
More than carbon: Soil organic carbon and cation
exchange capacity as key indicators of chemical
recovery in tropical montane Atlantic Forest soils
Paulo Angelo Fachin 

Universidade do Estado do Rio de Janeiro
Ana Luiza Coelho-Netto 

Universidade Federal do Rio de Janeiro

Research Article

Keywords: Tropical rainforest restoration, Soil chemical resilience, Soil functioning, Secondary
succession, Restoration monitoring

Posted Date: June 25th, 2026

DOI: https://doi.org/10.21203/rs.3.rs-10082484/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

Version of Record: A version of this preprint was published at Journal of Soils and Sediments on
September 16th, 2026. See the published version at https://doi.org/10.1007/s11368-026-04544-x.

Page 1/29

https://doi.org/10.21203/rs.3.rs-10082484/v1
https://doi.org/10.21203/rs.3.rs-10082484/v1
https://doi.org/10.21203/rs.3.rs-10082484/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s11368-026-04544-x


Abstract

Purpose
Tropical montane Atlantic Forests are increasingly being converted into pastures and silvicultural
systems, altering soil functioning and compromising long-term ecosystem resilience. However, soil
indicators capable of diagnosing functional recovery across restoration pathways remain poorly defined,
particularly in highly weathered tropical mountain environments.

Methods
This study evaluated whether soil chemical properties can discriminate among alternative recovery
trajectories in a tropical montane Atlantic Forest landscape in the Serra do Mar, southeastern Brazil. Four
land-use systems were assessed along a 0–60 cm soil profile: interior secondary forests (ISF), edge
secondary forests (ESF), eucalyptus plantation, and pasture. Soil samples (n = 10 per land-use system)
were analyzed for soil organic carbon (SOC), total nitrogen (N), pH, exchangeable nutrients, and cation
exchange capacity (CEC).

Results
Forest restoration promoted substantial increases in SOC (+ 28%) and CEC (+ 28–44%) relative to
anthropogenic land uses, with the highest values occurring in secondary forests. In contrast, pH and
conventional fertility attributes showed limited capacity to distinguish restoration trajectories. Across the
entire soil profile, SOC was strongly associated with CEC (r = 0.97), indicating that organic matter
accumulation directly enhanced nutrient-retention capacity and soil chemical functioning. Notably,
restored forests exhibited greater SOC, N, and CEC despite maintaining acidic conditions and elevated
exchangeable Al concentrations.

Conclusion
These findings demonstrate that chemical resilience was driven primarily by the rebuilding of organic
matter-mediated nutrient retention rather than by reductions in soil acidity. Our results provide
preliminary evidence that soil organic carbon (SOC) and cation exchange capacity (CEC) have strong
potential as indicators of chemical resilience across restoration pathways, and therefore should be
considered in future studies aimed at assessing soil recovery and ecosystem resilience in high-altitude
tropical soils of Brazil’s Serra do Mar.

1 Introduction
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Reliable indicators of soil condition, recovery, and resilience are fundamental for evaluating the impacts
of land-use change and the effectiveness of ecological restoration. In tropical montane rainforests, soil
properties are particularly informative indicators because the interaction among climate, topography,
and pedogenesis regulates nutrient availability, soil acidity, exchangeable base cations, and the stability
of reactive pools of C, N, and P (Benner et al. 2011; Nottingham et al. 2015). These soil-mediated
processes underpin ecosystem functioning and biogeochemical regulation, making soils highly sensitive
indicators of environmental change. However, tropical montane forests have been increasingly
converted to production-oriented land uses, particularly eucalyptus plantations and pasture. Such
transitions increase edge effects and microclimatic exposure in ecosystems strongly dependent on
orographic moisture, with direct consequences for nutrient cycling, soil structural integrity, and the
persistence of soil organic carbon (SOC) (Powers and Marín-Spiotta 2017; He et al. 2025). Globally,
rainforest conversion has been associated with SOC losses of up to 50% in surface soils within
approximately 25 years, with particularly pronounced declines in highly weathered tropical environments
(Guo and Gifford 2002). These degradation processes often reduce cation exchange capacity (CEC),
simplify nutrient cycling pathways, and weaken ecosystem resilience by impairing key soil functions that
support productivity, nutrient retention, and long-term biogeochemical stability (Brady and Weil 2008).

SOC is a key regulator of soil functioning because it links litter inputs, microbial transformations,
mineralization pathways, and ion-exchange mechanisms (Bhattacharyya et al. 2022). In tropical soils,
SOC persistence is strongly influenced by interactions among organic matter inputs, mineralogy, organo-
mineral associations, aggregate protection, and broader ecosystem controls (Oades 1988; Schmidt et al.
2011; Han et al. 2024). These mechanisms enhance nutrient retention and contribute to the maintenance
of ecosystem functions even under conditions of rapid organic matter turnover (Li et al. 2024). Because
SOC directly influences exchange surfaces and nutrient availability, it is closely associated with CEC, a
widely used indicator of nutrient retention capacity and soil functioning. Together, these attributes
integrate key processes associated with ecosystem recovery and resilience following disturbance.

In the montane remnants of the Atlantic Forest within the Brazilian Serra do Mar, soils are typically deep
and enriched in reactive minerals, particularly Fe and Al oxides (Schaefer et al. 2023), which promote
organo-mineral associations and long-term SOC stabilization (Torn et al. 1997; Shi et al. 2024; Totti et al.
2025). These mechanisms contribute to the maintenance of essential ecosystem functions, including
nutrient retention, hydrological regulation, and carbon sequestration. Despite this intrinsic stabilization
capacity, these soils are highly sensitive to anthropogenic disturbance and land-use change, exhibiting
rapid declines in organic matter stability and soil functional integrity (Gomes et al. 2019; Guerrini et al.
2024). The expansion of pasture and homogeneous silviculture has intensified landscape fragmentation
and altered soil dynamics (Ahirwal et al. 2021; Gómez et al. 2024), contributing to reductions in microbial
biomass, aggregate stability, and nutrient retention, while accelerating carbon and nutrient losses
through erosion and leaching (Bruijnzeel 2004; Broggio et al. 2024; Zeferino et al. 2023; Fachin and
Thomaz 2025).
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Conversely, forest restoration can promote the gradual recovery of soil functions through the
reestablishment of organic matter inputs, nutrient cycling, and biogeochemical processes (Yang et al.
2025; Zhou et al. 2025). Naturally regenerating secondary forests frequently exhibit progressive
increases in SOC retention and nitrogen accumulation along successional trajectories (Yu et al. 2023;
Satdichanh et al. 2023). Likewise, reforestation and some silvopastoral systems have been associated
with improvements in soil functioning and ecosystem recovery (Crouzeilles et al. 2017; Oliveira et al.
2024). Evidence from tropical forests indicates that restoration can increase SOC, total N, and CEC over
time, although recovery trajectories remain strongly influenced by previous land use, management
intensity, and environmental conditions (Mendoza-Vega et al. 2020; Fachin et al. 2021; Sniegocki et al.
2022).

Secondary forests and plantations generally accumulate less SOC than mature forests but may enhance
stabilization of remaining carbon through changes in organic matter quality and organo-mineral
protection (Don et al. 2010). Increasing plant diversity and belowground biomass can stimulate organic
matter reactivation and restructure exchangeable ions, reinforcing soil functional integrity (Lange et al.
2015). Consequently, the balance among carbon losses, stabilization, and reactivation depends on
restoration pathway, land-use legacy, and management intensity, generating distinct trajectories of soil
functional recovery across tropical landscapes.

Despite growing evidence of ecosystem recovery following restoration, relatively little is known about
which soil indicators can reliably diagnose functional recovery and resilience across contrasting
restoration pathways in highly weathered tropical montane ecosystems. Most studies have focused on
describing changes in individual soil attributes, whereas the identification and validation of indicators
capable of integrating ecosystem responses to degradation and restoration remain limited (Doetterl et
al. 2015). Because soil functional recovery emerges from the interaction among organic matter
accumulation, nutrient retention, and biogeochemical cycling, indicators that integrate these processes
may provide a more robust assessment of restoration outcomes than isolated fertility variables.
Indicator-based approaches are increasingly required to evaluate restoration effectiveness, monitor
ecosystem trajectories, and support evidence-based management and conservation decisions.

In the Atlantic Forest, conserved systems generally exhibit higher SOC, nutrient availability, and CEC than
degraded land uses, reflecting stronger nutrient retention and more efficient ecosystem functioning
(Zhao et al. 2023; Guerrini et al. 2024). These attributes are closely linked to ecosystem resilience
because they regulate nutrient storage, exchange processes, and the maintenance of soil functions
under environmental change, integrating organic matter dynamics with nutrient-retention capacity.
However, their effectiveness as indicators for distinguishing alternative restoration trajectories in tropical
montane landscapes has yet to be evaluated.

We hypothesized that the high production and accumulation of organic matter and soil organic carbon
(SOC) along contrasting restoration pathways in tropical montane Atlantic Forest soils promote distinct
trajectories of chemical recovery by influencing nutrient retention and cycling processes. In this context,
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specific soil chemical attributes would provide more sensitive indicators of ecosystem recovery and
chemical resilience than conventional fertility metrics such as pH and exchangeable base cations.
Furthermore, we expected these responses to vary with soil depth, reflecting the vertical reorganization
of soil functioning during restoration. Although based on a single case study, our objective was not to
characterize regional soil conditions, but rather to evaluate whether SOC and CEC consistently emerge
as integrative indicators of chemical resilience across contrasting restoration trajectories.

Accordingly, the objectives of this study were to: (i) identify the soil chemical indicators that best
discriminate contrasting functional recovery trajectories across land-use and restoration pathways in a
tropical montane Atlantic Forest landscape; (ii) evaluate the relative importance of SOC, CEC, soil acidity,
and nutrient availability as indicators of soil functional recovery and resilience; and (iii) assess whether
the diagnostic capacity of these indicators remains consistent throughout the soil profile or exhibits
depth-dependent patterns of recovery.

In this preliminary assessment, we integrated indicators of soil acidity, mineral reactivity, C/N balance,
and carbon and nutrient stocks across contrasting land-use and restoration pathways in a tropical
montane Atlantic Forest landscape to evaluate how ecosystem recovery influences soil chemical
functioning, nutrient cycling, and the development of chemical resilience.

2 Material and Methods

2.1 Study area
The experimental area is located in the municipality of Nova Friburgo (Fig. 1), in the upper reaches of the
Boa Vista watershed, within the boundaries of the Macaé de Cima State Environmental Protection Area
(APAMC). The site lies at a mean elevation of approximately 1,055 m a.s.l., at 22°19′08″S and
42°16′59″W, on a northwest-facing slope positioned in the upper portion of an interfluve in the Serra do
Mar mountain range, locally referred to as Serra de Macaé de Cima, in the Lumiar district, Rio de Janeiro
State, Brazil.

The regional climate is classified as Tropical Highland, with mean annual precipitation reaching up to
2,450 mm, largely concentrated during the austral summer (December-February) (Köppen 1948).
Orographic effects combined with steep topography promote persistent atmospheric moisture and
support a highly diverse Dense Ombrophilous Atlantic Forest.

Currently, the high-elevation ridges of the Serra do Mar are predominantly covered by secondary Atlantic
Forest fragments, a pattern strongly influenced by the establishment of protected areas such as the
Serra dos Órgãos National Park (PARNASO) and the Macaé de Cima Environmental Protection Area
(APAMC) (Portes et al. 2020). The regional forest structure is characterized by a relatively closed canopy
and a high abundance of ferns and palms, particularly species of the genus Euterpe (Fantini and Guries
2007).
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The landscape has steep slopes and narrow valleys developed over clastic deposits (Marçal et al. 2015).
Geomorphological dynamics are primarily driven by hillslope processes, bedrock incision, and fluvial
reworking of coarse debris (Marçal et al. 2017). The dominant soils in the study area (Table 1) are low-
fertility Oxisols, Inceptisols, and Entisols (corresponding to Ferralsols, Cambisols, and Leptosols in the
WRB system), developed over Precambrian granites and gneisses of the São Fidélis geological unit
(Tupinambá et al. 2013; Schaefer et al. 2023). In the study area, the C horizon typically occurs between
60 and 80 cm depth, however, in some locations soils reach up to 1.5 m and overlie Holocene colluvial
deposits containing buried organic-rich horizons and charcoal fragments, recording recurrent fire activity,
hillslope remobilization, and long-term carbon accumulation (Facadio et al. 2024; Ishimine et al. 2024).

2.2 Experimental design
Despite advances in experimental approaches, methodological constraints still limit the reproducibility
of soil process studies (Costa et al. 2025). Here, two experimental sites with four vegetation types
representing contrasting land covers were evaluated, including four secondary restoration forests (~ 40
years old) (Fig. 2): (2) interior secondary forest (ISF), (2) edge secondary forest (ESF), (2) eucalyptus
plantation (~ 16 years old), and (2) pasture (~ 40 years old). All sites share a common land-use history
involving slash-and-burn practices over the past century. The experimental areas are located adjacently
on convex hillslopes (20% gradient). Each plot (~ 1 ha) is positioned at the base of a rocky escarpment in
the upper interfluve, under well-drained conditions.

Edge secondary forest (ESF) has a smaller basal area (28.9 m² ha⁻¹) and stem density (2,366.7
individuals ha⁻¹), but higher surface coarse woody debris stocks (30.64 m³ ha⁻¹). The dominance of
pioneer and early secondary species reflects strong wind exposure, increased mechanical mortality,
reduced root anchorage, and constraints on successional recovery. In contrast, the interior secondary
forests (ISF) showed higher basal area (34.5 m² ha⁻¹) and mean stem density (3,150 individuals ha⁻¹),
with a predominance of late secondary and climax species, characterizing a structurally more stable
system, more resistant to disturbance, and representative of a locally advanced successional stage
(Coelho-Netto 2026).
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Table 1
Soils Characteristics B-Horizon. (20–50 cm)

Soil parameter ISF ESF Eucalyptus Pasture

Clay (g kg− 1) 32 31 24 30

Silt (g kg− 1) 13 18 21 21

Sand (g kg− 1) 55 51 55 49

Organic matter2

(g kg− 1)

17.7 22.2 17.2 16.0

Soil type Inceptisols Inceptisols Inceptisols Inceptisols

2Walkley and Black (1934). (n = 10). ISF - interior secondary forests; ESF -edge secondary forest.

To ensure comparability among sampling points despite this heterogeneity, soil sampling was
standardized to a maximum depth of 60 cm. In each land-use type, soil samples were collected using a
hand auger at 10 randomly distributed points along the slope. Samples were obtained at six depth
intervals: 0–10, 10–20, 20–30, 30–40, 40–50, and 50–60 cm.

The following chemical properties were determined: soil organic carbon, total nitrogen, pH, available
phosphorus, exchangeable potassium, calcium, magnesium, aluminum, and cation exchange capacity
(CEC). Soil chemical analyses were conducted using standard procedures. Soil pH was measured in
CaCl₂ solution. Available phosphorus was extracted using the Mehlich-1 solution (0.05 mol L⁻¹ HCl + 
0.0125 mol L⁻¹ H₂SO₄) (Mehlich 1953). Exchangeable potassium was quantified by flame photometry,
while calcium, magnesium, and aluminum were extracted with 1 mol L⁻¹ KCl. Cation exchange capacity
was determined using the KCl-N method. All chemical analyses followed Brazilian standardized
protocols aligned with internationally recognized soil analytical procedures (Embrapa 1997).

For complementary physical characterization, sand content in each plot was determined after chemical
dispersion with 1 mol L⁻¹ NaOH and sieving through a 2 mm mesh (Day 1965). Soil organic matter
content (g kg⁻¹) was quantified using the Walkley and Black wet oxidation method (Walkley and Black
1934).

2.3 Statistical analyses
For each land-use type (n = 10 per area), soil chemical variables were evaluated at six depth intervals (0–
10, 10–20, 20–30, 30–40, 40–50, and 50–60 cm). Data distributions were tested for normality, and
transformations were applied when necessary to reduce skewness and stabilize variance. Soil depth
intervals were not subjected to inferential statistical comparisons because they represent a continuous
vertical gradient within the same pedological profile and are therefore characterized by structural
dependence and spatial autocorrelation. Consequently, depth layers were not considered independent
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experimental units. Analyses of soil depth focused on describing the vertical distribution of soil
properties and interpreting observed patterns in terms of pedogenetic processes and ecosystem
functioning. For comparisons among land-use types, profile-level values integrating all depth intervals
were calculated and subsequently analyzed using one-way analysis of variance (ANOVA), these
comparisons should be interpreted as differences among land-use conditions within a controlled
hillslope system rather than as replicated treatment effects. To identify the variables explaining the
greatest proportion of variability in the dataset and to evaluate the influence of vegetation cover on soil
properties, Principal Component Analysis (PCA) was performed. Pearson’s correlation analysis was used
to quantify the strength and direction of linear relationships among selected variables. Finally,
hierarchical cluster analysis using Ward’s linkage method was applied to assess similarity patterns
among variables and spatial variation in soil chemical properties within each land-use type. The results
were visualized using dendrograms (McGarigal et al. 2000).

4 Results

4.1 Litter production
Litter stocks varied markedly among land-use types at the summit of the Serra do Mar. The interior
secondary forests (ISF) exhibited the highest litter accumulation (986 g m⁻²), exceeding ESF by 14.1%,
eucalyptus plantations by 5.7%, and pasture by a factor of 25. In the restoration forests, litter inputs were
structurally heterogeneous, consisting of leaves, branches, fruits, seeds, and miscellaneous organic
residues. In contrast, eucalyptus stands were characterized by a more homogeneous litter layer,
composed predominantly of sclerophyllous leaves with slower decomposition rates. Pasture systems, in
turn, produced litter largely derived from grass residues, typically associated with rapid decomposition
and lower carbon content.

These contrasts underscore the role of forested systems in maintaining continuous organic inputs and
protecting the soil surface layer (0–20 cm). Litter accumulation in the interior secondary forests was up
to 25 times greater than in pasture areas, highlighting the importance of vegetation structure and
successional stage in regulating organic matter inputs and soil cover.

4.2 Soil acidity and cation exchange capacity
Soil acidity varied substantially among land-use types and along the soil profile. Mean pH values in the
interior secondary forests (ISF) were approximately 10–15% lower than those observed in eucalyptus
and pasture systems, with the largest differences occurring in the upper 10 cm, where pH was roughly
15% lower than in pasture. At greater depths, pH increased in ISF, reaching values that were 14% higher
at 50–60 cm than at 0–10 cm. In contrast, pH variation with depth under other land uses was limited to
less than 5% (Fig. 3).

Exchangeable aluminum concentrations were higher in forested systems (ISF and ESF) than in
eucalyptus and pasture. In the top 10 cm, aluminum levels were approximately 50% greater in forest
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soils relative to eucalyptus and pasture. Concentrations declined and stabilized with depth, decreasing
by about 33% between 10 and 20 cm in forest soils, whereas little variation was observed in eucalyptus
and pasture systems. The edge-influenced forests (ESF) maintained aluminum concentrations
approximately 50% higher than the other land uses down to 40 cm (Fig. 3).

Cation exchange capacity (CEC) exhibited marked contrasts among systems. In the 0–10 cm layer, ESF
displayed CEC values 60% higher than those of pasture and 45% higher than those of eucalyptus, while
ISF exceeded pasture by 40%. Along the profile, CEC declined by approximately 50% in ISF between 10
and 60 cm, whereas ESF showed a more moderate reduction of 31%. Eucalyptus and pasture maintained
consistently lower CEC values, remaining 20–30% below ESF throughout the profile (Fig. 3). Overall, soils
were acidic and characterized by high Al³⁺ concentrations across all land-use types. Pasture soils
exhibited the highest pH values, whereas the advanced secondary forests (ESF) showed the highest CEC
(Fig. 4).

4.3 Soil organic carbon-nitrogen relationship and available
ions
The relationship between soil organic carbon and nitrogen varied significantly among land uses and
along the soil profile. In the upper 10 cm, ESF exhibited the highest concentrations, with carbon and
nitrogen values approximately 14% and 19% greater, respectively, than those in ISF. Eucalyptus showed
reductions of 25% in carbon and 31% in nitrogen relative to ISF, while pasture displayed decreases of
approximately 10% in carbon and 53% in nitrogen (Fig. 3).

With increasing depth, carbon concentrations declined more sharply in ISF, decreasing by approximately
76% between 10 and 60 cm, whereas ESF showed a more moderate reduction of 42%. Eucalyptus and
pasture exhibited intermediate declines, ranging from 56% to 63%. This pattern suggests differences in
carbon accumulation and vertical distribution among land uses, potentially reflecting variation in residue
inputs and decomposition dynamics (Fig. 3).

Nitrogen followed a broadly similar trend, with reductions of 31% in ISF and 34% in ESF between layers
10 and 60 cm. However, declines were more pronounced in pastures (53%), whereas eucalyptus
exhibited only a 9% reduction, maintaining relatively stable nitrogen levels at depth despite lower initial
concentrations (Fig. 3).

C/N ratios revealed contrasting patterns among land uses. ESF maintained higher carbon and nitrogen
concentrations in surface layers, whereas ISF exhibited a steeper vertical gradient. Eucalyptus and
pasture showed lower surface values, although eucalyptus retained nitrogen more uniformly throughout
the profile. These patterns indicate differences in organic matter renewal and nutrient cycling, with
implications for soil fertility.

Macronutrients (Ca, Mg, K, and P) exhibited pronounced variation among land-use types and along the
soil profile. Calcium concentrations were highest in eucalyptus stands, with soil layer (0–10 cm) values
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approximately twofold greater than those in ISF and 36% higher than in pasture. ESF also displayed
elevated Ca concentrations, roughly twice those observed in ISF down to 20 cm. Although Ca declined
with depth across all systems, eucalyptus consistently maintained concentrations 50–125% higher than
ISF throughout the profile.

Eucalyptus showed markedly higher Mg concentrations in the shallow layer (0–30 cm), reaching values
four to five times those of ISF. ESF and pastures exhibited intermediate levels, approximately two to
threefold higher than ISF in the upper layers. However, differences diminished, and Mg concentrations
converged toward low values (0.1–0.2 cmol dm⁻³) > 30 cm depth.

Potassium concentrations were highest in pasture soils within the top 10 cm, approximately twice those
in ISF and about 50% higher than in eucalyptus and ESF. This enrichment was largely confined to the
surface layer (0–10 cm), as K declined sharply with depth and converged among land uses in deeper
layers.

Phosphorus concentrations were greatest in pastures and ESF soils, with surface layer values
approximately 100% higher than ISF and 14% higher than eucalyptus. At depth, ESF maintained relatively
elevated P concentrations, reaching values 10% higher than ISF at 60 cm. Eucalyptus displayed relatively
consistent P levels throughout the profile, remaining 30–70% above ISF, whereas pastures showed
elevated P primarily at the surface layer and at 60 cm.

Across the entire soil profile (0–60 cm), significant differences were observed for pH, CEC, N, Ca, and P
(Fig. 4). Soil pH was slightly higher in the Eucalyptus plantation and pastures, exceeding values in ISF by
approximately 4% and those in the ESF by 3–4%, whereas ISF and ESF did not differ significantly. Cation
exchange capacity (CEC) was highest in ESF, with values approximately 32% greater than those in
eucalyptus and 44% greater than those in pastures. ISF exhibited intermediate values (approximately
21% lower than ESF) and did not differ significantly from the other land-use types. Nitrogen
concentrations were significantly lower in pasture soils, while ISF, ESF, and eucalyptus showed increases
of approximately 83%, 91%, and 57%, respectively, relative to pastures. Exchangeable Ca differed only
between eucalyptus and ISF, with concentrations in eucalyptus being approximately 106% higher.
Available P was lowest in ISF, whereas eucalyptus and pasture exhibited concentrations approximately
84% and 69% higher, respectively. ESF also showed elevated P levels (approximately 72% higher than
ISF) and did not differ significantly from eucalyptus or pastures.

4.4 Multivariate structure of soil chemical gradients
Principal Component Analysis (PCA) revealed a highly structured multivariate pattern, with the first two
components explaining 92.9% of total variance (Dim1: 53.4%; Dim2: 39.5%). The ordination identified two
dominant and functionally contrasting soil gradients. Dim1 represented a chemical fertility gradient,
strongly associated with base cations (Ca²⁺, Mg²⁺, K⁺), available P, and soil pH. Positive scores along this
axis reflect higher base saturation and surface nutrient enrichment.
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Dim2 captured an organic–colloidal retention gradient, primarily driven by soil organic carbon (SOC),
total nitrogen, cation exchange capacity (CEC), and exchangeable Al. Negative scores along this axis
indicate greater organic matter accumulation and enhanced variable charge development. Land-use
systems were clearly segregated along these functional axes. Pastures occupied the positive region of
Dim1, closely associated with higher pH and potassium availability, reflecting surface fertility
concentration. Eucalyptus aligned with calcium and phosphorus, also positioned within the fertility
domain.

In contrast, restored forests diverged along Dim2. ESF clustered strongly within the organic–colloidal
retention domain, closely associated with SOC, nitrogen, CEC, and exchangeable Al. ISF occupied a more
isolated position, exhibiting lower overall chemical fertility while maintaining a moderate association
with organic variables. Overall, the ordination demonstrates a structural dissociation between immediate
chemical fertility and long-term chemical retention capacity, distinguishing anthropogenic systems from
restoration trajectories.

Dim1 represents a chemical fertility gradient associated with base cations and pH, whereas Dim2
reflects an organic–colloidal retention gradient driven by SOC, nitrogen, CEC, and exchangeable
aluminum. The ordination highlights the functional divergence between anthropogenic systems (pasture
and eucalyptus) and restoration trajectories (ISF and ESF), particularly the strong association of ESF with
enhanced organic matter accumulation and nutrient retention capacity.

The Pearson correlation matrix (Fig. 6) highlights a strong clustering among exchangeable base cations.
Phosphorus, potassium, and calcium were highly correlated (r ≥ 0.93, p < 0.05), while magnesium
showed consistent positive associations with these elements (r = 0.72–0.88, p < 0.05). Soil organic
carbon (SOC) exhibited a very strong correlation with cation exchange capacity (CEC) (r = 0.97, p < 0.05),
indicating the central role of organic matter in charge development. Aluminum was also positively
correlated with CEC (r = 0.71, p < 0.05).

In contrast, soil pH showed a divergent pattern. It was positively associated with potassium and calcium
(r = 0.79–0.87, p < 0.05), but negatively correlated with nitrogen, SOC, and CEC (r = − 0.61 to − 0.82, p < 
0.05). Nitrogen, in turn, was positively related to SOC and CEC (r = 0.61–0.77, p < 0.05) and negatively
associated with phosphorus and potassium (r = − 0.55, p < 0.05). Additional moderate correlations were
observed between magnesium and aluminum (r = 0.60, p < 0.05) and between SOC and aluminum (r = 
0.68, p < 0.05).

Overall, these results indicate a clear co-variation among exchangeable bases and a contrasting
relationship between pH and variables associated with organic matter and exchange capacity,
suggesting that nutrient availability and retention in these soils are jointly regulated by base saturation
and organic matter-driven charge dynamics.

The hierarchical clustering dendrogram (Fig. 7) revealed clear differentiation among land-use types.
Pastures and eucalyptus formed a common cluster, associated with higher pH, Ca, P, and K values,
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reflecting the influence of management practices and potential fertilization inputs. In contrast, ESF
constituted a distinct group characterized by elevated nitrogen, soil organic carbon, CEC, and
exchangeable aluminum, highlighting the role of organic matter accumulation in restoring soil fertility
and CEC.

ISF emerged as the most isolated cluster, exhibiting lower values for most chemical variables,
suggesting a slower or more nutrient-constrained regeneration trajectory. These patterns underscore the
strong influence of land use on soil chemical attributes and are consistent with the Pearson correlation
analysis.

5 Discussion

5.1 Soil organic carbon and cation exchange capacity
emerge as key indicators of chemical resilience
The contrasting land-use and restoration pathways evaluated in this study were associated with distinct
patterns of soil chemical organization in this tropical montane Atlantic Forest landscape. Rather than
reflecting a single gradient of soil fertility, the results revealed two functionally distinct groups of
indicators. The first was associated with short-term nutrient availability and base enrichment,
represented primarily by pH, Ca, K, and P. The second was associated with long-term nutrient retention
and chemical resilience, represented by SOC, CEC, N, and exchangeable Al. This distinction is particularly
relevant in highly weathered tropical soils, where ecosystem recovery may not be adequately captured by
conventional fertility metrics alone (Guerrini et al. 2024; Medeiros et al. 2025).

The multivariate analyses consistently supported this interpretation. PCA separated a fertility-related
axis dominated by base cations and pH from an organic–colloidal retention axis dominated by SOC,
CEC, N, and Al. Similarly, cluster analysis differentiated restored forests from eucalyptus and pasture
systems and revealed distinct indicator profiles within the restored systems themselves. Together, these
results suggest that restoration-associated soil recovery involves not only changes in nutrient availability
but also the reorganization of nutrient-retention mechanisms mediated by soil organic matter. In this
context, ESF was not positioned as an intermediate condition between forest and anthropogenic land
uses, but as a chemically distinct system associated with enhanced charge development and nutrient
retention.

The correlation structure further highlighted the existence of contrasting chemical domains. Negative
correlations between pH and SOC, N, and CEC indicate that higher acidity was not necessarily
associated with poorer soil functioning, but rather with stronger expression of variable-charge processes
in organic matter-rich soils (Uehara and Gillman 1981; Sposito 2008). Conversely, the strong positive
relationship between SOC and CEC confirms the central role of organic matter in sustaining exchange
capacity in highly weathered tropical soils (Brady and Weil 2008; Qafoku et al. 2004). The negative
relationship between N and P further suggests a trade-off between nutrient retention and nutrient
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availability, reinforcing the functional distinction between immediate fertility and long-term chemical
resilience (Lal 2004; Vitousek et al. 2010).

Among all evaluated relationships, the exceptionally strong SOC–CEC coupling (r = 0.97, p < 0.05)
emerged as the clearest indicator of chemical resilience. This finding suggests that restoration-driven
soil recovery was more strongly associated with organic matter accumulation and nutrient-retention
capacity than with increases in pH or exchangeable base cations. Consistent with Zhao et al. (2021),
SOC appears to function not only as a carbon reservoir but also as a key regulator of nutrient
transformation and soil fertility.

Likewise, the positive association between Al³⁺ and CEC (r = 0.71, p < 0.05) suggests that part of the
exchange complex may be associated with organo-aluminum interactions, whereas the negative
relationship between pH and CEC (r = − 0.68, p < 0.05) indicates that greater acidity may coexist with
greater nutrient-retention potential in these variable-charge systems (Uehara and Gillman 1981; Sposito
2008). Together, these results challenge the conventional assumption that increases in pH necessarily
represent improved soil functioning in highly weathered tropical environments.

The restored forest systems exhibited contrasting but complementary recovery trajectories. ISF showed
higher litter accumulation and a steeper decline of SOC and N with depth, indicating strong nutrient
concentration and cycling in surface horizons. In contrast, ESF exhibited higher surface CEC and greater
concentrations of C and N, together with a smaller proportional decline in SOC throughout the profile.
The persistence of SOC and CEC throughout the soil profile indicates that ESF followed a distinct
pathway of chemical reorganization rather than a transitional stage between forest and anthropogenic
systems. This pattern likely reflects greater structural dynamism associated with coarse woody debris
accumulation, canopy openness, and pioneer species dominance (Lange et al. 2015; Satdichanh et al.
2023). Elevated N concentrations further suggest progressive recovery of nutrient pools during
revegetation (Omidvar et al. 2021).

By contrast, eucalyptus and pasture exhibited lower SOC stocks and reduced CEC despite higher pH
values and localized enrichment in exchangeable bases. Elevated Ca and Mg concentrations in
eucalyptus, likely associated with nutrient return through litterfall, did not translate into greater exchange
capacity (Laclau et al. 2003). Similarly, pasture soils showed surface K enrichment but lower N
concentrations and weaker vertical incorporation of organic residues. These patterns indicate that
higher base availability does not necessarily correspond to greater chemical resilience and are
consistent with reductions in charge-retention capacity and buffering commonly reported after forest
conversion (Lal 2004; Guo and Gifford 2002).

The vertical distribution of indicators further supports the hypothesis that recovery responses vary with
soil depth. In restored systems, SOC, CEC, and exchangeable Al declined gradually throughout the profile,
indicating that organic matter remains a major regulator of colloidal reactivity and nutrient retention
(Judson et al. 2024; Totti et al. 2025). Elevated surface concentrations of C and N suggest stronger
organo-mineral protection mechanisms (Guerrini et al. 2024; Han et al. 2024), while relatively stable C/N
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ratios indicate a balance between organic inputs and decomposition characteristic of functionally
reorganizing ecosystems (Ahirwal et al. 2021; Bhattacharyya et al. 2022). In contrast, the greater vertical
homogenization of pH and reduced CEC variability observed in anthropogenic systems suggest
simplification of soil chemical functioning.

These patterns must also be interpreted within the geomorphic context of steep tropical mountain
landscapes, where topography influences organic matter redistribution, drainage pathways, and
hydrological connectivity (Jandl et al. 2019). Forest conversion can intensify erosion and SOC depletion,
reducing chemical resilience (Fachin et al. 2024), whereas restoration-associated vegetation cover and
litter inputs favor carbon retention and the recovery of soil functions (Yang et al. 2025; Guerrini et al.
2024).

5.2 Assessing restoration success through indicators of
nutrient retention and soil functioning
The results indicate that contrasting restoration pathways can produce distinct expressions of soil
chemical resilience even within the same landscape and under a shared land-use history. In particular,
the divergence between ISF and ESF demonstrates that secondary forests do not necessarily converge
toward a single functional state during recovery. Long-term monitoring of Atlantic Forest succession has
shown that land-use legacies can generate asymmetric recovery trajectories, promoting different
patterns of biomass accumulation, species turnover, and ecosystem functioning (Verly et al. 2026). In
the present study, these differences were reflected in the soil indicator profiles. ISF was associated with
a more conservative pathway characterized by stronger SOC and N accumulation, whereas ESF exhibited
a more dynamic configuration associated with higher CEC and greater nutrient-retention capacity.

The differentiation between ISF and ESF is particularly relevant because edge-influenced forests are
commonly interpreted as degraded or transitional environments. However, the indicator-based approach
adopted here suggests a more complex interpretation. The strong expression of SOC-, N-, and CEC-
related responses in ESF indicates that edge forests may function as active zones of biogeochemical
reorganization rather than simply representing intermediate states between conserved forests and
anthropogenic systems. Structural characteristics such as greater coarse woody debris stocks, canopy
heterogeneity, and the contribution of pioneer species may contribute to enhanced organic matter
turnover and nutrient redistribution (Lange et al. 2015; Satdichanh et al. 2023), generating soil conditions
associated with high nutrient-retention capacity.

The comparison with eucalyptus plantations and pasture further highlights the limitations of
conventional fertility metrics for assessing restoration outcomes. Both systems exhibited localized
enrichment in exchangeable bases, yet neither showed the same expression of resilience-related
indicators observed in restored forests. Elevated concentrations of Ca²⁺ and Mg²⁺ in eucalyptus stands
likely reflect nutrient recycling through litterfall (Laclau et al. 2003), whereas surface K enrichment in
pasture is consistent with rapid herbaceous biomass turnover (Jobbágy and Jackson 2001). However,
these responses were not accompanied by equivalent increases in indicators associated with long-term
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nutrient retention. Consequently, assessments based solely on pH or exchangeable base cations may
overestimate recovery status in highly weathered tropical soils (Sposito 2008; Lima et al. 2022; Oliveira
et al. 2024).

SOC and CEC are directly linked to nutrient retention, carbon stabilization, and the maintenance of
exchange sites, they capture dimensions of soil functioning that are not reflected by short-term changes
in nutrient availability. This distinction is particularly important in tropical montane environments, where
steep slopes, intense rainfall, and highly weathered soils increase the vulnerability of nutrient pools and
organic matter stocks (Jandl et al. 2019; Chadwick et al. 1999; Lin 2010; Uhlemann et al. 2024). Under
these conditions, restoration success depends not only on restoring nutrient availability but also on
rebuilding the mechanisms that sustain nutrient retention over time.

The practical implications are clear. Restoration strategies that promote continuous organic matter
inputs, litter accumulation, vegetation structural complexity, and coarse woody debris retention are likely
to strengthen soil chemical resilience and improve long-term ecosystem functioning (Wardle et al. 2004;
Chazdon 2014). In contrast, simplified systems dominated by monocultures or herbaceous cover may
maintain localized fertility while remaining functionally limited in terms of nutrient retention and
resilience (Rocha Junior et al. 2020; Fachin et al. 2019). Consequently, monitoring programs in tropical
montane landscapes should prioritize indicators capable of capturing these long-term functional
attributes rather than relying exclusively on traditional fertility metrics.

Although this study represents a case study within a single, well-constrained hillslope system, it provides
one of the first integrated assessments of soil chemical resilience indicators in tropical montane Atlantic
Forest soils. By minimizing variability associated with climate, geology, topography, and land-use history,
the study was able to isolate restoration-related patterns and identify strong and consistent linkages
between SOC, CEC, nutrient retention, and ecosystem recovery. These findings provide compelling
evidence that SOC and CEC are promising indicators of chemical resilience in highly weathered tropical
mountain soils and establish an important foundation for future regional-scale validation across the
Serra do Mar.

Conclusions
This case study evaluated how contrasting restoration trajectories and anthropogenic land uses are
associated with soil chemical indicators in a tropical montane Atlantic Forest ecosystem. Distinct land-
use trajectories produced contrasting soil functional states. Rather than converging toward interior
secondary forests (ISF) or anthropogenic systems, edge secondary forests (ESF) developed a unique
biogeochemical configuration characterized by the highest SOC, N and CEC values.

The strong correlation between SOC and CEC (r = 0.97) identified soil organic matter as a key regulator
of nutrient retention capacity and chemical resilience. Despite persistent acidity and high exchangeable
aluminum levels, restored forests exhibited greater SOC, N, and CEC than eucalyptus plantations and
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pastures, indicating that soil functional recovery in this environment can occur independently of
increases in pH or reductions in exchangeable aluminum.

These findings suggest that conventional fertility metrics alone may not adequately capture restoration-
related changes in highly weathered tropical soils located on the upper slopes of the Brazilian Serra do
Mar. Chemical recovery was also depth-dependent, with restoration-related responses concentrated in
surface horizons and progressively reorganized throughout the soil profile. This pattern highlights the
importance of considering vertical soil variability when assessing recovery trajectories and ecosystem
resilience in this environment.

The strong coupling between SOC and CEC across contrasting restoration pathways highlights their
potential as practical indicators of soil chemical resilience in tropical montane Atlantic Forest
ecosystems. Extending this framework to a wider range of landscapes and soil conditions throughout
the Serra do Mar represents a promising next step toward the development of robust indicator-based
approaches for evaluating restoration outcomes and long-term ecosystem recovery.

Declarations

Author Contribution
P. A. F.: Conceptualization, Methodology, Investigation, Data curation, Formal analysis, Visualization,
Writing – original draft.A. L. C-N.: Conceptualization, Supervision, Funding acquisition, Resources, Project
administration, Writing – review & editing.

Acknowledgement
This study was supported by the Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq
– Brazilian National Council for Scientific and Technological Development) through a Junior
Postdoctoral Fellowship (Grant No. 150908/2023-7) awarded to the first author and through project
funding (Process No. 447322/2023-0). Financial support was also provided by the Fundação Carlos
Chagas Filho de Amparo à Pesquisa do Estado do Rio de Janeiro (FAPERJ – Carlos Chagas Filho
Research Support Foundation of the State of Rio de Janeiro (Grant No. SEI-260003/014968/2023). We
thank Iaggo Oliveira Correia for assistance during fieldwork.

Data Availability
The datasets generated and analyzed during the current study are available from the corresponding
author upon reasonable request.

References
Page 16/29



1. Ahirwal J, Kumari S, Singh AK, Kumar A, Maiti SK (2021) Changes in soil properties and carbon
fluxes following afforestation and agriculture in tropical forest. Ecol Indic 123:107354.
https://doi.org/10.1016/j.ecolind.2021.107354

2. Benner J, Vitousek PM, Ostertag R (2011) Nutrient cycling and nutrient limitation in tropical montane
cloud forests. In: Bruijnzeel LA, Scatena FN, Hamilton LS (eds) Tropical Montane Cloud Forests:
Science for Conservation and Management. Cambridge University Press, Cambridge, pp 90–100.
https://doi.org/10.1017/CBO9780511778384.009

3. Bhattacharyya SS, Ros GH, Furtak K, Iqbal HMN, Parra-Saldívar R (2022) Soil carbon sequestration:
an interplay between soil microbial community and soil organic matter dynamics. Sci Total Environ
815:152928. https://doi.org/10.1016/j.scitotenv.2022.152928

4. Brady NC, Weil RR (2008) The Nature and Properties of Soils, 14th edn. Prentice Hall, Upper Saddle
River, NJ

5. Broggio IS, Silva-Junior CHL, Nascimento MT, Villela DM, Aragão LEOC (2024) Quantifying landscape
fragmentation and forest carbon dynamics over 35 years in the Brazilian Atlantic Forest. Environ Res
Lett 19:034047. https://doi.org/10.1088/1748-9326/ad281c

6. Bruijnzeel LA (2004) Hydrological functions of tropical forests: not seeing the soil for the trees?
Agric Ecosyst Environ 104:185–228. https://doi.org/10.1016/j.agee.2004.01.015

7. Chadwick OA, Derry LA, Vitousek PM, Huebert BJ, Hedin LO (1999) Changing sources of nutrients
during four million years of ecosystem development. Nature 397:491–497.
https://doi.org/10.1038/17276

8. Chazdon RL (2014) Second Growth: The Promise of Tropical Forest Regeneration in an Age of
Deforestation. University of Chicago Press, Chicago.
https://doi.org/10.7208/chicago/9780226118109.001.0001

9. Coelho Netto AL (2026) Geoheco-CNPq Technical Report: Soil biogeochemical dynamics in tropical
montane Atlantic Forest ecosystems. Technical Report. Conselho Nacional de Desenvolvimento
Científico e Tecnológico (CNPq), Rio de Janeiro

10. Costa YT, Fachin PA, Thomaz EL (2025) Advances in soil heating experimentation: a novel
methodological framework for laboratory studies. Soil Tillage Res 249:106494.
https://doi.org/10.1016/j.still.2025.106494

11. Crouzeilles R, Ferreira MS, Chazdon RL, Lindenmayer DB, Sansevero JBB, Monteiro L, Iribarrem A,
Latawiec AE, Strassburg BBN (2017) Ecological restoration success is higher for natural
regeneration than for active restoration in tropical forests. Sci Adv 3:e1701345.
https://doi.org/10.1126/sciadv.1701345

12. Day PR (1965) Particle fractionation and particle-size analysis. In: Black CA (ed) Methods of Soil
Analysis: Physical and Mineralogical Properties. ASA, Madison, pp 545–567

13. Doetterl S, Stevens A, Six J, Merckx R, Van Oost K, Casanova Pinto M, Casanova-Katny A, Muñoz C,
Boudin M, Zagal Venegas E (2015) Soil carbon storage controlled by interactions between
geochemistry and climate. Nat Geosci 8:780–783. https://doi.org/10.1038/ngeo2516

Page 17/29



14. Don A, Schumacher J, Freibauer A (2011) Impact of tropical land-use change on soil organic carbon
stocks – a meta-analysis. Glob Change Biol 17:1658–1670. https://doi.org/10.1111/j.1365-
2486.2010.02336.x

15. Embrapa (1997) Manual de Métodos de Análise de Solo, 2nd edn. Centro Nacional de Pesquisa de
Solos, Rio de Janeiro

16. Facadio AC, Coelho Netto AL, Macario KD, Ishimine KM, Barth OM, Jou R (2024) Holocene hillslope
evolution through extreme rainfall induced landslides in the mountainous region of Rio de Janeiro,
Brazil: geochronology and paleoenvironmental evidence. Earth Surf Process Landf 49:4388–4403.
https://doi.org/10.1002/esp.5975

17. Fachin PA, Costa YT, Thomaz EL (2021) Evolution of the soil chemical properties in slash-and-burn
agriculture along several years of fallow. Sci Total Environ 764:142823.
https://doi.org/10.1016/j.scitotenv.2020.142823

18. Fachin PA, Thomaz EL (2025) Fire effects on soils erodibility in rainforest conversion in southern
Brazil. CATENA 258:109312. https://doi.org/10.1016/j.catena.2025.109312

19. Fachin PA, Thomaz EL, Fernandes NF, Coelho Netto AL (2024) Seven decades of Atlantic rainforest
conversion to slash-and-burn agriculture: effects on soil physical properties. J Environ Manage
350:119682. https://doi.org/10.1016/j.jenvman.2023.119682

20. Fachin PA, Gonçalves Junior EV, Thomaz EL (2019) Comparison between two models of Yoder
stirrer in the evaluation of soil aggregate stability. Rev Bras Geogr Fis 12:697–704.
https://doi.org/10.26848/rbgf.v12.2.p697-704

21. Fantini AC, Guries RP (2007) Forest structure and productivity of palmiteiro (Euterpe edulis) in the
Brazilian Atlantic Forest. Ecol Manage 242:185–194. https://doi.org/10.1016/j.foreco.2007.01.005

22. Gomes LC, Faria RM, Souza E, Veloso GV, Schaefer CEGR, Fernandes Filho EI (2019) Modelling and
mapping soil organic carbon stocks in Brazil. Geoderma 340:337–350.
https://doi.org/10.1016/j.geoderma.2019.01.007

23. Gómez AIP, Núñez-Rodríguez LX, Mora-Motta DA, Suárez JC, Silva-Olaya AM, Pereira APA, Ortiz-
Morea FA (2024) Unveiling soil bacterial diversity in the Andes–Amazon transition zone: impacts of
forest conversion to pasture. Appl Soil Ecol 201:105486.
https://doi.org/10.1016/j.apsoil.2024.105486

24. Guerrini IA, Silva JP, Lozano Sivisaca DC, Moraes FG, Puglla CAY, Silva Neto CM, Silva RB, Justino
STP, Roder LR, James JN, Capra GF, Ganga A (2024) Evaluating carbon stocks in soils of fragmented
Brazilian Atlantic Forests (BAF) based on soil features and different methodologies. Sci Rep
14:10007. https://doi.org/10.1038/s41598-024-60629-y

25. Guo LB, Gifford RM (2002) Soil carbon stocks and land use change: a meta-analysis. Glob Change
Biol 8:345–360. https://doi.org/10.1046/j.1354-1013.2002.00486.x

26. Han Z, Zhou Y, Guo Y, Liu H, Sun B (2024) Organic carbon sequestration by Fe oxides in aggregates
in a Pinus massoniana conifer–broadleaf mixed forest. Soil Tillage Res 240:106105.
https://doi.org/10.1016/j.still.2024.106105

Page 18/29



27. He X, Spracklen DV, Holden J, Zeng Z (2025) Tropical montane forest loss dominated by increased
1–10 hectare-sized patches. Environ Res Lett 20:024039. https://doi.org/10.1088/1748-
9326/adabfb

28. Ishimine KM, Facadio AC, Coelho Netto AL, Barth OM (2024) Mid-to-late Holocene vegetation and
paleofire dynamics of the last 6,000 years in the Southeast Brazilian highlands montane rainforest.
Quat Environ Geosci 15:128–145. https://doi.org/10.5380/qeg.v15i0.95546

29. Jandl G, Baum C, Heckrath G, Greve MH, Kanal A, Mander Ü, Maliszewska-Kordybach B, Niedzwiecki
J, Eckhardt K-U, Leinweber P (2019) Erosion-induced heterogeneity of soil organic matter in catenae
from the Baltic Sea catchment. Soil Syst 3:42. https://doi.org/10.3390/soilsystems3020042

30. Jobbágy EG, Jackson RB (2001) The distribution of soil nutrients with depth: global patterns and the
imprint of plants. Biogeochemistry 53:51–77. https://doi.org/10.1023/A:1010760720215

31. Judson JB, Chapman PJ, Holden J, Galdos MV (2024) Impacts of arable reforestation on soil carbon
and nutrients are dependent upon interactions between soil depth and tree species. CATENA
247:108465. https://doi.org/10.1016/j.catena.2024.108465

32. Köppen W (1948) Climatología: con un estudio de los climas de la Tierra. Fondo de Cultura
Económica, México

33. Laclau J-P, Ranger J, Nzila JDD, Bouillet J-P, Deleporte P (2003) Nutrient cycling in a clonal stand of
Eucalyptus and an adjacent savanna ecosystem in Congo. Ecol Manage 180:527–544.
https://doi.org/10.1016/S0378-1127(02)00645-X

34. Lal R (2004) Soil carbon sequestration to mitigate climate change. Geoderma 123:1–22.
https://doi.org/10.1016/j.geoderma.2004.01.032

35. Lange M, Eisenhauer N, Sierra CA, Bessler H, Engels C, Griffiths RI, Mellado-Vázquez PG, Malik AA,
Roy J, Scheu S (2015) Plant diversity increases soil microbial activity and soil carbon storage. Nat
Commun 6:6707. https://doi.org/10.1038/ncomms7707

36. Li Y, Huang F, Huang Y, Li W, Liu M (2024) Responses of soil organic carbon fractions and stability to
forest conversion in the Nanling Nature Reserve, China. Forests 15:1330.
https://doi.org/10.3390/f15081330

37. Lima AFL, Campos MCC, Martins TS, Silva GA, Brito WBM, Santos LAC, Oliveira IA, Cunha JM (2022)
Soil chemical attributes in areas under conversion from forest to pasture in southern Brazilian
Amazon. Sci Rep 12:25406. https://doi.org/10.1038/s41598-022-25406-9

38. Lin H (2010) Earth’s critical zone and hydropedology: concepts, characteristics, and advances.
Hydrol Earth Syst Sci 14:25–45. https://doi.org/10.5194/hess-14-25-2010

39. Marçal MS, Brierley G, Lima R (2017) Using geomorphic understanding of catchment-scale process
relationships to support the management of river futures: Macaé Basin, Brazil. Appl Geogr 84:23–
41. https://doi.org/10.1016/j.apgeog.2017.04.008

40. Marçal MS, Ramos RRC, Sessa JC, Fevrier PVR (2015) Sedimentação fluvial quaternária no vale do
alto curso do rio Macaé, estado do Rio de Janeiro, Brasil. Rev Bras Geomorfol 16:449–467.
https://doi.org/10.20502/rbg.v16i3.614

Page 19/29



41. McGarigal K, Cushman SA, Stafford S (2000) Multivariate statistics for wildlife and ecology
research. Springer, New York. https://doi.org/10.1007/978-1-4612-1288-1

42. Medeiros AS, Cesário FV, Santos TC, Maia SMF (2025) Differences in the storage of soil organic
carbon in Brazil’s agricultural land: a meta-analysis. CATENA 249:108680.
https://doi.org/10.1016/j.catena.2024.108680

43. Mehlich A (1953) Determination of P, Ca, Mg, K, Na, and NH₄. North Carolina Soil Test Division
Publication 1. University of North Carolina, Raleigh

44. Mendonça LB (2023) Efeitos do fogo na relação chuva–sucção do solo em floresta degradada e
gramíneas: subsídios ao estudo de movimentos de massa, Nova Friburgo (RJ). MSc Thesis,
Instituto de Geociências, Universidade Federal do Rio de Janeiro, Rio de Janeiro

45. Mendoza-Vega J, Ku-Quej VM, Messing I, Pérez-Jiménez JC (2020) Effects of native tree planting on
soil recovery in tropical montane cloud forests. Sci 66:700–711.
https://doi.org/10.1093/forsci/fxaa019

46. Nottingham AT, Whitaker J, Turner BL, Salinas N, Zimmermann M, Malhi Y, Meir P (2015) Climate
warming and soil carbon in tropical forests: insights from an elevation gradient in the Peruvian
Andes. Bioscience 65:906–921. https://doi.org/10.1093/biosci/biv109

47. Oades JM (1988) The retention of organic matter in soils. Biogeochemistry 5:35–70.
https://doi.org/10.1007/BF02180317

48. Oliveira AF, Santos CA, Gonçalves LC, Viana MCM, Gontijo Neto MM, Silva EA, Lana ÂMQ (2024) Soil
organic carbon stock and litter mass in silvopastoral systems with Eucalyptus. Agrofor Syst
98:2169–2177. https://doi.org/10.1007/s10457-024-00960-5

49. Omidvar N, Xu Z, Nguyen TTN, Salehin B, Ogbourne S, Ford R, Bai SH (2021) A global meta-analysis
shows soil nitrogen pool increases after revegetation of riparian zones. J Soils Sediments 21:665–
677. https://doi.org/10.1007/s11368-020-02864-0

50. Portes MC, Behling H, Montade V, Safford HD (2020) Holocene vegetation, climate and fire
dynamics in the Serra dos Órgãos, Rio de Janeiro State, southeastern Brazil. Acta Palaeobot
60:438–453. https://doi.org/10.35535/acpa-2020-0019

51. Powers JS, Marín-Spiotta E (2017) Ecosystem processes and chemical cycles in secondary tropical
forest succession. Annu Rev Ecol Evol Syst 48:497–519. https://doi.org/10.1146/annurev-ecolsys-
110316-022944

52. Qafoku NP, Van Ranst E, Noble A, Baert G (2004) Variable charge soils: their mineralogy, chemistry
and management. Adv Agron 84:159–215. https://doi.org/10.1016/S0065-2113(04)84004-5

53. Rocha Junior PR, Sturião WP, Nogueira NO, Passos RR, Donagemma GK, Rangel OJP, Bhattarai R
(2020) Soil quality indicators to evaluate environmental services at different landscape positions
and land uses in the Atlantic Forest biome. Environ Sustain Indic 7:100047.
https://doi.org/10.1016/j.indic.2020.100047

54. Satdichanh M, Dossa GGO, Yan K, Tomlinson KW, Barton KE, Crow SE, Winowiecki L, Vågen T-G, Xu J,
Harrison RD (2023) Drivers of soil organic carbon stock during tropical forest succession. J Ecol

Page 20/29



111:1722–1734. https://doi.org/10.1111/1365-2745.14141

55. Schaefer CEGR, Filho EIF, Francelino MR, Corrêa GR, de Oliveira FS, Ker JC (2023) The Soil Regions:
A Framework for Stratifying the Brazilian Soilscapes. In: Schaefer CEGR (ed) The Soils of Brazil.
World Soils Book Series. Springer, Cham. https://doi.org/10.1007/978-3-031-19949-3_3

56. Shi K, Liao J, Zou X, Chen HYH, Delgado-Baquerizo M, Wanek W, Ni J, Ren T, Zhang C, Yan Z (2024)
Forest development induces soil aggregate formation and stabilization: implications for
sequestration of soil carbon and nitrogen. CATENA 246:108363.
https://doi.org/10.1016/j.catena.2024.108363

57. Schmidt MWI, Torn MS, Abiven S, Dittmar T, Guggenberger G, Janssens IA, Kleber M, Kögel-Knabner
I, Lehmann J, Manning DAC (2011) Persistence of soil organic matter as an ecosystem property.
Nature 478:49–56. https://doi.org/10.1038/nature10386

58. Sniegocki R, Moon JB, Rutrough AL, Gireneus J, Seelan JSS, Farmer MC, Weindorf DC, Naithani K
(2022) Recovery of soil microbial diversity and functions along a tropical montane forest
disturbance gradient. Front Environ Sci 10:853686. https://doi.org/10.3389/fenvs.2022.853686

59. Sposito G (2008) The Chemistry of Soils, 2nd edn. Oxford University Press, New York

60. Torn MS, Trumbore SE, Chadwick OA, Vitousek PM, Hendricks DM (1997) Mineral control of soil
organic carbon storage and turnover. Nature 389:170–173. https://doi.org/10.1038/38260

61. Totti MCV, Zinn YL, Silva SHG, Silva BM, Bócoli FA, Faria VL, Montes AO, Acuña-Guzman SF, Uezu A,
Cullen L Jr (2025) Organic carbon stocks across various land use systems in sandy Ultisols and
Oxisols in Brazil. Geoderma Reg 40:e00924. https://doi.org/10.1016/j.geodrs.2025.e00924

62. Tupinambá M, Heilbron M, Duarte BP, Nogueira JR, Valladares CS, Almeida JCH, Silva LGE, Medeiros
SR, Miranda A, Ragatky CD, Mendes JC, Ludka IP, Chrispim SJP (2013) Geologia e recursos minerais
da Folha São Fidélis (SF.24-V-C-IV), Estado do Rio de Janeiro. CPRM–Serviço Geológico do
Brasil/UERJ, Rio de Janeiro

63. Uehara G, Gillman G (1981) The mineralogy, chemistry, and physics of tropical soils. University of
Hawaii, Honolulu

64. Uhlemann S, Peruzzo L, Chou C, Williams KH, Wielandt S, Wang C, Falco N, Wu Y, Carr B, Meldrum P,
Chambers J, Dafflon B (2024) Variations in bedrock and vegetation cover modulate subsurface
water flow dynamics of a mountainous hillslope. Water Resour Res 60:e2023WR036137.
https://doi.org/10.1029/2023WR036137

65. Verly OM, Villa PM, Chaves MVGS, Rocha SJSS, Cabral-da-Silva LCM, Oliveira K, Rufino MPMX, Vieira
SB, Sathler DFT, Lana JM (2026) Decoupling abundance and biomass in secondary Atlantic
Rainforest: differential responses of rare and common tree species to environmental drivers. Ecol
Manage 605:123503. https://doi.org/10.1016/j.foreco.2026.123503

66. Vitousek PM, Porder S, Houlton BZ, Chadwick OA (2010) Terrestrial phosphorus limitation:
mechanisms, implications, and nitrogen–phosphorus interactions. Ecol Appl 20:5–15.
https://doi.org/10.1890/08-0127.1

Page 21/29



67. Yang Y, Peng T, Zhang H, Wei X, Liu Y (2025) Spatial variability of topsoil C and N in relation to soil
erosion along a cultivated black soil toposequence. CATENA 260:109422.
https://doi.org/10.1016/j.catena.2025.109422

68. Yu Z, Wang K, Li J, Shangguan Z, Deng L (2023) Mixed plantations have more soil carbon
sequestration benefits than pure plantations in China. Ecol Manage 529:120654.
https://doi.org/10.1016/j.foreco.2022.120654

69. Walkley A, Black IA (1934) An examination of the Degtjareff method for determining soil organic
matter, and a proposed modification of the chromic acid titration method. Soil Sci 37:29–38.
https://doi.org/10.1097/00010694-193401000-00003

70. Wardle DA, Bardgett RD, Klironomos JN, Setälä H, van der Putten WH, Wall DH (2004) Ecological
linkages between aboveground and belowground biota. Science 304:1629–1633.
https://doi.org/10.1126/science.1094875

71. Zeferino LB, Lustosa Filho JF, Santos AC, Cerri CEP, Oliveira TS (2023) Soil carbon and nitrogen
stocks following forest conversion to long-term pasture in Amazon rainforest–Cerrado transition
environment. CATENA 231:107346. https://doi.org/10.1016/j.catena.2023.107346

72. Zhao Z, Dong P, Fu B, Wu D, Zhao Z (2023) Soil organic carbon distribution and factors affecting
carbon accumulation in natural and plantation forests in tropical China. Ecol Indic 148:110127.
https://doi.org/10.1016/j.ecolind.2023.110127

73. Zhao Z, Zhao Z, Fu B, Wang J, Tang W (2021) Characteristics of soil organic carbon fractions under
different land use patterns in a tropical area. J Soils Sediments 21:689–697.
https://doi.org/10.1007/s11368-020-02818-8

74. Zhou G, Eisenhauer N, Du Z, Lucas-Borja ME, Zhai K, Berdugo M, Duan H, Wu H, Liu S, Revillini D,
Sáez-Sandino T, Chai H, Zhou X, Delgado-Baquerizo M (2025) Fire-driven disruptions of global soil
biochemical relationships. Nat Commun 16:1–12. https://doi.org/10.1038/s41467-025-56598-z

Figures

Page 22/29



Figure 1

Principal Component Analysis (PCA) of soil chemical properties across contrasting land-use types.
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Figure 2

Overall variation in soil chemical properties across land uses over the 0–60 cm soil profile. ISF, interior
secondary forests; ESF, edge secondary forests. Results of a one-way ANOVA followed by Tukey’s post
hoc test assessing the effects of land use on soil chemical properties. Bars represent mean values, and
error bars indicate standard deviations. Different letters denote statistically significant differences
among land uses at p ≤ 0.05. Columns sharing the same letter, as well as columns without letter
annotations, do not differ significantly.
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Figure 3

Hierarchical clustering of soil chemical properties and land-use types. ISF - interior secondary forests;
ESF -edge secondary  forests.
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Figure 4

Location of the study areas (Adapted from Mendonça, 2023).
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Figure 5

Pearson correlation matrix of soil chemical properties.
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Figure 6

Soil chemical properties across land-use types and soil depths. ISF - interior secondary forests; ESF -
edge secondary  forests. Mean values for each land-use system.
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Figure 7

Land-use types: (a) interior secondary forests (ISF); (b) edge secondary  forest (ESF); (c) eucalyptus
plantation; (d) pasture.
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