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A B S T R A C T   

Second-growth forests (SGF) are critical components for limiting biodiversity loss and climate change mitigation. 
However, these forests were established after anthropic disturbances such as land use for planting, and in highly 
human-modified landscapes. These interventions can decrease the ability of biological communities to recover 
naturally, and it is necessary to understand how multiple drivers, from local scale to landscape scale influence the 
diversity and carbon stock of these forests in natural regeneration. For this, we used data from 37 SGF growing on 
areas previously used for eucalyptus plantations in the Brazilian Atlantic Forest, after the last cut cycle. For each 
SGF, the forest tree species diversity was calculated based on the Hills number, and we also calculated the above- 
ground carbon stock. Then, we evaluated the influence of multiple environmental factors on these indexes: soil 
properties, past-management intensity, patch configuration, and landscape composition. Little influence of soil 
properties was found, only soil fertility negatively influenced above-ground carbon stock. However, past- 
management intensity negatively influenced tree species diversity and carbon stock. The isolation of other for
ests and tree species propagules source distance (>500 ha) also negatively influenced the diversity of species. 
This is probably due to the favoring of tree pioneer species in highly human-modified landscapes because they 
are more tolerant of environmental changes, less dependent on animal dispersal, and have low carbon stock 
capacity. Thus, areas with higher past-management intensity and more isolated areas are less effective for passive 
restoration and may require intervention to recover tree diversity and carbon stock in the Atlantic Forest. The 
approach, which had not yet been applied in the Atlantic Forest, brought similar results to that found in other 
forests, and serves as a theoretical basis for choosing priority areas for passive restoration in the biome.   

1. Introduction 

The rapid growth of the world’s population and the demand for 
natural resources has led to the worldwide replacement of old-growth 
forests for agricultural systems, mining, and other human activities 
(Nazareno et al., 2012). Currently, about one-third of the deforested 

areas undergoes regeneration processes and develop, temporally (i.e. 
due to fallow time on plantations) or permanently (i.e. because of land 
abandonment or due to restoration initiatives), into second-growth 
forests (Arroyo-Rodríguez et al., 2017; Hansen et al., 2013). These for
ests are important because they protect soils from erosive processes, 
provide products to local populations, and contribute to the 
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maintenance of biodiversity and ecosystem services, such as carbon 
sequestration (Chazdon et al., 2016; Klemick, 2011; Villa et al., 2020b). 
Thus, the main initiative for biodiversity conservation and climate 
change mitigation in the world is the restauration of deforested areas 
(Ivanova et al., 2020). However, these areas are usually located in 
landscapes with strong anthropic influences (Arroyo-Rodríguez et al., 
2017). The regeneration (recover processes of forest structure) of this 
areas depends, among other factors, on the previous or current man
agement intensity and the landscape configuration (Jakovac et al., 2015; 
Sloan et al., 2015). Thus, it is important to know how multiple drivers 
influence forest regeneration in human-modified landscapes to choose 
priority areas for restoration. 

Global initiatives foresee the deployment of large-scale second- 
growth forests worldwide. These initiatives were discussed at the Paris 
Climate Agreement and reinforced at the 2014 United Nations Climate 
Summit in New York, when more than 130 governments, private com
panies, civil society and indigenous peoples pledged to restore more 
than 350 million hectares of forests globally by 2030 (Brancalion et al., 
2019; Ivanova et al., 2020; Uriarte and Chazdon, 2016). Thus, the 
United Nations’ Decade on Ecosystem Restoration (2021–2030) was 
established. This ambitious goal would be met primarily by the forest 
planting methods that could cost up to US$ 837 billion over 15 years. 
However, natural or assisted regeneration (both passive restoration 
methods) can make this goal possible on a large scale by offering better 
cost benefits (Uriarte and Chazdon, 2016). 

Along tropical forest succession, there is an increase in species 
richness, crown height, stem density and basal area of the trees, mean
while the canopy opening and abundance of herbs, shrubs and lianas 
decrease (Chazdon, 2014; Finegan, 1996). The neotropical 
second-growth forests take an average of 20 years to recover 80 percent 
of species richness and 50 percent of above-ground carbon stock (AGC) 
of old-growth forests (Oberleitner et al., 2021; Rozendaal et al., 2019). 
These forest recovery rates depend mainly on soil properties and cli
matic conditions (Guariguata and Ostertag, 2001; Rozendaal et al., 
2019). However, in a scenario of human-modified landscapes the 
past-management effect can decrease the recovery rate and successional 
trajectories, because the disturbance can alter local environment con
ditions (Guariguata and Ostertag, 2001; Jakovac et al., 2015; Villa et al., 
2018). For example, increasing the frequency of land use cycles (i.e. 
logging, shifting cultivation, plantation) and shortening the fallow 
period in the same forest area (i.e. five or more SC cycles) induce a 
land-use intensification and degradation (Jakovac et al., 2017; Styger 
et al., 2007; Villa et al., 2018), expanding agricultural frontiers on a 
local-scale, and reducing the forest resilience (Jakovac et al., 2015; 
Kingwell-Banham and Fuller, 2012; Villa et al., 2020a). In addition, the 
landscape configuration (e.g., patch size and isolation) and composition 
of these SGFs can also induce dispersal limitation, due to distance to 
old-growth forests and matrix dissimilarity, slowing down the forest 
recovery (Matos et al., 2020; Pérez-Cárdenas et al., 2020). Thus, the 
recovery of species and AGC during regeneration in human-modified 
landscapes may be slower or does not happen naturally (Safar et al., 
2020). 

The Atlantic Forest is the second-largest tropical forest in America 
and represents one of the world’s hotspots for biodiversity conservation 
(Myers et al., 2000). This forest has a long history of deforestation and 
land use from the country’s colonization in the 16th century to the 
present, resulting in a highly fragmented biome (Nazareno et al., 2012; 
Tabarelli et al., 2010a). Therefore, the Atlantic Forest has many areas to 
be restored with different soil properties, management intensity and 
landscape configurations. There are pacts aimed at recovering millions 
of hectares of Atlantic Forest, such as the Pact for the Restoration of the 
Atlantic Forest (15 Mha until 2050) and Brazil’s Determined National 
Contribution to the Paris Climate Agreement (12 Mha until 2030), which 
includes the Atlantic Forest (Rosa et al., 2021). Parts of these areas have 
been used for eucalyptus (Eucalyptus sp.) plantations, one of the main 
land uses in the Atlantic Forest region (Gonçalvez et al., 2013). It is 

known that after eucalyptus cutting these areas regenerate naturally 
(Brancalion et al., 2019, 2020) and can recover in 32 years 38 percent of 
species richness and 14 percent of the AGC of nearby old-growth forests 
(Coelho et al., 2022). Due to the structural similarity of eucalyptus 
planting with natural forests, there is a movement of seed-dispersing 
animals and similar environmental conditions during the land use 
(Carrilho et al., 2017). This allows the establishment of these species in 
the soil seed bank as well as the regeneration of old-growth forest species 
(Barlow et al., 2007; Bertacchi et al., 2016; Carrilho et al., 2017; Zhang 
et al., 2014). Thus, these areas can be considered for passive restoration, 
but we do not know how multiple drivers affect species richness and 
aboveground carbon stock after last cut of eucalyptus plantations in the 
Atlantic Forest biome. 

In this context, considering the demand for restoration of Brazil’s 
Atlantic Forests, we investigate how multiple drivers influence stand age 
dependent forest attributes in a human-modified Atlantic Forest land
scape. Specifically, we evaluated how soil properties, past-management 
intensity, local configuration, and landscape composition influence tree 
diversity and AGC. We hypothesized that after last cut of eucalyptus 
plantations: (i) soil properties would have an influence on tree species 
diversity and AGC recovery; (ii) the past-management intensity would 
negatively affect the tree species diversity and AGC; (iii) patch size 
would positively affect while isolation of forests and tree species prop
agules source distance would negatively affect the tree species diversity 
and AGC recovery; and that (iv) forest and eucalyptus forest cover in the 
landscape would positively affect tree species and AGC recovery. In 
addition, we suggested how choose priority areas for passive restoration 
in the Atlantic Forest domain after long-term land use. For this we used 
35 s-growth forests of different stand ages (3–32 years) after at least 30 
years of use for eucalyptus plantations with different, soil properties, 
past-management intensity, patch characteristics and landscape 
composition. This approach has not yet been applied in the Atlantic 
Forest and can generate theoretical knowledge about priority areas for 
passive restoration in the biome. 

2. Material and methods 

2.1. Study area 

The study area was near the largest fragment of the Atlantic Forest in 
the state of Minas Gerais, Rio Doce State Park, between the municipal
ities of São José do Goiabal, Dionísio and Timóteo (19◦50′57.25′′S; 
42◦39′11.71′′W; Fig. 1a). The region is included in the Atlantic Forest 
domain, and according to the Brazilian vegetation classification, con
tains submontane semideciduous seasonal forests (Veloso et al., 1991). The 
region has mean annual precipitation of 1450 mm, mean temperature 
ranging between 20 and 23 ◦C with well-defined periods of rain and 
drought, and two dominant soil classes: Red-Yellow Latosol in hilltops 
and mountainsides and Red-Yellow Podsol upper fluvial terraces 
(Alvares et al., 2013; Lopes et al., 2002; Santos et al., 2018). This region 
is very developed e economically important, mainly by land use for 
agriculture, livestock, and eucalyptus plantation (Oliveira-Junior et al., 
2020; Scarano and Ceotto, 2015). 

2.2. Study plots 

Were used data from 42 s-growth forest patches previously used for 
eucalyptus planting in fallow time after the last cutting. The land-use 
history of these patches was made available by the landowner com
pany. Thus, we excluded 7 patches with different land-use before 
eucalyptus planting, like livestock and coffee planting. All the remaining 
35 patches were primary forest cleared for charcoal production and later 
used for eucalyptus planting. The first eucalyptus planting cycle in these 
areas was soon after the primary forest clearing. The fallow age times 
range from 3 to 32 years after the last cutting cycle (see Fig. 1e an 
example of a second-growth forest with 8 years of fallow age) and the 
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size of the areas varied between 13 ha and 199 ha. We avoided patches 
with more than four eucalyptus regenerating individuals. 

2.3. Tree sampling 

In each second-growth forest, we sampled one plot of 20 × 50 m (0.1 
ha). Within each plot, both the shrub and arboreal strata were sampled, 
including all individuals rooted within our plots ≥4.8 cm in diameter at 

breast height (1.30 m above ground height) following Matos et al. 
(2020). For tree individuals that were not identified at the site, we 
collected leaves and any reproductive parts, and these were then clas
sified into morphospecies and subsequently identified by morphological 
comparison in the Herbarium of Viçosa (VIC) or by botanical experts for 
their families following APG IV (2016). The botanical material collected 
in the reproductive stage was deposited in the Herbarium of the Federal 
University of Viçosa, Minas Gerais (VIC). 

Fig. 1. Map of location and characteristics of the sampled patches. A) Region sampled in the state of Minas Gerais, Brazil; B) Second-growth forests sampled near to 
the state park of Rio Doce; C) Example of the 2 km buffer created from each sampling point for collecting landscape composition variables; D) Example of the 2 km 
buffer cutout on the classified image of MapBiomas collection 5 of 2018 for the quantification of forest and silviculture cover; E) second-growth forest sampled at the 
point represented in C) and D) with 8 years-old of fallow. 
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2.4. Tree diversity 

To measure the tree species diversity we used three Hill numbers 
(effective number of species) based on species relative abundances 
(Hsieh et al., 2016; Rother et al., 2019). These diversity indexes are 
parameterized in three orders of q: i) q = 0 - species richness, measure 
that give the same weight to rare species and to abundant ones; ii) q = 1 - 
exponential form of Shannon entropy, measure of species diversity 
giving less weight to rare species; and iii) q = 2 - inverse of Simpson 
diversity, measure of the relative abundance distribution of species 
giving even less weight to rare species than Shannon, where higher 
values indicate evenness on abundance distribution (Gotelli and Chao, 
2013; Hill, 1973; Jost, 2006). These indexes were calculated in “iNEXT” 
package (Hsieh et al., 2016) and the equations are described in Jost 
(2006). 

2.5. Above-ground carbon stock 

First, we calculated the above-ground biomass of each individual 
with the allometric equation improved by Chave et al. (2014) in equa
tion (1):  

AGB = exp[-1.803–0.976E +0.976ln(ρ) + 2.673ln(D) – 0.0299[ln(D)]2] (Eq. 
1) 

where AGB is the estimated above-ground biomass, E is a measure of 
environmental stress; ρ is wood density (g/cm3) and D (cm) is the tree’s 
diameter at breast height. The value of E was obtained according to the 
geographic coordinates of each area using the “BIOMASS” package 
where we calculated AGBest (Réjou-Méchain et al., 2017). The total 
AGB per patch was the sum of the AGBs of all trees having DBH ≥5 cm, 
which was then converted to megagrams per hectare (Mg ha− 1). The 
value for wood density (g/cm3) was obtained from Global Wood Density 
database (GWD; Zanne et al., 2009). For species with wood density that 
have not been recorded in GWD we made an average with the species of 
the same genus recorded (Magnago et al., 2014; Matos et al., 2020). 
Second, we obtained the carbon stock assuming that the carbon con
centration of a tree’s different organs is assumed to be approximately 50 
percent of the biomass (Malhi et al., 2004). 

2.6. Environment explanatory variables 

2.6.1. Plot scale variables 
Plot drivers were grouped into two categories, such as soil properties 

and past-management intensity. We considered ten properties-related 
soil: i) P - phosphorus concentration; ii) Mg2+ - magnesium concentra
tion; iii) Ca2+ - calcium concentration; iv) K - potassium concentration; 
v) Fe - iron concentration; vi) Al3+ - aluminum concentration; vii) pH - 
measure of hydrogen ion concentration; viii) clay - percentage of clay; 
ix) sand - percentage of sand; and x) silt - percentage of silt in the soil 
sample. For this, three random samples of 0–20 cm depth were taken in 
each patch. The three samples were later homogenized and analyzed by 
Soil Department of Federal University of Viçosa, following the protocol 
of Santos et al. (2018). 

For past-management intensity were considered the data of land-use 
history of the patches improved by the landowner company: i) planting 
cycle - numbers of times that each patch was used by eucalyptus plan
tation; ii) cutting cycle - number of times that the eucalyptus plantation 
was cutting in each patch by clear-cut; iii) use time - time between de 
first cycle planting and last cycle cutting; and iv) fallow age - time be
tween the last cutting cycle and the tree sampling along secondary 
succession. These variables-related management intensity and land-use 
history have been used in previous studies (Jakovac et al., 2015; 
Pérez-Cárdenas et al., 2020; Villa et al., 2018). 

We summarized the soil properties variables and past-management 
intensity of the plots performing two principal component analyses 

(PCA) based on correlation matrix separately using “FactorMiner” 
package (Lê et al., 2008). The soil properties PCA was composed by 
concentrations of phosphorus, magnesium, calcium, potassium, iron, 
aluminum, pH, and percentages of clay, sand, and silt. Meanwhile, the 
past-management intensity PCA was composed by planting cycle, cut
ting cycle, use time, and fallow age. Then, we analyzed how many axes 
of PCA were important to retain in models for both variables sets 
applying the Horn’s parallel analysis with 600 iterations and retaining 
the axes with an adjusted eigenvalue >1 (see Jakovac et al., 2015). 
These parallel analyses were processed using “Paran” package (Dinno, 
2018). Thus, were retained only one axis as proxy for past-management 
intensity and two axes as proxy for soil properties. We called the first 
PCA axis of the soil properties as soil fertility and the second PCA axis as 
soil texture because strong correlation with chemical and physical 
properties, respectively (see more information in the results part). 

2.6.2. Patch and landscape scale variables 
For patch configuration and landscape composition characteristics 

we used patch-scale and patch-landscape approaches, respectively 
(Matos et al., 2020; Pérez-Cárdenas et al., 2021). Thus, we measured 
three patch-scale variables in independent patches: i) patch size - area in 
hectares (ha); ii) patch isolation - the shortest linear distance in meters 
between the patch sampled and another natural forest patch; and iii) 
source distance - the minor linear distance between each patch sampled 
and some natural forest patch ≥500 ha. We collected two 
patch-landscape metrics for landscape composition considering a cir
cular buffer of 2 km: i) forest cover - percentage of forest cover in the 
landscape; and ii) silviculture cover - percentage of planted forests in the 
landscape. Patch configuration and landscape composition metrics were 
obtained by classified images improved by Brazilian Annual Land Use 
and Land Cover Mapping Project (MapBiomas Collection 5) referent to 
2018. The patch isolation and source distance were measured in ArcGis 
software (Environmental Systems Research Institute, Redlands, CA, 
USA). The patch area, forest cover and silviculture cover were calculated 
in “FRAGSTAT 4.2” software (McGarial et al., 2012) in a buffer of 2 km 
of radius since the center of each plot (Coelho et al., 2020; Matos et al., 
2016) was extracted from “ArcGis” software (Fig. 1c and d). 

2.7. Statistical analyses 

We applied the Moran’s I test to check for the potential influence of 
spatial autocorrelation in diversity and carbon stock of the sampled 
transects. For this, we used the “spdep” package (Bivand and Piras, 
2015) and the significance was determined by the Monte-Carlo per
mutation test (1000 permutations). Thus, we did not find a geographical 
correlation between our sampled transects. We tested the data distri
bution by the Shapiro-Wilk test and the distributions of the residuals 
were normal for all parameters. Thus, to evaluate the influences of 
past-management intensity, soil properties, local configuration and 
landscape composition on diversity and carbon stock (response vari
ables) we used generalized linear models (GLM) with Gassian distribu
tion, following equation (2): 

Diversity ​ or ​ AGC ​ ∼ ​ Soil ​ fertility ​ + ​ Soil ​ texture ​ + ​ Past

− management ​ intensity ​ + ​ Patch ​ area ​

+ ​ Patch ​ isolation ​ + ​ Source ​ distance ​

+ ​ Forest ​ cover ​ + ​ Silviculture ​ cover (2) 

where soil fertility was the first PCA axis of soil properties, soil 
texture the second PCA axis of soil properties, and past-management 
intensity was the first PCA axis of past-management intensity PCA. 
Using an information-theoretic approach and multi-model inference 
(Burnham et al., 2011) in the “MuMIn” package (Barton, 2017) we 
calculated Akaike’s information criterion (AICc indicated for small 
samples), by the combination of all candidate models. Were applied 

A.J. Pires Coelho et al.                                                                                                                                                                                                                        



Journal of Environmental Management 318 (2022) 115588

5

Spearman correlation analyses to avoid variables with correlations >0.6 
in the same candidate models. We considered the models with ΔAICc ≤5 
as the best models to explain the variation of variables responses and 
calculated the average models (Burnham and Anderson, 2002; Matos 
et al., 2020). In addition, we obtained the independent contribution of 
each environmental predictor from the sum of Akaike weights of 
average models (Burnham et al., 2011). 

3. Results 

3.1. Environmental variables treatment 

In this study, 3.5 ha of sampled secondary forest area were included. 
A total of 1103 tree individuals were sampled, distributed among 84 
species. The sampled soils were generally acidic pH, with very varied 
chemical and physical characteristics (Table 1). For the soil properties, 
two axes were retained in the PCA: the first axis (adjusted eigenvalue =
5.293; explained 62.6 percent of the variation) was positively correlated 
with pH, Mg2+, Ca2+, K, P, and silt percentage, and negatively correlated 
with Fe, Al3+, and clay percentage; and the second axis (adjusted 
eigenvalue = 1.144; explained 17.6 percent of the variation) was posi
tively correlated with P, silt and clay percentages, and negatively 
correlated with sand percentage. Thus, we related the first axis to soil 
fertility, because strong correlation with nutrient contents, and the 
second axis to soil texture, because strong correlation with physical 
characteristics (see SM1, SM2, SM3 and SM4 in supplementary material 
for more information). 

The fallow age of our second-growth forests varied between 3 and 32 
years and the use time for eucalyptus plantation varied between 16 and 
50 years. During the time of use these areas had 1 to 3 planting cycles, 
and 2 to 4 cutting cycles. Only the first axis of past-management 

intensity PCA was retained in the Horn’s parallel analyses (adjusted 
eigenvalue = 2.170, explained 64.2 percent of the variation). This axis 
was positively correlated with cutting cycle and use time, and negatively 
correlated with follow age (see SM5, SM6, SM7 and SM8 in supple
mentary material for more information). 

The patch configuration and landscape composition were also quite 
varied among the secondary forests sampled. The area of forests ranged 
from 13.4 to 199 ha, and the isolation from 25 to 698 m. The source 
patch larger than 500 ha was the same for all SGFs, the Rio do Doce state 
park, ranging source distance from 25 to 21,632 m. The landscape 
composition varied between 5 and 54 percent of forest cover and 9 to 62 
percent of eucalyptus cover (see SM9 and SM10 in supplementary ma
terial for more information). 

3.2. Effects of multiple drivers in tree species diversity and carbon stock 

The diversity parameters and above-ground carbon stock were 
influenced by the environmental variables (Fig. 2). Species richness (q 
= 0) was negatively influenced by past-management intensity (β =
− 0.426 ± 0.153 SE, z = 2.679, p = 0.007) and patch isolation (β =
− 0.428 ± 0.157 SE, z = 2.618, p = 0.009). The exponential Shannon (q 
= 1) was negatively influenced by past-management intensity (β =
− 0.451 ± 0.170 SE, z = 2.554, p = 0.011) and patch isolation (β =
− 0.357 ± 0.168, z = 2.05, p = 0.040), and positively influenced by 
source distance (β = 0.347 ± 0.168 SE, z = 1.96, p = 0.05). The inverse 
of Simpson (q = 2) was also negatively influenced by past-management 
intensity (β = − 0.411 ± 0.173 SE, z = 2.296, p = 0.021) and positively 
influenced by source distance (β = 0.385 ± 0.178 SE, z = 1.76, p =
0.078). Finally, above-ground carbon stock was negatively influenced 
by past-management intensity (β = − 0.347 ± 0.153 SE, z = 2.175, p =
0.029) and soil fertility (β = − 0.396 ± 0.153 SE, z = 2.49, p = 0.012). 
Patch isolation and past-management intensity had negative effect in all 
evaluated parameters. However, source distance had positive effect in 
exponential of Shannon and negative effect in inverse of Simpson. Patch 
area, soil texture, forest cover, and silviculture cover, were not signifi
cant response variables in any model (see SM11, SM12, SM13 and SM14 
in supplementary material for more information). 

In all diversity parameters, past-management intensity was the most 
important variable, following the sum of Akaike weights of average 
models (Fig. 3). The other two variables more important for species 
richness were patch isolation and soil fertility. For exponential Shannon 
were patch isolation and source distance, and for inverse of Simpson 
were source distance and patch isolation, in this order. For above- 
ground carbon stock, soil fertility was the variable with higher inde
pendent contribution, followed by past-management intensity and forest 
cover. Patch area, soil texture, and silviculture cover were not the most 
important variables in any model. 

4. Discussion 

Our study indicates how multiple drivers influence the above-ground 
carbon stock and diversity after long-term land use history in human- 
modified Atlantic Forest landscape. We found a limited effect of soil 
properties in the evaluated parameters: soil fertility negatively influ
enced the AGC, but soil properties did not influence the diversity pa
rameters. It is a counterintuitive result, considering that soil properties 
are determinant for tree diversity and carbon stock (Rodrigues et al., 
2018). In addition, generally the more fertile soil, the higher the growth 
of plants and thus the larger carbon stock (Rodrigues et al., 2019). On 
the other hand, as expected, we found a negative effect of 
past-management intensity, isolation and source distance on tree species 
diversity and carbon stock. These factors probably favor pioneer species, 
which are more tolerant to environmental changes, little dependent on 
animal dispersal, and low AGC capacity (Pérez-Cárdenas et al., 2021; 
Villa et al., 2018). Thus, we found that past-management intensity and 
landscape configuration is more important than soil properties in 

Table 1 
Environmental variables used to evaluate influences in secondary succession in 
this work and correlation with PCA axis selected and variables.  

Variable sets Unit Minimum Maximum PCA axis 
1 

PCA axis 
2 

Soil Properties 
pH (H2O) 3.48 6.41 0.968a − 0.0531 
Mg2+ cmol/ 

dm3 
0.05 1.23 0.9268a 0.1509 

Ca2+ cmol/ 
dm3 

0.32 6.36 0.9127a 0.1074 

K mg/dm3 11 195 0.8503a 0.1087 
P mg/dm3 1.3 9.9 0.5122a 0.4112a 

Fe mg/dm3 17.4 104.4 − 0.8115a 0.2475 
Al3+ cmol/ 

dm3 
2.2 8.7 − 0.8994a 0.0563 

Silt % 0.006 0.341 0.688a 0.6258a 

Clay % 0.295 0.757 − 0.7823a 0.4947a 

Sand % 0.104 0.632 0.3066 − 0.9184a 

Explained 
variation by 
PCA 

% - - 62.6 17.6 

Past-Management Intensity 
Planting cycle Number 1 3 − 0.0900 0.9921a 

Cutting cycle Number 2 4 0.9376a − 0.05 
Use time Years 16 50 0.8691a 0.15 
Fallow age Years 3 32 − 0.9626a − 0.01 
Explained 

variation by 
PCA 

% - - 64.2 25.2 

Patch Configuration 
Patch area ha 13.4 199 – – 
Patch isolation m 25 698 – – 
Source distance m 25 21632 – – 
Landscape composition 
Forest cover % 5.011 54.610 – – 
Silviculture 

Cover 
% 9.746 62.156 – –  

a Significance values of correlation (p < 0.05). 
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Fig. 2. Multiple drivers influence species richness (q = 0), exponential Shannon diversity (q = 1), inverse of Simpson diversity (q = 2), and above-ground carbon 
stock considering models with values of ΔAICc ≤5. The position of the bars represents positive or negative effect and error bars represent the (±) adjusted standard 
errors obtained after average models analysis. If the error bar is crossing the line of zero the variable is not significant. The significant influences are shown by (*). 

Fig. 3. Sum of independent contribution of each environmental variable on species richness (q = 0), exponential Shannon diversity (q = 1), inverse of Simpson 
diversity (q = 2), and above-ground carbon stock considering models with values of ΔAICc ≤5. 
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Atlantic Forest succession. Our results corroborate with results found in 
other forests (Jakovac et al., 2015; Pérez-Cárdenas et al., 2020) and 
indicate priority areas for passive restoration in the Atlantic Forest: 
those with lower intensity of past-management and with lower isolation 
and source distance. 

4.1. Plot driver effects on tree species diversity and AGC 

In the literature, contrary to our results, soil properties are important 
predictors that explain tree species diversity and carbon stock variation 
in the most ecosystems including the Atlantic Forest (Cantidio and 
Souza, 2019; Neri et al., 2013; Punchi-Manage et al., 2013; Rodrigues 
et al., 2018). Generally, the less soil acidity (i.e. the higher pH), the 
higher the concentration of nutrients, the greater the fertility, and thus 
the greater the diversity and AGC (Gastauer and Meira-Neto, 2014). In 
this study, the soil fertility axis value is positively correlated with pH, 
Mg2+, Ca2+, K, P, and negatively correlated with Fe and Al3+ concen
trations, confirming soil fertility patterns. However, soil properties, 
specifically soil fertility, influenced only AGC in our study in a negative 
way: we found lower carbon stock in areas with higher nutrients con
centrations. This result was also found by another study in the Amazon 
domain and can be explained by the high level of potassium in the soil, 
responsible for the increasing of exchanging cations concentrations and 
for selection of species with lower wood density, consequently with 
lower amounts of carbon stock (Quesada et al., 2012). The limited effect 
of soil properties on tree species diversity regeneration was also found 
for Amazon domain, indicating more importance of past-management 
intensity and landscape configurations after long-term land use (Jako
vac et al., 2015). 

The results show that soil fertility negatively influenced above- 
ground carbon stock. However, we observed a weak relationship of 
soil fertility with above-ground carbon stock in the tested model 
compared to the non-significant positive direct effects of soil texture (Ali 
et al., 2019a). Thus, we presume that the relative importance of other 
factors that negatively affect AGC could override the effects of soil 
properties, such as a weak soil effect. Soil nutrients determine resource 
availability (Paoli et al., 2005), whereas soil textural properties deter
mine the water availability for plant growth and survival (Ali et al., 
2019b; Toledo et al., 2012). Furthermore, soil nutrients may influence 
aboveground biomass indirectly by resulting from interspecific compe
tition for available resource use in natural forests (Peña-Claros et al., 
2012). 

The disturbances caused by the management practices (e.g., soil 
preparation before planting and harvesting after crop growth) cause 
changes in soil properties, in its seed bank, and thus in the resilience of 
ecosystems (de Avila et al., 2018; Jakovac et al., 2016; Lawrence et al., 
2007; Randriamalala et al., 2015). In our study, the past-management 
intensity did not affect soil properties (there was no significant corre
lation between soil acidity or soil texture with past-management in
tensity) but affected tree species diversity and carbon stock. This is 
because disturbances generate drastic changes in the environment fa
voring pioneer species, which survive under various environmental 
conditions, with faster life cycles, and lower carbon stocks (Tabarelli 
et al., 2010b; Villa et al., 2018). The successive planting and cutting 
cycles more often expose the soil seed bank to high solar irradiation and 
temperatures, making it difficult for species sensitive to these factors to 
establish (Holp, 1999), the so-called shade-tolerant species. The 
decrease of shade-tolerant species can explain loss of species richness 
and AGC, because they are the main responsible for AGC in old-growth 
forests (Bello et al., 2015; Stephenson et al., 2014) and for increasing 
AGC during secondary succession (Coelho et al., 2022). These favoring 
of pioneer species may also explain the decrease in exponential Shannon 
and inverse of Simpson, caused by the increase of dominance of some 
species. 

4.2. Patch and landscape driver effects on tree species diversity and AGC 

The isolation of regenerating areas can be a limiting factor for the 
tree species recolonization. The distance of forest fragments can difficult 
the arrival of seeds in regenerating areas (Arroyo-Rodríguez et al., 2017; 
Ewers and Didham, 2006). Seeds dispersed by wind also have their 
dispersal range limited by seed shape and mass: seeds of larger masses 
and less aerodynamics reach shorter distances (Collevatti et al., 2010; 
Cote et al., 2017). In addition, this depends on the survival home range 
of a seed dispersing animal population: smaller species typically have a 
smaller home range and move for short distances (Jetz et al., 2004; 
Pardini, 2004). The movement of some species can be even more diffi
cult because inhospitable environments (e.g., pastures) (Antongiovanni 
and Metzger, 2005; Zambrano et al., 2019). Thus, isolation decreases the 
recolonization chance of some species affecting species richness and 
Shannon diversity in areas during regeneration. 

Our results showed that the increased distance of the source patch 
increased the exponential Shannon and inverse of Simpson diversity 
indexes. This means that the increase in the source distance generates a 
decrease in rare species and species dominance. The source patches are 
important in fragmented landscapes, because they have larger sizes 
(considered in this work fragments with more than 500 ha), and capable 
of housing greater diversity and populations of plants and dispersing 
animals (Fahrig, 2003, 2007). Thus, these fragments are sources of 
propagules for the maintenance of diversity in smaller fragments where 
there is a decrease in populations size and species extinctions (Bello 
et al., 2015; Ewers and Didham, 2006; Magnago et al., 2015; Pardini 
et al., 2010), as well as for areas in regeneration. This can be explained 
because rare species are generally more abundant in larger fragments 
because they are more sensitive to variations in environmental condi
tions (Gámez-Virués et al., 2015; Magnago et al., 2015; Solar et al., 
2015). For example, some shade-tolerant species may not survive or 
germinate in environments with high solar irradiations, common con
ditions in smaller fragments that have most of the habitat under edge 
influences, or areas in early regeneration stages (Magnago et al., 2015; 
Paula et al., 2011; Villa et al., 2018). Thus, the farther from large patches 
(source distance), the lower the chance of recolonization by rare species 
in small patches or areas under regeneration, which can explain de 
positive effect in exponential Shannon diversity and inverse of Simpson 
diversity. 

We expected that the patch area, as well as the composition of the 
landscape, would influence regeneration after the long-term eucalyptus 
planting. Matos et al. (2020) found a positive effect of patch area on tree 
species diversity and AGC recovery. Similarly, Pérez-Cárdenas et al. 
(2021) and Jakovac et al. (2015) found greater diversity in areas with 
greater forest cover and lower AGC in areas with higher pasture cover, 
respectively. The higher natural habitat amount in the landscape, 
greater connectivity between the patches and the capacity to conserve 
populations in the landscape, maintaining seed dispersal patterns 
(Fahrig, 2013; Tscharntke et al., 2012). We also expected positive effects 
of silviculture cover, since eucalyptus is a matrix more similar to tropical 
forests and allows fauna movement between plantations, increasing 
connectivity between forest fragments (Barlow et al., 2007; Brancalion 
et al., 2019; Carrilho et al., 2017). However, our data showed that these 
factors did not affect and had little importance in tree species diversity 
and carbon stock in regenerating areas after long-term eucalyptus 
planting. 

4.3. Implication on passive restoration priority areas 

There is a great demand for ecosystems restoration in the world and 
in Brazil, either for carbon emission reduction targets or even environ
mental legislation of the countries (Soares-filho et al., 2014; Strassburg 
et al., 2020; Uriarte and Chazdon, 2016). Considering the intensive land 
use for different activities in the Atlantic Forest and its high degree of 
fragmentation, part of the priority areas and available areas for 
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restoration in Brazil is in this biome (Nazareno et al., 2012; Scarano and 
Ceotto, 2015). In this sense, our study provides theoretical knowledge 
for the choice of areas with higher potential to recover tree species di
versity and AGC, mainly for areas previously used for a long time for 
eucalyptus plantation. It is known that these areas regenerate naturally, 
but we indicate that areas with lower past-management intensity and 
less isolated from other forest patches, have greater capacity to recover 
tree species diversity and carbon stock. Thus, these areas reduce the 
costs of forest restoration, reducing the need for human interventions. 
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