
ORIGINAL PAPER

Factors influencing early secondary succession
and ecosystem carbon stocks in Brazilian Atlantic Forest

Samuel J. B. Robinson1 • Eduardo van den Berg2 •

Gabriela S. Meirelles2 • Nick Ostle1

Received: 15 February 2015 / Revised: 3 August 2015 /Accepted: 10 August 2015 /
Published online: 26 August 2015
� Springer Science+Business Media Dordrecht 2015

Abstract Ecologically relevant restoration of secondary Atlantic forest on abandoned

land offers a potential means to recover biodiversity and improve crucial ecosystem ser-

vices, including carbon sequestration. Early secondary successional trajectories are

determined by a range of environmental factors that influence plant community develop-

ment. Context-specific understanding of forest vegetation communities, their dynamics,

and underlying drivers is needed for future restoration strategies. In this study we examined

relationships between soil (chemical and physical) and environmental (landscape and

topographical) characteristics, plant community attributes, and carbon stocks during early

secondary succession. Data were collected at two sites undergoing early secondary suc-

cession in seasonally-dry Atlantic Forest (Rio de Janeiro State, Brazil). Both sites were

previously used for pasture and abandoned at similar times, but showed differing vege-

tation communities. We found tree biomass and diversity and ecosystem carbon storage to

be strongly positively related to the amount of surrounding forest, less steep slopes and

clay soils, and negatively to the abundance of the shrub Leandra aurea. Soil carbon pools

significantly increased with aboveground tree biomass. The only factor significantly

affecting the metric of overall successional development (combining tree biomass and

diversity) was total surrounding forest cover. Our findings suggest recovery of secondary

forest and below- and aboveground carbon storage is limited by the amount of adjacent

forest, some soil properties and dense shrub establishment down-regulating the succession

process. Overall we offer evidence of potential to improve recovery of Atlantic forest with
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ecologically relevant seeding/planting programmes and selective shrub removal that could

benefit ecosystem carbon storage.

Keywords Tropical secondary forest � Abandoned pasture � Soil characteristics �
Ecological restoration � Facilitation � Inhibition � Melastomataceae � Leandra aurea � Seed
dispersal

Introduction

The Atlantic Forest tropical biome is recognised as one of the most important global

biodiversity hotspots (Loyola et al. 2013). It is characterised by high endemism and

diversity (Carnaval et al. 2009), greater than that of most Amazonian forests (Morellato

and Haddad 2000). However, these biologically unique forests are some of the most

threatened (Metzger 2009), and have undergone heavy anthropogenically-driven defor-

estation and degradation over the past five centuries (Tabarelli et al. 2010). Only around

11.7 % of the original extent of 150 million hectares remains, and the majority of the

existing forest fragments are isolated, unprotected and small in area (Ribeiro et al. 2009).

This has greatly impacted on the provision of important ecosystem functions (Ferraz et al.

2014) that underpin vital services provided by these forests, including the offsetting of

global carbon emissions and climate change (DeFries et al. 2002; Zarin 2012). Conse-

quently, the Atlantic Forest is now regarded as a priority biome for global biodiversity

conservation (Martini et al. 2007).

Although the preservation of primary forest is crucial for biodiversity conservation and

the maintenance of resultant ecosystem functions (Gibson et al. 2011), the natural and

managed development of secondary forest on degraded land could have great potential for

recovery ecosystem services (Chazdon 2008; Melo et al. 2013) including carbon storage

(Pan et al. 2011). This could be achieved through large-scale ecological restoration ini-

tiatives (Brancalion et al. 2013) in human-modified landscapes throughout the neotropics

where land has been left abandoned as a result of changes in agricultural practices (Wright

2010). Today many restoration programmes deploy strategic seeding (Kettle 2012) and

planting programmes (Celis and Jose 2011) to achieve desired vegetation composition and

structure. However, there is evidence that past efforts to accelerate recovery of Brazilian

Atlantic Forest have been challenged by a lack of context-specific knowledge of these

communities and their ecology (Rodrigues et al. 2009). It is clear that improved under-

standing of the factors governing secondary succession in tropical forest ecosystems,

including Atlantic Forest, is vital for restoration and management (Chazdon 2008; Ferraz

et al. 2014; Putz and Redford 2010).

Secondary succession in tropical forests is characterised by an increase in tree abun-

dance, biomass, species richness, spatial heterogeneity and floristic similarity with sur-

rounding mature forest over time (Cook et al. 2005; Finegan 1996; Kappelle et al. 1995),

although these processes are not necessarily unidirectional or gradual (van Breugel et al.

2006). Increases in soil nutrient status, organic matter and carbon storage are also expected

with increasing tree biomass (Amazonas et al. 2011; Deng et al. 2013; Hooker and

Compton 2003). Secondary succession of Brazilian Atlantic Forest can result in a wide

range of realised vegetation communities that depend on a number of local biotic factors

and environmental forces (Rees et al. 2001). These factors act to influence the rate and
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direction of forest secondary succession by affecting the establishment of pioneer plant

species and ecological interactions (Connell and Slatyer 1977).

Early-successional trajectories on tropical abandoned land have been shown to be

strongly influenced by the type, duration, frequency and intensity of previous land use

(Valdez-Hernández et al. 2014; Holl and Zahawi 2014). This includes the size of the

disturbed site and subsequent proximity to seed sources (Holl 1999; Muiz-Castro et al.

2006; Zimmerman et al. 2000), and the amount and distribution of forest within the

surrounding landscape matrix as a regulator of seed dispersal vector movements (Uriarte

et al. 2011). Soil chemical and physical characteristics can also affect the speed of forest

recovery (Chazdon 2003; Johnson et al. 2000; Moran et al. 2000). These may be principle

drivers of developmental rates towards a woody-dominated state (Chazdon et al. 2007;

Fridley and Wright 2012), as well as influencing plant species distributions (Condit et al.

2013). Soil nutrients are an important regulator of vegetation regrowth (Celentano et al.

2011) and strategies for soil nutrient management may be a prerequisite for forest re-

establishment where soils have been degraded (Chazdon 2003; Macedo et al. 2008). The

return of nutrients to the soil is in turn dependent on the composition of developing

vegetation (Melvin et al. 2011). Topography can also influence succession through a

mediation of edaphic conditions. Factors such as gradient of slope are linked with plant

species richness and diversity and tree seedling recruitment, by affecting water drainage

and the washing-out or accumulation of nutrients (Fu, et al. 2004; Osman and Barakbah

2010; Bentos et al. 2013). Although many studies have investigated interrelationships and

feedbacks between soil characteristics and vegetation community attributes during forest

regeneration throughout the tropics (e.g. Amazonas et al. 2011; Fonseca et al. 2012; Holl

and Zahawi 2014; Li et al. 2013; Yassir et al. 2010), few studies have been undertaken in

the context of early secondary succession in Brazilian Atlantic Forest.

The overarching aim of this study was to investigate the relationships between soil and

environmental characteristics, plant community attributes, and above- and belowground

carbon stocks across differing vegetation communities during tropical secondary succes-

sion. Vegetation, soil and environmental metrics were recorded across sites of early sec-

ondary succession in Brazilian Atlantic Forest, focussing on two areas previously used for

pasture with similar time since abandonment, located between the Serra da Mantiqueira

and Serra do Mar mountain ranges. This study contributes to a comparative analysis of

succession in the area to provide a basis for future restoration strategies focused on re-

establishing a corridor between two important protected areas (Itatiaia National Park to the

north and Serra da Bocaina State Park to the south). The key objectives of this work were

to investigate (1) underlying drivers of differences in vegetation communities and carbon

stocks and (2) mutual influences of vegetation and soil conditions (chemical properties)

during early secondary succession. As soil properties and environmental factors can affect

rates of development towards mature forest, and soil quality is expected to improve during

forest recovery, we hypothesised that (a) variations in vegetation layers (grasses, shrubs

and trees) can be explained by environmental and soil characteristics, (b) forest re-

establishment (accumulation of aboveground tree biomass and diversity) is limited by low

soil nutrient capital, soil texture, slope gradient and amount of adjacent closed-canopy

native forest, and that (c) soil properties (i.e. nutrient status and carbon content) and total

(above- and belowground) carbon storage recover with increasing tree biomass.
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Materials and methods

Study site

This study was conducted at three areas of previously abandoned pasture within seasonally

dry semi-deciduous Brazilian Atlantic Forest, located around the Funil Reservoir in the

Paraı́ba do Sul river catchment, near to the town of Itatiaia, Rio de Janeiro (22�28000.6000S,
44�34051.6500W) as shown on the map (Online Resource 1). Soils under these forests are

characterised primarily as Ultisols and Oxisols (Bernoux et al. 2002). Two areas (Areas 1

and 2) were chosen to represent areas undergoing early secondary succession. Both of

these areas comprised shrub dominated communities with intermittent grasses and trees

with no established canopy. They were located near a large fragment of closed-canopy

native forest, with patchy remnant stands also occupying the surrounding landscape matrix.

According to local accounts, both sites were abandoned approximately 30 years ago. They

were assumed to have similar land use histories. Area 2 was perceived as demonstrating

faster successional rates owing to a markedly greater abundance and diversity of trees

(Fig. 1a, b). The shrub Leandra aurea exhibited high abundance in both areas, particularly

dominant in Area 1 (Fig. 1c). A control area of more mature secondary forest was studied

for comparison (Fig. 1d).

Fig. 1 Images of study sites, Area 1 (a) demonstrating a markedly lower abundance of trees in comparison
to Area 2 (b), indicating slower rates of succession and forest recovery. The pioneer shrub L. aurea shrub
was also abundant, being particularly dominant in Area 1 (c). The control Area (d) was chosen to represent
an advanced stage of succession for comparison with early successional sites
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Sampling and measurements

Edaphic and environmental metrics

Five 20 9 20 m plots were established in each area. This size was chosen for consistency

with other plots already established in the region as part of a wider chronosequence study

(in which the control area is also included). These were large enough to minimize the

overestimation of aboveground biomass associated with smaller plots (Brown et al. 1995;

Marı́n-Spiotta et al. 2007), whilst also allowing for enough replication to account for high

variability in soil and environmental metrics, and to maximise heterogeneity in vegetation

communities (Garcia et al. 2014). Soil cores were taken at five points within each plot (one

in the centre, and one in the centre of each quarter) to a depth of 20 cm with a 5 cm

diameter soil auger for chemical and physical analysis. Samples were air dried, sieved

(2 mm mesh), homogenised, and then analysed for pH in water, P concentrations (deter-

mined by the Mehlich-1 extraction method described in Bortolon et al. (2011)) and particle

size. Further subsamples were taken to determine total C and N percentages by dry

combustion using an Elementar Vario EL III elemental analyser. Soil bulk density and soil

profiles were assessed by digging a soil pit in the centre of each plot. Undisturbed soil cores

were taken at six depths of equal intervals with a volumetric ring to 30 cm. Samples were

oven dried at 105 �C to constant weight. Bulk density for each depth was determined by

dividing the dry weight of each sample by the ring volume, and averaged to provide mean

soil bulk density to 30 cm. Soil horizons were delimited from the soil pit wall according to

colour and texture. Leaf litter depth was measured at each corner of a 50 9 50 cm quadrat

placed at each sampling point. All litter, fine and course woody debris within the quadrat

was collected for determining forest floor litter mass. Slope and elevation were recorded

with a clinometer and GPS respectively.

Vegetation metrics

As the study is concerned with early successional stages associated with smaller trees, all

individuals with a diameter at breast height (dbh, at 1.3 m from the ground)[3 cm were

identified in all plots. Species were identified with the help of taxonomists, and samples

collected were deposited in the herbarium in the Departamento de Biologia, Universidade

Federal de Lavras (UFLA). Methods for estimating aboveground biomass were derived

after Berenguer et al. (2014). Total height was visually estimated and circumference at

breast height was measured for each tree. Circumference was measured just below stem

defects or trunk irregularities if they occurred at 1.3 m from the ground. For trees with

bifurcations below 1.3 m, circumferences for all stems were measured. The allometric

equation in Chave et al. (2014) (derived from pantropical tree data including from

Brazilian Atlantic Forest) was used for all trees excluding Cecropia and palms. Above-

ground biomass for Cecropia and palms was estimated using the specific equations in

Nelson et al. (1999) and Saldarriaga et al. (1988) respectively as they have different growth

forms (Table 1). Species-specific wood densities were obtained from the Global Wood

Density Database dryad data package (Zanne et al. 2009) (see Chave et al. 2009). When

species specific data were not available, estimates were calculated by averaging the wood

densities of other species within the closest taxonomic level (Flores and Coomes 2011).

Only species from tropical South America were used where possible (Berenguer et al.

2014).
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Shrub biomass was estimated as an indicator of shrub abundance. Shrub cover was

visually estimated at the plot level in increments of 10 %. 40 random individuals were

selected across areas 1 and 2. Trunk diameter above the rootstock and total height was

measured, and crown area was calculated using maximum and perpendicular widths.

Aboveground biomass was estimated using the same procedure as for trees. Regression

analysis revealed crown area to be a statistically significant predictor of shrub biomass

(R2 = 0.383, p\ 0.001, N = 40). Number of shrubs per plot was estimated using average

crown area, and the following model was used to estimate total shrub biomass:

AGBs ¼ 0:605þ ð0:088� CaÞ ð1Þ

where AGBt is shrub biomass and Ca is shrub crown area. Analysis of covariance showed

no significant difference in the prediction of biomass by crown area between areas or plots

(p[ 0.05), therefore the same model was used for all sites.

Alpha diversity (within-plot diversity) for trees was assessed using the Shannon-Wiener

diversity index, H0. The measure of equitability, J0, was also calculated (Rodrigues et al.

2004). Beta diversity (similarity in species composition between the areas) was determined

using the Sørensen community coefficient, CC, to compare sites of early secondary suc-

cession with more mature forest as an indication of floristic recovery or species turnover

(Kappelle et al. 1995).

Importance values for each tree species were calculated for each area as the sum of the

relative density (proportion of each species accounting for total number of individuals), the

relative dominance (proportion of each species accounting for total basal area) and relative

frequency (number of plots in which each species occurs as a proportion of total frequency)

and divided by the maximum total (Holl 1999; Kuers 2005).

Evaluation of forest recovery

The metrics chosen to indicate successional development were aboveground tree biomass

and diversity, taken from the five main community attributes described in Chazdon et al.

(2007), as they incorporate aspects of other measures (stem density, basal area,1 species

density and richness). We derived an overall value indicative of forest recovery status,

where diversity was weighted by aboveground biomass:

Table 1 Allometric equations for determining aboveground biomass for trees (total dry weight expressed in
kg)

Parameter Equation R2 N Source

Trees[ 3 cm dbh
(excluding Cecropia
and palms)

exp (-2.6986 ? 0.976ln (qD2H)) – 4004 Chave et al. 2014

Cecropia[ 3 cm dbh exp (-2.5118 ? 2.4257ln (D)) 0.980 27 Nelson et al. 1999

Palms exp (-6.3789–0.877ln(1/D2)
? 2.151ln (H))

0.890 19 Saldarriaga et al. 1988

Where dbh is tree diameter at breast height (1.3 m from the ground), D = dbh (cm), q = wood density
(gcm-3) and H = tree height (m)

1 Aboveground biomass was chosen as a more direct measurement of abundance compared to basal area
alone (Chazdon et al. 2007).
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ISS ¼ AGBt

H0

H0
h

þ 1

� �
ð2Þ

where ISS is the overall index of successional status, AGBt is total aboveground tree

biomass in a plot, H0 is plot diversity and H0
h is the maximum plot diversity found across all

areas including the control (in this way diversity values were standardised to give values

between 0 and 1. 1 was added to each value to account for plots where only one species

was present, H0 = 0).

Carbon stocks

Carbon stocks for aboveground, forest floor and carbon pools in each plot (MgCha-1) were

estimated following Berenguer et al. (2014). Carbon was assumed to account for 50 % of

the total biomass in aboveground living biomass, litter and dead wood (IPCC 2006).

Therefore, aboveground carbon stocks were estimated as half of the sum of aboveground

tree and shrub biomass. For the forest floor carbon pool (i.e. carbon stored in leaf litter and

woody debris), litter samples were transferred into paper bags and dried at 65 �C to

constant weight to determine biomass (Godinho et al. 2014), multiplied by 0.5 to estimate

carbon mass, and divided by the quadrat area. Soil carbon stocks were estimated by

multiplying soil carbon content by soil bulk density by layer thickness using average bulk

density to the depth that soil cores were taken (20 cm).

Influence of adjacent closed-canopy native forest

To evaluate the potential influence of the amount of adjacent closed-canopy native forest,

hereafter referred to simply as forest (i.e. proximity and size of nearby forest fragments),

on plant community attributes and carbon stocks, 5 m resolution RapidEye aerial imagery

was acquired2 for the study site and analysed using ArcMap, ver. 10.1. Forest was dis-

tinguished from other land cover using supervised classification through the maximum

likelihood technique. A buffer of 200 m was demarcated around each plot (to account for

both shorter-range and the major effects of long-range seed dispersal, defined by Cain et al.

(2000) as over 100 m). Forest cover was estimated from the relative number of pixels

identified as accounting for forest within each buffer.

Statistical analyses

Statistical analyses were conducted using IBM SPSS Statistics for Windows, ver. 21.0. The

data were assessed for normality, and means for measured variables were calculated for

each area and plot and compared for difference through one-way analysis of variance. Post-

hoc Tukey tests were applied where necessary to distinguish homogenous groups. The two

areas undergoing early succession were also compared for all metrics using a t test. Sig-

nificant relationships between vegetation and soil/environmental metrics across the early

successional sites were identified using a General Linear Model (GLM). Relationships

were considered to be significant at the 5 % critical level (p\ 0.05). Highly correlated

variables were linearly combined into single components through Principle Components

Analysis where it made conceptual sense. Potential main drivers of forest recovery and

2 Images were obtained from the Departamento de Ciências Florestais, Universidade Federal de Lavras
(UFLA).
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carbon storage were then identified by backward elimination using a generalized linear

mixed model (GLMM) to accommodate for non-normal distributions and correlations

between predictor variables.

Results

Comparison of secondary succession systems

Environmental parameters, pasture grass and shrub characteristics, and soil
properties

Plots in Area 1 generally had steeper slopes at slightly higher elevations, and were shown

to have consistently less amounts of forest in the surrounding landscape matrix compared

to Area 2. Significantly higher mean values for biomass of the L. aurea shrub were found

in Area 1 where it was found to be strongly dominant (ranging from 80 to 90 % cover

across all plots compared to minimum and maximum values of 30 and 90 % respectively in

Area 2). Pasture grass cover was generally higher in Area 2, with Andropogon bicornis and

Melinis minutiflora being the dominant species. The only soil physical parameter that was

not significantly different between areas 1 and 2 was proportion of silt. Soil clay content

(Online Resource 2 a), leaf litter, organic and mixed layer depths were all higher in Area 2

(the latter two variables greater still in the control) whereas proportion of sand was lower

(Online Resource 2 b). Areas 1 and 2 displayed significantly different means for all soil

chemical properties (see Online Resource 3 for means of all measured variables and

statistics). Lower concentrations of C, N and P were found in Area 1 (Online Resource

2c,d,e) although much variability was found. When all sites were considered, the control

did not significantly differ from Area 2 for mean N or C percentages, although P con-

centrations were significantly higher in the control. Soils in Area 2 were consistently more

acidic than in Area 1, and pH values were significantly lower in the control compared to

early successional sites (Online Resource 2 f).

Tree community metrics

We measured a total of 736 trees in all studied areas, of which 715 were identified to the

level of species. A full species list can be found in the online supplementary material

(Online Resource 4). Tree biomass, diversity, evenness, and overall successional indices

were all shown to be significantly higher in Area 2 compared to Area 1 when compared

without the control, although a high degree of within-site variability was found among all

of these parameters (Online Resource 3). However, when the control area was included in

the comparison, tree abundance was not shown to significantly differ between areas 1 and

2, owing to a substantially greater tree biomass values in the control (Fig. 2a). The other

measures of tree community structure, tree height and DBH, showed trees to be signifi-

cantly taller in Area 1 than Area 2 (and taller still in the control), whereas mean DBH was

statistically similar in both areas of early succession (although values were significantly

smaller than in control forest). Tree diversity (Fig. 2b) and equitability were larger in Area

2 compared to Area 1, and significantly greater in the control area. Sørensen community

coefficients for beta diversity gave values of 0.05 between Area 1 and the control forest,

0.10 between Area 2 and the control forest and 0.80 between areas 1 and 2. Tree
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communities in the control area were therefore shown to be generally more floristically

similar to those in Area 2 than Area 1. Tree communities in areas 1 and 2 were, however,

comparatively more similar to each other than to the control forest. The most important

tree species were Cecropia pachystachia in Area 1 (accounting for 88.1 % of individuals),

and Myrcia splendens in Area 2 (65.0 %).

Carbon stocks

Total carbon stocks were significantly higher in Area 2 than in Area 1, and higher still in

the control forest (Fig. 2c). Soil carbon stocks were significantly lower in Area 1 than in

Area 2, although soil carbon pools in Area 2 were statistically similar to the control.

Differences in forest floor (leaf litter and woody debris) carbon stocks were not found

between areas 1 and 2, although values were significantly greater in the control. We found

aboveground carbon stocks (displaying the greatest amount of within-site variability) in

areas 1 and 2 to be statistically similar between themselves, but significantly lower

compared to the control. A comparison of the relative proportions of each carbon pool to

total carbon stocks demonstrates a larger proportion of carbon stored in the aboveground

pool in Area 2 than Area 1, and much more in the control. Conversely, the proportion of

total carbon stored in the soil is lower in Area 2 than Area 1, and to a considerably lesser

extent in the control (Fig. 2d,e).

Fig. 2 Mean values for vegetation and carbon metrics for each area for a tree biomass and b diversity, and
c total carbon stocks (± 1 SD, N = 5), d total carbon stocks divided into each carbon pool, and e relative
proportions of each carbon pool contributing to overall carbon storage. Similar superscript letters indicate
statistically homogenous groups for each parameter identified by the Tukey test at p\ 0.05, with letters a to
c representing highest to lowest group means. Early successional areas 1 and 2 were also compared
separately without the control area using a t test. *** indicates significant differences between metrics of the
two early successional sites at the p\ 0.001 level, ** p\ 0.01, and *p\ 0.05
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Relationships across early successional sites

A strong positive relationship was found between tree biomass and diversity and amount of

adjacent forest (R2 = 0.305, p\ 0.001 and R2 = 0.674, p\ 0.001 respectively) (Online

Resource 5a,b), whereas both of these parameters decreased with greater shrub abundance

(R2 = 0.447, p\ 0.001 and R2 = 0.129, p = 0.01 respectively) (Online Resource 5c,d).

Higher tree biomass values were weakly associated with less steep slopes (R2 = 0.085,

p = 0.040). There was no significant correlation between tree biomass and concentration

of N or P (p[ 0.05), although it was positively correlated with soil clay content

(R2 = 0.231, p\ 0.001) (Online Resource 5 e) and negatively with the proportion of sand

(R2 = 0.164, p = 0.004). Tree diversity was also strongly positively affected by soil clay

content (R2 = 0.599, p\ 0.001) (Online Resource 5f). Leaf litter, organic and mixed layer

thickness all increased with tree biomass, as did Soil C content (although weakly)

(R2 = 0.154, p = 0.005, R2 = 0.524, p\ 0.001, R2 = 0.238, p\ 0.001 and R2 = 0.107,

p = 0.020 respectively) whilst the opposite trend was observed with pH levels

(R2 = 0.229, p\ 0.001) and soil bulk density (R2 = 0.229, p\ 0.001). Shrub biomass

was positively related to soils of lower N and P concentrations (R2 = 0.317, p\ 0.001 and

R2 = 0.228, p\ 0.001 respectively) and steeper slopes (R2 = 0.392, p\ 0.001). Tree

diversity increased with higher concentrations of N (R2 = 0.546, p\ 0.001) and P

(R2 = 0.129, p = 0.010) as well as overall tree abundance (R2 = 0.230, p\ 0.001). Less

diverse tree communities were more likely to be found on soils with a greater proportion of

sand (R2 = 0.578, p\ 0.001) at higher elevations (R2 = 0.270, p\ 0.001). There was

also a positive correlation between soil clay and N content (R2 = 0.308, p\ 0.001).

Total carbon stocks were strongly positively correlated with aboveground tree biomass

(R2 = 0.275, p\ 0.001) through a direct association with aboveground carbon stocks

(R2 = 0.998, p\ 0.001), as well as forest floor (R2 = 0.151, p = 0.005) and soil

(R2 = 0.086, p = 0.038) carbon stocks. Soil carbon stocks were positively related to leaf

litter depth (R2 = 0.104, p = 0.022). There were also positive relationships between soil

carbon stocks and N and P concentrations (R2 = 0.753, p\ 0.001 and R2 = 0.489,

p\ 0.001 respectively).

When these relationships were tested across all sites including the control, pH was

shown to decline with greater tree biomass (R2 = 0.739, p\ 0.001), while soil C increased

(R2 = 0.158, p\ 0.001). P concentrations increased with tree biomass (R2 = 0.335,

p\ 0.001) as did soil and forest floor carbon pools (R2 = 0.141, p = 0.01 and

R2 = 0.443, p\ 0.001 respectively). There was a positive relationship between tree

diversity and soil N across all sites (R2 = 0.142, p = 0.001).

As the two soil textural parameters of clay and sand content were highly correlated

(R2 = 0.889, p\ 0.001), a new variable representing clayey soils was created as a linear

combination of the two through for analysis of main drivers of successional development

though Principle Components Analysis where the extracted component explained 97.1 %

of the variance. The same procedure was taken for the correlated variables shrub biomass

and pasture grass cover (R2 = 0.978, p\ 0.001), to represent shrub dominance, where the

extracted component explained 99.4 % of variance. The GLMM showed the two predictors

having the largest effect on tree biomass to be amount of adjacent forest and slope

(F = 9.835, p = 0.003 and F = 4.537, p = 0.038 respectively). The parameters having

the largest effect on tree diversity were found to be the proportion of clay in the soil

(F = 26.208, p =\ 0.001), the proportion of shrub in relation to pasture grass cover

(F = 15.844, p =\ 0.001), and soil N content (F = 8.655, p = 0.005). The only
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significant parameter found to be most strongly affecting the overall measure of early

forest recovery status, ISS was the amount of forest in the surrounding area (F = 7.648,

p = 0.008).

Discussion

Drivers of early successional trajectories

Our results show that variation in vegetation community attributes (i.e. tree biomass and

diversity, and relative abundance of shrub species) can, in part, be explained by landscape

and topography parameters (amount of adjacent forest and slope) and soil characteristics

(proportion of clay in the soil) in these early successional sites, although we recognise the

limitations due to errors associated with estimating tree height for calculating tree biomass.

The hypothesis that forest recovery may be influenced by the amount of nearby closed-

canopy native forest was supported through its strong positive effect on the index of overall

forest recovery status. The proportion of clay in the soil was shown to be an important

significant predictor of tree abundance and diversity, allowing the rejection of the null

hypothesis that soil texture does not limit successional development. However, the lack of

a significant relationship between soil nutrient parameters and tree biomass suggests

woody biomass accumulation is not limited by soil N or P status at these early successional

sites. Tree biomass and diversity were also negatively associated with the dominance of the

abundant shrub species L. aurea and slope steepness.

Overall, more developed forest communities were found on soils richer in clay at sites

with greater amounts of adjacent forest located on less steep slopes, where shrubs were less

abundant. As the amount of surrounding forest was shown to be the strongest predictor of

overall forest recovery, faster recovery rates would be expected in areas with higher

connectivity irrespective of other soil or environmental parameters. Shrub abundance was

the second most important factor strongly affecting tree biomass (the parameter most

closely linked to total carbon stocks), therefore we suppose that areas independent of the

amount of surrounding forest cover could experience slowed overall growth and recu-

peration of carbon storage when shrub cover is high.

The differences we found between Area 1 and 2 are consistent with recent studies on

abandoned land where distance from more mature forest has been negatively related to tree

basal area, abundance and diversity (Muiz-Castro et al. 2006). In light of other studies

linking proximity and distribution of nearby forest fragments to low numbers of wind- and

animal-dispersed seeds (Holl 1999; Uriarte et al. 2011; Zimmerman et al. 2000), these

results suggest lack of dispersal may be a main barrier to succession. Selective seeding in

addition to planting may therefore be necessary to improve tree recruitment (Kettle 2012)

where little or no forest is present in the nearby landscape. In terms of forest structure, our

results also show trees were generally taller in Area 1 with less surrounding forest. Greater

mean values for tree biomass in Area 2 were therefore driven by overall number of

individual trees rather than tree height or DBH. Not only were there fewer trees in Area 1,

but individuals were almost exclusively Cecropia pachystachia, which have relatively

lower biomass for their height as the stems of this genus are hollow (Berenguer et al.

2014).

The colonisation of grasslands by pioneer shrubs has been shown in some tropical

ecosystems to improve tree seedling establishment by acting as ‘succession facilitators’,
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i.e. promoting dispersal, improving soil nutrient status through litter production (for

example in Amazonian forests (Vieira et al. 1994)) and providing favourable microclimatic

conditions to overcome competition from aggressive grasses in open pasture (Celis and

Jose 2011; Klanderud et al. 2010). Conversely, other studies of shrub-tree relationships

have shown that establishment of tree seedlings may be impeded where shrubby species

have become dense (Styger et al. 2007) through root and shoot competition for nutrients

and light (Putz and Canham 1992). As such, well-developed shrub communities can have a

high resistance to tree invasion, especially on poor soils (Hill et al. 1995). Our findings

suggest abundant presence of the shrub L. aurea may be inhibiting the recuperation of

secondary forest and carbon storage capacity in this region of Atlantic Forest. As the

identified trees were pioneers species, which are typically highly light-demanding

(Guariguata and Ostertag 2001), we suggest that intensified photosynthetic competition in

areas where shrub canopies are dense may be preventing recruitment of later pioneer

species. The family Melastomataceae, to which this species belongs, are often apomictic

and not reliant on cross-pollination, a characteristic that can offer a competitive advantage

for colonisation (dos Santos et al. 2012). We found that high shrub abundance was also

most likely to occur on less nutrient rich and sandy soils, suggesting a higher adaptability

to poorer conditions. The resistance of later successional colonists may continue as this

dominant shrub species persists as per the model of inhibition (Connell and Slatyer 1977).

Whereas the active introduction of native shrubs into tropical grassland ecosystems has

been advocated in recent studies (Yassir et al. 2010), these findings suggest the selective

removal of L. aurea may also be beneficial in promoting natural forest recovery. Other

studies in Brazilian forests have found this species to be an important constituent of early

successional systems (Rondon Neto et al. 2000). Indeed, as these Melastomes are fruit

bearing, they may be beneficial in forest recovery through offering a food supply for

frugivores and other dispersal vectors, promoting the development of other zoochoric

species. For this reason, and for their potential for creating stepping-stones between

forested areas in highly fragmented landscapes, plants of the Melastomataceae have been

recommended for ecological restoration programmes particularly in Atlantic forest (Sil-

veira et al. 2013). However, this dominance of one species may be limiting as diversity of

phenological patterns amongst growth-forms is required for catalysing forest regeneration

due to differences in seasonal resource availability for fauna (Garcia et al. 2014). The

degree of shrub control needed to facilitate further succession remains unclear, and further

research is required to quantify the effect of and selective removal of L. aurea where it is

dense.

We found the proportion of clay in the soil positively influenced metrics of successional

status, corresponding with other studies of transition of grassland towards mature forest in

young secondary succession systems where higher sand content impeded the development

of shrubs and trees (Yassir et al. 2010). This may be interpreted as an effect of soil water

availability, as soils with finer particles have a greater potential and water retention (Wall

and Heiskanen 2003), a major determinant of plant growth and survival in seasonally dry

secondary tropical forests (Cooper et al. 2012; Hasselquist et al. 2010). Lower capacity for

free-drainage with more moderate gradients may further contribute to soil moisture holding

capacity. Impedance of forest recovery by lack of water availability is a problematic barrier

to remove and even irrigation does not necessarily provide beneficial results in terms of

pioneer species growth (e.g. Fortini et al. 2010). The establishment of tree canopies can

positively affect local humidity (Holl 1999), and a focus on seeding/planting of hardy

native pioneer tree species may offer potential under poor conditions (Zimmerman et al.

2000). Recovering ecosystems in these regions may come under increasing pressure from
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drier conditions and greater extremes between wet and dry seasons associated with future

climate scenarios (Collins et al. 2013; Wright 2010).

The lack of a significant relationship between soil nutrient parameters and tree abun-

dance contrasts with some studies in secondary tropical forest on abandoned land, where

soil N and P have been shown to limit accrual of aboveground biomass (Davidson 2004;

Davidson et al. 2007; Amazonas et al. 2011), but are congruent with others where neither N

nor P explained much of the variation in aboveground tree biomass in young Costa Rican

secondary forest and plantations (Holl and Zahawi 2014). However, the positive rela-

tionship we found between soil N content and tree diversity is consistent with the notion

that accrual of mature tree species during forest recovery can depend on the amount of N

available in the soil (Chazdon 2008; Martinez-Garza and Howe 2003). Other recent studies

in tropical secondary forest ecosystems have linked soil N to reductions in species even-

ness and diversity (Lu et al. 2011; Siddique et al. 2010) in the context of soil N enrichment.

In the present study, we suggest tree density is not sufficiently high enough to lead to

competitive exclusion between these early pioneer trees, which may mutually benefit from

higher nutrient concentrations through being particularly adapted (Ellsworth and Reich

1996; Lawrence 2003). Soil N concentrations were moderately linked to the metric of

overall forest recovery status when considered alone through this positive relationship with

tree diversity, but no soil nutrients were shown to have a significant effect in comparison

with other model parameters, i.e. amount of adjacent forest, slope, shrub abundance and

soil clay content. Implications for restoration are to focus efforts on these other barriers to

succession, being seed dispersal limitation and processes of tree-shrub competition.

Vegetation and edaphic trends across differing communities

We found tree communities in Area 2 to be more similar in composition to the control, also

predicted by other studies (Kappelle et al. 1995), possibly indicating that successional

processes here are occurring at a faster rate. M. splendens and Siparuna guinanesis both

present in Area 2 (the former an important species) are in some studies considered to be

later-successional tree species, (de Meira Junior et al. 2015; de Souza et al. 2007), as

opposed to C. pachystachya, belonging to a genus regarded as representing early pioneer

species (Zalamea et al. 2012), which accounted for the vast majority of individuals

identified in Area 1. Guapira opposita, regarded as a very late successional species (Alves

and Metzger 2006), was found in Area 2 but was absent from Area 1. We suggest the

presence of these more successionaly mature species may be linked to greater amounts of

adjacent forest, soil clay content, and lower abundance of shrub that we have shown to

influence tree biomass and overall diversity. A quantification of the composition of

adjacent forest could improve understanding of directions of community recovery

(Nascimento et al. 2006).

Our results show a significant positive relationship between tree biomass, leaf litter and

P concentrations, suggesting increases in P cycling through organic inputs from secondary

vegetation, also found by Hughes et al. (1999). However, this contrasts with studies in

tropical China which demonstrated lower levels of soil P in a more advanced successional

stage of a chronosequence (Li et al. 2013). The lack of a significant relationship between

tree biomass and soil N concentration suggest N pools may remain fairly constant during

succession in these areas. This is consistent with some other comparisons between

recovering and mature tropical forest (Reiners et al. 1994) and chronosequence studies in

Amazonia (Hughes et al. 1999), and may be suggestive of increasing cycling rates

observed with recovery in young Atlantic Forest (Amazonas et al. 2011). Lu et al. (2002)
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showed plant-facilitated recuperation of soil fertility on Ultisols and Oxisols in secondary

Amazonian forest may be much slower compared to other types. We suggest nutrient

accumulation to be limited on these highly weathered soils, and that nutrients do not

remain long in the soil due to increasing cycling rates with tree biomass, typical of tropical

forest ecosystems (Davidson 2004; Davidson et al. 2007). The hypothesis that nutrient

stocks improve with forest age cannot be corroborated for all nutrients as N levels did not

demonstrate increases with tree biomass. The implications therefore remain unclear and

further research through a broader chronosequence analysis may aid understanding of soil

nutrient dynamics during secondary succession in Brazilian Atlantic Forest.

Our study showed that soil acidity increases with greater tree biomass. This is consistent

with other chronosequence-based and temporal studies of natural forest regeneration (Li

et al. 2013) and in plantations (Sang et al. 2013) in the tropics. The positive relationship

between leaf litter depth and pH suggests a release of humic acids into the soil through

accumulation of litter produced by these communities, as has been found in other tropical

forest ecosystems (Melvin et al. 2011), including mature Atlantic Forest (Montagnini et al.

1995). Greater soil acidity, sometimes indicative of poorer soil fertility status (Guariguata

and Ostertag 2001), may therefore be representative of ecosystem recovery in these early

succession systems.

We found total carbon stocks (the sum of aboveground, soil and forest floor pools) to be

strongly positively related to tree biomass, primarily through a well-established direct

relationship between tree abundance and aboveground carbon storage (Hughes et al. 1999).

As tree biomass was mostly affected by the amount of surrounding forest, this study

suggests that connectivity can have a large influence on the recuperation of carbon stocks.

Soil carbon stocks have been noted to rise with plantation ages in Costa Rica as trees

increase in size (Fonseca et al. 2012), as well as during tropical forest succession in China,

which suggested carbon accumulation resulted from increased mixing through greater root

biomass, and microbial activity and biogeochemical cycling through decomposition of

greater amounts of organic material produced by woody species (Deng et al. 2013; Xiong

et al. 2014). Our results showed that estimated soil carbon stocks in the control were not

significantly different from Area 2, where tree biomass values were highest for the early

successional sites. This may indicate that belowground carbon pools become relatively

stable during secondary forest development, a trend observed previously in tropical forests

(Hughes et al. 1999). These findings also suggest soil carbon stocks may increase faster

than aboveground carbon pools, and recover quickly to levels comparable to those of more

mature with relatively small increases in tree abundance even where trees remain sparse,

implying great potential for improving ecosystem services through restoration actions.

However, clay soils shown here to be related to greater aboveground biomass, may

facilitate soil carbon build-up (Knoepp et al. 2000), which clouds direct conclusions.

Disentangling the relative drivers of soil carbon storage remains a challenge and further

research across broader scales comparing carbon storage across different soil types would

help to address this.

In this study we investigated the relationships between vegetation, soil and environ-

mental characteristics during early secondary succession in Brazilian Atlantic Forest. Our

approach focussed on two sites of differing vegetation on previous pastureland that were

abandoned at similar times. We evaluated underlying drivers of forest recovery and

recuperation of ecosystem carbon stocks. Our results show that vegetation community

attributes can in part be explained by edaphic and landscape/topographic factors, in

addition to internal interactions between plant growth forms. The overall metric of suc-

cessional development (tree biomass weighted by diversity) was most strongly affected by
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the amount of adjacent forest, soil clay content, abundance of the shrub L. aurea and slope

steepness. These findings suggest that forest recovery and recuperation of carbon storage

may be limited by lack of seed sources, soil water availability, and inhibition of tree

species establishment through competition with pioneer shrubs. There remain significant

challenges to restoration programmes and conservation work in these areas of recovering

forest. However, (i) strategic seeding and planting programmes in areas distant from

existing forest fragments and (ii) selective shrub removal may aid tree recruitment and the

recovery of biodiversity and crucial ecosystem functions on abandoned land within this

unique and valuable biome. Further research into the precise outcomes of different degrees

of shrub clearance is required to evaluate the effects on tree seedling establishment and the

facilitative potential of L. aurea on soil and microclimate conditions in grassland envi-

ronments. Broader spatial and chronosequence analyses may offer a more robust under-

standing of influences of different soil types on complex coupled vegetation and soil

nutrient dynamics, and subsequent feedbacks that underpin the development of the

exceptionally diverse communities of the Brazilian Atlantic Forest.
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