants (ASVs) at
99% similarity. The taxonomic classification for bacteria was done through the SILVA
database (version 138.1) (Quast et al., 2012) and for fungi using the UNITE database
(10.0 version) (Nilsson et al., 2019).

2.10. Data analysis

Before interrogating the data, measured variables were assessed for normality
using the Shapiro-Wilk test and, where necessary, outliers were removed, and data
were natural log transformed + 1 to approximate assumptions of normality (1 was a
constant to avoid negative values). Next, to appropriately represent the effects of 8
sample points collected within the 2 land uses (2 in CA and 6 in AFS) and seasonal
variation (dry and rainy), a linear mixed effects model (LMM) was employed to soil
enzymatic activity (B-glucosidase, arylsulfatase, and acid phosphatase), necromass
contents (fungal and bacterial), and SOM carbon pools (C-POM, C-MAOM, and total
SOC), once that the experimental design was not completely independent/random
(Slaets et al., 2021). In the model, the fixed effects included sampling points and
season, while the random effect was the plot, aiming to account for data variation
related to specific differences within each plot.

The analysis was carried out separately for each soil depth (0-10, 10-20, and
20-30 cm) and the effect of the season within and between sample points was
assessed by multiple comparisons using the Tukey post-hoc test (p < 0.05) (Hothorn
et al., 2008). The decision to run the model for each soil layer was based (a) on the
complexity and potential loss of statistical power that the inclusion of a third factor of
variation (beyond the sampling point and seasonality of precipitation) would introduce

into the model; and (b) on the natural environmental differences existing along the



24

vertical soil profile (e.g., greater influence of plant root systems, diversity of C sources,
and higher microbial activity on the upper layers), which are generally decoupled from
agricultural management. Thereby, drawing comparisons between soil depths was not
ecologically relevant for us and we therefore chose to adopt a stratified approach
focusing on the environmental conditions inherent in the soil system.

Regarding DNA sequencing data, alpha diversity (Shannon and Simpson
indices) was calculated through phyloseq package and was also analyzed using an
LMM followed by a Tukey post-hoc test (p < 0.05) as the same conditions described
above. Soil beta diversity was assessed by Principal Coordinate Analysis (PCoA) using
Bray-Curtis distance matrices (9999 permutations) and a permutation multivariate
analysis of variance (PERMANOVA) was employed to verify the effect of sampling
points and seasonality on microbial groups within CA and AFS. Distance-based
redundancy analysis (dbRDA) of Bray-Curtis dissimilarity matrices was used to identify
the determinants factors in the structuring of both bacterial and fungal communities
(only highly significant variables (p < 0.05) were included in the model).
Complementarily, Mantel tests were conducted to test relationships between the
variation of community composition (Bray-Curtis distance) and the variation in
measured variables (Euclidean distance) to reveal the driving forces shaping the
microbial community associated with each land use.

In addition, boosted regression tree analysis (learning rate = 0.001) (Elith et
al., 2008) was performed to investigate the relative importance of the microbial traits
(soil enzymatic activity and fungal and bacterial diversity indices) and the soils physical
and chemical attributes in determining the variation of BN and FN in the upmost soil
layer (0-10 cm) via dismo (Hijmans & Phillips, 2023) package in R. At last, Spearman’s
correlation was employed to explore the relationships among biological, physical, and
chemical attributes on our study (also at 0-10 cm depth). All models and analyses were
fitted in R programming (version 4.2.3) through the R Studio interface (version
2023.12.0.369) using, in addition to the packages mentioned above, the following
libraries: Biostrings (Pageés et al., 2022), car (Fox & Weisberg, 2019), emmeans (Lenth,
2024), factoextra (Kassambara & Mundt, 2020), FactoMineR (Lé et al., 2008),
file2meco (Liu et al., 2022), metan (Olivoto & Lucio, 2020), multcomp (Hothorn et al.,
2008), nime (Pinheiro & Bates, 2023), openxisx (Schauberger & Walker, 2023),
patchwork (Pedersen, 2024), readx/ (Wickham & Bryan, 2023), rstatix (Kassambara,
2023), tidyverse (Wickham et al., 2019), and vegan (Dixon, 2003).
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3. RESULTS

3.1. Influence of land use on soil microbial activity

The potential activity of B-glucosidase, arylsulfatase, and acid phosphatase
partially differed between land uses (as revealed by the distributed sampling points
within the CA and AFS) and the above-ground biomass played a key role on soil
microbial activity (between and within land use) at each soil depth. For the 0-10 cm
layer, in general, B-glucosidase was higher (over 300%, ranging from 11.2 6 £1.48 to
33.09 +1.21 mg PNF.g " soil hour ') at sampling points across AFS compared to points
within CA (p <0.05), mainly in the strip under integration and diversification (SID) (AFS-
3 to AFS-6, Table 2). This pattern was also true for arylsulfatase, which expressed
greater activity in AFS than CA (up to 8 times more, ranging from 78.12 £ 17.91 to
643.25 + 18.48 mg PNF.g ! soil hour ') in most comparisons among the 8 sampling
points and had it is performance increased in the rainy season. Acid phosphatase at
0-10 cm depth, in turn, had its activity strongly shifted by the season and did not appear
to be a sensitive indicator to differentiate managements treatments under the
experimental conditions investigated.

At other soil layers (10-20 and 20-30 cm), AFS and CA showed few differences
between them for the activity of B-glucosidase, with greater enzymatic potential in the
dry season, in which CA-1 presented the highest values at 20-30 cm layer (ranging
from 25.99 + 1.96 to 8.65 + 1.83 mg PNF.g ! soil hour -')in compare to the sampling
point with the lowest activity in AFS. On the other hand, arylsulfatase and acid
phosphatase had their measurements increased in most sampling points located in
AFS than in the points within CA (with a promoting effect during the rainy season),
indicating the potential of agroforests to act as mitigating the effects of agricultural

practices also in deeper layers of the soil.



26

Table 2.
6 in AFS) and seasonality. Upper letters within each plot indicate a significant difference between the dry and rainy seasons, and lower-case letters indicate a
significant difference between sampling points within each season according to Tukey's test (p < 0.05). Values are reported as mean * standard error (SE) (n =

Potential activity of extracellular enzymes B-glucosidase, arylsulfatase, and acid phosphatase according to the 8 sampling points (2 in CA and

5).
Land  Sampling B-glucosidase Arylsulfatase Acid Phosphatase
Use Point
Dry Rainy Dry Rainy Dry Rainy
mg PNF.g -! soil hour -
Depth: 0-10 cm
CA CA-1 19.43 + 2.74 Aabcd 11.26 + 1.48 Bc 68.45 + 20.93 Ac 78.12+17.91 Ac 304.42 + 34.38 Aa 339.15+ 21.08 Ac
CA-2 12.44 + 0.88 Acd 14.83 + 1.83 Abc 177.20 £ 28.03 Aab 216.50 £ 21.41 Ab 342.24 + 83.84 Aa 406.41 £ 37.05 Abc
AFS AFS-1 11.16 £ 1.21 Ad 18.44 + 3.94 Abc 200.62 + 35.40 Bab 332.81+7.14 Aab 317.48 + 24.80 Aa 388.85 + 25.30 Abc
AFS-2 12.91 £ 1.09 Acd 12.51 +2.54 Ac 111 £ 12.61 Bbc 387.96 + 76.54 Aab 288.43 + 34.44 Ba 629.10 £ 109.81 Aa
AFS-3 17.02 + 1.81 Abcd 20.50 £ 0.82 Aab 185.53 + 32.34 Bab 418.60 £ 8.90 Aab 419.25+ 18.13 Aa  462.93 £ 68.14 Aabc
AFS-4 26.86 + 1.20 Aab 25.47 + 3.46 Aab 254.43 + 32.92 Aa 392.26 + 12.79 Aab 336.84 + 20.17 Ba 564.25 + 72.45 Aab
AFS-5 30.84 £ 4.16 Aa 33.09+1.21 Aa 305.54 + 33.26 Ba 643.25 + 18.48 Aa 344.27 + 23.57 Ba 669.18 + 39.05 Aa
AFS-6 20.92 + 2.68 Babc 35.49 £ 2.77 Aa 186.04 + 19.41 Bab 534.05 + 43.30 Aa 415.65+26.70 Aa  462.70 + 14.56 Aabc
Depth: 10-20 cm
CA CA-1 17.83 £ 2.55 Aab 6.36 + 0.99 Bbc 30.68 £ 7.04 Ab 12.94 + 4.64 Ad 211.88 £ 6.01 Ab 259.78 £ 14.22 Ab
CA-2 12.04 + 0.89 Abc 8.84 + 1.65 Abc 52.91 +7.36 Aab 92.22 + 3.28 Abc 300.81 £ 30.47 Aab 29293 + 33.12 Ab
AFS AFS-1 8.83+0.97 Ac 6.29 + 1.55 Abc 54.88 + 2.90 Bab 178.39 + 30.47 Aa 314.10 £ 8.18 Bab 532.78 £ 9.01 Aa
AFS-2 10.57 + 1.85 Ac 3.13+1.27 Bc 66.65 + 17.29 Aab 62.38 +24.77 Acd 411.37 £ 55.36 Ba 540.38 + 39.04 Aa
AFS-3 13.56 + 2.61 Abc 6.69 + 0.34 Bbc 73.40 £ 20.45 Bab 146.14 £ 10.55 Aab 448.29 + 21.45 Aa 461.58 + 38.66 Aa
AFS-4 17.91 £ 1.44 Aab 12.79 £ 2.74 Aab 119.79 + 11.68 Aa 146.70 = 8.39 Aab 444 .69 + 41.50 Aa 501.83 £ 43.77 Aa
AFS-5 21.82+1.52 Aa 18.65 + 1.66 Aa 104.98 £ 5.13 Bab 206.26 + 19.86 Aa 386.82 + 38.15Ba 524.62 + 44.04 Aa
AFS-6 12.04 £ 0.77 Abc 3.10 £ 0.60 Bc 73.18 £22.93 Bab  135.97 + 35.55 Aabc 420.60 + 16.82 Aa 508.64 + 57.18 Aa
Depth: 20-30 cm
CA CA-1 25.99 £ 1.96 Aa 3.04 £0.89Bb 31.62 +£2.95 Ac 9.13+0.54 Ab 215.59 + 6.09 Ab 172.70 £ 47.64 Ac
CA-2 9.90 £ 1.91 Abcd 6.47 £ 1.15 Aab 28.71 £ 6.41 Ac 42.30 £ 8.10 Aab 236.87 + 34.68 Ab 196.11 £ 27.39 Acd
AFS AFS-1 10.35 + 1.39 Abcd 3.08+1.17Bb 2554 +7.15Bc 57.79 £ 4.53 Aa 365.21 + 28.60 Bab 623.69 + 71.04 Aa
AFS-2 8.65 + 1.83 Acd 2.82 £ 0.69 Ab 22.40 £7.94 Ac 4411 £ 5.57 Aab 461.35+ 21.00 Aa 365.04 + 39.71 Abd
AFS-3 14.99 £ 1.72 Ab 5.39 £ 1.00 Bab 46.72 + 3.51 Aabc 36.30 £ 7.68 Aab 546.69 + 14.37 Aa 495.80 £ 48.01 Aab
AFS-4 13.70 £ 1.06 Abc 6.87 £ 0.90 Bab 87.25+17.92 Aa 44 + 9.38 Bab 403.49 + 38.24 Bab 597.12 + 62.39 Aa
AFS-5 13.85 + 0.63 Abc 9.51 £ 1.69 Aa 81.83 £ 14.52 Aab 71.92 £ 12.92 Aa 386.37 £ 38.09Bab  537.91 £ 73.30 Aab
AFS-6 7.38 £ 1.36 Ad 3.39+1.27 Ab 41.84 £ 5.16 Abc 65.5 + 13.70 Aa 534.76 + 11.98 Aa 453.70 £ 40.70 Aab

*CA: conventional agriculture; and AFS: agroforestry system. The other abbreviations are explained in the “Methods section”, Table 1.
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3.2. Microbial necromass C content and contribution to SOC

Small or no statistical differences were detected for bacterial content (BN) in
our sites, indicating that the accumulation of bacterial residues in croplands is relatively
stable across the sampling points distributed in CA and AFS at all soil depths (p > 0.05)
(Figure 2a). On the other hand, fungal necromass (FN) tended to be more sensitive to
land use conversion (p < 0.05) than BN and dominated the total microbial necromass
(TMN) content (Figure 2b, c). Furthermore, the season proved to be an important driver
in microbial residue concentration, as seen for FN and TMN, which showed greater
differences between the groups measured in the dry period (p < 0.05). TMN levels, in
turn, were generally higher in AFS than in CA (especially in SID, consisting of regional
Amazonian species such as cocoa and agai) at depths of 0-10 and 10-20 cm, ranging
up to twice more between the highest and lowest sampling points in each land use. In
opposition, this pattern was not true in the deeper layer (20-30 cm) and no maijor
differences were expressed across the sampling points assessed (except to CA-1 and
AFS-1). Finally, AFS-1 showed the lowest TMN values among all groups at both depths
10-20 and 20-30 cm during the dry season (1 + 0.18 and 0.61 = 0.05 g.kg™,

respectively).
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Figure 2. Contents of bacterial necromass (a), fungal necromass (b), and total necromass (c)
according to the 8 sampling points (2 in CA and 6 in AFS), sampling season, and soil depth. Mean
values followed by the same letter do not differ significantly among sampling points according to Tukey's
test (p < 0.05). Significance codes for differences within sampling points due to sampling season: ns p
> 0.05, ” p=<0.05, ** p <£0.01, and *** p £0.001. Values are reported as mean = standard error (SE)
(n = 5). Abbreviations are explained in the “Methods section”, Table 1.

Notwithstanding the contents of BN and FN did not show significant differences
between the studied sites, the contribution of each group to SOC varied from 2.7% to
11% for bacterial and from 4.5% to 19% for fungal necromass, reaching up to 27% of

SOC for the total necromass along the soil depths (Figure 3). These variations were
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dependent on the season and the type of land use assessed, according to the sampling
points within the AFS and CA, but their interaction had minimal or no effects. We also
realized that the proportion of microbial residues (BN, FN, and TMN) was statistically
higher overall at the sampling points in CA compared to AFS, suggesting that soils
under monoculture oil palm plantations have the capacity to accumulate proportionally
more microbial-derived C than agroforestry system. Finally, although the comparison
between soil depths was not the subject of our study, we observed a relative stability
or even an increase in microbial contribution to SOC throughout the soil vertical profile
(0-10, 10-20, and 20-30 cm).
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Figure 3. Proportion of bacterial necromass (a), fungal necromass (b), and total necromass (c) to
SOC according to the 8 sampling points (2 in CA and 6 in AFS), sampling season, and soil depth. Mean
values followed by the same letter do not differ significantly among sampling points according to Tukey's
test (p < 0.05). Significance codes for differences within sampling points due to sampling season: ns p
> 0.05, ™ p=<0.05, ** p=<0.01, and *“** p =0.001. Values are reported as mean + standard error (n =
5). Abbreviations are explained in the “Methods section”, Table 1.
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3.3. Carbon pools in SOM physical fractions (POM and MAOM) as response

to land use change

Changing land use from CA to AFS increased C contents in the particulate
organic matter (POM), mineral-associated organic matter (MAOM), and SOC at most
measured sampling points (p < 0.05). Overall, soil C levels was not shaped by
variations in seasonality and decreased with soil depth (Figure 4). In the upmost layer
(0-10 cm), soil carbon contents under AFS were up to 4 times higher in the POM
(Figure 4a) and up to 200% more in the MAOM within the strip under integration and
diversification (AFS-3 to AFS-6) compared to points located in CA (Figure 4b), with a
similar pattern observed for SOC (Figure 4c). Conversely, minimal or no statistical
differences were identified among the sampling points containing oil palm in both land
uses (i.e., CA-1, CA-2, AFS-1, and AFS-2) to C-POM, C-MAOM and SOC,
demonstrating a limitation in carbon accumulation under the cultivation of this plant.

In deeper soils (10-20 and 20-30 cm), land use changes also resulted in shift
in soil C content, but to a lesser extent than those exhibited for 0-10 depth. To put it
another way, there was relative stability in C levels in the measured forms (POM,
MAOM and SOC) in each land use. Even so the sampling points distributed in AFS
presented higher C level when compared to those located in CA (p < 0.05), including
AFS-1 and AFS-2 (oil palm plantation). MAOM was the dominant pool of SOC
compared to POM at our two sites and at three assessed depths. On average, the
contribution of the pool associated with soil mineral surfaces was ~90% (ranging from
~79% to ~95%), while the more labile pool accounted for ~10% of SOC (ranging from
~5% to ~20%).
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Figure 4. C contents presents in the particulate organic matter (POM) (a), mineral-associated

organic matter (MAOM) (b), and total SOC according to the 8 sampling points (2 in CA and 6 in AFS),
sampling season, and soil depth. Mean values followed by the same letter do not differ significantly
among sampling points according to Tukey's test (p < 0.05). Significance codes for differences within
sampling points due to sampling season: ns p > 0.05, * p<0.05, ** p<0.01, and *** p <0.001. Values
are reported as mean * standard error (SE) (n = 5). Abbreviations are explained in the “Methods
section”, Table 1.
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3.4. Effects of land use change on the assembly of bacterial and fungal

communities

Based on a total of 4,534,200 high-quality reads (averaging 74,606 reads per
sample), the taxonomic classification at the phylum level for bacteria showed the
groups Proteobacteria (28%), Actinobacteriota (19.8%), and Acidobacteriota (12.9%),
alongside Planctomycetota (11.5%) and Chloroflexi (6.77%) as the most abundant for
both CA and AFS for the soil upmost layer (0-10 cm) (Figure S1a). For fungi, a total of
5,815,460 high-quality reads were analyzed (average of 92,876 reads per sample),
revealing a community dominated by Ascomycota (53.7%), trailed by Basidiomycota
(24.9%), Chytridiomycota (7.51%), Mortierellomycota (3.56%), and Rozellomycota
(2.49%) (Figure S1b). Upon examining observed richness and alpha diversity
measures, it was found that the number of bacterial ASVs was over 3 times higher
than fungal ASVs, indicating a bacterial dominance in terms of richness (Figure 5a).
Both bacterial and fungal richness were statistically higher at AFS sampling points
compared to CA during the rainy season, except for fungi at AFS-1, AFS-2, and AFS-
6. The Shannon and Simpson indices for bacteria and fungi did not exhibit significant
differences between the two land uses investigated, not including CA-1 during the rainy
campaign (p < 0.05) (Figure 5a).

The bacterial (Figure 5b) and fungal community (Figure 5c) structure across
the sampling points differed significantly (p < 0.05), with an interaction between
sampling point and season for bacteria. However, no interaction between sampling
point and season was identified for fungal community. Despite the existing
heterogeneity between and within the land uses investigated (as largely demonstrated
in the previous sections), the PCoA and PERMANOVA analyzes clearly grouped the
data set into two sample groups based in CA and AFS. However, it was still possible
to observe for fungi a segregation across the oil palm sampling points (AFS-1 and AFS-
2) in comparison to the others located in AFS (Figure S2b), which showed greater
cohesion. Even so, differences in the structure of the bacterial and fungal communities
were maintained in the oil palm plantation under both monoculture (CA-1 and CA-2)
and agroforestry (AFS-1 and AFS-2) systems. This indicates that the general features
of each management regime drive, even under the same type of plants (in this case,

oil palm), the structuring of distinct microbial groups.
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Moreover, the dbRDA results (Figure 6) likewise split the data set into two
sample groups based in CA and AFS. It was further observed that the microbial
community structure of bacteria and fungi was shaped by about 7 major variables
(biotic and abiotic) (p < 0.05). With 83.2% of the data variation explained (first two
axes) for bacteria (Figure 6a) and 63.4% for fungi (Figure 6b), these variables include
pH, Mg?*, and soil moisture, as well as arylsulfatase and B-glucosidase activity, and
the C contents present into POM and MAOM pools of the SOM (except Mg?* for
bacteria and C-MAOM for the fungal community). All significant variables were better
related to AFS than to CA.
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conventional agriculture; and AFS: agroforestry system. The other abbreviations are explained in the

“Methods section”, Table 1.

Finally, specific biological,

chemical,

and physical variables affected the

bacterial and fungi community profile (5 most abundant phyla), as related for the partial
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Mantel tests (Figure 7). Predominantly, pH, Ca?*, and Mg?*, followed by H+AIl, C-
MAOM, and soil sand content were the attributes that were most significantly
associated (p < 0.05) with the bacterial phyla Acidobacteriota, Actinobacteriota and
Proteobacteria, along with Planctomycetota and Chloroflexi in our study sites (Figure
7a). Variations in the fungal phyla Rozellomycota, Basidiomycota, Chytridiomycota,
Mortierellomycota, and Ascomycota were also correlated with pH, Mg?*, and Ca?*
(except for Rozellomycota), but to a lesser strongly than for bacteria (Mantel's r ~ 0.3-
0.6). In addition, H+Al, C-MAOM, and sand content played an important role in
modulating fungal taxonomy (Figure 7b). Rozellomycota was the group least linked to

the measured variables (only pH and Mg?*)
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Figure 6. Distance-based redundancy analysis (dbRDA) of the bacterial (a) and fungal (b)

community and the biological, chemical and physical attributes of the soil. Vectors represent the
measured variables, which were forward selected throughout the dataset (only variables with p < 0.05
are shown). CA: conventional agriculture; and AFS: agroforestry system. The other abbreviations are
explained in the “Methods section”, Table 1. C-POM: carbon content present in the > 53 um physical
fraction of soil organic matter (SOM); C-MAOM: carbon content present in the < 53 ym physical fraction
of SOM; pH: soil hydrogen potential; H+AlI3*: potential acidity in the soil; Ca?*: calcium content in the
soil; Mg?*: magnesium content in the soil; K*: potassium content in the soil; Moisture (%): soil moisture.
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Figure 7. Partial Mantel tests between measured variables (physical, chemical and biological)

and the communities of the dominant phyla (5 most abundant) of bacteria (a) and fungi (b). The heatmap
shows the pairwise correlations between environmental variables. The lines denote mantel test results,
with the line width represents Mantel’s r statistic, the type of line representing the relationship (positive
or negative), and the color represents Pearson’s correlation coefficient. Moisture (%): soil moisture; C-
POM: carbon content present in the > 53 uym physical fraction of soil organic matter (SOM); C-MAOM:
carbon content present in the < 53 ym physical fraction of SOM; pH: soil hydrogen potential; H+AI3*:
potential acidity in the soil; Ca2*: calcium content in the soil; Mg2*: magnesium content in the soil; K*:
potassium content in the soil.



38

3.5. Exploring the relationships between microbial necromass and soil biotic

and abiotic factors

Bacterial necromass (BN) and fungal necromass (FN) showed a significant
and positive correlation with the physical-chemical attributes of the soil and also with
the microbial traits in both the dry and rainy seasons (Figure S3). Arylsulfatase activity,
C-POM, and C-MAOM, alongside pH, Ca?*, Mg?*, K*, FN, and clay silt contents were
collectively (joint assessment of the two seasons evaluated) the most important
indicators correlated with the BN levels. On the other hand, FN was strongly associated
with the activity of soil enzymes (B-glucosidase, arylsulfatase and acid phosphatase),
the Simpson bacterial diversity and Shannon fungal diversity indices, as well as C-
POM, C-MAOM, BN, pH, Ca?*, and Mg?*. Furthermore, clay and silt content and soil
moisture were also linked to FN levels, while sand content and H+Al exhibited a
significant and negative correlation with this variable (sand content also showed
negative interaction with BN).

Besides, the results of boosted regression tree analysis (BRT) indicated that
clay content and C-POM, followed by Simpson’s and Shannon fungal diversity indices,
and B-glucosidase activity were the five biggest factors in explaining BN variation
across our study sites (CA and AFS) at 0-10 cm depth (Figure 8a). Meanwhile, Ca?*,
clay content, and C-POM dominated the FN variation, jointly with C-MAOM and
arylsulfatase activity based on the fitted model (Figure 8b). The relative importance of
biological, chemical, and physical attribute in reporting BN variation were 58.4%,
8.72%, and 32.88% (R? = 0.81), respectively. For the FN, the accumulated biological
attributes (55.2%) also played a key role in explaining the variation of this indicator,
trailed by chemical attributes (24.96%) and physical attributes (19.84%) (R? = 0.74
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Figure 8. Relative influence of the measured variables on explaining the variation in Bacterial

Necromass (BN) (a) and Fungal Necromass (b) carbon estimated via boosted regression tree analysis
(learning rate = 0.001). Bars with the same fill color indicate that the variables belong to the same type
of soil attribute, including biological, chemical, and physical. C-POM: carbon content present in the > 53
pum physical fraction of soil organic matter (SOM); C-MAOM: carbon content present in the < 53 ym
physical fraction of SOM; pH: soil hydrogen potential; H+Al3*: potential acidity in the soil; Simpson’s BD:
Simpson’s bacterial diversity index; Simpson’s FD: Simpson’s fungal diversity index; Ca?2*: calcium
content in the soil; Shannon BD: Shannon’s bacterial diversity index; Mg?*: magnesium content in the
soil; Shannon FD: Shannon’s fungal diversity index; K*: potassium content in the soil.
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4. DISCUSSION

4.1. Intensification of land use through agroforestry increases soil microbial

activity, but the effect can be seasonally defined

Overall, the conversion of oil palm plantations from CA to AFS enhanced the
potential activity of the extracellular enzymes B-glucosidase and arylsulfatase in the
soil depths evaluated (0-10 cm, 10-20 and 20-30 cm, with few exceptions). These
findings reinforce the adoption of these two enzymes as early and sensitive indicators
to assess the effects of land use changes on microbial activity in Brazilian croplands
(Carneiro et al., 2024; Lopes et al., 2018, 2013). However, these shifts were not
homogeneous along the sampling points (row and/or inter-row) for both land uses, with
the above-ground plant biomass and the sampling season being decisive in the
performance of these enzymes. These results were associated, especially in the soll
upper layer (0-10 cm), with greater availability and diversification of labile C sources
from plants present in the AFS (mainly in SID, AFS-3 to AFS-6). This relationship
between C and microbial activity converges with the high levels of C-POM present in
agroforestry (Figure 4a) and is consistent with those reported by Lopes et al. (2013).

Furthermore, these enzyme activity results may be related to the influence of
the exudation profile of each plant and the more enriched litter leaching resulting from
planting multiple species on the soil biochemical component in AFS than in CA
(Mendes et al., 2013; Sokol et al., 2019). Interestingly, we realized that at depths of
10-20 cm and 20-30 cm, there was a significant reduction in 3-glucosidase activity in
the rainy period compared to the dry. Although we are unaware of evidence of a direct
relationship between these factors, we argue that this phenomenon may have occurred
due to excess water in the soil, since the activity of some enzymes are positively
related to the availability of oxygen (Li et al., 2021). Based on Rainfall Estimates from
Rain Gauge and Satellite Observation (CHIRPS) data (Funk et al., 2014), there was a
variation of ~250 mm in precipitation index between dry and rainy season collections
at our sites (Table S3).

This high rainfall might eventually have saturated most of the pores with water
(even under sandy soil), altering the soil redox potential toward anaerobiosis via
oxygen decrease (process described by Hartmann & Six (2022)) and then decreasing

the abundance of [-glucosidase-producing microbial groups; or even had -
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glucosidase levels leached into the soil due to high rainfall volumes (Fetzer et al., 2021;
Wirth et al., 2008). Tonon-Debiasi et al. (2024) also reported a decrease in cellulase
activity in a Ferralsol because of diminished air-filled pore space in the soil; however,
the indicated cause was an increase in soil compaction degree rather than an increase
in water content. Finally, the potential acid phosphatase activity was not a good
indicator to distinguish CA from AFS at 0—10 cm depth, as this was strongly shaped by
season. During the dry season, for instance, we did not identify differences between
the land uses studied, but this may have taken place not necessarily due to the lack of
efficiency of this indicator, but to the abiotic conditions of the highly weathered soils of
the Amazon.

These Amazon soils are naturally poor in nutrients, acidic and with high levels
of metal oxides (Fe, Al), which favors the adsorption of inorganic P (Gama-Rodrigues
etal., 2014; Moran et al., 2000; Sombroek, 1984). As a consequence, greater microbial
action is required to deal with the scarcity of this element in the soil conditions in both
CA and AFS. This might suggest a potential direction of microbial strategy towards
resource acquisition traits at the expense of other strategies (sensu Malik et al., 2020).
Another possibility is that microbial groups producing acid phosphatase were in a
dormant condition due to reduced soil moisture during the dry season. This would
explain the increased enzyme activity in the rainy season at the same depth (0-10 cm),
as "hot moments" emerged in the soil (Kuzyakov & Blagodatskaya, 2015). Likewise,
this could account for the differences observed in the other soil layers (10-20 and 20-
30 cm) during the dry season itself, where soil moisture is typically more stable and
acid phosphatase activity differed between land uses, with AFS generally prevailing
over CA.

4.2. Agroforestry promotes microbial necromass pools, but the contribution
to SOC is equal or greater in oil palm monoculture

4.2.1. Changes in microbial necromass contents of C

Our results reveal that oil palm-based agroforestry promoted fungal
necromass (FN) and total necromass (TMN) pools. Conversely, it had little or no
influence on bacterial necromass (BN) contents compared to oil palm monoculture

(CA). In any case, the magnitude of accumulation on the three measured variables



43

was also dependent on the vegetation cover within each land use (planting row and
inter-row) and the seasonality across the evaluated depths (0-10, 10-20, and 20-30
cm). Except for BN, our findings converge with those described by Xu et al. (2023) and
Qian et al. (2023), who observed an increase on FN and TMN levels in response to
increased plant diversity in forest soils. According to Qian et al. (2023), the preferential
adsorption of microbial residues on mineral surfaces enhanced by biotic mineral
weathering by plants and the increase in carbon use efficiency (CUE) were the central
actors of these results. Xu et al. (2023), in turn, linked the improvement in necromass
contents to the increase in microbial biomass C (a proxy for necromass) and changes
in soil beta diversity.

We acknowledge that CUE was not measured in our experimental design,
which prevents us from drawing direct associations based on this physiological index.
However, higher pH values in AFS compared to CA were verified (Table S2), which
may benefit a higher CUE by alleviating acid repression of microbial activity (Malik et
al., 2018). Similarly, soil microbial activity measured by extracellular enzymes (a proxy
for biomass C) (Carneiro et al., 2024; Lopes et al., 2018, 2013) was generally higher
in AFS and therefore may have aided SOM turnover and subsequent accumulation of
biomass then necromass. Qian et al. (2023) claimed that more diversified systems, as
applicable to our study, induce competition for resources among plants, leading to an
expansion of root structures. This expansion increases root biomass and length, alters
the root exudation profile, and results in a greater input of low molecular weight organic
acids (Qian et al., 2023). These acids may act as "mining agents" on soil surfaces,
promoting the release of minerals that can bind to microbial residues and thus enhance
soil necromass pool via organo-mineral associations (Buckeridge et al., 2022;
Keiluweit et al., 2015).

That rationality is relevant and ecologically useful to support our results for FN
and TMC as well, since the agricultural practices employed in CA and AFS are long-
term. It was worthy to mention that the better physical quality metrics at the AFS site,
namely soil bulk density and aggregation (results previously reported by Oliveira et al.
(2022a) and Gomes et al. (2024)), could also have contributed to achieving the higher
levels of FN and TMC. The main mechanism for this contribution would be physical
protection via occlusion (burial) of C-based microbial residues within the aggregates in
AFS (Carvalho et al., 2023). This view is encouraged by the results of Zhao et al.

(2023), who found great amount of fungal necromass C in macroaggregates (>250
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Mm) induced by root traits under intercropping. That said, we suggest a complementary
inter-relationship among the biological, chemical, physical pathways showed here as
a reliable explanation for the increase in FN and also TMC levels in our study, since
the volume of FN represented the majority of microbial C pool in both CA and AFS.

Regarding BN, we propose specific reasons for the low contents compared to
FN, which involve the consensus on the larger living fungal biomass than bacterial
biomass detected in soils worldwide, and the acidic condition observed at our sites (pH
< 4.9) (B. Wang et al., 2021; Yang et al., 2022). Together, these factors may have
augmented the fungal biomass and thus resulting in less BN being continuously
accumulated than FN. On the other hand, the low sensitivity of BN to changes in land
use was also reported by Li et al. (2022) and may be related to the faster turnover of
bacterial biomass compared to fungal biomass. This greater bacterial turnover could
be explained by two main mechanisms: more efficient microbial recycling (use of
necromass as a source of C by microbial community before stabilization) (Buckeridge
et al., 2020) and/or destabilization of necromass due to microbial mining (Buckeridge
et al., 2022) preferentially targeting bacterial necromass.

The higher efficiency of bacterial necromass recycling was suggested by
Prommer et al. (2020) as a potential pathway to elucidate the low sensitivity of BN to
increased plant biomass. This may occur due to the preference of native soil microbes
for bacterial necromass as substrate and was the reason assigned by Li et al. (2022)
to the low sensitivity of BN levels in soils under different land use. The rationale is
based on the lower C:N ratio of bacterial necromass) (Strickland & Rousk, 2010) and
the potential high melanization present in fungal necromass (Maillard et al., 2023).
Besides, environmental conditions, such as historical precipitation, have been reported
to be a more important factor than the intensity of agricultural practices in regulating
necromass recycling rates (Buckeridge et al., 2020). This result provided by
Buckeridge et al. (2020) also assist us to understand the changes imposed by
seasonality (dry and rainy) on microbial necromass levels at our sites along the soil
depth evaluated, since the Wei et al. (2023) explanations for similar pattern were
inconclusive. Hence, these findings collectively endorse our argument that more
efficient recycling of BN, associated with the specific environmental conditions of our
sites and which can be decoupled from management, may have shaped the content

of this SOC component.
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Additionally, the BN could be more easily lost (destabilized) through microbial
mining due to the preference for bacterial substrates in soil connected with the
increased intensity of this mining at sampling points located in AFS than in CA. The
theoretical basis for the preferential use might be the same as discussed earlier, while
the increased intensity in AFS could have as background the increased microbial
activity observed in our agroforestry (Table 2) and the differences in microbial
community structure across different land uses (Figure 5b, c) - commonly linked to the
highest inputs of C substrates under agroforestry (Visscher et al., 2024). Thereby, it is
logical to reason that these agroforestry soils, which usually exhibit enhanced microbial
traits compared to conventional plantations, also host microbial communities with more
diverse decomposition skills and thus presumably greater microbial C mining on
mineral surfaces. This would reinforce the crucial role of ecological metrics of soil
microbes in C necromass turnover (Buckeridge et al., 2020; Maillard et al., 2023; Xu
et al., 2023). Furthermore, it would provide insights into a possible inter-relationship
between substrate preference (i.e., necromass chemistry) (Maillard et al., 2023) and
different levels of microbial mining based on land use intensity. This is a promising
hypothesis to be tested in future research. For this reason, new studies to test this
theoretical framework are encouraged and stable isotope tracking appears to be a

useful tool for this purpose.

4.2.2. Necromass pool as a proportion of SOC

Lastly, we found that the contribution of microbial necromass (BN, FN, and
TMN) to SOC was generally lower in AFS (p < 0.05) or did not show statistical
differences between oil palm monoculture sampling points compared to AFS (Figure
3). The contribution of TMN, for instance, accounted for ~28% (at maximum) in AFS-2
at 10—20 cm depth. This indicates that changes in microbial necromass were directly
proportional to changes in SOC content across our study sites. Therefore, there was a
kind of “buffering effect” in necromass contribution to SOC, suggesting a weak effect
of land use conversion on this relationship. These results were unexpected, since the
progressive increase in our C indicators under agroforestry (Figure 3 and Figure 4)
could also suggest an increase in the necromass:SOC ratio in favor of AFS, but this

remarkably did not happen. Although intriguing, these findings are partially in line with
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those of Jia et al. (2022) and Qian et al. (2023), as well as the recent publication by Li
et al. (2024).

Concurrently, both Angst et al. (2024) and Li et al. (2024) also observed, as
we did, a relative stability and sometimes an increase in the necromass pool as a
proportion of SOC along the vertical soil profile (0-10, 10-20 and 20-30 cm). The reason
given by these authors for the low sensitivity or lack of change in the necromass:SOC
ratio was unclear (deterministic) and partially attributed to the similar soil conditions
among the soil management systems evaluated by them. This includes very similar
precipitation regime, temperature and soil parent material. Another cause pointed out
was the influence generated by specific microbial traits of each soil, such as the
dominance of certain microbial groups at the expense of others, in soil organo-mineral
interactions, resulting in unchanged contribution of necromass to the SOC (Li et al.,
2024). In our study, some of the microbial community traits were indeed distinct
between the sites. The notable divergences in the structure of bacterial and fungal
communities between sampling points distributed in AFS and those located in CA are
a good example.

However, the results for the necromass:SOC ratio between the two land uses
studied appear to be decoupled from community structure and also from the divergent
C contents between CA and AFS. Thus, the predominant effect of edaphic conditions
in our study in relation to agricultural practices and pre-existing variations in soil depth
in determining the contribution of necromass to SOC is plausible (Angst et al., 2024,
Jia et al., 2022; Li et al., 2024; Qian et al., 2023). Even though soil microbes and
agricultural practices are important drivers of soil C fluxes, edaphic factors likely also
shaped the mechanisms that underlie organo-mineral interactions. One measure that
may corroborate this point is the FN:FB ratio (Figure S4), which was little changed
across the sampling points in CA and AFS, as well as in the evaluated soil layers (with
exceptions linked to variations in the necromass:SOC ratio). This may impose uniform
limits on the contribution of microbial necromass to the SOC pool, even under more or
less diversified agricultural crops, as indicated by Qian et al. (2023) and supported by
the observed data. Regardless, a factor unrelated to the experimental design and/or
the methods employed in our study to elucidate this phenomenon should not be ruled
out, since mechanistic causes have not yet been revealed and the results available in

the literature are highly unclear.
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4.3. Agroforestry is more efficient in accumulating C as POM and MAOM

pools than oil palm monoculture

The significant increase in C contents in the physical pools of SOM (i.e., POM
and MAOM) after the conversion of traditional oil palm monocultures (CA) to AFS
provides important implications for the C dynamics under these crops. Our data verify
that multi-species plantation maximized total SOC in the Amazon, as previously
reported by Carvalho et al. (2014). In addition, they offer useful insights into the quality
of the accumulated carbon (origin, lability, and persistence) (Lavallee et al., 2020).
Moreover, they indicate the key role of the type of land cover, that is, the plants that
will be employed in agroforestry systems aiming at C sequestration in the soil as a
nature-based strategy. This was demonstrated by the heterogeneous distribution of C
along the sampling points located within CA and AFS and in all soil layers evaluated
(0-10, 10-20, and 20-30 cm). For AFS specifically, the larger C contents in POM and
MAOM were mostly found in the strip under integration and diversification (SID, i.e.,
AFS-3 to AFS-6), composed of regional Amazonian crops, such as cocoa, agai and
trees.

On the other hand, these findings also demonstrate that oil palm, even under
agroforestry system, is not efficient to increase soil C pools by itself (as verified by the
little or no differences among CA-1, CA-2, AFS-1, and AFS-2). These results partially
converge with studies previously carried out in tropical environments and which also
employed experimental designs focused on the dynamics of the physical reservoirs of
SOM (Locatelli et al., 2022; Oliveira et al., 2022b; Pimentel et al., 2024). The increases
in C-POM were generally related to the greater input of low-quality organic substrates
from plants into the soil (i.e., high C:N or lignin:N ratio), although Angst et al. (2024)
also pointed out microbial necromass as an important contributor to the C-POM pool.
Due to their chemical structure (highly heterogeneous), these substrates are
considered more recalcitrant and are less efficiently assimilated by native microbial
biomass, so they remain in the soil as incompletely decomposed organic particles for
longer and stimulate the formation of POM (Cotrufo et al., 2013).

The theoretical framework outlined above is drawn from the Microbial
Efficiency Matrix Stabilization (MEMS) and supports the data observed in our study,
given that the largest contribution of organic matter (quantitative and qualitative) in AFS

is not only composed by labile substrates, but also of recalcitrant ones that probably
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improved C-POM compared to CA. This theory also supports the variations in C-POM
between sampling points within AFS, since oil palm, cocoa and agai contribute different
rates of organic matter above and below ground, with C:N ratios also distinct (Brasil et
al., 2020). The concentrations of C-POM in AFS were likely favored by no-tillage and
improved soil conditions (moisture, temperature, and aggregation) typical of
agroforestry systems compared to homogeneous crops (Nair, 2017; Visscher et al.,
2024). These improvements can reduce the turnover rates of the particulate C pool,
increasing its accumulation and residence time (persistence) in the soil, as POM is
“‘uncomplexed” and highly sensitive to environmental and management stressors
compared to MAOM.

Additionally, the MEMS theory helps us understand the depletion of C-POM
observed along the soil layers, as the effects of organic matter inputs to the soil are
usually confined to the surface (0-10 cm) and reduced down along the vertical soll
profile. As an example, we have the absence of statistical differences in C-POM among
all sampling points in both CA and AFS at the depth of 20-30 cm during the rainy
season campaign (Figure 4a). From an integrated perspective, our findings
demonstrate the quantitative increase in C-POM levels relative to SOC after adopting
AFS instead of CA, but also bring functional implications for SOM dynamics. POM is
an important nutrient reservoir in soil (for both microbes and plants) and is commonly
used as an indicator of potential C cycling. Given that this more labile fraction is not
subject to saturation, management strategies that target POM accumulation, such as
agroforestry, offer a realistic opportunity for C sequestration in Amazonian oil palm
fields (Angst et al., 2023; Pimentel et al., 2024).

Regarding the C-MAOM contents, patterns similar to C-POM were verified.
This increase was highly desirable, since C-MAOM is accounted more stable and has
a residence time estimated in centuries (Cotrufo et al., 2019; Lavallee et al., 2020).
The augmentation compared to CA was up to 200% (depending on the sampling point
and season) and reflects the efficiency of the agroforestry system to promote the soil
a persistent C sink. This greater persistence of C-MAOM is due to the protection of C
accumulated in the soil by chemical (association with mineral surfaces) or physical
(occlusion in aggregates) pathways and can also be supported by MEMS theory.
Unlike C-POM, Cotrufo et al. (2013) posit that C-MAOM is mainly composed by labile
compounds from plants (leaf leachate and/or rhizodeposition) and that they are easily

sorb to mineral surfaces (“direct sorption”) or assimilated by the microbial community
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through the “microbial carbon pump” (MCP) (Liang et al., 2017). After the microbial life
and death cycles, part of the C retained in the biomass becomes available as microbial
necromass and is then associated with soil mineral surfaces (Buckeridge et al., 2022).

The dominance and relative contribution rate of C-MAOM in the SOC pool
(average of ~90%) in relation to C-POM (average of ~10%) is compatible with most
soils (Curtin et al., 2019). This is justified by the mechanisms of formation,
accumulation and residence time of each physical fraction, as discussed above.
Besides, the evidence provided in our study demonstrates a “win-win combination”
between these two SOM pools under AFS, that is, a proportional increase in both POM
and MAOM concentrations. This suggests the skill of long-term oil palm agroforestry
to provide both more recalcitrant and more labile compounds, thus stimulating the
formation of different forms of soil C. The significant and positive correlation between
MAOM and POM contents exposed by Spearman's matrix (Figure S3) also encourages
this relationship and may further suggest a specific pathway for MAOM formation at
our sites, with POM as a possible precursor via direct sorption of dissolved organic
matter or biotic transformation of POM (Angst et al., 2023). Finally, the efficiency of
multispecies planting in AFS in turning the soil into a C sink, compared to CA, is
noteworthy. Even under naturally similar physicochemical properties between the
investigated land uses, such as pH and H+AI3* levels (potential acidity), as well as clay
content (Table S3) (often considered limiting factors for carbon accumulation in soils)
(Wang & Kuzyakov, 2024), agricultural management stood out and proved to be a key

factor in soil carbon levels.

4.4. Agroforestry and oil palm monoculture exhibit divergent microbial

communities
4.4.1. Taxonomic composition of microbial communities

The analysis of the taxonomic composition of the bacterial community revealed
a higher relative abundance of the phyla Proteobacteria, Actinobacteriota, and
Acidobacteriota, as well as Planctomycetota and Chloroflexi (in this order) at the
sampling points in CA and AFS. This profile was relatively consistent across the
sampling points in our sites and even under variations in the seasonality of precipitation

(dry and rainy). However, the predominance and relative stability in the abundance of



50

these phyla over other less abundant ones does not imply a homogeneity of the
bacterial communities nor a low response of the composition to the features of our
sites (CA and AFS), since deeper phylogenetic analyses (such as at the family and
genus level) can reveal significant taxonomic differences. In fact, the bacterial profile
observed is in agreement with the recent study of molecular characterization of
microorganisms in tropical soils carried out by Silva et al. (2024).

In contrast to bacteria, the composition of the fungal community was quite
sensitive to the agricultural practices that characterize CA and AFS. The main groups
identified were Ascomycota (which dominated the community), Basidiomycota and
Chytridiomycota, followed by Mortierellomycota and Rozellomycota. A portion of ASVs
(up to ~20%, depending on the soil sampling point) did not have their taxonomy
assigned due to a lack of match with the pre-defined 99% similarity. These unmatched
sequences may have occurred due to the absence of sequences obtained from the
reference dataset (UNITE v.10) or problems related to the sequencing technique itself
(like DNA quality and PCR bias, among others). In any case, the predominance of
Ascomycota, Basidiomycota and this non-classification rate close to 20% corroborate
the results of Egidi et al. (2019), who studied the distribution patterns of fungi in 235

soils from around the world.

4.4.2. Measures of community richness, diversity and structure

The observed richness of ASVs (to bacteria and fungi) was higher at sampling
points in AFS than in CA, specifically in the rainy season. However, some exceptions
were identified for fungal richness, which did not differ between points that contained
oil palm (CA-1, CA-2, AFS-1, and AFS-2). This indicates the potential of agroforestry
to provide specific niches for the establishment of ASVs (sometimes unique) (Figure
S5) due to biotic and/or abiotic factors (Barros et al., 2021). These factors, however,
have their effects minimized during the dry season and are affected by above-ground
biomass. Regarding microbial diversity, we identified a decoupling between alpha and
beta metrics for both bacteria and fungi in AFS and CA. While alpha diversity (Shannon
and Simpson indices) of bacteria and fungi showed little to no divergence between our
sites, beta diversity clearly exhibited two sample groups based on CA and AFS.

These results to alpha diversity align with previous studies carried out in the
Amazon (Mendes et al.,, 2015a; 2015b; Navarrete et al., 2015). Nevertheless, our
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findings do not imply ecological homogeneity of microbial communities (bacteria and
fungi), as our data are taxonomic and not functional. Pedrinho et al. (2023), for
instance, indicated that abiotic stress conditions frequently detected in pastures
increase taxonomic diversity in Amazonian soils. Thus, we can advocate that the
absence of significant differences in alpha diversity (with minor exceptions) may be
related not necessarily to the low diversity present in AFS, but to the high diversity in
CA. This increase in diversity typically also promotes functional diversity, leading to
functional redundancy, an important microbial strategy to overcome environmental
disturbance, and thus maintain key microbially-mediated processes in the soil (Mendes
et al., 2015a; Pedrinho et al., 2023).

Conversely, significant divergences were observed for beta diversity of
bacteria and fungi at our sites. This reveals the critical role of agricultural practices in
governing soil microbial diversity and, therefore, the ecological arrangements and the
functions performed by microbial communities (Andreote & Silva, 2017). When
evaluating the dynamics of microbial communities under AFS in the Amazon, Leite et
al. (2023) found that agroforests create specific habitat conditions for bacteria and
archaea. These conditions differed from those of natural rainforest soils, and our
results now indicate that they also differ from soils under monoculture in biological,
chemical and physical terms (as reported in the previous sections 4.1, 4.2, and 4.3).
This highlights agroforestry as an “intermediate” land use strategy between
monocultures and forests, with real potential to mitigate the effects of conventional
agricultural practices on soil microbial diversity.

Typical of many soil microbial investigations (Buckeridge et al., 2020; Mendes
et al., 2015a; Navarrete et al., 2013), pH was the most important chemical property to
explain variation in community structure for both bacteria and fungi, trailed by Mg2+
levels for fungi. This can be justified by the fact that pH is a major variable in soil, that
is, capable of determining other factors, including Mg?* (Navarrete et al., 2013; Wang
& Kuzyakov, 2024). As a result, subtle variations in pH can trigger additional changes
in soil (such as nutrient availability) and thus select specific microbial communities
under environmental gradients. In our study, pH and Mg?* were correlated with the
microbial community in AFS (Figure 6). This is in agreement with our expectations,
given that pH was higher in agroforestry compared to oil palm monoculture and has a

positive relationship with Mg?*.
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These chemical interactions also pave the way for understanding why pH was
the chemical variable that most strongly affected the top 5 bacterial and fungal phyla
in the soil alongside with Ca?*, Mg?*, and H+Al (except for fungi) (Figure 7a, b). In
parallel, physical and biological variables also associated with the structure and
composition of microbial communities. Soil moisture, arylsulfatase and B-glucosidase
activity, as well as the physical C pools of SOM played a significant role in explaining
the variations of our dbRDA (Figure 6). These variables were, in their entirety, related
with the sampling points in the AFS. Such findings converge with those of Araujo et al.
(2021) and Navarrete et al. (2015), who pointed out soil moisture and C levels as
conditioners and energy sources for microbial life (respectively), capable of defining
community traits. However, soil moisture did not prove to be a core factor in the
composition of the major bacterial and fungal phyla, suggesting its more prominent role
in determining beta diversity rather than taxonomic profile.

Ultimately, sand content was a physical attribute positively correlated with all
bacterial phyla, but to a lesser extent with fungal ones. This reveals a tolerance
mechanism of this last group, since soil texture was ranked by Xia et al. (2020), after
pH, as the main factor in the modulation of soil microbial communities. At the same
time, the lower influence of H+Al on the formation of most fungal phyla is due to the
physiological adaptations of these microbes compared to bacteria for more acidic
conditions (Wang & Kuzyakov, 2024). The significant effect of B-glucosidase and
arylsulfatase activity, in turn, can be accounted to the influence of C pools on the
variability of AFS communities. This rationale is based on the fact that these two
enzymes are closely linked to soil C turnover (although via indirect pathways, in the
case of arylsulfatase) (Carneiro et al., 2024; Klose et al., 2015). Thus, it could be
assumed that the microbes present in the AFS are more dependent on the continuous
supply of C sources; this also implies, on the other hand, that the microbes in CA may

be more resilient to variations in this element.

4.5. Microbial necromass C is predicted by a combination among biological,

physical and chemical soil attributes

We C-POM and C-MAOM played a critical role in the necromass pool at our
sites, since microbial residues are part of the SOC. Given that BN and FN were not

measured within the physical pools of SOM, we intentionally included C-POM and C-
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MAOM in the BRT model. With this approach we indicate that BN may have potentially
contributed more to C-POM, while FN played an important role in both C-POM and C-
MAOM. The influence of Simpson and Shannon's fungal diversity, in turn, is coherent
because necromass levels are mediated by the proportion of soil fungi to bacteria and,
consequently, by the FN:BN ratio (Liang et al., 2019; Strickland & Rousk, 2010). Thus,
it can be assumed that fungal diversity (related to fungal abundance) (Melo, 2008)
could have affected ecological processes that mediate the fungi:bacteria ratio in the
soil and then the BN contents.

The activity of B-glucosidase for BN and arylsulfatase for FN is related to the
role of these enzymes in soil C turnover, as explained in section 4.4.2. As a rule, [3-
glucosidase acts in the breakdown of cellulose and the conversion of cellobiose into
glucose molecules and, therefore, has a direct role in the decomposition of SOM
(Carneiro et al., 2024). Arylsulfatase, on the other hand, is coupled to the hydrolysis of
sulfate esters and thus to the release of sulfate anions into the soil (Klose et al., 2015).
However, SOM is the main source of S for microbes and plants (Pinto & Nahas, 2002;
Vitti et al., 2015), so it is rational to suppose that arylsulfatase activity can also influence
C fluxes in the soil and, by extension, microbial necromass. Another pathway would
be B-glucosidase and arylsulfatase as parts of the BN and FN pool itself. This
speculation would be encouraged by the findings of Rempfert et al. (2024), who
indicated microbial metabolites, that is, microbial residues (an expanded view of
necromass) (Whalen et al., 2022) as an additional contributor to soil C accumulation.

Moreover, the influence of Ca?* on FN content may reveal the potential role of
this element in supporting necromass accumulation via mineral protection. Although
Amazonian soils typically host high levels of metal oxides (important SOM complexing
agents in acidic conditions) (Wang & Kuzyakov, 2024), Hu et al. (2022) reported a
complementary effect between iron oxides and exchangeable Ca?* in promoting
microbial necromass in forest soils. The positive effect would be related to the
adsorption of chemical functional groups from the necromass (such as -OH and -
COOH) to Ca?* on mineral surfaces through cationic bridges (Qian et al., 2023). Finally,
the importance of clay contents in predicting both bacterial and fungal necromass met
our expectations, considering the importance of soil minerals in C accumulation due to
organomineral associations (Lavallee et al., 2020). However, the effect size was

shaped by the type of necromass (bacterial or fungal), demonstrating a plausible
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relationship between the chemical composition of the necromass and sorption rates to

soil mineral surfaces, as raised by us in the previous sections.



55

5. CONCLUSION

Our results showed that the conversion of traditional oil palm monocultures
(CA) into long-term oil palm-based agroforestry (AFS) strongly enhance core attributes
of C storage and quality. This was largely demonstrated by the promotion of soil
microbial activity (as revealed by the activity of the extracellular enzymes -
glucosidase and arylsulfatase) and the significant increases in the C pools assessed
(fungal and total microbial necromass, C-POM, C-MAOM, and total SOC). However, it
had little or no influence on the bacterial necromass content, suggesting that these
residues have specific accumulation mechanisms in the soil. We propose that these
mechanisms involve more efficient recycling and microbial mining directed at "post-
mortem" bacterial residues. We also realized that the necromass:SOC ratio in AFS
was lower and sometimes equal to CA, and occasionally increased with soil depth.
These findings are related to the similar soil edaphic conditions at our sites and the
little change in the FN:BN ratio in the soil, although we do not rule out an underlying
mechanism not yet revealed in the current research.

Furthermore, agroforestry has assembled distinct bacterial and fungal
communities compared to oil palm monoculture by biological, chemical and physical
attributes of the soil, with beta diversity being the most evident trait of this effect. This
highlights the potential of multi-species plantation to mitigate the impacts of
conventional agricultural practices on soil microbial diversity and by extension soil
functioning in the Amazon. The critical role of aboveground plant diversity and type in
C fluxes was also demonstrated. As a consequence, most of the reported findings were
shaped by land cover, underline the heterogeneity but also the niche complementarity
existing among plants under oil palm-based agroforestry. Lastly, we provide the first
insights for Brazilian croplands into a specific, dynamic and worthy of future study
stabilization component in tropical environments: the microbial necromass C. Aware of
the observational nature of our study, we encourage future approaches based on
processes capable of shaping necromass turnover, including to test the hypotheses
raised by us in this investigation. Stable isotope tracking techniques associated with
functional assays and molecular biology methods, for instance, seem to be useful tools

for this purpose.
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Table S1. History of fertilizer and limestone application in oil palm-based agroforestry systems in of Tomé-Agu (state of Para, PA), located in the Amazon
biome and the Northern region of Brazil (Lat.: 02° 40' 54" S; Long.: 48° 16' 11" W). Source Alessa Mendanha (Costa et al., 2023).

Lime/fertilizer Unit Oil palm (AFS) Strip under integration and
diversification (SID) (AFS)
2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2008 2017 2018
Limestone ¢ kg ha- 1716 1300 ® 1716
ARAD reactive rock kg plant 0.3 1 1.5 0.7 2.5 032 0.630.7¢ 0.62309°¢
phosphate ¢
Chaff charcoal kg plant 10 10°b
Chicken manure 9 kg plant 10°
Bone meal " kg plant 1 0.5 0.5
Castor cake kg plant 2 2 4
Oil palm cake kg plant 30 30 40 1325¢
FTE BR12 k kg plant 0.3 0.2
Empty fruit bunches of ol kg plant 100 221 150 200 240 240
palm'
Borax ™ kg plant 10 0.1
Organic compost " kg plant 40 40°
Yoorin ° kg plant
Produbor 10 P kg plant 0.1 0.15 01¢ 0.12
Potassium polysulfate ¢ kg plant 2.6 4.5 0.1723/0.7 ¢
Potassium sulfate " kg plant 40 0.8 0.8 04 1.8 1 0.123/0.3¢ 0.15%/0.5¢

a Theobroma cacao
b Fertilizer applied over the entire strip

¢ Euterpe oleracea Mart.
4 Mg: 12%; Ca: 38%

¢ P:10%; Ca: 37%
fK:5.9%; Mg: 2.8%; Ca: 15.40%

9N: 2.58%; P: 2.27%; K: 2.31%; Mg: 0.44%; Ca: 30%
h'N: 2%; P: 20%; K: 0.12%; Mg: 0.24%; Ca: 30%

'N: 5.44%; P: 1.91%; K: 1.54%; Mg: 0.5%; Ca: 1.8%

IN: 2.4%; P: 0.56%; K: 0.61%; Mg: 0.01%; Ca: 4%; S: 0.4%; Zn:

0.01%; B: 0.05%
'B: 1.8%; Cu: 0.85%; Mn: 2.0%; Zn: 9.0%; S: 3.9%
'N: 0.33%; P: 0.04%; K: 0.55%; Mg: 0.09%; Ca:0.28%; S: 0.04%

m B: 20.8%; B203: 67%

" N: 0.80%; P: 0.40%; K: 0.30%; Mg: 0.10%; Ca:
0.23%; S: 0.03%

° P: 16%; Mg: 7%; Ca: 18%; S: 6%; Zn: 0.55%; B:
0.1%

PB: 10%

9K: 14.0%; Mg: 3.5%; Ca: 12%; S: 19%
"K: 50%; S: 18%
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Table S2. Table S2. Soil physicochemical parameters according to the 8 sampling points (2 in CA and 6 in AFS), sampling station and soil depth. Data
shown are mean + standar error (SE) (n = 4).
Land Use Sampling Point Season pH Ca* (mmolc.dm-®)  Mg* (mmolc.dm-®) K* (mmolc.dm-®) H + AP* (mmolc.dm-3) Clay (%) Silt (%) Sand (%)
Depth: 0-10 cm
CA CA-1 Dry 424025  11.07 528 112067 0.22%0.09 3745447
Rainy 4.1+ 0.11 9.67 + 0.90 1.80 + 0.23 0.50 £ 0.10 40.45 £ 3.84 23.79£330  4.95+3.15  71.26+5.09
CA-2 Dry  464+029  22.58+9.06 1.48 + 1.11 0.32+0.11 34.67 + 5.51
Rainy 417%025 1210623 127 +0.53 0.30 + 0.08 37.77 + 252 2235+523  7.07+1.80 70.58+6.36
AFS AFS-1 Dry 510+024  47.60+14.14 7.90 £0.94 1.16 + 0.93 36.20 £ 5.33
Rainy 4.80+0.07  30.881.56 4.47 +0.41 0.74 + 0.04 30.15 + 3.34 26.97£568  12.39+3.02 60.64+6.91
AFS-2 Dry 461030  17.42+7.42 1.80 + 0.80 0.31+0.06 37.83+6.03
Rainy 4.66+024  26.62+6.40 4.38 +2.43 0.39+0.10 34.77 +1.30 25.39+444  1038+251 64.23+6.80
AFS-3 Dry  496+020  32.77+7.22 9.42+2.28 0.50 £ 0.03 30.00 + 4.89
Rainy  4.84+0.11 35.4 8 +1.64 7.35+1.25 0.64 + 0.06 32.23 +4.15 26.92£369  9.71£3.73  63.37£5.03
AFS-4 Dry 506+019  43.6211.30 9.60 £ 1.04 0.58 +0.13 31.50 +7.42
Rainy 495+021  42.70+2.41 7.80 + 0.21 0.86 + 0.28 30.30 + 6.51 22.89£2.06  1555+4.78 61.56+3.65
AFS-5 Dry  517+027 4290 +6.91 10.4 3 +0.98 0.94+0.75 28.37+7.34
Rainy 524+007  56.98+969 11.1 2 20.68 1.31+0.25 26.05 + 2.43 2492+390  14.05£6.03 61.03+3.58
AFS-6 Dry  497+012  24.68+9.03 8.42 +0.70 0.71+0.29 28.73 + 4.75
Rainy 5.10+0.05  38.4815.36 10.4 3 +1.32 0.80 + 0.15 28.12 + 2.06 2383£383  1525+429 6092£5.93
Depth: 10-20 cm
CA CA-1 Dry  4.04%0.18 595357 0.30 £0.20 0.14 £ 0.09 32.72+2.80 3130:496  645%257 6225+272
Rainy  3.88 + 0.02 3.48 £ 0.56 0.60 0.17 0.65+0.14 42.48+377
CA-2 Dry  4.22+0.22 9.97 + 4.40 0.58 +0.16 0.26 + 0.04 36.6 2 £9.26 32.33+5.87  4.88:2.40 6279 £ 6.46
Rainy  4.00 0.12 6.70 £ 3.88 0.68 £ 0.33 0.24 £ 0.09 40.7 0 £3.29
AFS AFS-1 Dry 500+022 2597 +7.94 4.97 +0.36 0.83 % 0.11 29.8 0 £5.70 3235+6.32 1140+295 56.25+7.86
Rainy 4.34+0.14  13.2043.02 2.48 + 0.41 0.56 +0.14 30.52£0.93
AFS-2 Dry  4.96+0.11 18.23+2.76 2.30 + 1.06 0.24 +0.10 23.28 +4.19 3528+113 11.87+181 52.85+249
Rainy 4.67+008  19.23+3.66 412 £1.71 0.65 + 0.20 29.0 5+6.94
AFS-3 Dry  463+025  13.68+1.82 562+ 1.17 0.40 + 0.01 29.82+7.84 33914216  6.42:2.60  59.68 + 3.80
Rainy 450008  16.32+3.68 3.75 £ 0.50 0.58 + 0.18 31.15+2.17
AFS-4 Dry  4.80+0.21 19.0 5 +5.57 578 0.53 0.35+0.09 25.95+4.10 3180530  6.08£325 6213 +5.91
Rainy 474+025  18.50+6.26 470+ 1.08 0.74 +0.22 24.30+1.22
AFS-5 Dry  4.88+0.15  23.4 8 +4.81 5.58 £ 0.78 0.61+0.13 29.7 5 +3.64 3040+4.09  6.11+322  63.49+4.67
Rainy 500014  30.32+7.68 6.80 £ 0.90 0.83+0.30 24.90 +1.81
AFS-6 Dry  431+020  11.05+4.60 378+ 1.15 0.52 £ 0.20 28.95+2.38 36.25+3.96  9.58:2.36  54.17 +6.27
Rainy 452+0.14  14.78+2.11 6.18 + 0.93 0.74 + 0.41 28.6 2 +4.94
Depth: 20-30 cm
CA CA-1 Dry  4.09%022 475%3.99 0.80 £ 0.50 0.06 £0.02 26.80%2.11 3889£520 632311 5479470
Rainy  3.90  0.03 272+ 0.41 0.43 £ 0.39 0.77 £ 0.41 35.3 8 +5.39
CA-2 Dry  4.06+0.05 6.45+3.19 0.55 + 0.61 0.20 £ 0.06 34.98+4.12 39.85+7.02  1.98:0.80  58.17 +7.49
Rainy  3.94 +0.01 3.80+1.22 0.40 £ 0.20 0.190.07 33.55+1.82
AFS AFS-1 Dry  488+039  19.108.26 3.60 £ 0.80 0.21+0.10 27.0 0 5.00 4035+372  950+305  50.05+4.85
Rainy  4.16 +0.18 8.23 +4.09 1.98 + 0.90 0.60 £ 0.38 32.55+4.21
AFS-2 Dry 495+018  18.18:6.86 2.78+0.75 0.27 +0.07 20.32+3.28 4168+227 11.13+225 47.20+2.54
Rainy 4.32+016  10.43%1.72 2.38+0.78 0.38+0.06 28.53+6.19
AFS-3 Dry  4.24+0A17 6.90 + 0.92 2.65 +0.71 0.29 + 0.04 31.23£3.63 4282338  818:4.91  49.00 +5.53
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Rainy  4.15+0.04 8.43+0.70 210+ 0.41 0.27 £0.11 33.70+1.78

AFS-4 Dry 4.70 £0.27 15.32+2.79 3.95+0.36 0.38 £0.16 22.33+5.25 41.86 + 3.65 7.24+ 3.96 50.90 £ 5.37
Rainy  4.34 £0.23 10.2 5 +4.68 3.58 £1.24 0.52 £ 0.11 2742277

AFS-5 Dry 4.45+0.27 11.8 5 +5.94 3.08+1.18 0.22+£0.11 29.55+3.60 42.37 +4.96 8.33+£ 3.94 49.29 +2.87
Rainy 4.38+0.28 11.2 8 £5.62 3.75£1.07 0.63 +£0.28 28421294

AFS-6 Dry 4.46 £ 0.25 12.6 0 £5.01 4.00 £1.97 0.66 + 0.36 27.25+4.07 34.82+1587 18.68+15.71 46.50+2.14
Rainy  4.11+£0.07 5.22 +1.35 2.30+0.87 0.22 +0.07 32.55+4.59

*CA: conventional agriculture; and AFS: agroforestry system. The other abbreviations are explained in the “Methods section”, Table
1.
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Table S3. Historical precipitation (last 42 years) in Tomé-Acu (state of Para, PA), located in the Amazon biome and the Northern region of Brazil (Lat.: 02°
40' 54" S; Long.: 48° 16' 11" W). Source: CHIRPS: Rainfall Estimates from Rain Gauge and Satellite Observations (Funk et al., 2014).

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual accumulation

Yer Unit: mm

1981 318.37 361.83 29547 149.98 228.42 58.61 63.98 6054 38.04 4763 113.17 168.86 1904.89
1982 41458 511.77 521.33 358.39 156.37 60.04 5167 66.18 58.76 7217 7959 927 2443.55
1983 113.44 29199 303.7 201.13 130.84 66.17 5541 5559 5351 76.09 36.24 25042 1634.54
1984 393.53 451.91 515.25 491.46 498.19 110.41 123.28 101.91 138.19 140.04 109.81 138.18 3212.18
1985 453.46 501.88 495.82 337.45 378.15 117.59 81.15 9559 70.5 158.47 197.13 217.08 3104.25
1986 304.8 393.5 457.35 518.64 203.63 147.7 85.72 43.59 62.08 80.12 191.05 187.31 2675.50
1987 249.77 259.79 485 308.17 154.32 143.17 53.09 66.49 87.34 43.03 46.65 125.2 2022.01
1988 410.65 318.65 512.94 426.1 273.95 169.77 67.04 92.36 89.36 87.41 127.81 295.95 2872.00
1989 271.53 456.12 488.39 438.14 365.95 155.64 110 82.11 72.71 162.32 89.74 269.69 2962.34
1990 175.83 380.62 379.57 315.14 158.42 104.93 148.59 38.76 51.18 3555 128.9 150.17 2067.67
1991 387.51 264.53 358.26 310.67 228.72 119.31 79.92 3229 2549 8435 1494 7578 1981.76
1992 214.05 273.64 347 216.58 89.78 53.03 48.7 55.35 46.05 17 7281 915 1525.48
1993 254.67 312.31 474.68 313.36 188.14 77.56 67.88 73.37 7155 1171 186.23 179.54 2316.40
1994 376.94 394.19 511.99 453.87 371.39 191.31 7483 66.96 79.26 70.07 64.49 14517 2800.48
1995 223.15 363.33 275.2 392.73 453.09 58.02 76.19 26.71 32.63 48.05 156.68 175.9 2281.69
1996 367.19 394.07 549.32 385.58 338.83 61.28 89.2 98.62 5222 939 110.61 144.08 2684.89
1997 366.44 240.4 432.48 359.68 154.22 23.66 3448 7355 1286 59.51 127.12 118.38 2002.78
1998 403.07 175.98 452.54 325.51 173.46 106.94 77.03 7093 31.08 8516 211.09 256.38 2369.17
1999 324.64 420.01 541.9 440.78 413.66 89.46 61.18 5229 11548 99.43 142.75 262.24 2963.82
2000 371.83 456.67 481.52 412.84 316.96 141.55 197.45 76.24 110.39 43.43 4224 124.11 2775.22
2001 493.9 456.93 509.68 384.76 243.37 229.28 99.15 19.61 7239 80.7 54.08 140.95 2784.78
2002 409.55 229.89 448.79 474.8 28236 154.52 83.11 66.76 36.21 70.75 70.87 156.04 2483.65
2003 174.96 361.72 479.21 32253 204.8 119.16 71.68 88.02 7924 98.3 80.02 167.54 2247.18
2004 368.98 455.08 471.3 360.67 166.66 92.45 11295 104.48 131.09 120.9 41.39 145.61 2571.56
2005 22492 3929 398.84 398.69 304.97 90.08 50.66 55.87 23.79 717 112.07 339.31 2463.81

2006 346.15 251.77 472.63 531.49 409.77 61.98 684 60.97 8538 88.76 243.58 266.3 2887.19
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2007 202.4 478.27 496.52 444.88 304.47 89 7815 41.88 334 107.88 94.26 280.53 2651.63
2008 441.26 394.19 564.31 438.27 366.33 143.44 45.75 5245 85.01 85.29 71.87 216.99 2905.15
2009 349.1 459.12 569.97 473.09 591.39 220.93 74.04 43.21 3792 4947 31.61 257.66 3157.51
2010 209.98 283.52 260.11 434.34 287.75 89.82 91.29 78.74 38.52 141.14 133.19 212.81 2351.22
2011 396.64 541.57 541.19 376.59 276.99 84.43 93.64 91.09 4283 154.68 19542 165.55 2960.61
2012 351.58 464.43 428.82 322.48 188.24 121.5 80.67 55.64 3459 56.24 86.1 211.17 2401.47
2013 350.96 497.59 443.44 371.77 340.32 158.45 144.07 102.72 67.39 94.14 312.03 208.77 3091.65
2014 434.5 546.67 523.39 456.57 267.26 219.42 120.71 101.76 101.17 110.84 55.38 214.22 3151.89
2015 403.18 393.3 492.03 404.69 315.2 148.94 133.73 28.05 52.95 49.25 33.78 200.64 2655.74
2016 226.13 339.54 547.42 366.76 378.89 117.24 90.29 67.41 68.71 222.67 56.54 310.65 2792.24
2017 587.91 589.64 561.67 379.05 253.8 113.75 40.98 82.66 69.01 111.96 50.42 270.61 3111.45
2018 272.82 452.69 399.42 376.58 442.29 111.46 87.17 141.89 113.48 59.81 250.67 400.35 3108.63
2019 464.11 463.47 637.17 475.71 344.32 107.37 115.63 76.13 121.95 101.66 196.1 330.78 3434.40
2020 417.58 437.9 556.26 363.13 233.93 177.44 60.28 19.8 99.85 177.25 403.52 154.32 3101.26
2021 286.39 419.67 498.09 347.04 276.38 138.82 194.57 96.04 159.47 152.69 265.67 219.16 3054.01
2022 347.91 266.91 599.22 340.83 361.94 157.46 77.31 66.03 66.25 65.06 254.72 313.41 2917.04
2023 315.24 411.46 542.25 306.7 243.64 133.06 50.35 22.45 15.76 71.77 126.64 169.71 2409.03
Mean (42 years) 338.64 390.96 472.59 379.25 287.48 119.45 86.31 67.28 68.26 92.18 127.19 205.16 2634.74
SE (42 years) 14.64 1471 1318 1214 1632 725 556 410 529 6.52 13.08 11.28 68.58
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Figure S1. Relative abundance (%) of main bacteria (a) and fungi phyla (b) according to the 8
sampling points (2 in CA and 6 in AFS) and sampling season at 0-10 cm depth. Others: low abundant
(< 1%); and Unclassified: there was no outcome in the taxonomic affiliation with the UNITE database at
99% similarity. Abbreviations are explained in the “Methods section”, Table 1.
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Figure S2. Community structure of bacteria (a) and fungi (b) revealed by principal coordinates

analysis (PCoA) with only 6 sampling points in AFS and sampling season at depth 0-10 cm. Ellipses
symbolize the dispersion of samples within each sampling point at 95% confidence. Abbreviations are

explained in the “Methods section”, Table 1.
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Figure S3. Spearman’s correlation coefficient among the biological, chemical, and physical
attributes in carbon pools in the dry (a) and rainy season. Asterisks indicates significant correlation
between each variable assessed. C-POM: carbon content present in the > 53 ym physical fraction of
soil organic matter (SOM); C-MAOM: carbon content present in the < 53 um physical fraction of SOM;
pH: soil hydrogen potential; H+AlI3*: aluminium saturation in the soil; Simpson’s BD: Simpson’s bacterial
diversity index; Simpson’s FD: Simpson’s fungal diversity index; Ca2*: calcium content in the soil;
Shannon BD: Shannon’s bacterial diversity index; Mg?*: magnesium content in the soil; Shannon FD:
Shannon’s fungal diversity index; K*: potassium content in the soil.
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Figure S4. Fungal Necromass:Bacterial Necromass ratio (FN:BN Ratio) according to the 8
sampling points (2 in CA and 6 in AFS), sampling season, and soil depth. Mean values followed by the
same letter do not differ significantly among sampling points according to Tukey's test (p < 0.05).
Significance codes for differences within sampling points due to sampling season: ns p > 0.05, " p<
0.05, ** p<0.01,and *** p<0.001. Values are reported as mean + standard error (n = 5). Abbreviations

are explained in the “Methods section”, Table 1.
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Figure S5. Venn diagram representing the bacterial (a) and fungal (b) Amplicon Sequence Variant

(ASV) (99% similarity) shared among the 8 sampling points (2 in CA and 6 in AFS). Abbreviations are
explained in the “Methods section”, Table 1.





