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Abstract: The Amazon ecosystem plays a vital role in global climate regulation and biodiversity 

conservation but faces escalating threats from deforestation and degradation. The resulting 

secondary forests provide a promising opportunity for Transformative Territorial Management, 

fostering restoration and enhancing conservation values. This study evaluated aboveground 

biomass (AGB), species diversity, forest structure and soil properties in secondary forests of the 

Colombian Amazon along a chronosequence, from early to mature successional stages, to identify 

key indicators for effective restoration management. Results showed a consistent increase in AGB, 

species diversity, forest structure and soil quality with forest age, though recovery patterns varied 

between landscapes. Topographic differences influenced successional dynamics, with mountainous 

landscapes showing faster early recovery compared to the steadier, linear growth observed in hill 

areas. In hill, AGB at 10 years reached 12.65% of the biomass expected in a mature forest, increasing 

to nearly 42% by 40 years of abandonment, at a rate of 0.708 Mg C ha-1 year-1. In contrast, in the 

mountain landscape, AGB at 10 years reached approximately 8.35% of the carbon in a mature forest 

and increased to nearly 63.55% at 40 years. Forest age and soil properties emerged as primary 

drivers of AGB recovery, while diversity and forest structure played indirect but significant roles. 

In hill areas, soil conservation practices are critical for maintaining steady growth, whereas 

mountain regions benefit from assisted natural regeneration (ANR) to accelerate recovery. These 

findings highlight the importance of prioritizing the management of secondary forests as a central 

strategy for achieving restoration goals. Such practices are essential to enhance the ecological 

resilience of secondary forests and ensure their long-term sustainability, fostering their role as key 

contributors to restoration efforts and the provision of ecosystem services. 

Keywords: Secondary succession; natural restoration; chronosequence; aboveground biomass; 

carbon sequestration; landscape configuration; tropical forest 

 

1. Introduction 

The Amazon is one of the richest and most biodiverse biomes on Earth, with vast forests that 

remain largely undisturbed by direct human use [1]. It plays a crucial role in climate regulation as a 

major carbon reservoir [2] and serves as a vital refuge for biodiversity, housing nearly half of the 

world's tropical forest species [3]. Despite its immense ecological significance, the Amazon biome is 

severely threatened by human activities, which compromise its integrity and resilience. These 
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pressures have led to habitat loss, landscape fragmentation, and the disruption of fundamental 

ecological processes [4]. In the Colombian Amazon, deforestation is intensified by colonization 

processes that convert forests into pastures, trigger forest fires, and promote the establishment of 

illicit crops, further aggravated by illegal logging and mining activities [5]. These disturbances reduce 

biodiversity and undermine ecosystems' capacity to recover from natural disruptions, adapt to 

climate change, and continue providing essential services, such as carbon storage in biomass [6]. 

Widespread deforestation has transformed Amazonian ecosystems into a fragmented mosaic of 

secondary forests (SF), which currently cover about 4.1% of the Amazon biome. Evidence suggests 

that these SF are caught in a destructive "Degradative Cycle" of regrowth followed by clearing, often 

occurring within five years or less. This cycle is particularly concerning in regions with high 

deforestation rates, where forest recovery is significantly hindered [7]. In the Colombian Amazon, 

50% of secondary forests are found in areas heavily impacted by human activity [8]. Data show that 

70% of these regenerating SF are subsequently converted back into pastures, perpetuating the 

"Degradative Cycle" and severely compromising their ability to regenerate [8]. 

Ecological restoration is crucial for mitigating the adverse effects of deforestation and aligns with 

global initiatives such as the Bonn Challenge, which aims to restore 350 million hectares (Mha) by 

2030, and the Kunming-Montreal Global Biodiversity Framework, targeting the rehabilitation of 30% 

of degraded areas by the same year. Achieving these ambitious goals presents a significant challenge 

for Colombia. The National Restoration Strategy, launched in 2024, sets an objective to restore 735,000 

hectares by 2026, employing a comprehensive approach that adapts restoration actions to various 

contexts, including full, partial, and productive recovery [9]. Given the extensive distribution of SF, 

effectively managing these areas is critical to achieving national and global restoration targets [10,11]. 

However, large-scale tree planting is prohibitively expensive for developing countries and often fails 

to restore native biodiversity effectively [12]. Therefore, it is vital to identify scenarios where the 

restoration of SF can be optimized [12,13]. 

Restoring SF requires integrating existing knowledge of ecological processes such as natural 

regeneration and succession. The rate and success of recovering the composition, structure, and 

function of these forests depend on factors like forest type, climatic conditions, land-use history, and 

landscape configuration [14,15]. Consequently, restoration strategies must be tailored to these 

conditions and may include actions like Assisted Natural Regeneration (ANR), which promotes 

forest recovery by removing barriers to natural regeneration and enhancing biodiversity and 

resilience [16–18]. Other strategies involve enriching secondary forests with native species to 

accelerate succession and improve ecosystem functionality [19,20], implementing fire and livestock 

protection measures, and ensuring continuous monitoring. 

His research aims to enhance the existing body of evidence on the ecological attributes that 

contribute to forest integrity in Amazonian ecosystems in Colombia [21], providing a foundation for 

strategies focused on Transformative Territorial Management centered around the ecological 

restoration of SF. Previous studies have demonstrated that plant species richness increases as the 

duration since the cessation of productive activities lengthens, with a threshold influenced by the 

vulnerability of the plant community [22]. Additionally, secondary forests have been observed to 

exhibit trends toward biotic homogenization within plant communities [10]. Despite these findings, 

there remains a limited understanding of how aboveground plant biomass changes over time and 

how various environmental factors influence these dynamics. Evidence indicates that the speed and 

time required to recover aboveground biomass are affected by factors such as forest type, climatic 

conditions, land-use history, seed dispersal, and the establishment of new trees [23–26]. The 

dominance or relative abundance of specific tree species groups, as opposed to shrub groups, also 

plays a significant role in shaping diversity, biomass stocks, and other functional attributes of 

secondary forests during succession [27]. Moreover, functional plant groups, such as nitrogen-fixers, 

have been shown to enhance soil nutrient availability [28], positively impacting long-term biomass 

growth and optimizing soil carbon sequestration [29]. Understanding how factors like previous 

management intensity and landscape configuration affect soil and vegetation recovery. Such insights 

are essential for developing effective restoration strategies and ensuring their successful 
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implementation [15]. Therefore, this study aimed to assess the successional trends in recovery of 

forest aboveground biomass carbon, tree diversity, and forest structure in a chronosequence of 

tropical secondary forests following the abandonment of cattle ranching according to two types of 

landscape (hill and mountain). We also evaluated the recovery of biomass in response to changes in 

forest age, species diversity, forest structure, and soil properties, which are key aspects for designing 

future strategies aimed at transformative ecological restoration in the Colombian deforested. 

2. Materials and Methods 

2.1. Study Area and Sampling Design 

The study area is located in the department of Caquetá, in the northwestern Colombian Amazon, 

covering the municipalities of Florencia (1°36’50” N; 75°36’46” W), Morelia (1°29’09” N; 75°43’28” 

W), Belén de los Andaquíes (1°24’59.1” N; 75°52’21.2” W), San José del Fragua (1°19’52” N; 75°58’28” 

W), and Albania (1°19’44” N; 75°52’42” W) (Figure 1). The region's climate is classified as humid 

tropical, with an average annual precipitation of 3,235 mm, concentrated during a rainy season from 

March to June, and a mean temperature of 25° [30], he predominant soils are Inceptisols and Oxisols, 

according to USDA classification, characterized by fine texture, drainage limitations, high acidity (pH 

ranging from 4.5 to 5.8), high aluminum saturation, and low base saturation. These soils have limited 

contents of carbon, phosphorus, potassium, and magnesium, affecting their fertility and aeration 

capacity [31]. 

This region comprises two main landscapes: hill and mountain. Hill, with altitudes below 300 m 

and slopes ranging from 7 to 12%, represent a typical undulating landscape of the Amazonian plains, 

primarily used for extensive cattle grazing and agriculture, with a high level of degradation and 

remnants of natural forests. In contrast, mountain, with altitudes above 300 m and slopes between 12 

and 75%, form part of the Andean-Amazon transition and are dominated by natural forests, pastures, 

crops, and secondary forests [31,32].  

Sampling sites were selected based on the age of land abandonment (chronosequence) and 

grouped into five successional categories in each landscape type: (i) sites <10 years, representing early 

successional stages with shrub and pioneer vegetation, (ii) 11–20 years, corresponding to young 

secondary forests, (iii) 21–30 years, representing intermediate secondary forests, (iv) 31–40 years, 

reflecting advanced secondary forest stages, and (v) old-growth forest (OF), characterizing mature 

forests similar to those reported by Rodríguez-León et al. [32]. 
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Figure 1. Study area and distribution of forest sampling plots in Caquetá, Colombian Amazon. 

2.2. Vegetation Sampling 

The data were collected from 54 plots of 50 × 50 m (0.25 ha) distributed across hill and mountain 

landscapes, selected based on the age of land abandonment (chronosequence). The identification of 

the plots was carried out through interviews with farm owners, who provided information about 

land-use history [32,33], and complemented with observations of specific vegetation attributes, such 

as floristic composition, species density, trunk diameter, and basal area [34]. Of the 54 sampled plots, 

29 correspond to secondary forests aged between 5 and 40 years, while 25 represent old-growth 

forests, distributed across various municipalities in the region (Table 1). 

Table 1. Number of forest plots sampled in secondary and old-growth forests in the Colombian 

Amazon. 

Landscape Site 

Number of Plots 

in Secondary 

Forest 

Stand Age 

(Years) 
Number of 

Plots in Old-

Growth Forest Mean Min Max 

Hill 

Albania 1 8 8 8 0 

Belén De Los Andaquíes 4 19 7 30 0 

Florencia 3 35 35 35 0 

Morelia 5 22 12 35 2 

San José Del Fragua 0 -- -- -- 1 

Mountain 

Belén De Los Andaquíes 6 26 7 40 6 

Florencia 6 20 8 40 7 

Morelia 3 15 5 25 0 

San José Del Fragua 1 35 35 35 9 

  Total 29       25 

 

Within each plot, all trees with a diameter at breast height (DBH) ≥ 1 cm were marked and 

identified to species and family levels. The collected samples were processed, taxonomically 

determined, and stored at the "Colombian Amazon Herbarium-COAH" of the Sinchi Institute in 

Bogotá, Colombia, ensuring the traceability of taxonomic information [10,22]. 

2.3. Above-Ground Biomass 

To estimate the above-ground biomass (AGB) of trees, the allometric equation developed by 

Chave et al. [35] was used. This equation is widely applied in tropical forest studies due to its ability 

to capture local variations in forest conditions [29,36]. The equation applied was as follows (Equation 

(1)): 

AGB = 0.0673 × (WD × DBH2 × HT)0.976   (1) 

Where AGB represents above-ground biomass in kilograms, WD is wood density (g cm-3), DBH 

is the diameter at breast height (cm), and HT is the total tree height (m). This model has proven 

suitable for the study area as it incorporates local species data, ensuring accurate forest biomass 

estimates [29,35]. 

To calculate carbon stored in above-ground biomass, wood carbon fractions (Wood CF) were 

determined using the approach proposed by Doraisami et al. [37]. This method establishes 

conversion factors based on wood density (WD) using the following equation (Equation (2)): 

Wood CF = 49.3 + (−3.5 × WD)    (2) 

In this equation, WD is wood density in g cm-3, while coefficients -3.5 and 49.3 represent the 

relationship between wood density and carbon fraction. 
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The calculated Wood CF values were multiplied by the estimated AGB for each tree to obtain 

the carbon stored in above-ground biomass. Finally, AGB values for all trees within each plot were 

summed, and the results were reported in Mg C ha-1. 

2.4. Forest Diversity and Structure Indices 

This study considered two key dimensions of biodiversity: taxonomic diversity and forest 

structure. To evaluate taxonomic diversity, three Hill numbers were used, essential tools for 

measuring effective diversity by considering species relative abundances [38,39]. Hill numbers are 

defined by three orders of “q” reflecting different degrees of sensitivity to relative abundance: species 

richness (q = 0), which includes all species equally; exponential of Shannon entropy (q = 1), which 

gives less weight to rare species, considering both richness and evenness within a community 

(Equation (3)); and inverse Simpson diversity (q = 2), which gives more weight to dominant species, 

assigning less importance to rare ones (Equation (4)). These indices were calculated using the 

“iNEXT” package in R [38]. 

Exponential of Shannon − Weaver′s diversity index (ExpH) = exp (− ∑ 𝑃𝑖
s
i=0 ln 𝑃𝑖)   (3) 

Inverse of Simpson′s dominance index (1/D) =
1

∑ 𝑃𝑖
2s

i=0

                              (4) 

In these equations, 𝑃𝑖  represents the proportion of individuals of species 𝑖 relative to the total 

number of individuals in the community, calculated as 𝑃𝑖 =
𝑛𝑖

𝑁
, where 𝑛𝑖  is the number of 

individuals of species 𝑖 and 𝑁 is the total number of individuals of all species. 𝑆 is the total number 

of species in the respective forest plot. Higher values in these indices indicate a more equitable species 

distribution within the community [40,41]. 

To quantify β-diversity and assess differences in species composition between plots, the Chao-

Jaccard dissimilarity index was used. This index accounts for both observed and unobserved shared 

species among communities, reducing sampling bias (Equation (5)). 

Chao − Jaccard index (CJI) = U × V ÷ (𝑈 + 𝑉 − (𝑈 × 𝑉))   (5) 

In this equation, U and V represent the relative abundances of shared species in the compared 

communities. Values close to 1 indicate high similarity, while values near 0 reflect marked differences 

[27]. These calculations were performed using the CommEcol package in R [42]. 

The forest structure was evaluated through various structural indices, including the mean 

diameter at breast height (DBH, cm), the mean total tree height (Height, m), the average wood density 

(WD, g cm-3), and the total basal area (BA, m2 ha-1) of all woody species per plot. These indicators 

provide a detailed perspective on the size and vertical distribution of trees in the forest community 

[43]. 

Additionally, to analyze the horizontal structure of the communities, the Importance Value 

Index (IVI) was used. This index combines relative abundance, relative dominance, and relative 

frequency of each species in the community (Equation (6)). 

IVI (%) =
𝐴𝑏𝑢𝑛(%)+𝐷𝑜𝑚(%)+𝐹𝑟𝑒𝑐(%)

3
   (6) 

In this equation, Abun (%) is relative abundance, Dom (%) is relative dominance, and Frec (%) 

is relative frequency. IVI helps identify the species with the greatest ecological importance within the 

community [44]. Calculations were carried out using the BiodiversityR package in R [45]. 

2.5. Soil Properties 

In each plot, three soil samples were randomly collected at a depth of 0 to 20 cm on the same 

day as vegetation sampling. Following the methods described in Garate-Quispe et al. [36] and Coelho 

et al. [15], fifteen soil properties were analyzed using standardized laboratory techniques detailed in 

previous studies [10,32]. These included soil organic carbon (SOC, Mg ha⁻¹), measured using the 

Walkley-Black potassium dichromate oxidation method, and pH, determined in a saturation paste 

using the USDA conductimetric method. Effective cation exchange capacity (CEC, meq 100 g-1) and 
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soil moisture saturation (SMS, %) were also assessed. Additional analyses included organic matter 

content (OM, %), total nitrogen concentration (N, %), and soil texture (percentages of clay, sand, and 

silt) determined by the Bouyoucos method. Exchangeable potassium (E_K, mg kg-1) and 

exchangeable calcium (E_Ca, mg kg-1) were measured, along with concentrations of iron (Fe, mg kg-

1) and available phosphorus (P, mg kg-1), determined by Bray II extraction. Magnesium (Mg_S, %) 

and aluminum (Al_S, %) saturation levels were also calculated. 

2.5. Data Analisis 

Generalized linear models (GLM) were applied to evaluate the effect of forest age, landscape, 

and their interaction on aboveground biomass (AGB) variable, as well as those related to species 

diversity, forest structure, and the physical-chemical properties of the soil using the lme function 

from the nlme package [46] in R language v. 4.3.3 [47] and the interface in InfoStat v.2020 [48]. A 

normal distribution was employed for all variables, except for species richness, where a Poisson 

distribution was used. The species diversity and forest structure variables were fitted for normal 

distribution with logarithmic transformation. The assumptions of normality and homogeneity of 

variances were validated through an exploratory analysis of the model's residuals. Corrections for 

heteroscedasticity for species diversity and forest structure variables were made by age class using 

the varIdent function [46] from the nlme package in R. When significant differences were found, a 

Fisher's LSD test at 95% confidence was used to separate the means of the studied effects. 

To model the recovery of biomass, biodiversity, and forest structure over the chronosequence, 

simple and quadratic linear regression functions were applied using the lm function, along with 

nonlinear regression models such as logistic, monomolecular, and Gompertz using the nls function 

from the stats package [49] in R, and Chapman-Richards using the sar_chapman function from the 

sars package [50] in R. The evaluation of the models included coefficients of determination (R²) and 

residual analysis to verify the quality of the fit, similar to that has been reported in previous studies 

[29,36]. 

A non-metric multidimensional scaling (NMDS) analysis (50 iterations) was conducted based on 

the Chao-Jaccard similarity index to visualize species composition across different age classes and 

landscapes using the metaMDS function from the vegan package in R [51]. The accepted stress level 

was ≤ 0.2, following the criteria of Oberleitner et al. [52]and Chao et al. [53]. A Permutational 

Multivariate Analysis of Variance Using Distance Matrices (PERMANOVA) based on Chao-Jaccard 

distance and 9999 permutations was performed using the adonis2 function from the vegan package 

in R [51]. The pairwise.adonis function with 9999 permutations from the pairwiseAdonis package in 

R [54] was used to conduct pairwise multi-level comparisons of the studied effects.  

Finally, Pearson correlation analysis and simple linear regression using the pairs.panels function 

from the psych package in R [55] were employed to study the bivariate relationships between the 

studied variables, and structural equation models (SEM) were used to analyze direct and indirect 

causal relationships among forest age, soil properties, species diversity, floristic structure, and carbon 

in aboveground biomass. The SEM were conducted using the sem and semPaths functions from the 

lavaan package in R [56], utilizing latent variables that grouped the most relevant components, and 

applying logarithmic transformations to improve model fit, similar to what has been reported in 

previous studies [15,22,29,36]. The multivariate analyses in R were performed using the interface in 

RStudio v. 2024.04.1 [57]. 

3. Results 

3.1. Effects of Age and Landscape on the Recovery of AGB, Tree Diversity, and Forest Structure 

The results of this study showed a clear recovery pattern in forest structural and diversity 

attributes throughout succession (Figure 2 and Supplementary Figure S1). The GLMs revealed a 

significant effect of abandonment age on all forest attributes. Diameter at breast height (DBH), tree 

height, wood density (WD), Shannon exponential diversity (ExpH), and Simpson’s inverse diversity 

(1/D) varied significantly across abandonment ages but not between landscape units (p > 0.05). Basal 
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area (BA), aboveground biomass (AGB), and species richness showed significant variations both 

across age classes and at the landscape level (both, p < 0.05). Additionally, the interaction between 

abandonment age and landscape was only significant for species richness (F = 12.20, p < 0.0001) 

(Supplementary Figure S1). This finding indicates that the recovery of species richness varied 

depending on both the successional stage and landscape type, being more pronounced in 

mountainous landscapes during advanced stages of succession. 

The AGB increased from 7.60 Mg C ha-1 in young plots (<10 years) to 84.08 Mg C ha-1 in old-

growth forest (OF) plots (Figure 2A). This pattern was also evident in BA, which varied from 4.32 m2 

ha-1 in young forests to 26.32 m2 ha-1 in mature forests (Figure 2H). Similarly, DBH increased from 

5.30 cm in young plots to 12.81 cm in reference forests (Figure 2F), while height showed an upward 

trend with age, rising from 4.80 m in young plots to 9.62 m in reference forests (Figure 2E). 

The WD showed a slight increase in more mature plots, reaching a maximum of 0.59 g cm⁻³ in 

reference plots (OF) (Figure 2G). 

The mean species richness increased from 28.46 species in young plots to 115.72 in reference 

plots (Figure 2B). This trend was similar to what was observed in ExpH and 1/D, which reflect greater 

evenness in species distribution during advanced stages of succession (Figure 2C,D). 

 

Figure 2. Changes in forest structural and diversity attributes across four age classes of secondary 

forests and in reference forest following the abandonment of cattle ranching. (A) Aboveground 

biomass stock (AGB); (B) Richness; (C) Exponential Shannon diversity (ExpH); (D) Inverse Simpson 

diversity (1/D); (E) Mean tree height (Height); (F) Diameter at breast height (DBH), (G) Wood density 
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(WD); and (H) Basal area (BA). Different letters indicate significant differences among age classes 

(Fisher’s LSD test; p < 0.05). 

The rate of aboveground biomass (AGB, in Mg C ha-1) accumulation throughout succession 

followed distinct patterns depending on the landscape type (Figure 3). In the hill landscape, AGB 

increased linearly (R2 = 0.85), reaching 12.65% of the biomass expected in a mature forest after 10 

years and nearly 42% at 40 years of abandonment. This increase, at a rate of 0.708 Mg C ha -1 year-1, 

showed consistent growth over time. In contrast, in the mountainous landscape, the change in AGB 

followed a quadratic linear trend (R2 = 0.75), with a faster increase in the initial stages. In the 

mountainous landscape, AGB at 10 years reached approximately 8.35% of the carbon in a mature 

forest and increased to nearly 63.55% at 40 years. These findings suggest that the mountainous 

landscape provides a favorable environment for rapid recovery in the early stages, while the hill 

landscape shows a uniform, linear growth pattern. 

On the other hand, the recovery trajectories of various forest structural and diversity attributes, 

modeled using the Chapman-Richards functions and quadratic regression (Supplementary Figure 

S2), revealed how AGB, species richness, ExpH, 1/D, and BA followed a sigmoidal growth pattern, 

with AGB and BA showing the highest explanatory power (R2 = 0.77 and 0.73, respectively). 

Meanwhile, mean tree height, DBH, and WD exhibited quadratic trends with R2 values of 0.5, 0.47, 

and 0.21, respectively. Overall, a stabilization of growth curves for floristic attributes in terms of 

diversity and structure was observed after 80 years of abandonment of degraded pastures. 

 

Figure 3. Relationship between aboveground biomass carbon (AGB, in Mg C ha-1) and forest age in 

two landscape types (Hill and Mountain) across a chronosequence of natural regeneration following 

abandonment of cattle ranching in the Colombian deforested Amazon. The solid lines represent the 

fitted linear regression models for each landscape. 

3.2. Soil Properties Dynamics 
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The comparative analysis between hills and mountains revealed significant differences in 

several soil properties (Supplementary Table S1). Soils in hills showed slightly higher soil organic 

carbon (SOC) content, with 77.01 Mg ha-1 compared to 75.46 Mg ha-1 in mountains (p > 0.05). However, 

pH was significantly higher in hill soils (4.46) than in mountain soils (4.15), indicating that hill soils 

are less acidic. This lower acidity correlates with a lower aluminum saturation (Al_S) (75.06% in hills 

compared to 59.97% in mountains). Hill soils also exhibited a higher cation exchange capacity (CEC) 

(7.58 meq 100 g-1) compared to mountain soils (5.08 meq 100 g-1), reinforcing their ability to retain 

essential nutrients. On the other hand, mountain soils have a higher sand content (64.25%) and a 

lower clay percentage (24.68%), which could limit their capacity to retain water and nutrients. 

The age of the plots influenced soil organic carbon (SOC) accumulation. This parameter reached 

its maximum value in plots aged between 10 and 20 years (81.90 Mg ha-1) and remained stable in 

older plots (OF, 80.83 Mg ha-1). Similarly, soil pH decreased with age, from 4.47 in young plots (<10 

years) to 4.12 in older plots (>40 years), where higher aluminum saturation (Al_S) (66.35%) was 

evident. 

The CEC increased with plot age, reaching a maximum value of 7.86 meq 100 g-1 in the 31–40 

year age class, indicating a greater nutrient retention capacity in older soils. Similarly, organic matter 

(OM) and total nitrogen (N) increased during the early stages of succession and stabilized in plots 

>40 years old. Regarding soil texture, clay content increased with age, reaching 39.75% in soils aged 

31–40 years, while the proportion of sand decreased throughout the chronosequence. 

3.3. Changes in Dominance and Composition of Tree Species Throughout Succession 

The five most abundant species showed differential dominance patterns throughout 

successional stages in the Hill and Mountain landscapes (Supplementary Table S2). In early 

successional stages (<10 years), pioneer species dominated in both landscapes, with Piptocoma discolor 

(IVI = 33.6%) and Trattinnickia boliviana (26.3%) in Hill, while in Mountain, Henriettea fascicularis 

(47.4%) and Bellucia grossularioides (21.2%) were predominant. In intermediate successional stages (11 

to <30 years), species such as Henriettea fascicularis and Jacaranda copaia dominated in Hill, whereas in 

Mountain, Cyathea lasiosora and Graffenrieda conostegioides were prominent. In both stages, pioneer 

species began to lose importance to secondary species. In advanced succession (31 to <40 years), 

dominant species in Hill included Tapirira guianensis (IVI = 20.1%) and Inga thibaudiana (15.2%), while 

in Mountain, Casearia arborea (7.5%) and Tapirira guianensis were significant, indicating a transition 

towards a more mature community. In the old-growth forest (OF) reference plots, the composition 

was dominated by species typical of mature forests, such as Pseudosenefeldera inclinata (IVI = 18.4% in 

Hill and 8.8% in Mountain) and Virola elongata. 

The results of the PERMANOVA and non-metric multidimensional scaling (nMDS) ordinations 

showed significant variation in species composition both among age classes (F = 3.52; p < 0.001) and 

landscape types (F = 3.20; p < 0.001) (Figure 4 and Supplementary Table S3). Although the interaction 

age_class*landscape was not significant (p > 0.05), greater divergence in species composition was 

observed between secondary forests and the reference forest in the hill landscape compared to the 

mountain (Supplementary Figure S3 and Supplementary Table S3). Consequently, post-hoc pairwise 

comparisons revealed that tree species composition varied significantly between early regeneration 

stages (<10 years) and the oldest plots (OF). In this regard, the community composition of the four 

secondary forest categories differed significantly from the reference forest, and the secondary forest 

aged 31–40 years was significantly different from secondary forests aged <10 and 10–20 years (p < 

0.05) (Supplementary Table S4). 
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Figure 4. Non-metric multidimensional scaling (nMDS) ordinations of tree community composition 

(beta diversity) based on Chao–Jaccard similarity between natural regeneration plots following aban-

donment of cattle ranching and reference forests in the Colombian deforested Amazon. (A) Age 

classes, (B) Landscapes. 

3.3. Bivariate Relationships Between Biomass, Diversity, Structure, and Soil Properties 

Figure 5 reveals a strong positive correlation between forest age (Age) and various structural 

and diversity metrics, such as aboveground biomass carbon (AGB; r = 0.87, p < 0.0001), species 

richness (r = 0.77, p < 0.0001), and ExpH (r = 0.71, p < 0.0001), indicating that forest aging promotes 

both carbon accumulation and diversity. Similarly, BA showed a significant correlation with Age (r 

= 0.85, p < 0.0001) and AGB (r = 0.97, p < 0.0001). Community-weighted mean diameter (CWM DBH) 

and height (CWM Height) also positively correlated with forest age (r = 0.61 and r = 0.62, respectively; 

both, p < 0.01). On the other hand, although community-weighted mean wood density (CWM WD) 

showed moderate positive correlations with Age (r = 0.52, p = 0.0025) and AGB (r = 0.49, p = 0.0049), 

its relationship with other structural metrics, such as CWM DBH and CWM Height, was less evident 

(both, r < 0.4; p < 0.05). 

On the other hand, significant correlations between soil properties and aboveground biomass 

carbon (AGB) were observed (Supplementary Figure S4). Thus, a significant negative correlation 

between AGB and soil pH was evidenced, and a significant positive correlation with exchangeable 

magnesium (Mg_S). SOC showed no significant correlation with AGB but strong positive correlations 

with SMS, OM, and N were observed. Soil moisture saturation (SMS) presented positive correlations 

with Clay and Silt and negative correlations with Sand and Mg_S, highlighting the ability of soils 

with a higher proportion of clay and silt to retain water. Cation exchange capacity (CEC) correlated 

positively with SOC, Clay, and Al_S, and negatively with Sand and Mg_S. Aluminum saturation 

(Al_S) showed a negative correlation with Mg_S, evidencing a possible competitive interaction 

between these elements in soils with high cation exchange capacity. 
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Figure 5. Pairwise correlation matrix among the key variables forest age (Age), aboveground biomass 

carbon (AGB), species richness (Richness), exponential Shannon diversity index (ExpH), Simpson's 

diversity index (1/D), community-weighted mean diameter at breast height (CWM DBH), com-

munity-weighted mean tree height (CWM Height), community-weighted mean wood density (CWM 

WD) and basal area (BA). 

3.4. Influence of Age, Diversity, Structure, and Soil Properties on Biomass 

The structural equation model (SEM) showed a good fit compared to the baseline model and 

converged (CFI = 0.78, lower AIC and BIC values, and Test statistic = 142.74, p < 0.001) (Figure 6 and 

Supplementary Table S5). The SEM revealed a significant positive effect of forest age (AGE) (E = 0.74, 

p < 0.001), but not of tree diversity (DIV) or forest structure (STR) on aboveground biomass carbon 

(AGB). However, a slightly negative effect of soil properties (SOI) on AGB was observed (E = -0.23, p 

= 0.024). In contrast, soil properties showed no significant relationship with forest structure 

(covariance = 0.192, p = 0.312) or tree diversity (covariance = 0.218, p = 0.253) (Figure 6). The age-

mediated effect on forest structure was significant and positive (covariance = 0.69, p = 0.001), 

indicating that forest structure improves with age. Similarly, the relationship between tree diversity 

and forest structure was significant (covariance = 0.72, p = 0.001), highlighting the importance of 

diversity in shaping forest structure. The covariance between forest age and tree diversity was 

positive and highly significant (covariance = 0.78, p < 0.001), suggesting an increase in diversity as 

ecological succession progresses. These results demonstrate that secondary forest age and diversity 

play a predominant positive role in forest structure over time. 
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Figure 6. Structural equation model showing the relationships among aboveground biomass carbon 

(AGB), forest age (AGE), tree diversity (DIV), soil properties (SOI), and forest structure (STR). DIV, 

STR, and SOI are latent variables constructed from observed indicators such as log-transformed 

exponential Shannon index (ExpH), log-transformed community weighted mean diameter at breast 

height (CWM.DBH), log-transformed community weighted mean tree height (CWM.Height), log-

transformed community weighted mean wood density (CWM.WD), log-transformed mean basal area 

(BA), log-transformed soil organic carbon (SOC), cation exchange capacity (CEC), soil moisture 

saturation (SMS), log-transformed exchangeable potassium (E_K), exchangeable magnesium (Mg_S), 

log-transformed exchangeable calcium (E_Ca), and log-transformed forest age (Age). 

4. Discussion 

4.1. Aboveground Biomass and Forest Structure Recovery 

The recovery of carbon in aboveground biomass (AGB) observed in this study follows a similar 

pattern to that reported in other studies of tropical secondary forests. The in-crease from 7.60 Mg C 

ha⁻¹ in young plots to 84.08 Mg C ha⁻¹ in mature plots aligns with research highlighting these 

ecosystems' capacity to rapidly accumulate carbon after the abandonment of agricultural or mining 

activities [14,29,36,52,58]. Tropical forests are crucial for climate change mitigation, storing more than 

60% of terrestrial carbon in their aboveground biomass [59]. The differential recovery patterns 

between hills and mountains reinforce that topographic conditions influence forest recovery 

dynamics. In mountainous landscapes, where AGB growth follows a quadratic pattern, accumulation 

is more rapid in the early successional stages. Such a pattern may be due to higher moisture retention 

and better microclimatic conditions [60]. In contrast, AGB growth in hills is linear, reflecting a steadier 

but less efficient accumulation [33]. 

The improvement in structural parameters, such as diameter at breast height (DBH) and basal 

area (BA), as the forest ages advances supports the idea that more mature forest communities develop 

greater structural complexity, facilitating biomass accumulation [61,62]. Additionally, the increase in 

wood density (WD) suggests a transition toward slower-growing species with denser wood, which 

has also been observed in other studies [14,63]. The age of the plots has a significant impact on the 

accumulation of soil organic carbon (SOC) and cation exchange capacity (CEC). This indicates that 

the early stages of succession are marked by the rapid incorporation of organic matter and cations 

from plant residues. At the same time, soil pH decreases with age, reflecting an acidification process 

driven by the accumulation of organic acids and the leaching of basic cations. This process is further 

accompanied by an increase in aluminum saturation in older plots, which may restrict nutrient 

availability, especially in hill landscape [15,29,32] 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 November 2024 doi:10.20944/preprints202411.1781.v1

https://doi.org/10.20944/preprints202411.1781.v1


 13 

 

Soils with higher clay content and soil moisture saturation (SMS) were positively correlated with 

these structural parameters (DBH and Height), indicating that more fertile soils with better water 

retention facilitate the establishment of larger, taller trees [35]. Despite soil variation, the relationship 

between soil properties and biomass was limited, suggesting that stand structure and species 

composition play a more significant role in biomass recovery [64]. These findings are consistent with 

previous studies indicating that while soil properties are important, their impact on biomass is 

indirect, mediated by structure and diversity [65]. 

4.2. Species Composition and Diversity 

The increase in tree diversity with forest age observed in this study reflects the dynamics of 

ecological succession. Species richness rises from 28.46 in young plots to 115.72 in mature plots, 

consistent with literature reporting a rise in diversity throughout secondary succession [66]. This 

change is evident in diversity indices, such as the exponential Shannon index (ExpH) and the inverse 

Simpson index (1/D), which indicate a more equitable distribution of species in older forests [67]. 

Floristic composition varies between landscapes, with higher initial diversity in mountainous 

areas than hills. The last results could be influenced by the greater availability of propagules and 

favorable conditions in mountainous landscapes [68] and the topographic conditions of these 

ecosystems [66]. The dominance of pioneer species, such as Piptocoma discolor and Henriettea 

fascicularis, in early successional stages is a typical pattern in tropical secondary forests [58,69]. The 

transition to shade-tolerant species in later successional stages suggests a process of ecological 

stabilization, supporting the initial floristic composition hypothesis [52,70]. 

Notably, the interaction between forest age and landscape significantly impacted species 

richness, indicating that landscape configuration can modulate the recovery of diversity [71]. These 

shifts in composition align with theories of ecological assembly and environmental filtering, where 

landscape heterogeneity and local conditions play a crucial role in species selection [72]. 

4.3. Limitaciones e implicaciones de la investigación en restauración ecológica 

This study provides valuable insights for developing restoration strategies in the Amazon. The 

rapid recovery of biomass and diversity observed in mountain landscapes highlights their high 

potential for restoration projects, given their ability to accumulate carbon and biodiversity more 

rapidly [58]. Additionally, improvements in soil properties with forest age emphasize the importance 

of implementing management practices that promote organic matter accumulation and nutrient 

stability [33]. 

This study underscores the importance that SF restoration consider diversity and forest 

structure, to promote efficient recovery of carbon and biodiversity [73]. In less favorable landscapes, 

restoration strategies such as planting key species may be critical to accelerating the recovery of forest 

functionality [66,74]. Species composition varies significantly between Hill and Mountains 

landscapes, necessitating tailored strategies. Assisted Natural Regeneration (ANR) and SF 

enrichment must adapt to the ecological characteristics of each landscape. ANR practices in Hill areas 

should focus on maintaining and promoting existing diversity, while enrichment may be needed in 

mountainous regions to accelerate the recovery of more diverse compositions. Local factors such as 

topography, soil, and microclimate should be integral to planning ANR interventions. Structural 

variables such as diameter at breast height (DBH), basal area (BA), and aboveground biomass (AGB) 

show significant differences based on SF age, emphasizing the need for age-specific interventions. 

Early-stage (<10 years) interventions should promote rapid growth and stabilization of pioneer 

species, such as protecting against disturbances or planting fast-growing species. In intermediate 

stages (11–30 years), facilitating transitions toward greater structural complexity through secondary 

species enrichment and ecological interaction promotion is critical. Advanced stages (31–40 years) 

should focus on conserving forest diversity and stability, aiming to restore structures resembling 

mature forests through density management and the protection of key species. The linear growth of 

AGB in Hills and the faster quadratic pattern in Mountains indicate that interventions must be 

tailored to these dynamics. In hills, practices should aim to maintain long-term uniform growth 
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through soil conservation and the establishment of ecological corridors. In mountains, leveraging 

favorable conditions for rapid growth requires early-stage ANR and the protection of key species 

that promote accelerated recovery. Differences in wood density (WD) and forest structure underscore 

the need for interventions prioritizing ecological functions, such as carbon storage and biodiversity 

protection, to accelerate ecosystem recovery effectively. 

In early successional SF, pioneer species are essential for initiating regeneration but gradually 

lose importance as the SF matures, giving way to secondary species. Management should encourage 

this natural transition to facilitate ecological succession. It is essential to recognize that dominant 

pioneer species play a crucial role in stabilizing ecosystems during early stages, facilitating the 

transition to more diverse and functionally complex communities that are critical for maximizing 

forest resilience to future disturbances [63,66]. In contrast, the inclusion of shade-tolerant species 

during advanced successional stages can accelerate the recovery of forest structure and function, 

enhancing ecosystem services such as carbon sequestration and water regulation [70,75]. In 

intermediate and advanced stages, introducing or protecting secondary species can enhance forest 

structure and functionality, contributing to more stable and resilient ecosystems. Significant 

differences in β-diversity between plot ages and landscapes highlight the importance of maintaining 

species composition heterogeneity for ecosystem resilience. ANR strategies should focus on 

conserving this diversity, potentially through planting or protecting species that maximize β-

diversity, particularly in stages where diversity tends to decline. Our results allow implementers and 

decision-makers to design a Transformative Ecological Restoration Program involving secondary 

forests. Considering the trends, it is essential to take into account that dominant pioneer species are 

crucial in stabilizing the ecosystem's early stages, facilitating the transition to more diverse and 

functionally complex communities, essential for maximizing forest resilience to future disturbances 

[63,66]. Finally, the inclusion of shade-tolerant species in advanced restoration stages can accelerate 

the recovery of forest structure and function, enhancing the forest's ability to provide essential 

ecosystem services such as carbon sequestration and water regulation [70,75]. 

Our findings reinforce the potential for Transformative Territorial Management (TTM) around 

SF restoration. The use and management of SF in the Amazon Basin, particularly in the Colombian 

Amazon, requires comprehensive planning that involves: (1) Generating and utilizing knowledge 

about SF integrity within transformed landscapes; (2) Prioritizing SF as strategic areas for ecological 

restoration, accounting for socio-economic and environmental contexts [18]; and (3) Implementing 

evidence-based restoration practices to enhance conservation value and biodiversity [13,76]. These 

efforts aim to ensure SF functionality and the provision of essential ecosystem services [14], while 

strengthening ecological connectivity between the Andes and the Amazon, as well as across regions 

within the Amazon [68]. In addition to achieving the goals set for restoration, both from international 

and national demands, and beyond these demands, understanding the need to ensure the viability 

of life on the planet. 

4. Conclusions 

The recovery of aboveground biomass carbon (AGB) in secondary Amazonian forests is 

influenced mainly by forest age and soil properties. Among these factors, forest age stands out as the 

key driver, mediating significant increases in structural metrics such as basal area (BA), diameter at 

breast height (DBH), and wood density (WD). These changes reflect the transition toward more 

mature forest communities with greater carbon storage capacity. Similarly, tree diversity increases 

with succession, indicating a more equitable species distribution in mature forests. 

Comparatively, mountainous landscapes demonstrate faster AGB recovery during early 

successional stages, while hilly areas exhibit steadier, linear growth. These differences highlight the 

critical role of topographic conditions in shaping successional dynamics. Soil properties also improve 

with secondary forest age, promoting the accumulation of organic matter and nutrient retention. 

However, the observed increase in aluminum saturation and declining pH levels indicate an ongoing 

acidification process that could limit the availability of certain nutrients. 
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These findings emphasize the need for adaptive restoration strategies that account for landscape 

heterogeneity. Such strategies are essential to maximize carbon sequestration, enhance ecological 

resilience, and ensure the long-term sustainability of secondary forests in the Amazon. The results 

highlight the complexity of natural regeneration and the critical role of Transformative Territorial 

Management in secondary forest restoration. Assisted natural regeneration must be customized to 

the unique conditions of each landscape and successional stage, prioritizing biodiversity, 

connectivity, and continuous monitoring. By adopting these approaches, effective and sustainable 

recovery of secondary forests in the Amazon can be achieved, contributing to global restoration goals 

and the ecological health of the region. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 

paper posted on Preprints.org. Figure S1: Interaction between forest age and landscape on structural and 

diversity attributes. (A) Aboveground biomass carbon (AGB), (B) Richness, (C) Exponential Shannon diversity 

(ExpH), (D) Inverse Simpson diversity (1/D), (E) Mean tree height (Height), (F) Diameter at breast height (DBH), 

(G) Wood density (WD) and (H) Basal area (BA). Different letters indicate significant differences between age 

classes and landscapes (p < 0.05); Figure S2: Modeled trends of forest attributes recovery. (A) Aboveground 

biomass carbon (AGB), (B) Richness, (C) Exponential Shannon diversity (ExpH), (D) Inverse Simpson diversity 

(1/D), (E) Mean tree height (Height), (F) Diameter at breast height (DBH), (G) Wood density (WD) and (H) Basal 

area (BA); Figure S3: Non-metric multidimensional scaling (nMDS) ordinations of tree community composition 

(beta diversity) based on Chao–Jaccard similarity between natural regeneration plots following abandonment of 

cattle ranching and reference forests in two landscape units in the Colombian deforested Amazon. (A) Hills, (B) 

Mountains. In both plots, hulls are overlaid for each variable; Figure S4: Pairwise correlation matrix among key 

soil and biomass variables, including aboveground biomass carbon (AGB), soil organic carbon (SOC), pH, cation 

exchange capacity (CEC), mean moisture saturation (SMS), organic matter (MO), nitrogen (N), clay content 

(Clay), sand content (Sand), silt content (Silt), exchangeable potassium (E_K), exchangeable calcium (E_Ca), 

available iron (Fe), available phosphorus (P), exchangeable magnesium (Mg_S), and aluminum saturation 

(Al_S); Table S1: Mean values of the evaluated soil variables in five forest age class and two landscape types 

(Hill and Mountain). Soil Organic Carbon (SOC, Mg ha⁻¹), pH in water (pH), Cation Exchange Capacity (CEC, 

meq 100 g⁻¹), soil moisture saturation (SMS, %), Organic Matter (OM, %), Total Nitrogen (N, %), Clay Content 

(Clay, %), Sand Content (Sand, %), Silt Content (Silt, %), Exchangeable Potassium (E_K, mg kg⁻¹), Exchangeable 

Calcium (E_Ca, mg kg⁻¹), Available Iron (Fe, mg kg⁻¹), Available Phosphorus (P, mg kg⁻¹), Exchangeable 

Magnesium (Mg_S, %), and Exchangeable  Aluminum (Al_S, %); Table S2: Comparison of the five species with 

the highest importance value index (IVI) of the tree community by forest stand age and landscape type (Hill and 

Mountain) across a chronosequence in degraded lands of the Amazon; Table S3: Results of analysis of variance 

(PERMANOVA) tests on natural regeneration of tree communities across a chronosequence in degraded lands 

of the Amazon. Landscape was treated as a fixed effect and stand age (years) was used as a covariate; Table S4: 

Post hoc analysis results of floristic similarity between age classes using pairwise Adonis with Chao index; Table 

S5: Details of structural equation model. 
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