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Abstract Enrichment planting is a technique that is gaining recognition for its potential to

restore native forests. Due to the steep economic trade-offs involved and dearth of silvi-

cultural and ecological knowledge about native flora, however, it remains unclear whether it

has promise for widespread application. Focusing on growth performance, this study

explores the restoration potential of twenty-one native tree species 3 years after planting in

the understory of a rubber plantation in southern Bahia, Brazil. We tested the effects of

slope, aspect, successional guild and basal area of the overstory rubber trees on the enriched

species’ height, root collar diameter, and diameter at breast height. Height was the growth

parameter that most differentiated species, with Parkia pendula, Sloanea monosperma, and

Tachigali densiflora being three of the most successful species. Pioneer species grew faster

than the non-pioneer species. Overstory basal area was the most important variable influ-

encing the performance of the planted tree seedlings, while aspect and slope were less

important. For every additional unit of basal area per hectare of rubber, there was an

incremental decrease in the growth rates of the enrichment species. This suggests that the

tree species are likely limited by available light, and that there are distinct trade-offs

between overstory rubber density and understory tree species growth that are important to

consider when accelerating forest recovery by using enrichment planting techniques.

Keywords Atlantic forest � Artificial regeneration � Native species � Secondary

forest

Introduction

Fragmented forests in the tropics are particularly vulnerable to high rates of local

extinction (Turner 1996). This is certainly the case throughout much of the Atlantic forest,
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where most of the forest is confined to small and isolated patches (Ribeiro et al. 2009;

Rodrigues et al. 2009). One approach to recovering biological diversity and facilitating

succession on previously forested or degraded lands is to artificially regenerate target

species under canopy gaps or existing trees, a process known as enrichment planting

(Ramos and Del Amo 1992; Montagnini et al. 1997; Lamb et al. 2005). Such interventions

may rely on existing canopy cover, such as a plantation or secondary forest, to ameliorate

the understory environment by buffering temperature extremes, increasing nutrient avail-

ability, intercepting precipitation, attracting dispersers, and shading out aggressive non-

woody competitors (Parrotta et al. 1997; Ashton et al. 2001; Lamb et al. 2005; Montagnini

2011). With the nurse canopy serving as shelter, assemblages of late-successional and

animal-dispersed species can be planted in the understory, which may have otherwise not

arrived due to inadequate seed sources or dispersal agents (Martı́nez-Garza and Howe

2003).

There is compelling evidence that plantations can promote the establishment of diverse

understories and catalyze forest succession (Parrotta et al. 1997; Lamb 1998; Montagnini

2011), yet further research into enrichment planting is needed to develop criteria for

selecting species, sites and management practices. One of the main obstacles to cost-

effective enrichment is the lack of ecological and silvicultural information on candidate

species, particularly native flora (Butterfield 1995; Montagnini 2005; Weber et al. 2008).

Within the Atlantic forest of Brazil, where many areas are characterized by very high

species richness—e.g. 454 woody species per hectare reported in southern Bahia (Thomas

et al. 1998) and 443 woody species in central Espı́rito Santo (Thomaz and Monteiro

1997)—information deficits can be quite large. Without such knowledge, failures associ-

ated with inappropriate species and site selections, together with expensive management

protocols, can render enrichment infeasible at the regional scale for most restoration

budgets (Lamb et al. 2005).

To contribute to an improved knowledge base, this study evaluates the relative growth

performance of twenty-one native tree species that were planted beneath the canopy of

rubber plantation monocultures (Hevea brasiliensis Willd. ex A. Juss.) in southern Bahia,

Brazil. It also evaluates the effects of landform, successional guild and overstory basal area

on their growth performance.

Landform is widely regarded as one of the key factors in influencing vegetation growth.

Slope, aspect and elevation affect energy, water and nutrient balance conditions within a

site, air and ground temperature, the pattern and magnitude of disturbance (i.e. wind and

grazing), as well as other biotic and abiotic processes (Swanson et al. 1988; Sebastiá 2004;

Gallardo-Cruz et al. 2009). Despite the widespread recognition of the importance of

landform in mediating growth, few widely applicable generalizations exist regarding the

topographic conditions that favor optimal vegetation development, as such effects are

largely dependent upon regional climate (Holland and Steyn 1975; Gallardo-Cruz et al.

2009).

We also examine how the growth of the pioneer and non-pioneer species compare in the

variable and partial shade of the rubber plantation understory. Light penetration is poor

under the canopy of a mature rubber plantation (Rodrigo et al. 2004; Pathiratna 2006;

Xianhai et al. 2012). Xianhai et al. (2012) estimate that less than 20 % of the incoming

solar radiation penetrates the canopy of a healthy 9 year-old rubber plantation. However,

as rubber trees are deciduous, they do not provide year-round shade. Also, like with most

all rubber plantations in Central and South America (Lieberei 2007), the rubber trees in the

study site are infected by South American leaf blight (Microcyclus ulei), a leaf disease that

reduces canopy density. Successful enrichment design requires accurate information on

716 New Forests (2014) 45:715–732

123

Author's personal copy



how species and functional groups perform in shady environments. Depending on the

trade-offs that may exist between the ecological goals and the expected financial benefits of

a restoration project and the given conditions of the landscape, certain functional groups

might be considered more appropriate than others (e.g. early-successional or late-succes-

sional, wildlife-attracting, nitrogen fixing, etc.) (Lamb et al. 2005). For example, practi-

tioners with limited restoration budgets might select fast-growing species assemblages that

minimize the high costs of establishing and maintaining the system after planting. Some

restoration scenarios might favor the selection of species that quickly yield valuable

products (i.e. timber, non-timber forest products) to offset some of the associated expenses

(Montagnini et al. 1997), while others with larger budgets may focus on including suffi-

cient representation of more slow-growing, late-successional, animal-dispersed species to

mimic and catalyze the successional process (Martı́nez-Garza and Howe 2003). However,

there is little consensus as to how successional guild and shade tolerance are related to

growth rates in shady environments (e.g. Walters and Reich 1996; Veneklaas and Poorter

1998; Poorter 1999; Souza and Válio 2003), and even less so in variably shady environ-

ments, such as in the understory of rubber plantations.

This study also explores the effects of the nurse tree (rubber) basal area on the growth

response of the seedlings used in enrichment planting. Enrichment planting is predicated

on a compromise to reduce available light to minimize unwanted competition and buffer

extremes, while still allowing an adequate amount to facilitate the establishment of the

planted trees (Paquette et al. 2006). Best growth occurs when this compromise is struck,

yet that optimal level of overstory density is difficult to predict due to insufficient infor-

mation on native species and how they perform under the unique light regime of rubber. In

evaluating whether there is a significant relationship between overstory basal area and the

growth of the enrichment species, we aim to contribute to a better understanding of the

optimal light environment to aid practitioners in tailoring management and stocking

density protocols accordingly.

Materials and methods

Site description

This study was conducted in the Michelin Ecological Reserve, located in the municipalities

of Ituberá and Igrapiúna (13�490S, 39�80W), which is situated in the region of the southern

coast of the Brazilian state of Bahia known as the Dendê Coast (Fig. 1). The 3,096 ha

reserve supports 2,000 ha of lowland evergreen forest fragments, with the remainder

comprised of a matrix of rubber groves with abandoned inter-rows, pioneer riparian forests

and wetland sites. The larger 100,000 ha landscape retains approximately 40 % forest

cover, and is characterized by a hilly topography with ridges spanning 40–586 m (Flesher

2006).

The reserve’s climate (Af Köppen classification) is consistently warm and wet,

receiving an average of 1,800–2,000 mm of precipitation annually, and daily temperatures

ranging from 18 to 30 �C. While there can be marked supra-annual and seasonal variation

in precipitation, the wettest months are consistently February to July, with the driest falling

between August and January (Flesher 2006).

Brazil’s Atlantic coastal forest is believed to encompass at least three distinct centers of

endemism (Prance 1982; Thomas et al. 1998); and southern Bahia, in addition to its records

of very high endemism (falling within what has been defined by Thomas et al. (1998) as
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the ‘‘southern Bahia and northern Espı́ritu Santo endemic range’’), also has revealed very

high levels of floristic diversity (Mori et al. 1983; Thomas et al. 1998). These high levels of

endemism and species richness, together with high levels of deforestation and fragmen-

tation (Ribeiro et al. 2009), have made the Atlantic forest a global biodiversity hotspot

(Myers et al. 2000).

Sampling design and measurements

From 2005 to 2012, 93,000 individuals of 205 native tree and shrub species were planted in

the inter-rows of 250 hectares of rubber groves as part of the Michelin Ecological

Reserve’s management strategy to restore native forest and enhance landscape connec-

tivity. This study focuses on the 3-year-old cohort of 17,000 enrichment trees planted in

Fig. 1 Location of study site within the greater geographic context of southern Bahia, Brazil
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2008 (spacing of 7 9 3 m). The planted trees came from seeds that were collected from

nearby forests (within 20 km of the planting site) and grown in the on-site nursery. The

number of mother trees varied depending on species. The enrichment trees were outplanted

when they reached 40-80 cm in size, and received the same post-establishment care.

From June–July 2011, growth and performance data were collected from a subset of 21

native species that were selected based on a set of criteria that considered replication,

successional guild, and associated ecological and conservation values. Our aim was to

include a mix of species that have been well described, as well as species widely present in

the surrounding forests, but which have been poorly studied and understood (Table 1).

Using a systematic sampling design with a random starting point, data were collected on

850 individuals of 21 species along 80 enrichment lines. Every third enrichment line was

sampled, and the two closest lines to the border were excluded to address potential edge

effects. Due to the constraints of the availability of saplings of each species, uniform

replications were not possible. Each species was sampled at least 11 times. For each of the

individuals sampled, height, root collar diameter (RCD) and diameter at breast height

(DBH) were measured. To assess relationships between landform conditions and species

growth, measures of slope, aspect and elevation were determined using a handheld cli-

nometer, compass and GPS unit at each sample point. Lastly, within each of the 80

transects, a sub-plot of 20 overstory rubber trees was delineated, and the DBH of the rubber

trees was measured to calculate basal area.

Statistical methods

All data were analyzed using the statistical software R version 2.15.3 (The R Foundation

for Statistical Computing, Vienna, Austria). Analysis of variance (ANOVA) was used to

compare species growth performance parameters (height, RCD and DBH), and examine

the effect of successional guild. For a more detailed look at the results of the ANOVA,

post-hoc analyses were conducted using a Tukey HSD multiple comparison test. In the

post-hoc analyses, the species with non-differing (homogeneous) growth were identified

and grouped with respect to the three growth parameters.

To evaluate the effects of landform and overstory basal area, multiple regression tech-

niques were employed. A series of regression models were computed for each of the three

growth parameters (height, RCD, DBH), where each of the growth parameters was regressed

on a number of potential explanatory variables including slope, aspect, basal area of rubber,

and taxa. Interactions between slope and aspect were included in the regression models to

detect joint influences. Aspect was coded as a categorical variable with 8 categories, and the

category ‘‘East’’ was taken as reference. The difference in elevation across the sites sampled

proved to be negligible, so it was ultimately removed from the analysis.

Before conducting the inferential statistical analyses, the necessary data assumptions were

checked carefully for possible violations and remedial steps were taken as needed. For

example, to normalize the data and nullify the effect of outlying observations, the variables

were log-transformed. The transformed data were used in all the statistical analyses.

Results

Descriptive statistics (mean and standard error) of the growth performance parameters

(height, RCD and DBH) were computed for the 21 species (Fig. 2). The results reveal that

Parkia pendula had the maximum mean values for all three parameters, followed by
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Table 1 Selected species and their respective successional guilds and predominant values

Family Genus species Common
namea

Successional
guilda

Valuesa

Calophyllaceae Calophyllum
brasiliense
(Cambess.)

Guanandi,
Jacareúba

Mid- to late-
successional

Wood, wildlife ornamental,
medicinal

Clusiaceae Garcinia
macrophylla
(Mart.)

Bacuri,
Bacuri-da-
várzea

Early- to mid-
successional

Wildlife, human food
source, ornamental,
medicinal

Clusiaceae Symphonia
globulifera (L.f.)

Guanandi,
Landirana

Mid- to late-
successional

Wood, wildlife ornamental,
medicinal

Elaeocarpaceae Sloanea
monosperma
(Vell.)

Sapopema,
Gindiba

Late-
successional

Wood

Fabaceae-
Caesalpinoideae

Arapatiella
psilophylla
(Harms) Cowan

Arapati,
Violeta

Late-
successional

Wood

Fabaceae-
Caesalpinoideae

Caesalpinia
echinata (Lam.)

Pau-Brasil,
Ibirapitanga

Late-
successional

Wood, dye, resins,
medicinal

Fabaceae-
Caesalpinoideae

Copaifera lucens
(Dwyer)

Pau-oleo,
Copaı́ba

Late-
successional

Medicinal, resins

Fabaceae-
Caesalpinioideae

Tachigali densiflora
(Benth.)

Passuaré,
Ingá-açu

Mid- to late-
successional

Plywood, pulp and paper,
ornamental

Fabaceae-
Papilionoideae

Andira legalis
(Vell.) Toledo

Angelim,
Urarema

Early-
successional

Wood, wildlife, ornamental

Fabaceae-
Papilionoideae

Swartzia
macrostachya
(Benth)

Manga-brava,
Jacarandá

Late-
successional

Wood

Fabaceae-
Mimosoideae

Parkia pendula
(Willd.)

Fava-de-
bolota,
Faveira

Mid- to late-
successional

Wood, wildlife, ornamental,
medicinal

Fabaceae-
Mimosoideae

Inga cf.
heterophylla
(Willd.)

Ingá-caixão,
Inga-de-
macaco

Early-
successional

Livestock fodder, wildlife,
human food source, dye

Lauraceae Ocotea puberula
(Rich.) Ness.

Imbuia,
Louro-sabão

Early-
successional

Wood, wildlife, pulp and
paper, livestock fodder,
medicinal, resins

Lecythidaceae Lecythis pisonis
(Cambess.)

Sapucaia,
Camuca-de-
macaco

Mid- to late-
successional

Wood, wildlife, human food
source, medicinal,
ornamental

Lecythidaceae Eschweilera ovata
(Cambess.) Mart.
Ex Miers.

Biriba,
Imbiriba

Mid- to late-
successional

Wood, wildlife, ornamental

Moraceae Sorocea
guilleminiana
(Gaud.)

Bainha-de-
espada,
Canela-
dourada

Mid- to late-
successional

Medicinal

Myristicaceae Virola officinalis
(Mart.) Warb.

Bicuı́ba-rosa,
Ucuuba

Mid-
successional

Wood, medicinal

Myrtaceae Eugenia sp. Araca Early- to mid-
successional

Undetermined
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Sloanea monosperma and Tachigali densiflora, which had the highest mean height and

RCD, respectively. Following P. pendula, T. densiflora, Virola officinalis and Andira

legalis had the greatest DBH (Fig. 2).

Growth performance plotted against successional guild indicated that the pioneer spe-

cies exhibited higher growth averages than the non-pioneer species for the three growth

parameters (Figs. 2, 3).

Results of ANOVA indicated that height, RCD and DBH differed significantly among

some of the species (P \ 0.01). The homogeneous groupings of the species were presented

with respect to height, RCD and DBH (Tables 2, 3, 4). Species that significantly differed in

their means of the growth parameters at the 5 % level of significance were placed in a

different subset, and those with no significant differences in means were placed within the

same subset.

The results from the best-fit regression model suggest that the southeastern aspect

influenced height positively and significantly while the northeastern aspect influenced RCD

positively and significantly (Table 5). None of the aspect levels influenced DBH signifi-

cantly. In evaluating the interaction effects between slope and aspect levels, the north-

eastern aspect was found to have significant negative influence on RCD. None of the other

interactions showed any significant influence on any of the growth parameters.

Rubber basal area had significant and negative influence on the three growth parameters

when evaluated across species (P \ 0.01; Table 5). As the overstory basal area increased,

the growth of the understory trees was reduced.

Discussion

Influence of landform, successional guild and overstory basal area on native species

growth

Height was the most important variable showing significantly different growth rates among

the twenty-one species studied here (Tables 2, 3, 4). This is not surprising given that these

saplings were planted only 3 years prior to the study; and thus, at that age, much of the

growth differentiation could be expected to be in height, which is primarily determined by

site quality—a combination of climatic, soil and biotic factors of a given site (Smith et al.

1997). Competition with adjacent saplings may also drive photosynthate allocation in

height growth over root or diameter growth (Mexal and Landis 1990; Schulze 2008).

Table 1 continued

Family Genus species Common
namea

Successional
guilda

Valuesa

Myrtaceae Marlierea
eugenioides
(Cambess.)

Manga da
Mata

Mid-
successional

Undetermined

Salicaceae Casearia bahiensis
(Sleumer)

Puleiro da
sabiá

Undetermined Undetermined

Sapotaceae Pradosia lactescens
(Radkl.)

Abiu do mato,
Buranhém

Mid- to late-
successional

Medicinal, fruit

a Derived from gray literature, peer-reviewed literature and local interviews
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Height extension is a growth strategy that helps saplings obtain dominance relative to their

neighbors before canopy closure (Beaudet and Messier 1998).

Early growth is an important indicator of subsequent growth performance, as slight

differences in early height and diameter are often maintained and augmented over time

(Mexal and Landis 1990). Growth, however, is determined by a complex array of factors,

including seedling quality, morphology at the time of outplanting, cultivation practice,

genetic differences among seed sources, site quality and growing density (Smith et al.

1997; Weber and Montes 2008). In this study, we aimed to evaluate the effects of land-

form, successional guild and overstory basal area on the growth of the planted saplings at

3 years.

A
. l

eg
al

is

A
. p

si
lo

ph
yl

la

C
. b

ah
ie

ns
is

C
. b

ra
si

lie
ns

e

C
. e

ch
in

at
a

C
. l

uc
en

s

E
. o

va
ta

E
ug

en
ia

 s
p.

G
. m

ac
ro

ph
yl

la

I. 
he

te
ro

ph
yl

la

L.
 p

is
on

is

M
. e

ug
en

io
de

s

O
. p

ub
er

ul
a

P
. l

ac
te

sc
en

s

P
. p

en
du

la

S
. g

lo
bu

lif
er

a

S
. g

ui
lle

m
in

ia
na

S
. m

ac
ro

st
ac

hy
a

S
. m

on
os

pe
rm

a

T
. d

en
si

flo
ra

V
. o

ffi
ci

na
lis

M
ea

n 
H

ei
gh

t

A
. l

eg
al

is

A
. p

si
lo

ph
yl

la

C
. b

ah
ie

ns
is

C
. b

ra
si

lie
ns

e

C
. e

ch
in

at
a

C
. l

uc
en

s

E
. o

va
ta

E
ug

en
ia

 s
p.

G
. m

ac
ro

ph
yl

la

I. 
he

te
ro

ph
yl

la

L.
 p

is
on

is

M
. e

ug
en

io
de

s

O
. p

ub
er

ul
a

P
. l

ac
te

sc
en

s

P
. p

en
du

la

S
. g

lo
bu

lif
er

a

S
. g

ui
lle

m
in

ia
na

S
. m

ac
ro

st
ac

hy
a

S
. m

on
os

pe
rm

a

T
. d

en
si

flo
ra

V
. o

ffi
ci

na
lis

M
ea

n 
R

C
D

A
. l

eg
al

is

A
. p

si
lo

ph
yl

la

C
. b

ah
ie

ns
is

C
. b

ra
si

lie
ns

e

C
. e

ch
in

at
a

C
. l

uc
en

s

E
. o

va
ta

E
ug

en
ia

 s
p.

G
. m

ac
ro

ph
yl

la

I. 
he

te
ro

ph
yl

la

L.
 p

is
on

is

M
. e

ug
en

io
de

s

O
. p

ub
er

ul
a

P
. l

ac
te

sc
en

s

P
. p

en
du

la

S
. g

lo
bu

lif
er

a

S
. g

ui
lle

m
in

ia
na

S
. m

ac
ro

st
ac

hy
a

S
. m

on
os

pe
rm

a

T
. d

en
si

flo
ra

V
. o

ffi
ci

na
lis

M
ea

n 
D

B
H

0
1

2
3

4
5

0
1

2
3

4
5

0
1

2
3

4

Fig. 2 Error bar plot representing mean height (m), RCD (cm) and DBH (cm) with standard error
estimates for the trees representing the 21 species
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Table 2 Tree species grouped into homogeneous subsets according to their mean height (m)

Species N Subset for a = 0.05

1 2 3 4 5 6 7

S. globulifera 66 .85

G. macrophylla 61 .93 .93

S. guilleminiana 38 1.03 1.03 1.03

C. lucens 89 1.07 1.07 1.07

A. psilophylla 13 1.13 1.13 1.13

P. lactescens 29 1.15 1.15 1.15

M. eugenioides 38 1.16 1.16 1.16

O. puberula 24 1.18 1.18 1.18

E. ovata 38 1.21 1.21 1.21

Eugenia sp. 28 1.31 1.31 1.31 1.31

C. echinata 24 1.4 1.4 1.4 1.4

A. legalis 32 1.46 1.46 1.46 1.46

V. officinalis 22 1.56 1.56 1.56 1.56

S. macrostachya 34 1.77 1.77 1.77 1.77 1.77

L. pisonis 11 1.77 1.77 1.77 1.77

C. bahiensis 33 1.78 1.78 1.78 1.78

C. brasiliense 89 1.94 1.94 1.94

I. heterophylla 43 2.21 2.21 2.21

S. monosperma 13 2.55 2.55

T. densiflora 24 2.99 2.99

P. pendula 14 3.48
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The regression models revealed that the southeastern and northeastern aspects were

significant predictors of growth (both exhibiting a positive relationship), implying that

trees in the southeastern aspect are expected to reach greater heights than trees in the

eastern aspect; and similarly, trees in the northeastern aspect are expected to have higher

RCD measures than trees in the eastern aspect. When interaction effects were not included

in the model, slope was not considered a significant predictor of growth. It has been

reasoned (Stage 1976; Stage and Salas 2007) that an evaluation of the influence of aspect

on tree growth should be considered in tandem with slope. When interactions between

slope and aspect were included in the model, it was found that the interaction effect

between slope and the northeastern aspect exhibited a significant negative influence on

growth. None of the other interactions showed any significant influence on any of the

growth measures. This is consistent with the findings reported by Montagnini et al. (1997)

for an enrichment planting study conducted in northeastern Argentina, where there were

also no observable differences in species performance with respect to slope position.

We also compared the growth of the pioneer species with the non-pioneer species in the

conditions of the rubber trees understory. As light is often one of the most limiting

resources in tropical forests, shade tolerance is expected to influence the capacity of

species to grow and survive under a variety of light regimes (Poorter 1999; Souza and

Válio 2003). Based on the different abilities of seedlings to establish, grow and survive

under shade, pioneer species are generally characterized as shade-intolerant, and non-

Table 3 Tree species grouped into homogeneous subsets according to their mean RCD (cm)

Species N Subset for a = 0.05

1 2 3 4 5

S. globulifera 66 1.09

S. guilleminiana 38 1.18

E. ovata 38 1.37 1.37

G. macrophylla 61 1.4 1.4

Eugenia sp. 28 1.45 1.45

M. eugenioides 38 1.46 1.46

A. psilophylla 13 1.47 1.47

O. puberula 24 1.52 1.52

S. macrostachya 34 1.52 1.52

C. lucens 89 1.56 1.56

P. lactescens 29 1.59 1.59

V. officinalis 22 1.63 1.63

C. echinata 24 1.67 1.67

C. bahiensis 33 1.77 1.77

C. brasiliense 89 1.8 1.8 1.8

L. pisonis 11 1.86 1.86 1.86 1.86

A. legalis 32 2.02 2.02 2.02 2.02

I. heterophylla 43 2.27 2.27 2.27

S. monosperma 13 2.84 2.84

T. densiflora 24 2.85

P. pendula 14 4.14
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pioneer species are regarded as shade-tolerant. It is widely understood that pioneers realize

faster growth than non-pioneers in full light conditions (Veneklaas and Poorter 1998). Yet,

it is much less clear how pioneer species grow vis-à-vis non-pioneer species in shady

environments. In comparing the growth of fifteen tree species in southeastern Brazil, for

example, Souza and Válio (2003) showed that early-successional species had a propensity

for faster growth than their late-successional counterparts, irrespective of light conditions.

In a compilation of 43 studies encompassing 194 species, Veneklaas and Poorter (1998)

had comparable findings, showing that pioneer, intermediate and shade-tolerant species

were ranked consistently across light gradients. The pioneer species always exhibited the

greatest relative growth rates, and the shade-tolerant species always realized the lowest.

The present study is consistent with those findings, showing that the pioneers grew more

than the non-pioneer species over the three-year period under the canopy of the rubber

trees (Fig. 3). One explanation might be that pioneers and non-pioneers have different

capacities to adapt to the variable light environment of the rubber plantation. While there is

partial shade under the rubber canopy for most of the year, the seasonal leaf-shedding

event of the rubber trees creates a variable light environment. It has been shown that early-

successional species are more capable of altering their photosynthetic response to light

irradiance, such that they can often better adapt to environmental variation than later-

successional species (Bazzaz 1979; Bazzaz and Carlson 1982). However, it is also

important to consider that biomass accumulation alone does not equate to seedling success,

Table 4 Tree species grouped into homogeneous subsets according to their mean DBH (cm)

Species N Subset for a = 0.05

1 2 3

Eugenia sp. 15 0.47

S. globulifera 9 0.56

E. ovata 10 0.68

S. guilleminiana 11 0.72

M. eugenioides 11 0.73 0.73

P. lactescens 8 0.78 0.78

G. macrophylla 13 0.82 0.82

A. psilophylla 7 0.83 0.83

C. echinata 8 0.98 0.98

L. pisonis 7 1 1

C. brasiliense 67 1.01 1.01

S. macrostachya 17 1.09 1.09

C. bahiensis 23 1.14 1.14

C. lucens 18 1.26 1.26

I. heterophylla 30 1.36 1.36

O. puberula 8 1.38 1.38

S. monosperma 10 1.41 1.41

A. legalis 12 1.68 1.68 1.68

V. officinalis 9 1.73 1.73 1.73

T. densiflora 21 2.14 2.14

P. pendula 13 2.94
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Table 5 Multiple linear regression results for the three dependent variables (heights, RCD & DBH) on the
explanatory variables

Explanatory variables Dependent variables

Height (m) RCD (cm) DBH (cm)
Coefficient (SE) Coefficient (SE) Coefficient (SE)

Constant 0.410 (0.696) 0.880 (0.618) 1.808 (1.311)

Slope 0.219 (0.200) 0.228 (0.177) 0.007 (0.364)

Aspect

East – – –

North 0.730 (0.876) 0.911 (0.778) 1.033 (1.610)

Northeast 1.593 (1.125) 2.235 (0.998)** 0.432 (1.883)

Northwest 0.051 (1.129) -0.261 (1.002) -4.435 (2.489)

South -0.739 (1.416) -1.147 (1.257) -1.196 (2.315)

Southeast 1.988 (0.991)** 1.047 (0.880) -0.977 (1.694)

Southwest -0.490 (1.771) 0.169 (1.572) 2.149 (3.494)

West 0.604 (1.134) 1.037 (1.006) -0.541 (2.056)

Basal area (m2/ha) -0.446 (0.061)*** -0.460 (0.054)*** -0.572 (0.120)***

Species

A. legalis – – –

A. psilophylla -0.117 (0.182) -0.260 (0.161) -0.569 (0.293)

C. bahiensis 0.386 (0.138)*** -0.025 (0.122) -0.465 (0.220)**

C. brasiliense 0.582 (0.115)*** 0.043 (0.102) -0.501 (0.192)***

C. echinata 0.258 (0.152) 0.028 (0.135) -0.734 (0.292)**

C. lucens -0.158 (0.115) -0.139 (0.102) -0.496 (0.231)**

E. ovata -0.031 (0.133) -0.334 (0.118) -0.125 (0.259)***

Eugenia sp. 0.190 (0.147) -0.192 (0.131) -1.218 (0.244)***

G. macrophylla -0.173 (0.122) -0.170 (0.108)*** -0.870 (0.250)***

I. heterophylla 0.677 (0.130)*** 0.148 (0.116) -0.350 (0.213)

L. Pisonis 0.495 (0.193)** 0.062 (0.172) -0.786 (0.297)***

M. eugenioides 0.012 (0.135) -0.161 (0.120) -0.732 (0.268)***

O. puberula 0.015 (0.150) -0.145 (0.133) -0.300 (0.278)

P. lactescens 0.001 (0.145) -0.087 (0.129) -0.876 (0.291)***

P. pendula 0.995 (0.177)*** 0.717 (0.157)*** 0.350 (0.247)

S. globulifera -0.248 (0.120)** -0.379 (0.107)*** -0.868 (0.292)***

S. guilleminiana -0.100 (0.135) -0.318 (0.120)*** -0.727 (0.255)***

S. macrostachya 0.348 (0.137)** -0.154 (0.122) -0.422 (0.233)

S. monosperma 0.709 (0.183)*** 0.511 (0.163)*** -0.104 (0.260)

T. densiflora 0.907 (0.153)*** 0.454 (0.136)*** 0.017 (0.225)

V. officinalis 0.224 (0.154) -0.150 (0.137) 0.065 (0.272)

Slope 9 aspect (interaction)

Slope 9 East – – –

Slope 9 North -0.117 (0.256) -0.205 (0.228) -0.184 (0.467)

Slope 9 Northeast -0.467 (0.332) -0.659 (0.295)** -0.084 (0.558)

Slope 9 Northwest -0.078 (0.329) 0.179 (0.292) 1.377 (0.717)

Slope 9 South 0.256 (0.409) 0.364 (0.363) 0.322 (0.667)
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and adaptation to low-light conditions might correspond more with growth persistence,

than fast growth (Veneklaas and Poorter 1998).

In the present study, the basal area of the canopy of the rubber trees was more important

in determining growth at 3 years than location in the landscape. When looking across

species groups, the data suggest that the enrichment species grew faster with lower

overstory basal area due to the increased availability of understory irradiance. For every

additional m2 of basal area per hectare, there was an incremental decrease in growth rates

(see Table 5 for exact coefficients). This suggests that the microclimate provisioned by the

nurse trees basal area was the most important growth determinant among those measured.

Therefore, designating stocking quotients of the overstory trees in accordance with the

ecological requirements of the given species to be planted, is a means to confer a growth

advantage to the introduced individuals. Initiatives that reduce post-establishment labor

costs with accelerated growth rates can make enrichment planting a more attractive option.

However, most plantation managers are unlikely to curtail commodity production to

accommodate maximum growth of a native understory, as the need to make profits from

the plantation will most likely outweigh biodiversity considerations. Thus, industrial

rubber plantations may not be suitable for enrichment planting unless the production of

native species is the objective of the plantation, and the rubber trees are abandoned after

they become non-productive.

Potential of studied species in enrichment planting

Appropriate target species selection is one of the most important determinants of the

success of enrichment programs, and should be based on combined consideration of

ecosystem function, human values and growth (Montagnini et al. 1997, 2006; Montagnini

2011). Based on their growth performance in this study, Parkia pendula, Sloanea mono-

sperma, and Tachigali densiflora (mean heights = 3.48, 2.55, 2.99 m, respectively) hold

great potential as promising fast-growing candidate species in future enrichment programs.

Parkia pendula, a widespread Neotropical mid- to late-successional emergent long

recognized for its rapid growth rates (Lorenzi 2002; Schulze 2008; Schulze et al. 2008) and

adaptability to degraded habitats (Camargo et al. 2002), was among the most successful

species based on its growth in enrichment planting under rubber. It is an important timber

Table 5 continued

Explanatory variables Dependent variables

Height (m) RCD (cm) DBH (cm)
Coefficient (SE) Coefficient (SE) Coefficient (SE)

Slope 9 Southeast -0.570 (0.292) -0.299 (0.259) 0.280 (0.499)

Slope 9 Southwest 0.246 (0.527) -0.001 (0.468) -0.567 (1.024)

Slope 9 West -0.155 (0.332) -0.294 (0.294) 0.235 (0.600)

Model fit statistics

F 12.28*** 8.752*** 4.454***

R2 0.386 0.309 0.368

Adj. R2 0.354 0.274 0.286

** P value \ 0.05

*** P value \ 0.01
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species, producing large-diameter stems of low density wood on relatively short rotations

(as little as 30 years) (Schulze 2003). Parkia pendula is also considered a keystone

resource for certain wildlife species (Peres 2000). It is pollinated by bats, and the gum of its

seedpods is an important food source for parrots and primates (Piechowski and Gottsberger

2011). In testing the germination success and seedling survival from direct sowing of P.

pendula seeds across a disturbance gradient, Camargo et al. (2002) reported best perfor-

mance on bare soil. This suggests that P. pendula could also be potentially used as an

enrichment species in recently abandoned degraded lands where a tree canopy has not yet

formed.

Sloanea monosperma is an emergent, late-successional Atlantic forest species with a

natural distribution from Rio Grande do Sul up to Bahia. It is characteristic of high

elevation semi-deciduous and evergreen forests, as well as well-drained hilltops. Its

moderately heavy wood makes it a useful timber tree with various applications. Owing to

its fast growth rates and adaptation to degraded environments, it has been indicated as an

important species for Atlantic forest restoration (Lorenzi 2002). Sambuichi and Haridasan

(2007) reported natural regeneration of S. monosperma in the understory of a 70-year old

abandoned cacao plantation in southern Bahia. In the state of São Paulo, S. monosperma

was found to naturally regenerate under the canopy of a 15-year old abandoned eucalyptus

stand (Onofre et al. 2010). Also in São Paulo, Amador and Viana (2000) recorded natural

regeneration of S. monosperma in a 1-year old forest embedded in a sugarcane matrix.

Another top performer in this study was Tachigali densiflora, which is a fast-growing

mid-successional Atlantic forest emergent species with near threatened IUCN Red List

(Vaz 1998) status whose natural distribution spans from southern Bahia up to Paraı́ba in

Brazil. The moderately dense wood of T. densiflora is used for plywood, as well as pulp

and paper (Carvalho 2008). The potential of T. densiflora to help restore degraded areas

has been described, due to its fast growth habits and ability to improve soil fertility with its

plentiful leaf litter (Carvalho 2008). In a study conducted at the Michelin Ecological

Reserve, natural regeneration of T. densiflora was recorded in a 50-year old forest that was

previously a slash-and-burn cultivation site (Rocha-Santos and Talora 2002). Lidiane de

Alencar et al. (2011) reported the successful natural regeneration of T. densiflora in the

understory of a eucalyptus monoculture in the state of Pernambuco.

Enrichment programs may place emphasis on other species characteristics besides growth

rates when selecting species. For example, they may focus on selecting species aggregates

that pull more broadly from successional guilds and functional groups, so that natural forest

assemblages and successional processes are more closely mimicked. This in turn can help

overcome key potential obstacles to seed dispersal or survival and promote restoration of old-

growth species. Managers may choose species of a varied range of successional status, not

just pioneers, so as to avoid the risk of early mortality, which can result in arrested succession

whereby grasses, lianas, or other undesirable aggressive competitors take hold (Aide et al.

2000; Parrotta and Knowles 2001). In such cases, efforts can be made to enrich with slower

growing, animal-dispersed species (Martı́nez-Garza and Howe 2003), such as Calophyllum

brasiliense, a mid- to late-successional tree species with a wide tropical distribution, whose

dispersal agents include bats, toucans and scarlet macaws. Its reforestation potential has long

been recognized, as it has been shown to promote establishment of more site-sensitive

species, especially in degraded lands (Montagnini 2005, 2011). This species is also associated

with a wide variety of valuable goods that could serve to offset some of the costs of

enrichment. In addition to its high quality timber often likened to Mahogany, its resin, tannins,

and oil are all valued for medicinal, cosmetic, and biofuel properties (Navarro 2007). Sym-

phonia globulifera is another slower-growing late-successional tree that is a very important
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resource for wildlife, especially bats and primates (Riba-Hernández and Stoner 2005; Santos

and Nascimento 2012). The wood is useful, and the bark produces a resin that is exploited for

medicine and other industrial ends. Owing in part to its tolerance to hydric soils, it is con-

sidered as having great potential as a reforestation candidate in degraded areas (Lorenzi

2002). Similarly dispersed by bats and primates, Lecythis pisonis is another mid- to late-

successional tree species that warrants recognition for its restoration potential (Montagnini

et al. 1995). It produces an abundance of large fruit that is appreciated as much by humans as it

is wildlife, as well as having other economic uses related to its medicinal and timber values

(Lorenzi 2002). Eschweilera ovata is another important mature forest species that is highly

sought after by bats and primates, dispersing the seeds along with birds and small rodents. As

it can contribute to the recovery of degraded soils with its positive effects on soil fertility, it

has been recognized for its potential use as a key reforestation species (Montagnini et al. 1995;

Lorenzi 2002; Gusson et al. 2006). Ocotea puberula deserves mention as a useful restoration

candidate for its timber and for its role in attracting dispersers (Montagnini et al. 2006). In

enrichment plantings in degraded forests of Misiones, NE Argentina, O. puberula was one of

the best performers in growth and diameter, regrowing vigorously and surpassing the canopy

of the degraded forests after recovering from attacks of bark beetles (Montagnini et al. 2006).

It is also widely regarded as an important tree for increasing biodiversity. Its timber is also one

of the most sought after luxury woods for its beauty (Lorenzi 2002).

Conclusion and recommendations

Enrichment planting of native species has been shown to be a potentially promising res-

toration technique in the tropics. One of the central challenges to optimizing its cost-

efficiency and enabling broader feasibility is the scant ecological knowledge of native

species available to guide proper species selection. Understanding growth behavior is key

to tailoring enrichment designs that are realistically in line with economic and ecological

goals and constraints. This study ranked the growth of twenty-one native tree species of the

Brazilian Atlantic forest 3 years after planting, and evaluated the effect of landform,

successional guild and the basal area of overstory rubber trees on the planted species’

growth performance. We found pioneer species to grow faster than non-pioneer species,

and overstory basal area to be the most important variable influencing the performance of

the planted trees. To better contend with existing knowledge gaps, long-term experiments

are needed to monitor nurse-target species interactions over an array of resource gradients

and silvicultural treatments. In this way we can more adequately select appropriate species

for restoration efforts while minimizing costly failures, and ultimately scale-up more

successful restoration efforts at broad regional scales.
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