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A B S T R A C T

Soil consists of abiotic and biotic components that sustain biodiversity and forest ecosystem functioning. 
However, soil restoration has been understudied, and restoration efforts often overlook it. Here, we apply an 
ecological coupling approach using correlation-based network analysis to assess the joint recovery of key abiotic, 
biotic, and functional soil components during forest restoration in the Brazilian Atlantic Forest. We analyzed soil 
microbial composition as the biotic component, soil physico-chemical characteristics as the abiotic component, 
and microbial biodiversity, carbon stocks, and greenhouse gases as functional components. Two restoration 
methods were studied: (i) active restoration on former sugarcane fields and (ii) assisted restoration on former 
pasturelands. We examined chronosequences of early-, intermediate-, and late-stage restored forests, comparing 
them to three reference forests. We show that active forest restoration on former sugarcane fields initially dis
rupted soil associations, but this disruption was overcome as the forest further developed. Active restoration 
increased the coupling between soil components and created a co-occurrence network with strong linkages 
between abiotic and functional soil components. However, the late-stage restored forest remained different from 
all three reference forests. Assisted forest restoration on pastures already resulted into coupling during the 
transition from pasture to forest, while coupling and network structure of late-stage restored forest was not 
different from the native conserved reference forest. The observed coupling was the result of strong links between 
biotic and functional soil components. Both methods facilitated soil recovery, but coupling in assisted restoration 
was not different from the native conserved reference forest, while actively restored soils remained distinct from 
both native conserved and degraded reference forests. We propose that actively restored forests may need more 
time to converge with reference forests or that active restoration fosters a novel forest soil state.

1. Introduction

Ecological restoration of global biodiversity hotspots is critical to 
halt and reverse loss of biodiversity and climate change by land degra
dation (Shin et al., 2022). The Brazilian Atlantic Forest is such a global 
biodiversity hotspot that has been reduced to 12–16 % of its original 
area due to urbanization, agriculture, and logging (De Lima et al., 2015; 
Rodrigues et al., 2009). In the past 3–4 decades, legislation has led to 

protect remaining forest fragments and promote restoration of degraded 
lands (Ribeiro et al., 2011). In the Brazilian Atlantic Forest, most 
restoration projects have focused on restoring iconic species or above
ground species richness (Londe et al., 2020; Rodrigues et al., 2009; 
Werden et al., 2022). However, belowground microbes may also require 
restoration, as they are essential for nutrient cycling in ecosystems, and 
influence aboveground plant growth and biodiversity (Kardol and 
Wardle, 2010; Ramirez et al., 2018). In addition, belowground microbes 
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are crucial for ecosystem stability in combination with soil chemistry 
(Jansson and Hofmockel, 2020). Therefore, we tested how forest 
restoration influences the associations among soil microbes, soil chem
istry, soil C stocks, and soil-borne greenhouse gas fluxes.

Soil plays a fundamental role in supporting root development, 
organic matter decomposition, and providing nutrients for plant growth 
(Baldrian et al., 2023; Gongalsky et al., 2021; Liu et al., 2023; Morriën, 
2016). Soil microbes are key players that drive nutrient cycling, with 
prokaryotes and fungi breaking down recalcitrant materials, thereby 
releasing nutrients for plants and other microbes. The feeding of protists 
and other predators on microbes releases nutrients that are trapped in 
the microbial biomass (Kardol and Wardle, 2010; Morriën, 2016). Many 
of these soil food web relationships depend on abiotic soil properties, 
which in turn are influenced by soil microbes and other soil biota. For 
example, pH affects the availability of soil nutrients and, consequently, 
modifies microbial growth and composition, while soil aggregation in
fluences how pore spaces may be filled by air and water, which enables 
microbial life to grow and survive (Indoria et al., 2020; Lammel et al., 
2018a, 2018b). Therefore, understanding the outcomes of feedback in
teractions between physical, chemical, and biological soil properties 
requires an analysis of how to restore the complex associations between 
soil organisms and their abiotic environment (Geisen et al., 2019; 
Mendes et al., 2019).

Restoration depends on site-specific characteristics, such as land-use 
legacies, proximity to conserved forest fragments, and the human and 
material resources available for restoration (Rodrigues et al., 2009; Safar 
et al., 2020). Previous land use, including agriculture, logging, and 
urban development, leaves legacies that affect both above- and below- 
ground components, with severely degraded areas often requiring 
more intensive interventions and longer recovery periods than low- 
degraded areas (Holl and Aide, 2011; Meli et al., 2017). In such 
degraded areas with limited natural regeneration potential, active forest 
restoration is typically applied, requiring the removal of disturbance 
factors such as perennial crops and cattle. It also involves soil prepara
tion activities, including tilling, liming, and fertilization, to support the 
planting of native species (Crouzeilles et al., 2017; Holl and Aide, 2011). 
Conversely, when a site shows potential for self-regeneration, forests 
may recover by more passive methodologies that are based on the ca
pacity of natural forest recovery. Assisted restoration, for instance, in
volves removing disturbance factors and planting native species in gaps 
within existing forest fragments to accelerate natural forest recovery of 
extensively used grasslands or derelict forest fragments (Meli et al., 
2017; Shono et al., 2007; Werden et al., 2022).

Tropical forests may take over 100 years to fully mature (Poorter 
et al., 2021a, 2021b), and co-occurrence-based ecological networks 
enable to assess how soil components are associated in the restored 
forests. Co-occurrence-based network modeling involves correlating soil 
components and representing them as nodes, with their associations 
depicted as edges (Baguette et al., 2013; Matchado et al., 2021; Peterson 
et al., 2013). Co-occurrence networks are applied as a multivariate tool 
for modeling and identifying patterns in complex datasets, while also 
providing insightful graphical representations. By analyzing these net
works, patterns among soil components can be recognized by analyzing 
co-occurrence of critical components within communities (e.g., species, 
genes, nutrients, functions). From these patterns, possible implications 
may be derived about resilience to disturbances and other ecosystem 
properties (Baguette et al., 2013; Matchado et al., 2021; Peterson et al., 
2013). Additionally, co-occurrence-based network analysis may be 
applied to represent soil food webs, highlighting the complex associa
tions between soil organisms and the environments they inhabit (Guseva 
et al., 2022; Ramirez et al., 2018). However, co-occurrence based net
works indicate not more than that two components are present together, 
which may mean that they interact, but they may also respond similarly 
to the same environmental changes (Goberna and Verdú, 2022).

In co-occurrence networks, the distance refers to the average number 
of steps or connections required to traverse between two nodes, which 

may be bacterial species, or nutrients, for example. From an ecological 
perspective, a shorter distance between nodes can facilitate rapid in
formation exchange, allowing for quick responses to environmental 
changes (Jordán and Scheuring, 2004). Modularity indicates how well a 
network is divided into distinct clusters, where nodes within the same 
cluster are more strongly connected than those in other clusters. 
Modularity is often associated with niche partitioning, where different 
species or functional groups occupy specific roles or niches (Deng et al., 
2012). Network density refers to actual connections as a proportion of 
the total possible connections. A denser network suggests a more robust 
exchange of resources, energy, or information, which can help maintain 
ecosystem functions and improve resilience to disturbances (Wu et al., 
2024). Also, key nodes identified by their higher number of strong links, 
are often used to identify components, for example, species, genes, soil 
characteristics, or functions, which are critical for community stability 
(Faust, 2021).

The proportion of significant correlations among soil components 
that are not occurring by chance, informs about the order, or disorder, 
within the system; this concept has been referred to as ‘coupling’ 
(Ochoa-Hueso et al., 2021), which is based on natural species co- 
occurrences. As a result of species extinctions, species cease to co- 
occur, which leads to reduced associations among soil components, 
resulting in decreased coupling values and loss of soil functioning 
(Ochoa-Hueso et al., 2021). Greater coupling indicates greater internal 
organization, and increased efficiency in the transfer of energy and 
matter within ecosystems (Ochoa-Hueso et al., 2021). By applying the 
coupling framework, it has been possible to assess the levels of system 
organization and elucidate the consequences of defaunation on soil 
communities and functions (Eisenhauer et al., 2023), as well as the ef
fects of altered rainfall regimes on soil (Yang et al., 2023). In both cases, 
decreasing coupling values were associated with losses in soil biodi
versity, leading to deficits in soil decomposition, diminished control of 
soil-borne diseases, and lowered plant biomass production. Conversely, 
when the coupling framework was used to evaluate soil system orga
nization in restored grasslands, restoration was shown to enhance the 
internal organization of soil systems, bringing them to levels comparable 
to reference sites (Resch et al., 2022).

In the present study, we evaluated the recovery of associations 
among soil organisms, physicochemical properties, and functions in the 
Brazilian Atlantic Forest in response to two restoration methods: (i) 
active forest restoration on sugarcane fields, and (ii) assisted forest 
restoration on former pastures. The effects of both restoration methods 
were analyzed using a chronosequence of restored forests. Then, late- 
stage restored forests were compared to reference forests with varying 
degradation levels (secondary degraded, native degraded, and native 
conserved). We tested the hypothesis that (1) during assisted restora
tion, soil associations will become more similar to old-growth forests, 
and (2) active restoration will result in different network associations 
and coupling than the references.

2. Methodology

2.1. Site selection

We selected representative semi-deciduous Atlantic Forests on clay 
soils in São Paulo state, Brazil. The sites were selected based on their 
land-use history, the method of forest restoration, and the time since the 
start of restoration. We acquired this information through interviews 
with restoration practitioners and landowners, complemented by satel
lite data (LandSat/Copenicus/Google Earth software v. 7.3.4.8248). 
Details about the location and climate characteristics of the sampled 
sites are described in Supplementary Fig. S1 and Supplementary 
Table S1, respectively.

The selected sites were forest fragments restored by active and 
assisted methodologies over the past 30 years, complying with the 
Brazilian environmental legislation (Rodrigues et al., 2009). The 
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restoration methodology applied to the selected sites was contingent on 
previous land use: (i) sugarcane fields showed no potential for self- 
regeneration into forest, so they underwent active restoration, 
involving sugarcane removal, soil preparation with liming and N-P-K 
fertilizer, followed by extensive planting and seeding of native species. 
In contrast, (ii) pastures with natural regeneration potential were sub
jected to assisted restoration, involving fewer interventions like fencing, 
removing exotic grasses, and introducing fast-growing species to occupy 
spaces without plants.

We categorized the selected restored sites into three temporal 
developmental stages based on the time since the start of restoration: 
Sites restored less than 8 years are named ‘early’; between 8 and 16 
years are named ‘intermediate’; and sites that started to be restored 
more than 16 years ago were named ‘late’. Sugarcane fields were 
selected as starting points for active restoration time series, and pastures 
as a start of time series of assisted restoration. Three forests were 
selected as references: a secondary degraded forest, a degraded native 
forest, and a conserved native forest. Supplementary Table S2 provides 
additional details on land use, restoration methodologies, and the initial 
year of restoration.

2.2. Plot delimitation and soil sampling

For each forest type (e.g., early-stage actively restored forest), we 
selected three forest fragments ranging from 20 to 30 ha. In each frag
ment, we delimited one 30 × 30 m plot located within a representative 
section of the forest. Additionally, plots were established in sugarcane 
and pasture fields (Supplementary Fig. S2). The selection criteria for plot 
placement included forest characteristics that matched the dominant 
conditions of the fragment, excluding areas with clearings, grass domi
nance, or lianas, and ensuring that plots were at least 30 m away from 
the edges.

In each plot, soil samples were collected from five fixed positions: 
one at the center and four at the corners (Supplementary Fig. S2). 
Therefore, we had 33 plots (11 typologies × 3 replicates of each forest 
typology) and 5 samples per plot, yielding 165 soil samples. The samples 
were taken from the top 10 cm of soil, where microbial abundance, 
activity, and diversity are highest (Bieluczyk et al., 2023; Fierer et al., 
2003). All tools used for soil sampling were thoroughly cleaned between 
sampled points to prevent cross-contamination. For chemical and 
texture analyses, 1200 g of soil per sample was collected in plastic bags 
and stored in a cold chamber for later analysis. Samples for microbio
logical analyses were stored in 50 mL sterile falcon tubes, transported in 
coolers with dry ice, and preserved at − 80 ◦C until further use. Undis
turbed soil samples for density and porosity analysis were extracted 
using a 30 mm diameter auger and metal rings, wrapped in cling film, 
placed in cardboard boxes, and sent for external laboratory analysis.

2.3. Soil physical-chemical analysis and soil C stocks

Soil nutrients were measured based on the standard methodology for 
Brazilian tropical soils (Cantarella et al., 1998). Soil samples were ho
mogenized using a 2 mm sieve, air-dried, and then weighed for each 
specific analysis using the gravimetric method. Soil pH was measured in 
a 0.01 M CaCl2 solution. Soil organic carbon was measured using the 
Walkley-Black method and multiplying the results by 0.58 to estimate 
the soil organic matter content. P-phosphate (P) was extracted using ion 
exchange resins and quantified through a colorimetric method (Van Raij 
et al., 2001). Carbon (C) and nitrogen (N) were determined using an 
automatic C and N analyzer, connected to a continuous-flow isotope 
ratio mass spectrometer (Thermo Scientific, model Delta V Advantage; 
Milan, Italy). Soil porosity analysis involved saturating samples with 
water, followed by stabilization in Richard's pressure chamber, drying in 
forced air, and weighing (Klute and Dirksen, 1986; Smith and Mullins, 
1991). Soil bulk density was measured by drying the undisturbed sample 
in forced air and weighing it (Teixeira et al., 2017).

Soil C stocks (Megagram ha− 1) were calculated by multiplying the 
contents of soil C (%), bulk density (mg m− 3), and the thickness of the 
soil layer (cm). Since the soil bulk density was higher in sugarcane, 
pasture, and restored sites compared to the references (the secondary 
and the two native forests), non-corrected C stocks would be systemat
ically overestimated in the selected sites. Then, the stocks were cor
rected by an equivalent soil mass method and using an average of the 
soil densities of the three mature forests as a reference.

2.4. Greenhouse gas assessments

Methane (CH4) and carbon dioxide (CO2) fluxes were measured as 
evolving from the soil. One gas measurement was performed next to 
every collected soil sample. The base dimensions of the static chambers 
were 19.5 cm (diameter) × 20 cm (height). This base was inserted 2–3 
cm in the soil and connected to a lid with a volume of 2 L, totalizing 
approximately 7 L of air when the chamber was closed. The chamber lid 
contained two inlets for flexible tubes (6 mm diameter), which were 
connected, for 10 min incubation time, to an ultraportable CH4-CO2 gas 
analyzer (model U-GGA-915, LGR-ICOS instruments, United States). 
During the incubation, the vacuum of the gas analyzer moved the air 
from the chamber in a closed circulation continuous flow. CH4 and CO2 
concentrations were measured every 10 s, in situ and in real time. The 
output of the portable gas analyzer provided the gas parameters needed 
for calculating the total C-CH4 (μg) and C-CO2 (mg) inside the chamber. 
The calculation was done using the Clapeyron ideal gas law: pV = nRT, 
which relates absolute pressure p to absolute temperature T, with vol
ume V of the container holding the gas and the amount n (in moles) of 
gas contained in there, and R is the molar gas constant. Then, the C-CH4 
and C-CO2 fluxes were quantified by the first derivative relating con
centrations and time, excluding the measurements of the first 60 s of 
chamber incubation to avoid any stabilization biases. Using the 
extrapolation from second to hour and from the chamber area (0.0266 
m2) to a plot meter, we obtained the fluxes in μg C-CH4 m− 2 h− 1 and 
milligram C-CO2 m− 2 h− 1.

2.5. Soil DNA extraction, amplicon sequencing

Total genomic DNA was extracted from 0.25 g of soil per sample 
using the DNeasy PowerSoil DNA Isolation Kit (Qiagen, Hilden, Ger
many), following the manufacturer's instructions. The quality and 
quantity of the extracted DNA were evaluated using three complemen
tary approaches: (i) a Qubit fluorometer (Invitrogen, Carlsbad, USA) for 
DNA concentration, (ii) 1 % sodium boric acid agarose gel electropho
resis to assess DNA integrity (Brody and Kern, 2004), and (iii) a Nano
Drop spectrophotometer (Thermo Fisher Scientific, Waltham, USA) to 
evaluate purity based on A260/A280 ratios, with values between 1.8 
and 2.0 considered acceptable.

Amplicon sequencing was conducted to characterize the soil pro
karyotic, fungal, and protist communities. All sequencing procedures 
were performed at the Genome Québec Innovation Centre (Montreal, 
Canada). For prokaryotic communities, the V4 region of the 16S rRNA 
gene was amplified using the primer pair 515F (5′-GTGY
CAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACNVGGGTWTCTAAT- 
3′) (Caporaso et al., 2011), generating a fragment of 300 bp. For protist 
communities, the V4–V5 region of the 18S rRNA gene was amplified 
using the primer pair 616*f (5′-TTAAARVGYTCGTAGTYG-3′) and 1132r 
(5′-CCGTCAATTHCTTYAART-3′) (Hugerth et al., 2014), generating a 
504 bp fragment. For fungal communities, the internal transcribed 
spacer region (ITS1) was amplified using the primers ITS1F (5′- 
CTTGGTCATTTAGAGGAAGTAA-3′) and ITS2 (5′-GCTGCGTTCTTCAT 
CGATGC-3′) (Gardes and Bruns, 1993; Smith and Peay, 2014). The 
amplicon length varied depending on the fungal taxonomic group. 
Detailed PCR amplification temperatures and cycles for each of the 
amplicon barcodes can be found in Supplementary Table S3. After 
amplification, all PCR products were purified using the Quantabio PCR 

L.F. Merloti et al.                                                                                                                                                                                                                               Applied Soil Ecology 214 (2025) 106408 

3 



Purification Kit (Quantabio, Beverly, MA, USA). Library preparation was 
carried out using the Illumina SP Reagent Kit v1.5, following the man
ufacturer's protocol, and paired-end sequencing (2 × 250 bp) was per
formed on an Illumina NovaSeq 6000 platform.

2.6. Data analysis

The obtained amplicon sequencing data were processed using bash 
and the Qiime2 pipeline (Bolyen et al., 2019). For 16S rRNA and ITS 
data, sequences were merged, primers removed, low-quality sequences 
were filtered and trimmed. The Deblur plugin clustered 16S rRNA se
quences into ASVs (Amir et al., 2017), while the v-search plugin clus
tered ITS sequences into OTUs (Rognes et al., 2016). Taxonomic 
inference used the SILVA database for prokaryotic communities using 
the 16S rRNA (Quast et al., 2012) and UNITE databases for soil fungi 
communities using ITS (Kõljalg et al., 2020). Abundance matrices were 
generated, rarefied, and filtered. The 18S rRNA data followed the same 
processing steps as ITS data, but only forward sequences were used. The 
PR2 database was employed for taxonomy assignment specific to protist 
communities (Guillou et al., 2012), followed by manual filtration of the 
compositional matrix to retain protist groups and subsequent rarefac
tion. All statistical analyses and graphical outputs were performed using 
R version 2024.04.2 (Team, 2021). The community structures of pro
karyotes, fungi, and protists were assessed based on the obtained 
compositional matrices using Principal Coordinate Analysis (PCoA). 
Bray-Curtis distances were calculated from the microbial community 
data to generate the PCoA multivariate visualization. Sample co
ordinates from axis 1 and axis 2 of the PCoA were then extracted. 
Additionally, the Shannon index was calculated from the compositional 
matrices to represent the soil microbial diversity for prokaryotes, fungi, 
and protists.

We accessed the establishment of soil associations along two resto
ration methods: (i) forests restored by the active method, categorized as 
early (<8 years), intermediate (8–16 years), and late (>16 years) stages, 
with sugarcane fields as the start point, and (ii) forests restored by the 
assisted method, similarly categorized and compared to pastures as the 
start point. Then, both late-stage restored forests were compared to 
reference forests with varying degradation levels (secondary degraded, 
native degraded, and native conserved). For each category of restored 
forests, starting points, and reference forests, we selected abiotic phys
icochemical soil characteristics (soil pH, organic matter, nitrogen, 
phosphorus, bulk-density, and total-porosity), biotic communities 
(PCoA axes 1 and 2 from prokaryotic, fungal, and protist communities), 
and functional soil characteristics (diversity indices from prokaryotic, 
fungal, and protist communities, soil carbon stocks, along with CH4 and 
CO2 greenhouse gas fluxes).

In our study, coupling represented the proportion of significant 
correlations between soil variables. The analysis was based on corre
lating the selected soil variables using nonparametric Spearman rank 
correlations, pooling the 15 samples from the three sampled squares for 
each category of restored forests, starting points, and reference forests. 
We also assessed the proportion of significant correlations characterized 
as positive and negative. In addition, coupling was also analyzed for 
abiotic-biotic, abiotic-functional, and biotic-functional soil categories. 
To ensure the robustness of observed coupling values, a null model was 
generated by randomly subsampling 15 samples per category of restored 
forests, starting points, and reference forests, calculating Spearman 
correlations, and counting significant ones (p < 0.05) over 1000 itera
tions. The p-value was determined based on the proportion of simulated 
correlations higher than the observed value. The 0.25 and 0.75 quantiles 
of the random correlations were also calculated to assess the distribu
tion's spread.

Additionally, for each category of restored forests, starting points, 
and reference forests, undirected network graphs were created to 
represent soil associations. The nodes represented selected soil charac
teristics, while the edges represented significant correlations between 

these characteristics. In each network, blue edges indicated positive 
correlations, red edges indicated negative correlations, and the thick
ness of edges represented the strength of associations between soil 
components. Node size indicates the degree, revealing the number of 
connections per node. We also calculated several network topologies 
with ecological significance: distance, which measures the path length 
between nodes to assess how quickly or easily associations occur be
tween soil properties; modularity, which shows how the network is 
organized into modules or clusters, indicating how closely soil processes 
or components interact; density, reflecting the proportion of potential 
connections between nodes, providing insight into how interconnected 
the soil system is; and key nodes, represented by the PageRank index, 
which highlights the most important nodes based on the number and 
strength of correlations. Finally, to assess the structure of associations 
within each network and to compare networks across categories of 
restored forests, starting points, and reference forests, the PageRank 
results from each network were correlated with one another and pre
sented as a correlogram.

3. Results

3.1. Assisted forest restoration on pasture fields

We evaluated soil coupling by measuring the proportion of signifi
cant correlations among all soil components, along with how many of 
these correlations were positive and negative. The soil's total coupling in 
pasture and early-stage restored forests was 16 % for both, followed by 
an increase to 29 % in the intermediate stage, and then a drop to 14 % in 
the late stage. The percentage of positive coupling followed the same 
trend, with pasture and early-stage restored forests showing 10 % and 
12 %, followed by an increase to 27 % in the intermediate stage, and a 
drop to 10 % in the late stage (Fig. 1A). The percentages of total coupling 
and positive coupling were significantly different from the null model 
(Supplementary Figs. S3 and S4), while the proportion of negative 
coupling was not, suggesting that negative coupling may have occurred 
by chance (Supplementary Fig. S5).

The soil components were grouped into abiotic, biotic, and func
tional categories, and the percentage coupling among these categories 
was analyzed. We observed an increase from pasture sites to 
intermediate-stage restored forests. Specifically, abiotic-biotic coupling 
ranged from 17 % to 33 %, abiotic-functional coupling from 15 % to 29 
%, and biotic-functional coupling from 15 % to 26 %. However, all these 
coupling percentages had decreased in late-stage forests, with biotic- 
functional coupling at 21 %, abiotic-biotic at 17 %, and abiotic- 
functional at 8 % (Fig. 2A). All coupling percentages among soil cate
gories were significantly different from the null model (Supplementary 
Figs. S6, S7, and S8).

Regarding network topologies, the network distance decreased from 
pasture sites (1.93) to intermediate-stage restored forests (0.90), fol
lowed by an increase in late-stage forests (1.65). Modularity of networks 
followed a similar trend, decreasing from pasture (0.43) to intermediate- 
stage forests (0.10), and then increasing in late-stage restored forests 
(0.32). The density of the networks showed the opposite pattern, 
decreasing from pasture sites (0.16) to intermediate-stage forests (0.29), 
and further decreasing in late-stage forests (0.14; Fig. 3A).

The nodes with the most connections, also referred to as key nodes, 
also changed over time since the start of assisted forest restoration. The 
key nodes in the pasture ecological network were soil organic matter, 
carbon stocks, protist, and fungal diversities, and the prokaryotic PCoA 
1 axis. In the network from the early-stage restored forest, soil total- 
porosity, bulk-density, and both prokaryotic PCoA axes were the key 
nodes. In the intermediate-stage restored forest network, the key nodes 
were protist PCoA 2 and prokaryotic diversity. In the network from the 
late-stage restored forest, the key nodes were the prokaryotic and fungal 
PCoA axes (Fig. 4A).

We compared the different soil networks by correlating their key 
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nodes and we noticed that pasture sites and assisted restored forests 
were positively correlated (Fig. 5A).

3.2. Active forest restoration on sugarcane fields

We found that the coupling of soils decreased from 22 % to 11 % 
during the conversion of sugarcane fields into early-stage restored for
est. This initial disruption was mostly due to a decline in the percentage 
of positive coupling from 16 % to 5 %. As the active restored forest aged, 
the total coupling steadily increased in the late-succession stage, 
reaching 27 %, with 14 % positive coupling and 13 % negative coupling 
(Fig. 1B). Most of the coupling percentages differed significantly from 
the null model (Supplementary Figs. S3, S4, and S5).

A decrease in coupling among soil categories was observed following 
the conversion of sugarcane fields to early-stage restored forests. Spe
cifically, abiotic-biotic coupling dropped from 29 % to 12 %, abiotic- 
functional coupling from 21 % to 12 %, and biotic-functional coupling 
from 20 % to 9 %. As the forest aged to the late-succession stage, 
coupling among those soil categories steadily increased to 30 % for 
abiotic-functional, 27 % for abiotic-biotic, and 21 % for biotic-functional 
(Fig. 2B). All these coupling percentages were significantly different 
from the null model (Supplementary Figs. S6, S7, and S8).

Network topological properties showed distinct trends during the 
conversion of sugarcane fields into restored forests. The network dis
tance between nodes, which represents how quickly information can 
travel within the network, decreased from 1.29 in sugarcane fields to 
1.18 in early-stage restored forests, followed by increases at the inter
mediate and late stages (1.98 and 1.27, respectively). Network density, 
representing the strength of interconnectedness of the network, 

decreased from 0.22 in sugarcane fields to 0.11 in early-succession stage 
forests but increased at the intermediate and late stages (0.16 and 0.27, 
respectively). Modularity, which measures the extent to which the 
network is divided into distinct clusters or modules, increased from 0.34 
in sugarcane fields to 0.54 in early-stage restored forests before 
declining at the intermediate and late stages to 0.41 and 0.35, respec
tively (Fig. 3B).

The nodes with the most connections, also referred to as key nodes, 
also changed during the development of actively restored forest. In the 
sugarcane ecological network, the key-nodes were soil P concentration 
and the PCoA 1 axis from protist and fungal communities. In the network 
of early-stage actively restored forest, key-nodes included P and N 
concentrations, soil organic matter, soil bulk-density, the PCoA 1 axis 
from prokaryotic communities, soil carbon stocks, and CH4 fluxes. For 
the ecological network from intermediate-stage forest, the key nodes 
were soil pH, the PCoA 1 axis from prokaryotic communities, and N 
concentration. In the network from late-stage forests, soil bulk-density, 
and the PCoA 1 axis from prokaryotic and protist communities were the 
key nodes (Fig. 4B).

We compared the different soil networks by correlating their key 
nodes and noticed that sugarcane fields were negatively correlated to 
the active restored forests (Fig. 5B).

3.3. Late-stage restored forests development to reference forests

The total soil coupling in the late stage of assisted restored forest was 
14 % and approached that of the native degraded forest (14 %), while 
the total soil coupling of the late stage of actively restored forest sur
passed all forests (27 %; Fig. 1C). The percentage positive coupling for 

Fig. 1. Coupling development expressed as the percentage of significant total, positive, and negative correlations among soil components. (A) shows the devel
opment of coupling in chronosequences of assisted restored forests on former pasture lands, (B) active restored forests on former sugarcane fields, and (C) late-stage 
restored forests compared to reference forests. The analysis is based on significant Spearman rank correlations (P < 0.05) out of 153 correlations. A null model, 
generated using bootstrapping (n = 1000), was used to determine if the observed correlations could occur by chance. The model's average is represented by dashed 
lines, with the shaded area showing the 0.25 to 0.75 variance intervals.
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the assisted late-stage was 10 % and matched those of the native 
degraded and conserved references, which were both 10 %, whereas the 
late stage of the actively restored forest was 14 %, thereby surpassing all 
other forests (Fig. 1C). The percentages of total and positive coupling 
were significantly different from the null model (Supplementary Figs. S3 
and S4), except for the proportion of negative coupling, which could 
have occurred by chance (Supplementary Fig. S5).

In the late-stage actively restored forest, most couplings were orga
nized around abiotic-function variables, representing 30 % of the total 
couplings, followed by 27 % abiotic-biotic and 21 % biotic-function 
couplings. Interestingly, these percentages surpassed those of all refer
ence forests. In the late-stage assisted restored forest, biotic-function 
couplings were the most prominent, making up 21 % of significant 
couplings, followed by 17 % abiotic-biotic and 8 % abiotic-function 
couplings. The percentage of biotic-function couplings also surpassed 
all values of reference forests, while the abiotic-biotic couplings were 
not different from the secondary degraded forest (18 %). The abiotic- 
function couplings matched those of the secondary degraded and 
native conserved forests, which were both at 8 % (Fig. 2C). All these 
couplings percentages were significantly different from the null model 
(Supplementary Figs. S6, S7, and S8).

The distance as topology of ecological network at the active restored 
forest at late-stage (1.23) was close to the native conserved (1.14), while 
the assisted forest (1.65) was similar to the native degraded reference 
(1.61; Fig. 3C). The network modularity in the active (0.35) and assisted 
late-stage forests (0.32) were close to the native degraded (0.34; 
Fig. 3C). Network density was highest in the active forest (0.27), while 
the assisted late-stage (0.14) was similar to the native degraded (0.14; 

Fig. 3C).
Within the network of late-stage actively restored forests, soil bulk 

density, and the PCoA 1 axis from prokaryotic and protist communities 
were the key nodes. In the network of late-stage assisted restored forests, 
the key nodes were the prokaryotic and fungal PCoA axes. In the 
network of the secondary degraded reference forest, the key nodes were 
the fungal and protist PCoA axes. Within the native degraded reference 
network, the key nodes were soil organic matter, soil carbon stocks, pH, 
nitrogen concentration, the prokarya PCoA 1 axis, and fungal diversity. 
In the native conserved reference, the key nodes were soil pH, total 
porosity, and the prokarya and fungal PCoA axes (Fig. 4C).

When the soil networks of late-stage forests were compared to the 
references, we observed that active restored forests were positively 
correlated to a secondary-degraded reference, while assisted restored 
forests were positively correlated to a native-conserved reference forest 
(Fig. 5C).

4. Discussion

We examined the effects of the temporal development of two forest 
restoration methodologies in the Brazilian Atlantic Forest on soil 
component associations. Specifically, we assessed assisted restoration, 
applied to abandoned pastures with natural regeneration potential, and 
active restoration, applied to more degraded sugarcane fields requiring 
full planting. The aging of assisted restoration in former pasture sites 
resulted in a soil network with a similar number of associations 
compared to old-growth reference forests, but with stronger links be
tween biotic components (such as microbial community composition) 

Fig. 2. Coupling development expressed as the percentage of significant total correlations among abiotic, biotic, and functional soil component categories. (A) shows 
the development of coupling in chronosequences of assisted restored forests on former pasture lands, (B) active restored forests on former sugarcane fields, and (C) 
late-stage restored forests compared to degraded and reference forests. The analysis is based on significant Spearman rank correlations (P < 0.05) out of 66 cor
relations. A null model, generated using bootstrapping (n = 1000), was used to determine if the observed correlations could occur by chance. The model's average is 
represented by dashed lines, with the shaded area showing the 0.25 to 0.75 variance intervals.
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and functional components (such as greenhouse gas emissions and car
bon stocks). Our results are in agreement with other studies showing 
that soil microbial communities are key components in maintaining 
terrestrial ecosystem functioning (Delgado-Baquerizo et al., 2016; Wagg 
et al., 2014). In active restoration of former sugarcane fields, soil mi
crobial coupling was initially disrupted. However, as restoration pro
gressed toward a more mature forest stage, soil microbes gradually 
became more connected, even showing more associations among soil 
components than reference forests. Additionally, late-stage actively 
restored forests exhibited a network where abiotic soil characteristics 
were strongly linked to soil functional components, likely because re
sidual abiotic heterogeneity such as soil compaction and nutrient con
tent continued to shape microbial associations. These findings align with 
other studies suggesting that human-modified soils may foster novel 
environments where past land-use legacies co-exist with new ecological 
changes (Hobbs, 2016; Perring et al., 2013). Our results suggest that 
assisted forest restoration on less degraded soils leads to a more com
plete recovery of soil microbial associations toward reference forest 
conditions than active restoration on more degraded soils.

4.1. The soil associations in the reference forests

The soil networks of the reference forests revealed few correlations of 
soil microbes with abiotic and functional soil components, and none of 
these components dominated the co-occurrence networks. Our results 
suggest that within the native forests, dominant correlations were 

minimized, resulting in a well-distributed network. One possible 
explanation is that old-growth forests promote more homogeneous 
abiotic soil conditions. In contrast, heterogeneous soil characteristics in 
agricultural systems, such as variations in pH and nutrient availability, 
often drive shifts in microbial communities and foster strong correla
tions (Fraterrigo et al., 2005; Lammel et al., 2018a, 2018b). Competition 
for specific limiting resources may lead communities to adopt similar 
strategies to acquire them, thereby fostering stronger correlations 
(Goberna and Verdú, 2022). This was not the case in our reference 
forests, suggesting that soil functions there do not depend on numerous 
or strongly correlated associations. We interpret this as an indication of 
a more stable soil system under these mature forests. Such stability in 
mature terrestrial ecosystems has been observed before and is often 
linked to the slowing turnover of plant communities as forest succession 
advances (Jangid et al., 2013).

4.2. The development of soil associations of assisted restored forests 
toward references

In the late stage of assisted restored forests, biotic and functional 
components dominated soil associations, while abiotic characteristics 
played a limited role in explaining microbial correlations. Apparently, in 
assisted restored forests, abiotic factors are relatively of minor impor
tance as drivers of microbial networks. These associations likely un
derpin essential plant-microbes interactions that support forest nutrition 
and productivity, including processes such as arbuscular mycorrhizal 

Fig. 3. Ecological network analysis based on soil components. (A) shows the network from chronosequences of assisted restored forests on former pasture lands, (B) 
active restored forests on former sugarcane, and (C) late-stage restored forests compared to degraded and reference forests. In each network, the nodes represent the 
soil components, while blue edges indicate positive correlations and red edges indicate negative correlations.
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fungi (AMF) associations, nitrogen fixation, phosphorus mineralization 
and solubilization, decomposition of litter and organic matter, or even 
pathogenic associations (Fujii et al., 2018; Johnson and Turner, 2019).

Interestingly, in late-stage forests that result from assisted restora
tion, the patterns of soil microbial associations were well comparable to 
native conserved reference forests. All these forests were characterized 
by few below-ground correlations. Assisted restoration is typically 
applied in areas with potential for natural forest regeneration, often 
characterized by remnant forest species, forest patches, and connectivity 
to surrounding forest landscapes (Shono et al., 2007; Werden et al., 
2022). Our results suggest that the soils in these areas still consider some 
legacy of the forest before being converted into pasture land. Addi
tionally, pastures may also create a good starting position for forest 
restoration, because of extensive management based on permanent 
crops, with minimal soil interventions such as tilling, fertilization, or 
pasture renewal (Feltran-Barbieri and Féres, 2021). Consequently, 
under those conditions remnant soil communities and associations from 
former forests might have persisted, thereby likely contributing to the 
development of late-stage forests toward native reference conditions.

Although late-stage forests that result from assisted restoration 
developed soil associations resembling those in native conserved forests, 

the key nodes within the networks suggest that the transition from 
pastures to late-stage forest was not necessarily linear. Indeed, the time 
series of restoration sites revealed variations in time. In pastures, mi
crobial communities were typically associated with variables of the 
carbon cycle, such as soil organic matter, carbon stocks, and methane 
fluxes. The associations with these abiotic carbon cycle-related compo
nents may have been influenced by the presence of Brachiaria spp., an 
exotic grass species widely cultivated in South American pastures 
(Feltran-Barbieri and Féres, 2021). Brachiaria spp. are characterized by 
its aggressive growth, investing heavily in shoot biomass and root 
exudation to enhance nutrient and water uptake, thereby affecting 
carbon storage in the soil (Carvalho et al., 2010; Merloti et al., 2023), 
which may explain the main key nodes in the pasture network.

In early-stage assisted forests, the variance around soil prokaryotic 
communities, along with changes in phosphorus levels and soil density, 
promoted those characteristics as key nodes in the network. These shifts 
likely reflect the improvement in soil aggregation due to the removal of 
grazing pressure and the development of a more diverse forest root 
system during forest development (Tulio et al., 2023). Phosphorus as a 
key node may reflect the nutrient variance within those soils, possibly 
due to its adsorption into soil particles, a characteristic typical of 

Fig. 4. Development of network key nodes. (A) shows the development of network key nodes in chronosequences of assisted restored forests on former pasture lands, 
(B) active restored forests on former sugarcane fields, and (C) late-stage restored forests compared to degraded and reference forests. The analysis was based on the 
PageRank index, which ranked the most important soil components (or nodes) within each network based on the number and strength of correlations (or edges) 
connected to the node. The black dashed line represents the 0.75 quantile of the PageRank values.
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tropical soils (Baldrian et al., 2023; Pavinato et al., 2020). This variance 
could represent the efforts by microbial communities to release phos
phorus into the soil solution by processes like P solubilization and 
mineralization (Baldrian et al., 2023; Pavinato et al., 2020). Interest
ingly, at the intermediate stage, we observed a drastic increase in as
sociations between soil communities and primarily abiotic soil 
characteristics. This is likely due to the relatively high pH found in 
intermediate-restored forests. This may have increased nutrient avail
ability in soil solution, which stimulates the growth of microbial com
munities (Lammel et al., 2018a, 2018b).

We do not attribute these results to the restoration methodology it
self but rather to local soil variations that also may have played a role in 
driving soil microbial associations. Variations along gradients of 
restored forests under assisted methodologies have also been observed 
in plant communities (Werden et al., 2022). Local forest characteristics, 
such as remnant patches, often cause high variability within these for
ests during the restoration process, which may indicate that forest 
development does not necessarily follow linear trajectories to recovery 

(Werden et al., 2022). Based on our results, we also pointed out that 
microbial soil associations do not follow an exponential recovery tra
jectory toward reference forests, with variations observed along the 
forest development process due to local soil characteristics. Nonetheless, 
this approach still successfully achieved outcomes comparable to the 
reference forests.

At the intermediate-stage, we observed a drastic increase in associ
ations between soil communities and abiotic soil characteristics. This is 
likely due to the relatively high pH levels found in intermediate restored 
forests and, consequently, the higher availability of soil nutrients in 
solution, which stimulates the growth of microbial communities 
(Lammel et al., 2018a, 2018b). We do not attribute these results to the 
restoration methodology itself but rather to local soil variations that also 
played a role in driving soil microbial associations. Variations along 
gradients of restored forests under assisted methodologies have also 
been observed in plant communities (Werden et al., 2022). Authors have 
noted that local forest characteristics, such as remnant patches, often 
cause high variability within these forests during the restoration process. 

Fig. 5. Correlogram representing correlation among networks. (A) shows the correlation between networks from chronosequences of assisted restored forests on 
former pasture lands, (B) active restored forests on former sugarcane fields, and (C) late-stage restored forests compared to degraded and reference forests. The 
analysis was based on extracting the key nodes from each network and correlating them using Spearman rank to assess how equivalent the networks are to each 
other. Numbers within the cells indicate the strength of the correlation, with negative correlations shaded in red, positive correlations in blue, and neutral corre
lations in white. Asterisks (*) indicate statistically significant correlations (P < 0.05).
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They state that while assisted restoration can achieve restoration goals, 
these variations mean that forest development does not necessarily 
follow linear trajectories of recovery (Werden et al., 2022). Based on our 
results, we also pointed out that microbial soil associations do not follow 
an exponential recovery trajectory toward reference forests, with vari
ations observed along the forest development process due to local soil 
characteristics. Nonetheless, the assisted methodology still successfully 
promoted outcomes comparable to the native conserved reference 
forest.

4.3. Actively restored forest face challenges of recovery toward the 
references

In the late stage of actively restored forest, microbial associations 
with abiotic soil components accounted for most of the observed cor
relations. Additionally, the late-stage soil network of actively restored 
forests showed higher numbers of correlations than the reference forests. 
Factors such as phosphorus concentration and soil bulk density were 
associated with the majority of identified correlations. These results may 
reflect soil legacies from previous sugarcane cultivation, which were not 
entirely mitigated by active restoration. This may reflect a long-lasting 
legacy of previous agricultural activities, as bulk-density is signifi
cantly disrupted by sugarcane cultivation due to heavy soil tilling and 
harvesting machinery (Cherubin et al., 2017). The concentration of P is 
characterized as a limiting factor in restored forests (Van Der Sande 
et al., 2023), and the high associations around the element may also 
represent a scarcity of P in tropical soils (Pavinato et al., 2020). This is 
further supported by plant communities and soil microbiomes actively 
releasing P from mineral and organic particles (Baldrian et al., 2023).

Our results suggest that even after 30 years, active restoration has 
not led to fully restored soil associations to the level of reference forests, 
with residual soil legacies from agricultural management complicating 
the restoration of soil microbial associations in Atlantic Forests. 
Together, the soil associations in late-stage actively restored forests 
likely reflect a scenario where the new forest ecosystem coexists with 
these land-use legacies. This duality has been reported in other studies, 
suggesting that restoration on heavily degraded sites results in ecosys
tems retaining features of both the restored environment and the his
torical land-use practices (Hobbs, 2016; Perring et al., 2013).

The transition of sugarcane fields to actively restored forest 
demonstrated to follow a linear development in terms of soil associa
tions. First, sugarcane fields had more soil coupling and more connected 
networks than early-stage active restored forests. Sugarcane fields un
dergo frequent tilling, fertilization, liming, and harvesting using heavy 
machinery, all within a monoculture dominated by sugarcane (Saccha
rum officinarum spp.) (Bordonal et al., 2018). These intensive agricul
tural practices reduce system variability, creating a more uniform 
environment in terms of microbial diversity and soil physical-chemical 
characteristics compared to natural forests (Cavalcanti et al., 2020; da 
Silva et al., 2012; Ferreira et al., 2015). This uniformity, in turn, could 
lead to more frequent and stronger co-occurrence patterns, as soil or
ganisms respond similarly to these homogeneous conditions. The sub
stantial local variation in P concentrations and microbial components 
making them as key-node within the sugarcane network provided more 
evidence on how the soil system components are associated. In tropical 
agricultural soils, P is often bound to soil particles and not readily 
available for uptake by microorganisms or plants (Pavinato et al., 2020). 
The numerous associations between soil P concentrations and soil mi
crobial communities in sugarcane fields could represent cooperation 
between Saccharum officinarum spp. plants and the soil microbiome to 
mobilize and take up this limiting nutrient (Atekan et al., 2014; Awais 
et al., 2019).

We observed that transitioning sugarcane fields to early-stage 
actively restored forests strongly reduced soil coupling and led to 
poorly connected networks. This disruption is likely due to the intensive 
management practices involved in active restoration, which included 

removing sugarcane plants, tilling the soil, and liming to introduce 
native forest species (Crouzeilles et al., 2017; Morrison and Lindell, 
2011). These practices likely produced a highly disturbed system where 
associations between soil microbiota and their components were dis
rupted. However, as forest restoration progressed to intermediate and 
late stages, the number of associations within these soil networks 
significantly increased, particularly among soil microbial communities, 
bulk density, and phosphorus. This pattern was comparable to those 
found in sugarcane fields and points out that intensive agricultural 
practices left soil legacies that could not be fully mitigated by forest 
progression. Interestingly, these results suggest that while active resto
ration is an effective way to convert degraded sites into forests, former 
land-use legacies impose substantial challenges to fully restoring the 
ecosystem to its original state.

Given that overcoming persistent soil legacy effects is a common 
challenge in ecosystem restoration, valuable insights can be drawn from 
practices elsewhere. For instance, soil removal or inversion to reduce 
excess nutrients has been employed in heathland restoration in the 
Netherlands and the UK (Benetková et al., 2022). Similarly, applying 
carbon sources like sawdust or biochar to stimulate soil microbiota and 
immobilize nitrogen has been effective in restoring tallgrass prairies in 
the US (Averett et al., 2004). The use of cover crops prior to forest 
restoration (Shono et al., 2007) to enrich nutrient-poor soils, catch crops 
to remove excess nutrients from the soil (In 'T Zandt et al., 2018), or even 
soil inoculation from conserved environments (Freitas et al., 2023; Wubs 
et al., 2016) are also promising management practices to restore soil 
system along with plant communities of highly degraded lands.

5. Conclusion

Our study demonstrates that assisted restoration of forests on aban
doned pasturelands leads to effective recovery of soil microbial associ
ations that closely resemble those in native conserved forests. These 
findings underscore the efficacy of restoration methods that promote 
natural forest recovery under conditions comparable to undisturbed 
ecosystems. In contrast, in actively restored forests, soil associations 
were predominantly shaped by abiotic factors, such as soil bulk density 
and phosphorus concentration. This highlights the persistence of soil 
legacies from previous sugarcane cultivation, which were not alleviated 
by forest progression. Further research is needed to elucidate the drivers 
and mechanisms behind these soil legacies and to develop management 
strategies that facilitate the recovery of not only vegetation but also soil 
microbial communities on degraded lands targeted for reforestation.
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