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ABSTRACT 

Natural regeneration of forests has significantly led to increased native forest cover in some 

regions. Several studies have explored the spatial drivers of forest cover increase, yet little is 

known about their effects on forest structure and species richness and diversity. We 

quantified the effects of local (forest age, remnant Eucalyptus basal area, slope, soil fertility 

and clay content) and landscape drivers (surrounding land use, distance from streams, and 

surrounding forest cover and its change over time) on the aboveground biomass, species 

density and phylogenetic diversity of native trees in second-growth forests. We sampled 44 

naturally regenerating forests established on former pastures and abandoned Eucalyptus 

plantations for 11-46 years in agricultural landscapes of the southeastern Atlantic Forest, 

Brazil. We used generalized linear mixed effect models to quantify the effects drivers on 

forest attributes. While only Eucalyptus basal area and proximity to sugarcane plantations 

had a consistent negative effect on forest biomass, other drivers were among the best models 

to explain forest attributes, but their effect was variable. Age increased tree biomass but the 

effect was not consistent. Similarly, species richness and phylogenetic diversity were mainly 

affected by landscape drivers such as surrounding forest cover. In tropical agricultural 

landscapes, effective forest recovery requires more than just time, as forest age can be less 

important in determining forest attributes than human land uses and surrounding native forest 

cover. Crucially, forest recovery can be improved through interventions and policies that 

promote less impactful human activities and enhance existing forest cover. 

 

Keywords: Atlantic Forest, carbon sequestration, ecological restoration, forest landscape 

restoration, forest succession, landscape ecology, natural regeneration. 
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1. INTRODUCTION 

Currently, second-growth forests represent more than half of global forest cover (FAO, 

2015), and this proportion is expected to increase as primary forest continues to be lost and 

second-growth forest expands in some regions (Nanni et al. 2019). There is growing 

evidence that fostering natural regeneration is a valuable and cost-efficient way to support 

biodiversity conservation and ecosystem services provisioning in human-modified tropical 

landscapes and mitigate climate change (Chazdon 2014; Chazdon et al. 2020; Crouzeilles et 

al. 2017). However, to harness the power of natural regeneration to achieve global targets, 

we must better understand the drivers of forest structural and functional attributes. 

 

Land abandonment may not always lead to the establishment of well-developed second-

growth forests (Molin et al. 2017), as native species recolonization may be insufficient and  

human disturbances or invasive species may arrest successional forest development 

(Arroyo-Rodriguez et al. 2015). Even positive assessments of second-growth recovery 

show that forests take several decades to recover plant richness or aboveground biomass 

values similar to old-growth forests, and centuries for full recovery of species composition 

(Chazdon et al., 2016; Crouzeilles et al., 2016; Oliveira et al., 2018; Rozendaal et al., 

2019). 

 

These new forests will have greatest conservation and climate change-mitigation benefits if 

they accumulate biomass and provide effective habitat for native species. Understanding 

the drivers that either promote or inhibit the recovery of second-growth forests is therefore 

critical for the planning and implementation of successful restoration initiatives. Forest age 
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has largely been the main studied driver of forest change, and time is needed for all 

successional processes (e.g. Martin, Newton, & Bullock, 2013; Norden, Chazdon, Chao, 

Jiang, & Vílchez-Alvarado, 2009). Yet, many studies also show that recovery depends on 

several context-dependent drivers beyond age (Arroyo-Rodriguez et al., 2015; Norden et 

al., 2015). For example, soil structure can alter water retention, and soil fertility can alter 

tree growth and survival, and thus structure and diversity of second-growth forests (Martins 

et al. 2015; Toledo et al. 2018). Additionally, landscape factors, such as the amount of 

surrounding forest cover (Jakovac et al. 2015) and distance from other forest patches affect 

the abundance and composition of seed arrival, as well as the likelihood and quality of 

natural regeneration (Chua, Ramage, and Potts 2016; Crouzeilles et al. 2020; Molin et al. 

2017). Finally, human disturbances — such as logging and fire — can severely alter forest 

structure (reducing abundance and biomass) and species composition (Arroyo-Rodriguez et 

al., 2015; Jakovac et al., 2015). While previous research assessed these multiple drivers of 

succession separately in forested landscapes (Arroyo-Rodriguez et al., 2015; Crouzeilles et 

al., 2016; Goosem et al., 2016; Holl, Reid, Chaves-Fallas, Oviedo-Brenes, & Zahawi, 2017; 

Jakovac et al., 2015; Lennox et al., 2018), understanding their relative roles in deforested 

agricultural landscapes — where forest restoration is most urgently needed — could help 

practitioners to plan more effective forest restoration interventions. 

 

We sampled 44 second-growth forests across a range of local and landscape contexts in 

highly deforested agricultural landscapes in the southeast portion of the Atlantic Forest 

biodiversity conservation hotspot in Brazil. We estimated the relative effect of biophysical 

local and landscape drivers on three key forest attributes that can be used as indicators of 

forest recovery: i) aboveground biomass: it is directly related to forest carbon stocks and 
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also indicates forest structure and nutrient cycling processes such as litter decomposition 

(Lohbeck and Martínez-Ramos 2015); ii) species density: the number of species found in 

each sample plot, used to infer species taxonomic richness in the different forests studied, 

and iii) phylogenetic diversity of native trees: which differentiates from species density by 

including species evolutionary distance, also a proxy for functional diversity (Pellens and 

Grandcolas 2016), hereafter mentioned collectively as “attributes”). By assessing the 

drivers’ relative importance, we investigate if age is the dominant driver of changes in 

forest attributes in these landscapes (Letcher and Chazdon 2009). Given overall low 

surrounding forest cover and intensive agricultural use in the landscapes sampled, we 

hypothesize that forest recovery would also be significantly influenced by surrounding 

forest cover (Zermeño-Hernández et al. 2015), intensity of former and surrounding land 

use, and soil nutrient content (Jakovac et al. 2015; Martins et al. 2015; Zermeño-Hernández 

et al. 2015). 

 

2. METHODS 

2.1. Study region 

Our study was carried out in the 1,700 km² Corumbataí river basin in southeast Brazil, 

which had 12.4% forest cover remaining in 2016. The Köeppen-Geiger classification of the 

region’s climate is Cwa, with dry winters and wet summers (Alvares et al. 2013). Mean 

annual precipitation is 1,367 mm, most of it (80%) falling in the rainy season from October 

to March. Mean monthly temperature is 20.5 oC (minimum and maximum monthly 

averages of 15.6 oC and 29.5 oC, respectively). The main soil types are Acrisols (44%) and 

Ferralsols (22%). Our study site is an ecotone between the Atlantic Forest and the Cerrado 
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biomes. Forest sampling included only seasonal semi-deciduous forests, and did not include 

parts of the basin once covered by native grasslands, savannas, or savanna woodlands. 

 

Most large-scale deforestation occurred in the early 19th century and declined in the early 

20th century. It was initially driven by coffee production and subsequently replaced by 

cattle ranching and sugarcane plantations (Dean 1997). Industrial development in the 1970s 

led to rural-urban migration and favored the consolidation of sugarcane plantations in flat 

areas, while marginal agricultural lands either became extensive pastures, Eucalyptus 

(Eucalyptus spp.) plantations, or were abandoned, some of them regenerating back to native 

forests (César et al. 2018). As hypothesized by the forest transition theory, severe 

deforestation of the past is being followed by a significant increase in native forest cover, 

which doubled between 1962 and 2008 (Ferraz et al. 2014; Mather 1992). In 2014, pastures 

and sugarcane fields occupied 43.7% and 29.4% of the Corumbataí river basin, 

respectively, while native forest patches, Eucalyptus plantations and other land uses 

(buildings, water bodies, roads, etc.) occupied 12.4%, 7.3% and 7.2% of the area. The 

remaining forests are affected by cattle grazing, wildfires, and herbicide drift from 

sugarcane fields. However, wildfires are now much less prevalent as sugarcane burning, 

used to ease manual harvesting, has declined over the last 10 years and was prohibited in 

2016.  

 

2.2. Experimental design  

In order to define the location and size of the landscapes where second-growth forests 

(hereafter SGF) would be sampled, we used the diversity variability analysis approach 
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proposed by Pasher et al. (2013) to I) divide the study region in square grids of five 

different scales: 1, 2, 3, 4 and 5 km square grid cells, II) calculate the Shannon landscape 

diversity index for each grid size based on a 30 m-resolution land map from 2002, and III) 

plot mean landscape diversity of each grid size against the cell size. Thus, we selected the 4 

km (16 km²) square grid size as the smallest sample size that represents the study region 

(i.e. Shannon landscape diversity index of the 16-km² landscape had no variation when 

compared to the index of larger sample sizes). Please refer to Ferraz et al. (2014) for more 

details. We used visual interpretation and field inspection to classify land cover using 

panchromatic images for the years 1962, 1978 and 1995 (1:25,000 scale) and a 

panchromatic image from a High-Resolution Panchromatic Camera (HRC) of CBERS (2.7 

m of spatial resolution) from 2008. Land use was classified as sugarcane plantations, 

pasture, old-growth native forest, young-regenerating native forest, orange plantations, 

Eucalyptus plantations, urban areas and other types (Ferraz et al. 2014). 

 

We estimated age and previous land use of existing native forest cover by overlaying land-

use classification maps of different ages (i.e. 1962, 1978, 1995, 2000 and 2008). We further 

refined forest age estimates by visually interpreting topographic maps from 1969, 1975 and 

1979. We used LANDSAT 5 images from 1984 to 2012 and LANDSAT 8 images from the 

years 2013 to 2015. When the exact age of SGF establishment was not clear, we considered 

the average of the possible dates of establishment to calculate forest age. Sampled SGF age 

estimates ranged from 11 to 46.5 years old. Landscapes’ maps can be found on Appendix 1. 

 

2.3. Forest inventories 



RGC et al. 

8 

 

In these landscapes, forest age ranged from 11-46 years and the most common previous 

land uses where SGF regenerated were abandoned Eucalyptus plantations and pastures 

(Figure 1, Appendix 1). We discriminated forests based on previous land use and age 

(Figure 1) and installed a total of 44 plots of 900 m² (20 × 45 m) to sample SGF tree 

communities. Within each plot, we measured the diameter at breast height (DBH) and 

identified to the species level whenever possible all the living rooted trees and shrubs 

DBH≥5 cm (hereafter “trees”) by comparing with materials in the Superior School of 

Agriculture (ESA in Portuguese) herbarium at the University of São Paulo and virtual 

herbariums such as speciesLink (http://splink.cria.org.br/). All sampled trees were 

classified according to species origin (native or non-native to the study region), and we 

considered only native species for calculating the forest attributes, as the non-native 

Eucalyptus (the main non-native species in the study site) could inflate carbon stock and 

taxonomic and phylogenetic richness of sampled forests. 

 

2.4. Potential drivers of second-growth forest recovery  

2.4.1. Local drivers 

We selected forest age, basal area of remnant Eucalyptus trees, slope and soil sum of bases 

and clay content as potential local drivers of SGF development. We obtained information 

on forest age as described above, and the other drivers were evaluated as described below:  

 

Basal area of Eucalyptus: We used the basal area of remnant Eucalyptus stems as a direct 

measure of the continued influence of this previous land use on forest regeneration. Tree 

basal area is directly related to its canopy and root system, functioning as a proxy for 
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competition. On the other hand, its fast growth could also shade competitive grasses and 

quickly develop a canopy structure. Thus, we aimed to infer the legacy effect of non-native 

species cultivated before SGF establishment. Forests with no remnant Eucalyptus 

established in abandoned pastures. 

 

Slope: Bedrock tends to be closer to the surface and water retention is reduced in steep 

slopes, thus this driver may affect growth and composition of SGF (Becknell et al. 2018; 

Lavorel et al. 2011). Steeper areas are also more prone to natural regeneration in the region, 

due to their marginal use in agriculture (Molin et al. 2017). This driver was estimated based 

on the Digital Elevation Model (DEM) of the region (30 meters resolution) obtained by 

1:50.000 contour lines vectorization and interpolated by Topo to Raster function in ArcGIS 

10 (Environmental Systems Research Institute (ESRI) 2012). The DEM was processed to 

calculate the slope raster dataset, in degrees. We then extracted the slope value from raster 

pixel at the center of each SGF sampling plot. 

 

Soil attributes. Soil fertility is related to plant growth, while soil structure is related to water 

retention, which may affect both SGF growth as well as species composition (Toledo et al. 

2018). i) sum of bases: we obtained three composite soil samples, each composed of three 

sub-samples at depth 0-20 cm per plot. We determined soil pH and H+Al by potentiometry 

(described in pages 181-188 and 200-212 of Raij et al. (2001)), organic matter by 

colorimetry (Raij et al. 2001, pages 173-180); and P, K, Ca, Na, and Mg using an ion 

exchange resin (Raij et al. 2001, pages 189-199). We then conducted a Principal 

Component Analysis for soil sum of bases (calculated as sum of Ca +Mg + K content), all 

macronutrients (P, Ca, Mg and K) and other soil attributes (pH, organic matter content, 
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cation exchange capacity and base saturation; see Appendix 2). As soil sum of bases was 

closely aligned to most other drivers, we conduced our analysis using this as the sole 

indicator of soil fertility. ii) Soil clay content: we used the Hydrometer Bouyoucos method, 

considering soil fractions <0.002 mm as clay (Bouyoucos 1962). 

 

2.4.2. Landscape drivers  

To describe the landscape context, we quantified surrounding land use, distance from 

streams (most of them <4 m wide), average surrounding native forest cover, and relative 

change of surrounding native forest cover over time.  

 

Surrounding land use: human land use next to forests is a proxy for human disturbances 

that encroach into the forest itself, potentially affecting forest structure and conservation 

value (Barlow et al. 2016; Martinez-Ramos et al. 2016). Pasture or sugarcane were the 

dominant land uses near sampled forests in the last 15 years before data gathering 

(Appendix 3). Both land uses represent a historical source of degradation of forest 

remnants, as most remnants are not fenced and cattle grazing in the understory can 

compromise natural regeneration processes, and sugarcane has been burnt before harvesting 

and favored forest fires as well (Martinelli and Filoso 2008). We calculated the Euclidean 

distance from the plot centroid to identify the closest land use for the years 2000, 2008 and 

2015. 

 

Distance from streams: in the study region, SGF are more likely to naturally establish near 

streams (Molin et al. 2017). This increased likelihood is partly in response to the mandatory 

law of recovery of riparian areas (Soares-Filho et al. 2014) and the greater survival of 
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seedlings near streams (Brown and Archer 1990). We calculated the Euclidean distance 

from the centroid of each SGF plot to the nearest stream. 

 

Surrounding native forest cover: related to SGF connectivity and, therefore, chance of 

seedling arrival, establishment and thus species richness of these forests (Crouzeilles et al. 

2019; Toledo et al. 2018). Based on the high resolution land-use images from 1962, 1978, 

1995, 2000, 2008 and 2015, we estimated average surrounding native forest cover in a 1-

km buffer around each plot (as a proportion of total buffer area) and estimated two drivers: 

i) average surrounding forest cover since SGF establishment, and ii) change in surrounding 

forest cover since SGF establishment, calculated as the surrounding forest cover at the time 

of data gathering minus forest cover at the time of forest establishment. Details and 

justification of the processes employed to select this driver are in Appendix 4. Patch size 

and surrounding native forest cover for each plot are in Appendix 5. 

 

2.5. Attributes of second-growth forests 

We used three forest attributes as response variables: I) aboveground biomass of native 

trees (AGB) calculated using equation (7) developed by Chave et al. (2014), with wood 

density data mainly from Chave et al. (2009) and Zanne et al. (2009) (Dataset S2). We 

calculated biomass for native species and included unidentified morphospecies to calculate 

AGB, given that the relatively few non-native trees are easily identifiable in the field, we 

considered unidentified morphospecies as native species. Wood density estimates for 

species not included in these databases were estimated as: i) average of the species of the 

same genus in this study, or ii) average of species of the same genus in Zanne et al. (2009), 
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or iii) average of species of the same family on the study site. Wood density of families 

identified only to the genus or family level was estimated as the average values of the taxon 

level for the study site (more details in César et al. (2018)). (II) Native tree species density 

(number of species per plot). (III) Phylogenetic diversity of native trees. We used the 

program Phylocom (Webb, Ackerly, and Kembel 2008) to estimate phylogenetic diversity, 

which increases with the number of distantly related relatives in the sample. Phylogenetic 

diversity complements measures of species diversity, since given trait conservatism it is a 

proxy for functional diversity (Liu et al. 2016; Tucker et al. 2017). We employed the bladj 

algorithm implemented in the Phylocom software and evolutionary ages published by 

Wikstrom, Savolainen, & Chase, (2001) to estimate the ages of the interior nodes of the 

evolutionary tree and evenly space the nodes between them. Phylogenetic diversity was 

estimated as the Net Relatedness Index (Webb, Naturalist, and Aug 2000) for each of the 

sampled forests compared to a null value. Details of the phylogenetic analyses procedures 

are shown in Appendix 6. The complete dataset of this work can be found in “Dataset S1” 

 

2.6. Data analyses 

To compare the relative contribution of local and landscape drivers on forest attributes we 

used generalized mixed linear models considering the 16-km² landscape where the SGF 

was located as the random factor (Moscatelli, Mezzetti, and Lacquaniti 2012) and our 

selected local and landscape potential drivers as predictor variables. For each SGF attribute, 

we considered all combinations of models using the drivers above plus a null model (512 

models). We did not develop models using interaction among drivers since this may disrupt 

model averaging (Cade 2015). For each candidate model, we calculated the Akaike 
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Information Criteria corrected for small samples (AICc), and the marginal (R²m) and 

conditional (R²c) sum of squares, which represent the sum of squares without and with the 

random factor, respectively. We ranked models according to the ∆AICci (AICci – minimum 

AICc).  

Since our goal was to find the relative importance of local and landscape drivers on these 

attributes, we used model averaging to assess the importance of each driver for each forest 

attribute. We generated average models to estimate the average coefficient and 95% 

Confidence Interval of the drivers among models ∆AICci ≤ 2 and function model.avg from 

R Package MuMIn (Barton 2016). Model averaging generates estimates of parameter for a 

group of models, considering model selection uncertainty (Johnson and Omland 2004), 

being a valuable tool to capture the effect of different parameters when none of the best 

models is predominantly better than the others (i.e. best model weight <0.9). As variable 

importance from model averaging has been disputed (Cade 2015), we also present both the 

averaged coefficient estimates and 95% confidence interval. When the null model was 

within the models ∆i ≤ 2 for a given SGF attribute, we considered that all drivers are 

uninformative to explain that attribute. Values are shown as mean ± 95% confidence 

interval. All analyses were carried out in the R 3.0 environment (R Core Team, 2018), 

using the packages “MuMIn” (Barton 2016) and glmer in R 3.0 (R Core Team, 2018). We 

checked for collinearity among drivers using the Variable Inflation Factor method from the 

VIF function from “car” package (Fox and Weisberg 2019). 

 

3. RESULTS 

We sampled 4,661 trees, composed of 213 identified species, belonging to 137 genera and 

60 families. A total of 29 morphospecies were identified at the genus level. The most 
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abundant tree species sampled were Casearia sylvestris Sw. (6.3% of all trees sampled), 

Eucalyptus spp. (4.4%), Luehea candicans Mart. & Zucc. (3.9%) and Piptadenia 

gonoacantha (Mart.) J.F.Macb (3.4%).  

 

Remnant Eucalyptus basal area and proximity to sugarcane plantations consistently reduced 

AGB (Figure 4), while other drivers were important to estimate SGF attributes, their effect 

were not as consistent (i.e., the 95% confidence interval overlapped zero). We will address 

these cases throughout this section.  

 

Surrounding native forest cover showed a mostly positive relationship with species density, 

phylogenetic diversity and AGB (Tables 1 and 2). The basal area of remnant Eucalyptus 

reduced species density in SGF (Figure 3), while SGF near sugarcane plantations showed 

lower phylogenetic diversity. Forest age was among the best models for AGB only (Table 1 

and 2, Figure 4). Overall, models using a single factor were poor estimates of forest 

attributes (Table 2). The complete list of models generated can be found in Dataset S3 and 

graphical representations of the main drivers in Appendix 7.  

 

Overall, native-species AGB was negatively impacted by increasing slope, soil clay content 

(Appendix 7). On the other hand, AGB tended to increase with age and surrounding forest 

cover in the landscape (Table 1, Figure 4). When Eucalyptus biomass was included, forest 

AGB was approximately twice as high in forests with remnant Eucalyptus compared with 

other SGF (Appendix 6, Figure 3). 
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Historical gains in native forest cover and higher native forest cover in the landscape tended 

to increase species density. The presence of nearby sugarcane plantations had a context 

dependent effect on this attribute (Figure 4). Resprouted Eucalyptus stems composed 48 ± 

10% of the basal area of SGF established in abandoned plantations of this species. But SGF 

showed similar species richness in areas with and without Eucalyptus after abundance-

based rarefaction (Figure 2). The complete list of species sampled can be found in Dataset 

S4. 

 

Phylogenetic diversity estimates were negatively related to the presence of sugarcane 

plantations near SGF, and positively associated with surrounding native forest cover. 

Change in surrounding native forest cover was included in most of the best models for 

phylogenetic diversity (importance: 0.65), but its coefficient was highly variable (Figure 4). 

 

4. DISCUSSION 

Continental-scale models to predict the carbon sequestration potential of SGF rely 

primarily on forest age (Chazdon et al., 2016), a driver that is generally a robust predictor 

of AGB accumulation in chronosequences-based studies (Letcher & Chazdon, 2009). 

Although our results show that AGB tends to increase with forest age, nearby sugarcane 

plantations and remnant Eucalyptus biomass were more consistent as negative drivers of 

native biomass. The best models for species richness and phylogenetic diversity of SGF, on 

the other hand, contained mainly surrounding forest cover and nearby sugarcane plantations 

as drivers. Thus, land-use within heavily deforested agricultural landscapes, more than 

forest age, play a key role in the recovery of tropical restored forests in this region. 
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4.1. Divergence of forest succession by local and landscape drivers 

The negative impact of Eucalyptus is likely to be a simple consequence of their 

displacement of native species due to the space occupied by the resprouting stumps. When 

considering the biomass of Eucalyptus, SGF biomass doubled, on average, compared to 

SGF without remnant Eucalyptus: This finding demonstrates the potential of resprouting 

remnant Eucalyptus trees to rapidly sequester carbon, but we cannot evaluate if resprouting 

native stems would have performed similarly to Eucalyptus after clear felling. 

 

Although inconsistent, the negative effect of soil clay content on forest biomass was 

unexpected (Appendix 7). Soil clay content was expected to favor AGB accumulation 

because this driver is usually associated with higher nutrient and water availability to 

plants, and thus favors tree growth (Toledo et al. 2018). However, it may also be indirectly 

associated with a more intense previous land use, as farmers prefer soils with higher clay 

content for crop cultivation, in such a way that clay content could be a surrogate of 

previous land use intensification in the study region. Additionally, clay soils are more prone 

to compaction after agricultural activities, another characteristic that may reduce AGB of 

the studied forests. The direct and indirect effects of soil clay content in forest regeneration 

thus merit further attention. 

 

The lack of a relationship between SGF age and diversity-related attributes contrast with 

many other studies on secondary forest (Ferreira et al. 2018; Gilroy et al. 2014; Lennox et 

al. 2018; Magnago et al. 2015), and may be explained by several methodological and 

context-dependent drivers. First, forest age was estimated between >5 years intervals of 

high-resolution aerial photographs and low-resolution satellite images, therefore forest age 
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estimates are not exact, particularly for SGF that may have been regenerating in abandoned 

Eucalyptus plantations before 1984 (year of the first Landsat images). Second, diversity-

related attributes may take longer to recover and respond to local context, disturbance 

regime and stochastic drivers that are amplified in human-modified landscapes (van 

Breugel et al. 2013). Third, SGF sampled are all >10 yr. and were subjected for many years 

to unique disturbance regimes and landscape dynamics. These initial conditions and the 

accumulated impacts of these drivers along time may have driven SGF to somewhat unique 

successional trajectories that can be better estimated by disturbance-related drivers rather 

than by forest age alone (Arroyo-Rodriguez et al., 2015; Martinez-Ramos, Ortiz-Rodriguez, 

Pinero, Dirzo, & Sarukhan, 2016). Our results do not suggest that forest age should be 

ignored in successional studies of historically disturbed forests; rather, they suggest that 

successional studies should consider a myriad of drivers (including forest age) in highly 

dynamic human-modified landscapes, as these may interact with each other to influence 

regeneration potential. 

 

4.2. Surrounding agricultural practices can hamper forest recovery 

The lower estimates of AGB and phylogenetic diversity in SGF surrounded by sugarcane 

plantations (Appendix 7) are likely due to crop-specific agricultural practices. Until c. 10 

years before data collection, sugarcane plantations were burned in the dry season to 

facilitate manual harvesting, which, as fires usually went out of control, resulted in 

recurrent fires in native forests. Currently, herbicides are sprayed by airplanes to enhance 

sugarcane maturation (i.e., induction of plant senescence to increase the concentration of 

sugar on stems), which increases the chance of herbicide drift into neighboring SGF. 

Chronic disturbances caused by these surrounding agricultural practices could gradually 
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collapse SGF structure, however the impacts of some of these disturbances, such as 

herbicide drift, are poorly understood, and require further study to understand how they 

influence forest structure and species. Also, since most of SGF are located at riparian areas, 

they are exposed to sediment deposition from agricultural lands (Guidotti et al. 2020). 

 

Sugarcane plantations near SGF could reduce AGB of these forests to values similar of 

forests decades younger (i.e. SGF are expected to have a biomass reduction of 50.71 ± 

44.05 Mg/ha when nearby sugarcane [Figure 3 and Appendix 8]). Overall, humid tropical 

forest species are poorly adapted to fire, with even low-intensity understory wildfires 

resulting in a collapse of forest structure and biomass (Barlow & Peres, 2008). Although 

we did not directly measure causality, our results corroborate that disturbances from more 

intense agricultural practices, such as sugarcane, reduced the phylogenetic diversity of 

native species in nearby SGF (Dinnage 2009). While the recent ban on burning sugarcane 

plantations may benefit AGB and phylogenetic diversity of nearby SGF, more research is 

needed to assess the effects of airplane herbicide spraying on native forests embedded in 

agricultural landscapes, as herbicide drift may counterbalance the benefits of fire exclusion. 

Thus, besides incorporating effects of fragmentation, surrounding disturbances should be 

considered to promote forest recovery and conservation of forest remnants in agricultural 

landscapes. 

 

4.3. Forest cover and conservation potential of SGF 

Whereas the overall positive effects of surrounding native forest cover on the estimates of 

species density and phylogenetic diversity in SGF were expected, based on previous 
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studies, (Martínez-Ramos et al. 2016; Matos et al. 2016), very few studies have shown the 

combined effects of forest cover along with other drivers, such as forest age (Liu and Slik 

2014). In contrast, Letcher & Chazdon (2009), and Holl, Chaves-Fallas, Oviedo-Brenes, 

Reid, & Zahawi (2016) observed that previous land use, and not surrounding forest cover, 

was a significant predictor of biodiversity and biomass recovery of naturally regenerating 

forests and native tree plantings, respectively, in Costa Rica. Lennox et al. (2018) also 

found that forest cover was relatively unimportant for estimating the occurrence of forest 

species. However, these studies were carried out in landscapes with higher ranges of forest 

cover (11-90%, in contrast to 9-31% in our study area), in which the influence of 

neighboring forest cover may be lower as a consequence of the maintenance of high levels 

of connectivity across the whole landscape.  

 

The amount of surrounding forest cover around regenerating forests increases the species 

pool and the probability of dispersal (Charles, Dwyer, and Mayfield 2016; Fahrig 2003). 

Using a global meta-analysis, Crouzeilles et al. (2019) found that low levels of forest cover 

in a 5-km radius decreased the likelihood of biodiversity recovery during forest 

regeneration. Besides safeguarding surrounding forest cover, other strategies such as 

enrichment planting, restoration of degraded forest remnants, and the establishment of 

ecological corridors may be needed to safeguard the biological potential of forests 

undergoing restoration to persist over time even in highly fragmented landscapes 

(Brancalion et al. 2013). The maintenance of mobile link species, such as larger-bodied 

frugivorous birds and mammals, could also provide vital connectivity across the landscape 

(Lundberg and Moberg 2003), especially as secondary forests in more favorable landscapes 

can be dominated by smaller seeded species with low wood density (Hawes et al. 2020). 
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Conserving and restoring seed-dispersing fauna will require tighter, not looser, 

environmental regulation related to hunting, since the fauna in the study region is sensitive 

to hunting pressure (Galetti et al. 2009). Nevertheless, there are currently two bills under 

discussion in the Brazilian parliament that could increase poaching in the seasonal forests 

of the study region, a key forest type for mammal conservation in the Atlantic Forest 

(Abessa, Famá, and Buruaem 2019). 

 

4.4. Identifying drivers of recovery of second-growth forest attributes 

Several studies attest that successful natural regeneration is encouraged by a mix of 

economic drivers (e.g. steeper slopes have lower opportunity costs for agriculture) and 

biophysical drivers (e.g. unassisted regeneration is more likely if the previous land use was 

less intensive and the site is close to forest remnants [Chazdon et al. 2020; Martinez-Ramos 

et al. 2016; Molin et al. 2017; Rezende et al. 2015]). While these drivers refer to the 

likelihood (presence/absence) of natural regeneration, they do not address the attributes of 

these forests once established. For example, we observed that slope, a driver that favors the 

chance of natural regeneration, tended to have a negative relationship with AGB. Such 

contrasting influence of slope may be related to the different effects this driver has on 

regeneration, for example, lower opportunity costs increases the chance of land 

abandonment for natural regeneration (Molin et al. 2017) on one hand, but also soils tend to 

be closer to the bedrock which compromises tree growth. The present study shows how 

landscape models developed to define priority areas for restoration based on where forest 

cover is more likely to increase can be complemented with information about where forest 

succession may have more biomass and diversity, such as investigated by Crouzeilles et al. 

(2019).  
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4.5. Implications for conservation 

Understanding the impact of past and current anthropogenic activities on the structure and 

composition of SGF provides more accurate estimates of the long-term potential of these 

forests to mitigate climate change and conserve biodiversity. Most policies and programs 

on climate change mitigation and biodiversity conservation focus on the forest areas per se, 

and not on their surrounding land uses. However, we found that the land use surrounding 

regenerating forests can significantly affect their structure and attributes. Thus, in some 

cases we could facilitate the recovery of SGF and improve their ecosystem service 

provisioning by modifying the surrounding land uses only, without requiring direct 

intervention within the remnant. This work calls for public policies regulating land use in 

agricultural landscapes of the Atlantic Forest to i) promote biodiversity-friendly agricultural 

practices to reduce the degradation of forest fragments; ii) enhance and conserve existing 

forest patches; iii) increase native forest cover through active and passive restoration in 

agricultural landscapes. Thus, preserving forest remnants that share the landscape with 

intensive agriculture is more complex than just considering land-use restriction by buffer 

strips around streams and the proportion of properties to be occupied by native vegetation, 

as enforced by the Brazilian Native Vegetation Law (Soares-Filho et al. 2014). In addition, 

we point to the need for more research on the impacts of current land management practices 

on forest recovery, such as the impact of herbicides, the longer-term role of non-native 

species such as Eucalyptus (Brancalion et al. 2020) and the effect of soil properties in forest 

AGB.  Finally, these changes are all occurring under a warming planet, and the potential 

interactions between surrounding land cover and climate change on forest recovery could 

be important in guiding restoration practices (see also Elias et al., 2020). As we begin the 
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UN Decade of Ecosystem Restoration, there is still a lot we need to learn about how to 

restore forests that provide multiple ecological and climate change benefits.  
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TABLES 

 

Table 1: Best linear mixed models (ΔAIC<2) to estimate biomass, species density and 

phylogenetic diversity in second-growth forests in tropical agricultural landscapes of 

Southeast Atlantic Forest, Brazil. AGE: forest age (years); CLAY: soil clay content (%); 

EUC: basal area of Eucalyptus (m²/ha); FC: average proportion of native forest cover in a 

1-km radius since forest establishment (%); ΔFC: current proportion of native forest cover 

in a 1-km radius minus forest cover at the time of SGF establishment (%); NU: nearby 

sugarcane plantation; SL: slope (%); Marginal and Conditional R² refer to coefficient of 

determination for fixed effects and fixed + random effects, respectively. Weight refers to 

the relative likelihood of a model being supported by the data, when compared to the other 

models. ∑weight estimates weight of that group of models in explaining the data, relative to 

all the other models. 

BIOMASS OF NATIVE SPECIES 

Model Drivers ΔAIC R² Marg. R² Cond. weight ∑weight 

1 AGE+EUC+SL+NU+FC+ΔFC 0.00 0.42 0.57 0.17 0.17 

2 EUC+SL+NU+FC+ΔFC 0.52 0.39 0.54 0.13 0.30 

3 AGE+EUC+NU+FC+ΔFC 1.06 0.41 0.52 0.10 0.40 

4 EUC+CLAY+SL+NU+FC+ΔFC 1.20 0.40 0.52 0.09 0.49 

5 AGE+EUC+CLAY+SL+NU+FC+ΔFC 1.29 0.43 0.54 0.09 0.58 

6 AGE+EUC+CLAY+NU+FC+ΔFC 1.67 0.42 0.50 0.07 0.65 

7 EUC+CLAY+NU+FC+ΔFC 1.81 0.38 0.47 0.07 0.72 

8 EUC+NU+FC+ΔFC 1.87 0.37 0.47 0.07 0.78 

492 NULL 42.83 0.00 0.09 8 × 10-11 1.00 

              

NATIVE SPECIES DENSITY 

Model Drivers ΔAIC R² Marg. R² Cond. weight ∑weight 

1 NU+FC+ΔFC 0 0.07 0.07 0.32 0.32 

2 FC+ΔFC 1.31 0.06 0.07 0.17 0.49 

77 NULL 13.54 0.00 0.02 0.003 0.99 

              

PHYLOGENETIC DISPERSION 

Model Drivers ΔAIC R² Marg. R² Cond. weight ∑weight 

1 NU+FC+ΔFC 0.00 0.09 0.18 0.25 0.25 

2 FC+ΔFC 0.15 0.04 0.14 0.23 0.49 

3 NU+FC 1.14 0.10 0.17 0.14 0.63 

4 FC 1.58 0.03 0.13 0.11 0.75 

7 NULL 4.33 0.00 0.10 0.03 0.90 

 

 

 

 

  



Table 2: Coefficients and 95% confidence interval, marginal and conditional R² values and ΔAICc for the model containing only one 

factor for each forest attribute. The complete list of models can be found in Dataset S3. 

 

  Biomass of Native Species Species density Phylogenetic Diversity 

  Coeff ± 95%CI R² Marg. R² Cond. ΔAICc Coeff ± 95%CI R² Marg. R² Cond. ΔAICc Coeff ± 95%CI R² Marg. R² Cond. ΔAICc 

Forest age 1.80 ± 1.20 0.16 0.21 36.50 0.14 ± 0.17 0.07 0.16 16.36 -0.005 ± 0.026 0.00 0.11 13.40 

Eucalypt basal area -2.55 ± 1.36 0.23 0.29 32.06 -0.14 ± 0.18 0.05 0.09 16.55 -0.009 ± 0.031 0.01 0.10 12.88 

Soil sum of bases 0.23 ± 0.33 0.04 0.07 45.40 -0.01 ± 0.04 0.00 0.02 21.73 -0.001 ± 0.008 0.00 0.10 16.05 

Soil clay content -0.19 ± 1.32 0.00 0.11 44.04 -0.08 ± 0.16 0.02 0.07 18.19 0.006 ± 0.027 0.00 0.09 13.29 

Slope 0.06 ± 3.35 0.00 0.09 42.31 -0.01 ± 0.41 0.00 0.02 17.29 -0.033 ± 0.066 0.02 0.14 10.78 

Nearby use -64.92 ± 36.60 0.23 0.32 26.84 -0.34 ± 4.54 0.00 0.03 12.37 -0.617 ± 0.774 0.06 0.15 4.44 

Distance from river -0.05 ± 0.21 0.01 0.08 47.71 -0.02 ± 0.02 0.05 0.09 20.65 -0.002 ± 0.004 0.02 0.13 16.18 
Surrounding forest 
cover 

-114.63 ± 
245.12 0.02 0.09 32.94 16.68 ± 28.24 0.03 0.05 7.45 3.013 ± 4.687 0.03 0.13 1.58 

Δ Surrounding forest 
cover -7.22 ± 283.07 0.00 0.11 33.58 13.92 ± 29.69 0.02 0.03 7.84 -1.601 ± 5.221 0.01 0.11 2.58 

Null Model 111.40 ± 19.25 0.00 0.09 42.83 24.18 ± 2.68 0.00 0.02 13.54 -1.212 ± 0.551 0.00 0.10 4.33 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE LEGENDS 

Figure 1: An example of our forest classification protocol used to define time since 

abandonment and previous land use. A) High-resolution images for the studied landscapes 

for the years 1962, 1978, 1995, 2000 and 2008. B) Classification of land use based on the 

images (sugarcane plantations in red). C) Overlaying the images of different dates obtained 

in B, we classified existing forests in a mosaic based on age and land use before forest 

establishment. Appendix 1 details the landscapes where SGF were sampled. 
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Figure 2. Rarefied native woody species richness of second-growth forests (SGF) established 

in abandoned pastures and abandoned eucalypt plantations (DBH ≥5 cm). Shading represents 

95% confidence intervals. 

 

Figure 3: Aboveground biomass accumulation for second-growth forests (SGF) established 

in abandoned pastures (PAS) and abandoned eucalypt plantations (EUC). No significant 

differences in native tree AGB were observed among the different areas. Error bars represent 

95% confidence intervals.  

 

 

Figure 4: Graphical representation of local and landscape drivers influencing tropical 

second-growth forest (SGF) in agricultural landscapes of the Atlantic Forest of Southeast 

Brazil. We considered only the drivers in model averages (i.e. drivers in models ΔAIC≤2).  

Blue-red gradient represent the percentage of the 95% confidence interval of the average 

model that is positive or negative for that factor, respectively. Lines with black frame 

indicate drivers which the range of coefficient ± 95% coefficient interval was fully within 

negative values (i.e. drivers with a clear negative effect on the SGF attribute). Gray lines 

are drivers that did not fit the requisites mentioned before (i.e. driver effect is variable 

and/or context-dependent). Results reflect the average model developed by merging all 

models ∆AICc ≤ 2. Graphical representation of individual drivers can be found in 

Appendix 7 and values in Appendix 8. 

 

  



RGC et al. 

3 

 

FIGURES 

Figure 1: 

 

 

  



RGC et al. 

4 

 

Figure 2 

 

 

  



RGC et al. 

5 

 

Figure 3 

  



RGC et al. 

6 

 

Figure 4: 

 

 

 

  



RGC et al. 

7 

 

 

 

 

  



RGC et al. 

8 

 

ACKNOWLEDGEMENTS 

Funding and support: provided by the FAPESP grants 2014/14503-7 and 2017/05662-2. 

SFBF received funding from FAPESP projects 2011/06782-5, 2011/19767-4 and 

2013/22679-5. PHSB thanks the National Council for Scientific and Technological 

Development of Brazil (CNPq) (grant #304817/2015-5). RC received a fellowship from 

(CAPES #88881.064976/2014-01). This work was also supported by the PARTNERS 

Research Coordination Network grant #DEB1313788 from the U.S. NSF Coupled Natural 

and Human Systems Program. The authors also would like to thank the several volunteers 

during fieldwork and the landowners that allowed forest sampling in their properties. The 

authors declare no conflict of interest regarding this manuscript. 

Author contribution: RGC: Conceptualization, Formal analysis, investigation, 

methodology, software, visualization, writing original draft and review. VSM: Data 

curation, investigation, validation. GDC: data curation, validation. DS: Data curation, 

formal analysis, methodology, software, writing review. RLC: Conceptualization, 

methodology, supervision, writing original draft and review. JB: data curation, 

methodology supervision, writing review. SFBF: Methodology writing – review. RC: 

Formal analysis, methodology, supervision, writing – review. PHSB: Conceptualization, 

funding acquisition, project administration, resources, supervision, writing original draft, 

writing review. 

 

DISCLOSURE STATEMENTS 

Conflict of Interest: The corresponding author confirms on behalf of all authors that there 

have been no involvements that might raise the question of bias in the work reported or in 

the conclusions, implications, or opinions stated. 



RGC et al. 

9 

 

 

 

REFERENCES 

Abessa, Denis, Ana Famá, and Lucas Buruaem. 2019. “The Systematic Dismantling of 

Brazilian Environmental Laws Risks Losses on All Fronts.” Nature Ecology and 

Evolution 3(4):510–11. 

Alvares, Clayton Alcarde, José Luiz Stape, Paulo Cesar Sentelhas, José Leonardo De Moraes 

Gonçalves, and Gerd Sparovek. 2013. “Köppen’s Climate Classification Map for 

Brazil.” Meteorologische Zeitschrift 22(6):711–28. 

Arroyo-Rodriguez, V., F. P. Melo, M. Martinez-Ramos, F. Bongers, R. L. Chazdon, J. A. 

Meave, N. Norden, B. A. Santos, I. R. Leal, and M. Tabarelli. 2015. “Multiple 

Successional Pathways in Human-Modified Tropical Landscapes: New Insights from 

Forest Succession, Forest Fragmentation and Landscape Ecology Research.” Biol Rev 

Camb Philos Soc. 

Barlow, J., and C. A. Peres. 2008. “Fire-Mediated Dieback and Compositional Cascade in an 

Amazonian Forest.” Philosophical Transactions of the Royal Society B: Biological 

Sciences 363(1498):1787–94. 

Barlow, Jos, Gareth D. Lennox, Joice Ferreira, Erika Berenguer, Alexander C. Lees, Ralph 

MacNally, James R. Thomson, Silvio Frosini Barros Ferraz, Julio Louzada, Victor Hugo 

Fonseca Oliveira, Luke Parry, Ricardo R. C. Solar, Ima C. G. Vieira, Luiz E. O. C. 

Aragão, Rodrigo Anzolin Begotti, Rodrigo F. Braga, Thiago Moreira Cardoso, 

Raimundo Cosme Oliveira Jr., Carlos M. Souza Jr., Nárgila G. Moura, Sâmia Serra 

Nunes, João Victor Siqueira, Renata Pardini, Juliana M. Silveira, Fernando Z. Vaz-de-

Mello, Ruan Carlo Stulpen Veiga, Adriano Venturieri, and Toby A. Gardner. 2016. 



RGC et al. 

10 

 

“Anthropogenic Disturbance in Tropical Forests Can Double Biodiversity Loss from 

Deforestation.” Nature 535(7610):144–47. 

Barton, Kamil. 2016. “MuMIn: Multi-Model Inference.” 

Becknell, Justin M., Michael Keller, Daniel Piotto, Marcos Longo, Maiza Nara dos-Santos, 

Marcos A. Scaranello, Rodrigo Bruno de Oliveira Cavalcante, and Stephen Porder. 

2018. “Landscape-Scale Lidar Analysis of Aboveground Biomass Distribution in 

Secondary Brazilian Atlantic Forest.” Biotropica 50(3):520–30. 

Bouyoucos, George John. 1962. “Hydrometer Method Improved for Making Particle Size 

Analyses of Soils.” Agronomy Journal 54(5):464–65. 

Brancalion, Pedro H. S., Nino T. Amazonas, Robin L. Chazdon, Juliano van Melis, Ricardo 

R. Rodrigues, Carina C. Silva, Taísi B. Sorrini, and Karen D. Holl. 2020. “Exotic 

Eucalypts: From Demonized Trees to Allies of Tropical Forest Restoration?” Journal 

of Applied Ecology 57(1):55–66. 

Brancalion, Pedro H. S., Felipe P. L. Melo, Marcelo Tabarelli, and Ricardo R. Rodrigues. 

2013. “Restoration Reserves as Biodiversity Safeguards in Human-Modified 

Landscapes.” Natureza a Conservacao 11(2):186–90. 

van Breugel, M., J. S. Hall, D. Craven, M. Bailon, A. Hernandez, M. Abbene, and P. van 

Breugel. 2013. “Succession of Ephemeral Secondary Forests and Their Limited Role 

for the Conservation of Floristic Diversity in a Human-Modified Tropical Landscape.” 

PLoS One 8(12):e82433. 

Brown, Joel R., and Steve Archer. 1990. “Water Relations of a Perennial Grass and Seedling 

vs Adult Woody Plants in a Subtropical Savanna, Texas.” Oikos 57(3):366. 

Cade, Brian S. 2015. “Model Averaging and Muddled Multimodel Inferences.” Ecology 

96(9):2370–82. 



RGC et al. 

11 

 

César, R. G., V. S. Moreno, G. D. Coletta, R. L. Chazdon, S. F. B. Ferraz, D. R. A. De 

Almeida, and P. H. S. Brancalion. 2018. “Early Ecological Outcomes of Natural 

Regeneration and Tree Plantations for Restoring Agricultural Landscapes.” Ecological 

Applications 28(2). 

Charles, Lachlan S., John M. Dwyer, and Margaret M. Mayfield. 2016. “Rainforest Seed 

Rain into Abandoned Tropical Australian Pasture Is Dependent on Adjacent Rainforest 

Structure and Extent.” Austral Ecology. 

Chave, J??r??me, M. Rejou-Mechain, A. Burquez, Emmanuel Chidumayo, Matthew S. 

Colgan, Welington B. C. Delitti, Alvaro Duque, Tron Eid, Philip M. Fearnside, Rosa C. 

Goodman, Matieu Henry, A. Martinez-Yrizar, Wilson A. Mugasha, Helene C. Muller-

Landau, Maurizio Mencuccini, Bruce W. Nelson, Alfred Ngomanda, Euler M. 

Nogueira, Edgar Ortiz-Malavassi, R. Pelissier, Pierre Ploton, Casey M. Ryan, Juan G. 

Saldarriaga, Ghislain Vieilledent, Maxime R??jou-M??chain, Alberto B??rquez, 

Emmanuel Chidumayo, Matthew S. Colgan, Welington B. C. Delitti, Alvaro Duque, 

Tron Eid, Philip M. Fearnside, Rosa C. Goodman, Matieu Henry, Angelina Mart??nez-

Yr??zar, Wilson A. Mugasha, Helene C. Muller-Landau, Maurizio Mencuccini, Bruce 

W. Nelson, Alfred Ngomanda, Euler M. Nogueira, Edgar Ortiz-Malavassi, Rapha??l 

P??lissier, Pierre Ploton, Casey M. Ryan, Juan G. Saldarriaga, and Ghislain Vieilledent. 

2014. “Improved Allometric Models to Estimate the Aboveground Biomass of Tropical 

Trees.” Glob Chang Biol 20(10):3177–90. 

Chave, J., D. A. Coomes, S. Jansen, S. L. Lewis, N. G. Swenson, and A. E. Zanne. 2009. 

“Towards a Worldwide Wood Economics Spectrum.” Ecol Lett 12(4):351–66. 

Chazdon, R. L., E. N. Broadbent, D. M. Rozendaal, F. Bongers, A. M. Zambrano, T. M. 

Aide, P. Balvanera, J. M. Becknell, V. Boukili, P. H. Brancalion, D. Craven, J. S. 



RGC et al. 

12 

 

Almeida-Cortez, G. A. Cabral, B. de Jong, J. S. Denslow, D. H. Dent, S. J. DeWalt, J. 

M. Dupuy, S. M. Durán, M. M. Espírito-Santo, M. C. Fandino, R. G. César, J. S. Hall, 

J. L. Hernández-Stefanoni, C. C. Jakovac, A. B. Junqueira, D. Kennard, S. G. Letcher, 

M. Lohbeck, M. Martínez-Ramos, P. Massoca, J. A. Meave, R. Mesquita, F. Mora, R. 

Muñoz, R. Muscarella, Y. R. Nunes, S. Ochoa-Gaona, E. Orihuela-Belmonte, M. Peña-

Claros, E. A. Pérez-García, D. Piotto, J. S. Powers, J. Rodríguez-Velazquez, I. E. 

Romero-Pérez, J. Ruíz, J. G. Saldarriaga, A. Sanchez-Azofeifa, N. B. Schwartz, M. K. 

Steininger, N. G. Swenson, M. Uriarte, M. van Breugel, H. van der Wal, M. D. Veloso, 

H. Vester, I. C. Vieira, T. V. Bentos, G. B. Williamson, and L. Poorter. 2016. “Carbon 

Sequestration Potential of Second-Growth Forest Regeneration in the Latin American 

Tropics.” Science Advances 2(5). 

Chazdon, Robin L. 2014. Second-Growth: The Promise of Forest Regeneration in the Age of 

Degorestation. Chicago, USA: University of Chicago Press. 

Chazdon, Robin L., David Lindenmayer, Manuel R. Guariguata, Renato Crouzeilles, José 

María Rey Benayas, and Elena Lazos Chavero. 2020. “Fostering Natural Forest 

Regeneration on Former Agricultural Land through Economic and Policy 

Interventions.” Environmental Research Letters 15(4):043002. 

Chazdon, Robin L. R. L., Eben N. E. N. Broadbent, Danaë M. A. D. M. Rozendaal, Frans. 

Bongers, A. M. Angélica María Almeyda. Zambrano, T. M. Mitchell Aide, Patricia 

Balvanera, J. M. Justin M. Becknell, Vanessa Boukili, Pedro H. S. P. H. Brancalion, 

Dylan Craven, J. S. Jarcilene S. Almeida-Cortez, G. A. George A. L. Cabral, Ben de 

Jong, Julie S. J. S. Denslow, Daisy H. D. H. Dent, S. J. Saara J. DeWalt, J. M. Juan M. 

Dupuy, S. M. Sandra M. Durán, M. M. Mario M. Espírito-Santo, María C. M. C. 

Fandino, Ricardo G. R. G. César, Jefferson S. J. S. Hall, José Luis J. L. Hernández-



RGC et al. 

13 

 

Stefanoni, C. C. Catarina C. Jakovac, A. B. André B. Junqueira, Deborah Kennard, S. 

G. Susan G. Letcher, Madelon Lohbeck, Miguel Martínez-Ramos, Paulo Massoca, 

Jorge A. J. A. Meave, Rita Mesquita, Francisco Mora, Rodrigo Muñoz, Robert 

Muscarella, Y. R. Yule R. F. Nunes, Susana Ochoa-Gaona, Edith Orihuela-Belmonte, 

Marielos Peña-Claros, E. A. Eduardo A. Pérez-García, Daniel Piotto, Jennifer S. J. S. 

Powers, Jorge Rodríguez-Velazquez, I. E. Isabel Eunice Romero-Pérez, Jorge Ruíz, 

Juan G. J. G. Saldarriaga, Arturo Sanchez-Azofeifa, N. B. Naomi B. Schwartz, Marc K. 

M. K. Steininger, Nathan G. N. G. Swenson, Maria Uriarte, Michiel van Breugel, Hans 

van der Wal, M. D. Maria D. M. Veloso, Hans Vester, Ima Celia G. I. C. Vieira, Tony 

Vizcarra T. V. Bentos, G. B. Bruce Williamson, and Lourens Poorter. 2016. “Carbon 

Sequestration Potential of Second-Growth Forest Regeneration in the Latin American 

Tropics.” Science Advances 2(5). 

Chua, Siew Chin, Benjamin S. Ramage, and Matthew D. Potts. 2016. “Soil Degradation and 

Feedback Processes Affect Long-Term Recovery of Tropical Secondary Forests.” 

Journal of Vegetation Science 27:800–811. 

Crouzeilles, R, M. Curran, M. S. Ferreira, D. B. Lindenmayer, C. E. Grelle, and J. M. Rey 

Benayas. 2016. “A Global Meta-Analysis on the Ecological Drivers of Forest 

Restoration Success.” Nat Commun 7:11666. 

Crouzeilles, Renato, Felipe S. M. Barros, Paulo G. Molin, Mariana S. Ferreira, André B. 

Junqueira, Robin L. Chazdon, David B. Lindenmayer, Julio R. C. Tymus, Bernardo B. 

N. Strassburg, and Pedro H. S. Brancalion. 2019. “A New Approach to Map Landscape 

Variation in Forest Restoration Success in Tropical and Temperate Forest Biomes.” 

Journal of Applied Ecology 56(12):2675–86. 

Crouzeilles, Renato, Hawthorne L. Beyer, Lara M. Monteiro, Rafael Feltran-Barbieri, Ana 



RGC et al. 

14 

 

C. M. Pessôa, Felipe S. M. Barros, David B. Lindenmayer, Eric D. S. M. Lino, Carlos 

E. V. Grelle, Robin L. Chazdon, Marcelo Matsumoto, Marcos Rosa, Agnieszka E. 

Latawiec, and Bernardo B. N. Strassburg. 2020. “Achieving Cost-Effective Landscape-

Scale Forest Restoration through Targeted Natural Regeneration.” Conservation Letters 

(February):1–9. 

Crouzeilles, Renato, Michael Curran, Mariana S. Ferreira, David B. Lindenmayer, Carlos E. 

V. Grelle, and José M. Rey Benayas. 2016. “A Global Meta-Analysis on the Ecological 

Drivers of Forest Restoration Success.” Nat Commun 7(May):11666. 

Crouzeilles, Renato, Mariana S. Ferreira, Robin L. Chazdon, David B. Lindenmayer, 

Jerônimo B. B. Sansevero, Lara Monteiro, Alvaro Iribarrem, Agnieszka E. Latawiec, 

and Bernardo B. N. Strassburg. 2017. “Ecological Restoration Success Is Higher for 

Natural Regeneration than for Active Restoration in Tropical Forests.” Science 

Advances 3(11):1–8. 

Dean, W. 1997. With Broadax and Firebrand. California, USA: University of California 

Press. 

Dinnage, Russell. 2009. “Disturbance Alters the Phylogenetic Composition and Structure of 

Plant Communities in an Old Field System.” PLoS ONE 4(9). 

Elias, Fernando, Joice Ferreira, Gareth D. Lennox, Erika Berenguer, Socorro Ferreira, 

Gustavo Schwartz, Lia de Oliveira Melo, Denilson N. Reis Júnior, Rodrigo O. 

Nascimento, Fabrício Nascimento Ferreira, Fernando Espirito-Santo, Charlotte C. 

Smith, and Jos Barlow. 2020. “Assessing the Growth and Climate Sensitivity of 

Secondary Forests in Highly Deforested Amazonian Landscapes.” Ecology 101(3). 

Environmental Systems Research Institute (ESRI). 2012. “ArcGIS Release 10.1.” 

Fahrig, Lenore. 2003. “Effects of Habitat Fragmentation on Biodiversity.” Annual Review of 



RGC et al. 

15 

 

Ecology, Evolution, and Systematics 34(1):487–515. 

Ferraz, Silvio F. B., Katia M. P. M. B. Ferraz, Carla C. Cassiano, Pedro Henrique S. 

Brancalion, Daniela T. A. da Luz, Thais N. Azevedo, Leandro R. Tambosi, and Jean 

Paul Metzger. 2014. “How Good Are Tropical Forest Patches for Ecosystem Services 

Provisioning?” Landscape Ecology 29(2):187–200. 

Ferreira, Joice, Gareth D. Lennox, Toby A. Gardner, James R. Thomson, Erika Berenguer, 

Alexander C. Lees, Ralph Mac Nally, Luiz E. O. C. Aragão, Silvio F. B. Ferraz, Julio 

Louzada, Nárgila G. Moura, Victor H. F. Oliveira, Renata Pardini, Ricardo R. C. Solar, 

Ima C. G. Vieira, and Jos Barlow. 2018. “Carbon-Focused Conservation May Fail to 

Protect the Most Biodiverse Tropical Forests.” Nature Climate Change 8(8):744–49. 

Food and Agriculture Organization of the United Nations (FAO). 2015. Global Forest 

Resources Assessment. edited by F. and A. O. (FAO). Italy: Food and Agriculture 

Organization (FAO). 

Fox, John, and Sanford Weisberg. 2019. “An R Companion to Applied Regression.” 

Galetti, Mauro, Henrique C. Giacomini, Rafael S. Bueno, Christine S. S. Bernardo, Renato 

M. Marques, Ricardo S. Bovendorp, Carla E. Steffler, Paulo Rubim, Sabrina K. Gobbo, 

Camila I. Donatti, Rodrigo A. Begotti, Fernanda Meirelles, Rodrigo de A. Nobre, 

Adriano G. Chiarello, and Carlos A. Peres. 2009. “Priority Areas for the Conservation 

of Atlantic Forest Large Mammals.” Biological Conservation 142(6):1229–41. 

Gilroy, James J., Paul Woodcock, Felicity A. Edwards, Charlotte Wheeler, Brigitte LG 

Baptiste, Claudia A. Medina Uribe, Torbjørn Haugaasen, and David P. Edwards. 2014. 

“Cheap Carbon and Biodiversity Co-Benefits from Forest Regeneration in a Hotspot of 

Endemism.” Nature Climate Change 4(6):503–7. 

Goosem, Miriam, Claudia Paz, Rod Fensham, Noel Preece, Stephen Goosem, and Susan G. 



RGC et al. 

16 

 

W. Laurance. 2016. “Forest Age and Isolation Affect the Rate of Recovery of Plant 

Species Diversity and Community Composition in Secondary Rain Forests in Tropical 

Australia.” Journal of Vegetation Science 27(3):504–14. 

Guidotti, Vinicius, Silvio Frosini de Barros Ferraz, Luis Fernando Guedes Pinto, Gerd 

Sparovek, Ricardo H. Taniwaki, Lara Gabrielle Garcia, and Pedro H. S. Brancalion. 

2020. “Changes in Brazil’s Forest Code Can Erode the Potential of Riparian Buffers to 

Supply Watershed Services.” Land Use Policy 94(July 2018):104511. 

Hawes, Joseph E., Ima C. G. Vieira, Luiz F. S. Magnago, Erika Berenguer, Joice Ferreira, 

Luiz E. O. C. Aragão, Amanda Cardoso, Alexander C. Lees, Gareth D. Lennox, Joseph 

A. Tobias, Anthony Waldron, and Jos Barlow. 2020. “A Large-Scale Assessment of 

Plant Dispersal Mode and Seed Traits across Human-Modified Amazonian Forests.” 

Journal of Ecology (March 2019):1–13. 

Holl, Karen D., Miguel Chaves-Fallas, Federico Oviedo-Brenes, John Leighton Reid, and 

Rakan A. Zahawi. 2016. “Local Tropical Forest Restoration Strategies Affect Tree 

Recruitment More Strongly than Does Landscape Forest Cover.” Journal of Applied 

Ecology. 

Holl, Karen D., John Leighton Reid, José Miguel Chaves-Fallas, Federico Oviedo-Brenes, 

and Rakan A. Zahawi. 2017. “Local Tropical Forest Restoration Strategies Affect Tree 

Recruitment More Strongly than Does Landscape Forest Cover.” Journal of Applied 

Ecology 54(4):1091–99. 

Jakovac, Catarina C., Marielos Peña-Claros, Thomas W. Kuyper, and Frans Bongers. 2015. 

“Loss of Secondary-Forest Resilience by Land-Use Intensification in the Amazon.” 

Journal of Ecology 103(1):67–77. 

Johnson, Jerald B., and Kristian S. Omland. 2004. “Model Selection in Ecology and 



RGC et al. 

17 

 

Evolution.” Trends in Ecology and Evolution 19(2):101–8. 

Lavorel, Sandra, Karl Grigulis, Pénélope Lamarque, Marie-pascale Colace, Denys Garden, 

Jacky Girel, Gilles Pellet, and Rolland Douzet. 2011. “Using Plant Functional Traits to 

Understand the Landscape Distribution of Multiple Ecosystem Services.” Journal of 

Ecology 99:135–47. 

Lennox, Gareth D., Toby A. Gardner, James R. Thomson, Joice Ferreira, Erika Berenguer, 

Alexander C. Lees, Ralph Mac Nally, Luiz E. O. C. Aragão, Silvio F. B. Ferraz, Julio 

Louzada, Nárgila G. Moura, Victor H. F. Oliveira, Renata Pardini, Ricardo R. C. Solar, 

Fernando Z. Vaz-de Mello, Ima C. G. Vieira, and Jos Barlow. 2018. “Second Rate or a 

Second Chance? Assessing Biomass and Biodiversity Recovery in Regenerating 

Amazonian Forests.” Global Change Biology 24(12):5680–94. 

Letcher, Susan G., and Robin L. Chazdon. 2009. “Rapid Recovey of Biomass, Species 

Richness and Species Composition in a Forest Chronosequence in Northeastern Costa 

Rica.” Biotropica 41(5):608–17. 

Liu, Jia Jia, and J. W. Ferr. Slik. 2014. “Forest Fragment Spatial Distribution Matters for 

Tropical Tree Conservation.” Biological Conservation 171:99–106. 

Liu, Jinliang, Hong Qian, Yi Jin, Chuping Wu, Jianhua Chen, Shuquan Yu, Xinliang Wei, 

Xiaofeng Jin, Jiajia Liu, and Mingjian Yu. 2016. “Disentangling the Drivers of 

Taxonomic and Phylogenetic Beta Diversities in Disturbed and Undisturbed Subtropical 

Forests.” Scientific Reports 6(April):1–11. 

Lohbeck, Madelon, and Miguel Martínez-ramos. 2015. “Biomass Is the Main Driver of 

Changes in Ecosystem Process Rates during Tropical Forest Succession Biomass Is the 

Main Driver of Changes in Ecosystem Process Rates during Tropical Forest 

Succession.” 96(MAY):1242–52. 



RGC et al. 

18 

 

Lundberg, Jakob, and Fredrik Moberg. 2003. “Mobile Link Organisms and Ecosystem 

Functioning: Implications for Ecosystem Resilience and Management.” Ecosystems 

6(1):87–98. 

Magnago, Luiz Fernando S., Ainhoa Magrach, William F. Laurance, Sebastião V. Martins, 

João Augusto A. Meira-Neto, Marcelo Simonelli, and David P. Edwards. 2015. “Would 

Protecting Tropical Forest Fragments Provide Carbon and Biodiversity Cobenefits 

under REDD+?” Global Change Biology 21(9):3455–68. 

Martin, P. A., A. C. Newton, and J. M. Bullock. 2013. “Carbon Pools Recover More Quickly 

than Plant Biodiversity in Tropical Secondary Forests.” Proc Biol Sci 

280(1773):20132236. 

Martinelli, Luiz A., and Solange Filoso. 2008. “Expansion of Sugarcane Ethanol Production 

in Brazil: Environmental and Social Challenges.” Ecological Applications 18(4):885–

98. 

Martinez-Ramos, M., I. A. Ortiz-Rodriguez, D. Pinero, R. Dirzo, and J. Sarukhan. 2016. 

“Anthropogenic Disturbances Jeopardize Biodiversity Conservation within Tropical 

Rainforest Reserves.” Proc Natl Acad Sci U S A 113(19):5323–28. 

Martínez-Ramos, Miguel, Aline Pingarroni, Jorge Rodríguez-Velázquez, Lilibeth Toledo-

Chelala, Isela Zermeño-Hernández, and Frans Bongers. 2016. “Natural Forest 

Regeneration and Ecological Restoration in Human-Modified Tropical Landscapes.” 

Biotropica 48(6):745–57. 

Martins, Kelly Geronazzo, Márcia C. M. Marques, Everaldo dos Santos, and Renato 

Marques. 2015. “Effects of Soil Conditions on the Diversity of Tropical Forests across 

a Successional Gradient.” Forest Ecology and Management 349:4–11. 

Mather, A. S. 1992. “The Forest Transition.” Area1 24(4):367–79. 



RGC et al. 

19 

 

Matos, Fabio Antonio R., Luiz Fernando S. Magnago, Markus Gastauer, Jo??o M. B. 

Carreiras, Marcelo Simonelli, Jo??o Augusto A. Meira-Neto, and David P. Edwards. 

2016. “Effects of Landscape Configuration and Composition on Phylogenetic Diversity 

of Trees in a Highly Fragmented Tropical Forest.” Journal of Ecology 265–76. 

Molin, Paulo G., Sarah E. Gergel, Britaldo S. Soares-Filho, and Silvio F. B. Ferraz. 2017. 

“Spatial Determinants of Atlantic Forest Loss and Recovery in Brazil.” Landscape 

Ecology 32(4):1–14. 

Moscatelli, A., M. Mezzetti, and F. Lacquaniti. 2012. “Modeling Psychophysical Data at the 

Population-Level: The Generalized Linear Mixed Model.” Journal of Vision 12(11):26. 

Nanni, A. Sofía, Sean Sloan, T. Mitchell Aide, Jordan Graesser, David Edwards, and H. 

Ricardo Grau. 2019. “The Neotropical Reforestation Hotspots: A Biophysical and 

Socioeconomic Typology of Contemporary Forest Expansion.” Global Environmental 

Change 54(October 2018):148–59. 

Norden, N., H. A. Angarita, F. Bongers, M. Martinez-Ramos, I. Granzow-de la Cerda, M. 

van Breugel, E. Lebrija-Trejos, J. A. Meave, J. Vandermeer, G. B. Williamson, B. 

Finegan, R. Mesquita, and R. L. Chazdon. 2015. “Successional Dynamics in 

Neotropical Forests Are as Uncertain as They Are Predictable.” PNAS 112(26):8013–

18. 

Norden, Natalia, Robin L. Chazdon, Anne Chao, Yi Huei Jiang, and Braulio Vílchez-

Alvarado. 2009. “Resilience of Tropical Rain Forests: Tree Community Reassembly in 

Secondary Forests.” Ecology Letters 12(5):385–94. 

Oliveira, Victor H. F., Silvio F. B. Ferraz, Renata Pardini, Luiz E. O. C. Aragão, Toby A. 

Gardner, Jos Barlow, Julio Louzada, Fernando Z. Vaz-de Mello, Joice Ferreira, 

Alexander C. Lees, Erika Berenguer, Ima C. G. Vieira, Nárgila G. Moura, Ralph Mac 



RGC et al. 

20 

 

Nally, James R. Thomson, Ricardo R. C. Solar, and Gareth D. Lennox. 2018. “Second 

Rate or a Second Chance? Assessing Biomass and Biodiversity Recovery in 

Regenerating Amazonian Forests.” Global Change Biology 24(12):5680–94. 

Pasher, Jon, Scott W. Mitchell, Douglas J. King, Lenore Fahrig, Adam C. Smith, and Kathryn 

E. Lindsay. 2013. “Optimizing Landscape Selection for Estimating Relative Effects of 

Landscape Variables on Ecological Responses.” Landscape Ecology 28(3):371–83. 

Pellens, Roseli, and Philippe Grandcolas. 2016. Biodiversity Conservation and Phylogenetic 

Systematics. Vol. 14. edited by R. Pellens and P. Grandcolas. Springer International 

Publishing. 

Raij, B., J. .. C. Andrade, H. Cantarella, and J. A. QUaggio. 2001. Análise Química Para 

Avaliação Da Fertilidade de Solos Tropicais. Agronomic Institute. 

Rezende, Camila Linhares, Alexandre Uezu, Fabio Rubio Scarano, Dorothy Sue Dunn 

Araujo, Camila Linhares de Rezende, Alexandre Uezu, Fabio Rubio Scarano, and 

Dorothy Sue Dunn Araujo. 2015. “Atlantic Forest Spontaneous Regeneration at 

Landscape Scale.” Biodiversity and Conservation 24(9):2255–72. 

Rozendaal, Danaë M. A., Frans Bongers, T. Mitchell Aide, Esteban Alvarez-Dávila, Nataly 

Ascarrunz, Patricia Balvanera, Justin M. Becknell, Tony V Bentos, Pedro H. S. 

Brancalion, George A. L. Cabral, Sofia Calvo-Rodriguez, Jerome Chave, Ricardo G. 

César, Robin L. Chazdon, Richard Condit, Jorn S. Dallinga, Jarcilene S. de Almeida-

Cortez, Ben de Jong, Alexandre de Oliveira, Julie S. Denslow, Daisy H. Dent, Saara J. 

DeWalt, Juan Manuel Dupuy, Sandra M. Durán, Loïc P. Dutrieux, Mario M. Espírito-

Santo, María C. Fandino, G. Wilson Fernandes, Bryan Finegan, Hernando García, Noel 

Gonzalez, Vanessa Granda Moser, Jefferson S. Hall, José Luis Hernández-Stefanoni, 

Stephen Hubbell, Catarina C. Jakovac, Alma Johanna Hernández, André B. Junqueira, 



RGC et al. 

21 

 

Deborah Kennard, Denis Larpin, Susan G. Letcher, Juan-carlos Licona, Edwin Lebrija-

Trejos, Erika Marín-Spiotta, Miguel Martínez-Ramos, Paulo E. S. Massoca, Jorge A. 

Meave, Rita C. G. Mesquita, Francisco Mora, Sandra C. Müller, Rodrigo Muñoz, Silvio 

Nolasco de Oliveira Neto, Natalia Norden, Yule R. F. Nunes, Susana Ochoa-Gaona, 

Edgar Ortiz-Malavassi, Rebecca Ostertag, Marielos Peña-Claros, Eduardo A. Pérez-

García, Daniel Piotto, Jennifer S. Powers, José Aguilar-Cano, Susana Rodriguez-

Buritica, Jorge Rodríguez-Velázquez, Marco Antonio Romero-Romero, Jorge Ruíz, 

Arturo Sanchez-Azofeifa, Arlete Silva de Almeida, Whendee L. Silver, Naomi B. 

Schwartz, William Wayt Thomas, Marisol Toledo, Maria Uriarte, Everardo Valadares 

de Sá Sampaio, Michiel van Breugel, Hans van der Wal, Sebastião Venâncio Martins, 

Maria D. M. Veloso, Hans F. M. Vester, Alberto Vicentini, Ima C. G. Vieira, Pedro 

Villa, G. Bruce Williamson, Kátia J. Zanini, Jess Zimmerman, and Lourens Poorter. 

2019. “Biodiversity Recovery of Neotropical Secondary Forests.” Science Advances 

5(3):eaau3114. 

Soares-Filho, Britaldo, Raoni Rajão, Marcia Macedo, Arnaldo Carneiro, William Costa, 

Michael Coe, Hermann Rodrigues, and Ane Alencar. 2014. “Cracking Brazil ’ s Forest 

Code.” Science 344(April):363–64. 

Team, R. Core. 2018. “R: A Language and Environment for Statistical Computing.” 

Toledo, Renato Miazaki, Rozely Ferreira Santos, Lander Baeten, Michael P. Perring, and 

Kris Verheyen. 2018. “Soil Properties and Neighbouring Forest Cover Affect Above-

Ground Biomass and Functional Composition during Tropical Forest Restoration.” 

Applied Vegetation Science 21(2):179–89. 

Tucker, Caroline M., Marc W. Cadotte, Silvia B. Carvalho, T. Jonathan Davies, Simon 

Ferrier, Susanne A. Fritz, Rich Grenyer, Matthew R. Helmus, Lanna S. Jin, Arne O. 



RGC et al. 

22 

 

Mooers, Sandrine Pavoine, Oliver Purschke, David W. Redding, Dan F. Rosauer, 

Marten Winter, and Florent Mazel. 2017. “A Guide to Phylogenetic Metrics for 

Conservation, Community Ecology and Macroecology.” Biological Reviews 92(2):698–

715. 

Webb, Campbell O., David D. Ackerly, and Steven W. Kembel. 2008. “Phylocom: Software 

for the Analysis of Phylogenetic Community Structure and Trait Evolution.” 

Bioinformatics 24(18):2098–2100. 

Webb, Campbell O., The American Naturalist, and No Aug. 2000. “Rain Forest Trees 

Exploring the Phylogenetic Structure of Ecological Communities : An Example for Rain 

Forest Trees.” 156(2):145–55. 

Wikstrom, N., V. Savolainen, and M. W. Chase. 2001. “Evolution of the Angiosperms: 

Calibrating the Family Tree.” Proceedings of the Royal Society B: Biological Sciences 

268(1482):2211–20. 

Zanne, A. E., G. Lopez-Gonzalez, D. A. Coomes, J. Ilic, S. Jansen, S. L. Lewis, R. B. Miller, 

N. G. Swenson, M. C. Wiemann, and J. Chave. 2009. “Data from: Towards a Worldwide 

Wood Economics Spectrum.” Dryad Digital Repository. . 

Zermeño-Hernández, Isela, M. Méndez-Toribio, C. Siebe, J. Benítez-Malvido, and M. 

Martínez-Ramos. 2015. “Ecological Disturbance Regimes Caused by Agricultural Land 

Uses and Their Effects on Tropical Forest Regeneration.” Applied Vegetation Science 

18(3):443–55. 

 


