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Conservation of degraded forests is a challenging issue in the tropics, since the maintenance of environ-
mental services and economic demands must be conciliated. Environmental services must be conserved
while degraded tropical forests are demanded to be competitive against more financially profitable land
uses as crop fields and pastures. The objective of this study was to evaluate productivity and financial
profitability of enrichment planting in degraded forests. Seeds of Schizolobium parahyba var. amazonicum
were planted in logging gaps of a 108-ha degraded forest in southeast Pará (Brazil) in February 1995
(average = 91.7 seeds ha�1 and 15.3 seeds gap�1). After 13 years (2008), S. parahyba presented a volume
increase of 3.1 m3 ha�1 yr�1 for individuals P25 cm in DBH. More than 30% of the planted seeds were
able to germinate, establish, and grow up to sizes P25 cm in DBH. A cost-benefit analysis through Net
Present Value (NPV) and a sensitivity analysis with different interest rates were performed to compare
financial profitability of the treated and control area under roundwood and laminated plus sawnwood
production. Enrichment planting using S. parahyba seeds presented higher NPVs in the treated than in
control area for all simulations, except roundwood under interest rate of 9% per year.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Despite of great improvements in management of tropical for-
ests for wood production, many forests in the Brazilian Amazon
were degraded due to selective and constant illegal logging
(Lawson and MacFaul, 2010). According to Putz and Redford
(2010), degraded forests are old growth forests that lost their com-
positional and structural attributes due to factors such as substan-
tial human interventions, including selective logging. In the
tropics, degraded forests became an increasing problem, since their
environmental services must be maintained in opposition to eco-
nomic pressures to shift their areas into financially more profitable
land uses (Aguiar et al., 2007; Keefe et al., 2012; Diniz, 2013).

Special attention has been spent from the scientific community
on losses in environmental services of the tropical forests as biodi-
versity, watershed and soil protection, and CO2 sink. However,
much less attention has been given to ways of conserving degraded
forests under a more financially profitable management, including
timber and non-timber production (Paquette et al., 2009). In the
tropics, degraded forests face substantial risks to be wiped out
for the establishment of agriculture or livestock projects, since they
have lower economic value when compared to primary forests.
Hence, it is crucial to find solutions for these forests that include:
(a) conservation of their environmental services and (b) sustain-
able production of timber and non-timber products.

Degraded forests are normally located in regions of old agricul-
tural frontiers, which bring some advantages in relation to the pri-
mary forests: (a) easier products accessibility to markets; (b)
consolidated infrastructure of roads and labor; and (c) wood indus-
try with plants adapted to process smaller log diameters. However,
differently from primary and little altered tropical forests under
management, the degraded forests still lack better established
legal frames to regulate their economic management. This is the
case in Brazil for the management of its Amazonian primary forests
(MMA, 2006).

Tropical forest management for wood production has incorpo-
rated significant technical improvements over the last 50 years
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(De Graaf and Van Eldik, 2011). It is currently carried out in poly-
cyclic silvicultural systems (PSS) with harvestings done through
reduced-impact logging (RIL). Most of the forest regulators in the
tropics have adopted PSS with RIL techniques as a legal require-
ment for harvesting interventions over primary forests (Silva,
1997; Pereira et al., 2002; MMA, 2006; Dykstra, 2012). The main
purpose of RIL is to cause the least possible disturbance on the
remaining trees as well as to conserve all environmental goods
and services offered by harvested forests (Putz et al., 2008;
Schwartz and Lopes, 2015).

Without post-logging care, as observed in managed primary
forests, most of the degraded forests are cut down to establish crop
fields and pastures. An aftermath of this land use change in Brazil is
the current loss of 20% in its original Amazonian forests, nearly
800,000 km2 (INPE, 2017). When considered only private lands,
out of conservation units, concessions, or indigenous lands, the
proportion of degraded forests in the region is significantly higher
(Martorano et al., 2016). Moreover, it is from these lands that most
of the wood produced in the Brazilian Amazon has been harvested
and commercialized (SEMAS, 2015). These forests are character-
ized by low densities of trees larger than 50 cm in DBH, where
most of the volume is composed by light-wood species (Carim
et al., 2007; Reis et al., 2010). Because of their low numbers of indi-
viduals and volumes of valuable hard-wood species in comparison
to primary forests, degraded forests have called less attention of
forest managers and conservationists (Veríssimo et al., 2011). Thus,
it is essential to develop and apply adapted silvicultural systems on
degraded forests in tropical environments to increase their wood
production and conservation value.

Long-term sustainable production in degraded tropical forests
can be attained through silviculture intensification (De Graaf
et al., 2003; Fredericksen and Putz, 2003; Putz and Ruslandi,
2015; Schwartz et al., 2015). Among the feasible alternatives of sil-
viculture intensification, there is the application of post-harvesting
silvicultural treatments aimed to increase growth and diminish
mortality of commercial species individuals. These post-
harvesting silvicultural treatments include the enrichment plant-
ing with commercial species in logging gaps (Gomes et al., 2010).
So, logging gaps offer the ideal conditions to grow commercial spe-
cies and increase financial profitability of degraded forests
(Schwartz et al., 2016).

As far as we know, this is the first scientific study testing enrich-
ment planting of a fast-growing species planted in logging gaps of
degraded forests under a commercial scale up to its harvesting in a
complete cutting cycle. The aims of this study were to assess the
productivity and financial profitability of harvesting a degraded
tropical forest enriched with the fast-growing and long-lived pio-
neer species Schizolobium parahyba var. amazonicum. To reach
these aims, two questions were tackled in this research: (a) How
productive can be a degraded tropical forest using enrichment
planting in logging gaps with a fast-growing commercial species?
(b) Is this silvicultural treatment financially profitable?
2. Materials and methods

2.1. Study species and study area

As a promising species for enrichment planting in logging gaps,
the fast-growing and long-lived pioneer species Schizolobium para-
hyba var. amazonicum (Huber ex Ducke) Barneby (family Faba-
ceae), locally known as paricá, was used in an experiment to
increase timber production in degraded forests. S. parahyba is a
native species of the Eastern Amazon, with a geographical distribu-
tion from north Mexico to south Brazil (De Souza et al., 2003). Due
to its fast growing, good timber features for industry, and high
commercial value, S. parahyba figures among the greatest potential
wood species for enrichment planting in degraded forests
(Cordeiro et al., 2016). The species has had increasing commercial
importance in the Brazilian timber sector to wood lamination for
plywood (Terezo and Szücs, 2010). Owe to technological advances
in processing machinery, S. parahyba logs are no longer laminated
to 12 cm, but up to 4 cm in diameter (Marques et al., 2006).

The experiment was carried out in a degraded forest of Fazenda
Shet (4�3004800S and 47�3903600W), municipality of Dom Eliseu,
southeast of Pará state, Brazil. Fazenda Shet belongs to the Arboris
Group, a business group that works with agriculture and forestry in
the Amazon, including wood production from planted and native
forests. S. parahyba has been planted by the Arboris Group in log-
ging gaps, monoculture plantings, or associated with soybean.
The study was developed in a partnership between the Arboris
Group and Embrapa Eastern Amazon, under the project ‘‘Rede Bio-
massa Florestal”. This project aimed to find scientific and techno-
logical solutions for the sustainable management of degraded
native forests in the Amazon to increase their economic competi-
tiveness in relation to agriculture and livestock.

In Fazenda Shet, the original vegetation was dominated by sub-
montane dense rain forest (IBGE, 2004). The average temperature
is 25.4 �C with annual precipitation of 2000 mm and rainy season
from February to April. The average altitude in the study area is
320 masl and the most common soil type is yellow Oxisol
(Veloso et al., 1991; SUDAM, 1993; Embrapa, 2006).

2.2. Experimental design

A total area of 535.6 ha covered by a native degraded forest in
Fazenda Shet was used in the experiment. Such forest became
degraded due to selective illegal logging occurred from the 70s to
the 90s with no information on the timber volume lost. The last
logging in the area occurred along 1993 to 1996. This was also
the first legal logging in the area, which was allowed by the Brazil-
ian forestry authorities, with an average harvesting volume of
64.2 m3 ha�1. The current norm prescribing a maximal harvesting
of 30.0 m3 ha�1 for the Brazilian Amazon began only in 2006
(MMA, 2006). From the total managed area, 158.0 ha harvested
in 1994–1995 were selected specifically for this study. Within
the selected area, 108.0 ha served as treatment to make enrich-
ment planting and the remaining 50 ha were used as control with
no plantings. Logging residuals inside gaps were burnt to give
space for enrichment planting. It started after logging operations
in January and February 1995 (beginning of the rainy season). A
buffer zone was made (1 m wide) in each gap border to avoid fire
propagation into the forest.

Seeds of S. parahyba were buried individually using a hoe
(Trivino-Diaz et al., 1990). A total of 9 kg of S. parahyba seeds
(nearly 1100 seeds kg�1) was planted in logging gaps of the treated
area at the beginning of the rainy season in February 1995 (aver-
age = 91.7 seeds ha�1 and 15.3 seeds gap�1). The total estimated
numbers of logging gaps used in the experiment (considering an
average of 6 gaps ha�1) were 648 in treated area (108 ha) and
300 in the control area (50 ha). Planting did not follow a set spac-
ing, but seeds were not buried closer than 2.5 m from each other.
Gaps created by tree felling were not larger than 200 m2. After seed
planting, two maintenance treatments were applied (May 1995
and April 1996) over the seedlings inside logging gaps. They con-
sisted in cutting lianas and possible light and nutrient competitors
from non-commercial tree species against planted individuals of S.
parahyba.

A forest inventory was carried out in 2008 where all individuals
P25 cm in DBH (1.3 m aboveground) were assessed. According to
the Brazilian regulations for harvesting in primary forests, only
individuals P50 cm in DBH are allowed to be cut (MMA, 2006).



Table 2
Average costs of establishment and maintenance of enriched logging gaps with
Schizolobium parahyba var. amazonicum and average costs of harvesting, transport,
and processing to produce roundwood and laminated plus sawnwood (USD ha�1) in a
treated and in a control area at Fazenda Shet, Dom Eliseu, Pará, Brazil.

Activity Treated (USD ha�1) Control (USD ha�1)

Seed production 20.00 0.00
Gap preparation 200.00 0.00
Seed planting 55.00 0.00
Maintenance – year 1 40.00 0.00
Maintenance – year 2 40.00 0.00
Roundwood production 1377.65 1156.87
Laminated plus sawnwood

production
5641.49 4737.41

Table 3
Average prices (US$ m�3) in Pará state, Brazil according to SEMAS (2015) for
roundwood and laminated wood of Schizolobium parahyba var. amazonicum and
Cecropia spp. (a) and average benefits (US$ ha�1) of enrichment planting in logging
gaps with S. parahyba in a treated and in a control area to produce roundwood and
laminated plus sawnwood at Fazenda Shet, Dom Eliseu, Pará, Brazil (b).

(a) Average prices (US$ m�3)

Species Roundwood
(USD m�3)

Laminated wood
(USD m�3)

Schizolobium parahyba var. amazonicum 55.00 240.40
Cecropia spp. 49.29 240.40

(b) Average benefits (US$ ha�1)

Activity Treated
(USD ha�1)

Control
(USD ha�1)

Roundwood production 7409.61 6430.55
Laminated plus sawnwood

production
17838.99 13147.42
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For experimental purposes, a special research allowance was
issued to harvest trees P25 cm in DBH. All calculations and simu-
lations presented here were based on the maximum potential pro-
ductivity of the treated and control area. No harvesting procedures
were done by the time of data collection for this study. Individuals
from the sampled species were distributed in six 5-cm diameter
classes (25–30, 30–35, 35–40, 40–45, 45–50, and P50 cm in
DBH) for the treated and control area.

Wood produced from individuals of S. parahyba and Cecropia
spp. has been normally used for lamination to produce plywood.
Cecropia spp. was considered, up to a few years ago, as competing
vegetation. More recently, a rapid technological development per-
mitted its industrial applications, including lamination (Iwakiri
et al., 2010; Zeller et al., 2013). Natural hollows are not a significant
issue to laminate individuals P25 cm in DBH of Cecropia species.

Each individual P25 cm in DBH inventoried was identified at
the lowest taxonomic level and tagged with a small numbered
metal plate. Diameter was measured and commercial height was
estimated. Density (individuals ha�1) and volume (m3 h�1) were
calculated for each individual and species in the two areas
(Table 1). Volumes were calculated using a form factor equal to
0.7 (Silva et al., 1985).

2.3. Cost-benefit analysis

Net present value (NPV) was used to estimate profitability of
enrichment planting in degraded forests using S. parahyba. NPV
is a tool to calculate profitability of projects through discounted
cash flow analysis. Costs and benefits are calculated through the
formula:

NPV ¼
Xn
t¼0

Bt

ð1þ rÞt �
Ct

ð1þ rÞt
 !

where Bt is the harvesting revenue in year t, Ct is the total cost in
year t, r is the discount rate per year, t is the year when revenue
or cost occurs, and n is the time demanded for revenues. Only NPVs
larger than zero indicate profitability of the investment (Klemperer,
2003). Costs were based on field worksheets provided by the
Arboris Group and cost estimations on harvesting, transport, and
processing were estimated according to Pereira et al. (2010) and
Schwartz et al. (2016) (Table 2). Benefits were calculated from the
volumes of each inventoried individual from all species. The calcu-
lated volumes were multiplied by the average commercialization
price of each species for roundwood and sawnwood. The same pro-
cedure was done considering commercialization prices for round-
wood and laminated wood of S. parahyba and Cecropia spp.
(Table 3a). Cecropia presents great natural regeneration in disturbed
Table 1
Volume (m3 ha�1) and density (individuals ha�1) with percentages in relation to all indivi
control area of Fazenda Shet, Dom Eliseu, PA, Brazil.

Species Volume

Treated

Schizolobium parahyba var. amazonicum 40.1 (35.5)
Cecropia spp. 7.7 (6.8)
Trattinnickia burseraefolia 7.3 (6.5)
Jacaratia spinosa 4.0 (3.5)
Geissospermum sericeum 3.4 (3.0)
Pouteria guianensis 3.3 (2.9)
Sterculia pruriens 3.1 (2.7)
Inga sp. 2.9 (2.6)
Hymenaea courbaril 2.7 (2.4)
Pouteria pachycarpa 2.4 (2.1)

Total 76.9 (68.2)
All species 112.8 (100.0)
or degraded forests in southeast Pará. The average prices used in
this study were obtained from the State Secretary for the Environ-
ment and Sustainability of Pará (SEMAS, 2015). The institution pub-
lishes average prices of timber products per species traded in the
state yearly.

Laminated wood was estimated only for S. parahyba and Cecro-
pia spp. using an efficiency index of 84% obtained through sawmill
measurements carried out by the Arboris Group. The estimated
sawnwood was calculated for all species, except S. parahyba and
Cecropia spp., with an efficiency value of 55%, which is the average
processing efficiency in the region.

Future benefits of harvesting a degraded forest enriched with S.
parahyba seeds in logging gaps were based on the diameter of the
duals P25 cm in DBH belonging to the ten highest volume species in the treated and

Density

Control Treated Control

0.1 (0.1) 28.5 (30.0) 0.1 (0.1)
12.6 (13.3) 11.8 (12.4) 17.9 (21.4)
5.9 (6.2) 7.3 (7.7) 6.0 (7.2)
3.2 (3.4) 6.8 (7.2) 4.7 (5.6)
0.6 (0.6) 1.2 (1.3) 0.3 (0.4)
2.4 (2.5) 2.7 (2.8) 1.9 (2.3)
2.9 (3.1) 2.4 (2.5) 1.6 (1.9)
4.2 (4.4) 4.7 (5.0) 7.0 (8.4)
2.5 (2.6) 1.2 (1.3) 1.0 (1.2)
2.8 (3.0) 1.0 (1.1) 1.5 (1.8)

37.2 (39.3) 67.6 (71.2) 42.0 (50.1)
94.7 (100.0) 94.9 (100.0) 83.8 (100.0)
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inventoried individuals in 2008. This represents 13 years of grow-
ing after logging and the treatment of enrichment planting in
Fazenda Shet. Thus, the net benefits per hectare (NPV ha�1) were
calculated for both areas (treatment and control) regarding: (a)
roundwood of every individual from all species and (b) laminated
wood from individuals of S. parahyba and Cecropia spp. plus sawn-
wood from all remaining tree species.

Establishment and maintenance costs of the enrichment plant-
ing treatment were calculated per hectare, where the following
costs were taken into account: (a) seed production, (b) gap prepa-
ration, (c) labor, and (d) workers transport (Table 2). Labor, as part
of the maintenance costs, was calculated in relation to the time
demanded to liberate individuals of S. parahyba inside gaps against
the competing vegetation (Table 2). Individuals of Cecropia spp.
that reached the minimum allowed DBH for laminating (25 cm)
had no liberating treatments during the experiment.

A basic discount rate of 6% per year was used to estimate prof-
itability of enrichment planting with S. parahyba seeds in degraded
forests. This is a long-term interest rate adopted by the National
Development Bank (BNDES) of Brazil. The bank is responsible to
promote long-term financing for projects in industry, infrastruc-
ture, agriculture, trade, and services.
2.4. Sensitivity analysis

Scenarios with different interest rates were built through a sen-
sitivity analysis to project the profitability of producing round-
wood and laminated wood from S. parahyba and Cecropia spp.
plus sawnwood from the remaining native species. Besides the
6% basic rate, other scenarios were built with interest rates of 3%
and 9% per year.
3. Results

3.1. Enrichment planting in logging gaps with Schizolobium parahyba
var. amazonicum

Thirteen years after harvest followed by the application of
enrichment planting in logging gaps using S. parahyba seeds, the
100% inventory showed a total of 14433 stems assessed in both
treated and control area. From these, 5242 stems were from S.
parahyba and Cecropia spp. In the treated area there were 83 spe-
cies in 108 ha against 71 species in 50 ha of the control area. Total
volumes were 112.8 m3 ha�1 in the treated area and 94.7 m3 ha�1

in the control area (Table 1). The highest volumes were presented
by S. parahyba in the treated area and Cecropia spp. in the control
area. Due to the treatment of enrichment planting, S. parahyba
had a remarkable volume of 40.1 m3 ha�1 in the treated area
against 0.1 m3 ha�1 in the control area (Table 1).

From the nearly 10000 seeds of S. parahyba used to enrich
108 ha in the treated area, 3074 individuals attained the har-
vestable diameter of 25 cm in contrast to five individuals reaching
the same size in the control area. This represents a success higher
than 30% in germination, establishment, and growth of the seeds
planted 13 years before. This success in enriching logging gaps
with S. parahyba ended up with a density of 28.5 harvestable indi-
viduals per hectare in the treated area and 0.1 harvestable individ-
uals per hectare in the control area, which grew up naturally with
no silvicultural care. Assuming a complete absence of individuals
belonging to S. parahyba before enrichment planting, the volume
accumulation was expressive. The planted individuals accumu-
lated an average of 3.1 m3 ha�1 yr�1 during the years following
the silvicultural treatment.

S. parahyba showed a concentration of individuals in the three
first diameter classes, from 25 cm to 40 cm in DBH, while Cecropia
spp. had more stems in the first class (Fig. 1). Differently from S.
parahyba, Cecropia spp., which trees came from natural regenera-
tion, presented high densities in both areas (Table 1). However, it
presented higher density in the control than in the treated area
in every diameter class (Fig. 1).

The treated area, besides enrichment planting establishment
and maintenance costs, also presented higher costs to timber lam-
inating and sawing. These higher costs reflected the greater wood
volumes of S. parahyba to be processed (Table 2). The treated area
also presented higher benefits in relation to the control area for
roundwood and laminated plus sawnwood (Table 3b). Both treat-
ments were profitable for roundwood and laminated plus sawn-
wood production under the basic interest rate of 6% per year,
since their NPVs were higher than zero in all simulations (Table 4).
The differences, however, weighted positively in favor of laminated
plus sawnwood in both treatments. Simulations also showed that
the treatment of enrichment planting was more profitable for both
wood uses (roundwood and laminated plus sawnwood) in the trea-
ted area than in the control area under the basic interest rate of 6%
(Table 4).
3.2. Sensitivity analysis

Scenarios with interest rates lower and higher than the basic
rate of 6% per year showed positive NPVs in every simulation. In
both treatments, roundwood and laminated plus sawnwood were
financially profitable. In all simulations the treated area (with
enrichment planting) was more profitable than the control area,
except for roundwood produced under an interest rate of 9% per
year (Table 4).
4. Discussion

4.1. Enrichment planting in logging gaps with of Schizolobium
parahyba var. amazonicum

Low numbers of individuals from Schizolobium parahyba var.
amazonicum found in the control area’s inventory confirm the spe-
cies small natural densities. Based on its rareness (Veloso et al.,
1991; De Souza et al., 2003), the industrial use for lamination of
naturally grown S. parahyba trees in the region is unviable as an
economic activity.

With results from this study, it is reasonable to infer that the
use of S. parahyba in logging gaps of degraded forests, due to inten-
sive logging, is a viable alternative under an economic perspective.
Due to its rapid growth, S. parahyba can outcompete lianas and
non-commercial pioneer species. This can reflect in a lower
demand of silvicultural treatments of seedling liberation and, con-
sequently, in lower cost. Another possible advantage of growing S.
parahyba is its ecological competitiveness that can force individu-
als from other commercial species spontaneously established in
the forest to grow more rapidly. Such competition can result not
only in a higher wood production but in a more rapid recovery of
degraded forests. A possible indication of this is the higher total
volume and density of the treated area in relation to the control
area (Table 1), since the two areas started from the same degrada-
tion conditions. Rapid growth and economic viability of wood pro-
duction from S. parahyba plantings in degraded forests highlight
the necessity to emphasize management of each commercial spe-
cies, according to their ecological and production cycles. This
way of management can bring better ecological and economic
results. In southeast Amazon there are other commercial fast-
growing species abundant in natural regeneration as Jacaranda
copaia, Zanthoxylum ekmanii, and Z. rhoifolia that have a great
potential to enrich degraded forests. So, these species could be



Fig. 1. Distribution of individuals from Schizolobium parahyba var. amazonicum, Cecropia spp., and all species together in six 5-cm wide diameter classes through the treated
and control area where enrichment planting in logging gaps with seeds of S. parahyba was applied at Fazenda Shet, Dom Eliseu, Pará, Brazil.

Table 4
Net present value (USD ha�1) for the treated and control area in relation to roundwood and laminated plus sawnwood produced through enrichment planting in logging gaps
using seeds of Schizolobium parahyba var. amazonicum at Fazenda Shet, Dom Eliseu, Pará, Brazil under discount rates varying from 3% to 9%.

Interest rate (%) Treated Control

Roundwood Laminated + Sawnwood Roundwood Laminated + Sawnwood

3 3775.93 7954.36 3591.12 5726.81
6 2479.68 5370.33 2472.50 3942.95
9 1622.13 3633.20 1720.16 2743.17

170 G. Schwartz et al. / Forest Ecology and Management 390 (2017) 166–172
managed for wood production in association with S. parahyba and
Cecropia spp.

Successful enrichment planting in logging gaps using
S. parahyba in this study confirms the results from other experi-
ments as Doucet et al. (2009), Gomes et al. (2010), Schwartz
et al. (2013), and Quédraogo et al. (2014). The authors suggest
ecological and economic efficiency of enrichment planting in
logging gaps, which comes as a viable silvicultural alternative for
managing tropical forests.

In terms of costs, the establishment of enrichment planting in
logging gaps using S. parahyba summed a total of US$
355.00 ha�1 (Table 2). This value is similar to the values found in
other enrichment planting studies in Brazil, as US$ 400.37 ha�1

and US$ 248.67 ha�1 described by Schwartz et al. (2016) in north
Amazon and US$ 378.00 ha�1 found by Lopes et al. (2008) in south
Amazon. However, it is much higher than US$ 22.80 ha�1 found in
Cameroon by Doucet et al. (2009) and US$ 40.00 ha�1 in east
Amazon, Brazil, described by Schulze (2008). Seedling production,
transport, and planting, whose cost is usually the highest in enrich-
ment plantings, were zero in this study. Moreover, costs of this
enrichment planting experiment could be reduced in 11% if main-
tenance in year two was suppressed. Field observations from
another experiment in southeast Amazon showed that S. parahyba
seedlings can thrive after a single liberation treatment in the first
year (G. Schwartz – personal observation).

Higher profitability values observed for the treatment of enrich-
ment planting with S. parahyba and for laminated plus sawnwood
under every interest rate simulated in this work were due to: (a)
elevated laminated wood prices in the region (Table 3a) and (b)
rapid technological advance for wood lamination observed in the
region. On the other hand, low roundwood prices of S. parahyba
and Cecropia spp. worsened profitability of roundwood. Thus,
roundwood produced in the treated area became less profitable
than roundwood from the control area for an interest rate of 9%
per year (Table 4).

4.2. Implications for the management of degraded tropical forests

Most of the current studies dealing with enrichment planting in
logging gaps present data from the first months or years after the
experiment beginning (Schulze, 2008; Gomes et al., 2010;
Schwartz et al., 2013). The present study brings data from 13 years,
a complete harvesting cycle of S. parahyba planted in logging gaps
as a post-harvesting silvicultural treatment. So that, it shows how
enrichment planting can bring higher financial returns and con-
tribute to recover degraded tropical forests.

Harvestings 13 years after enrichment planting could also be
seen as a silvicultural treatment of thinning where the felled trees
(all above 25 cm in DBH) would be commercialized. In Fazenda
Shet, for example, there were many planted individuals below
25 cm in DBH that will be harvestable within the next 13-year cut-
ting cycle. In this way, thinning could be applied each 10–13 years
in forests enriched with S. parahyba in a PSS with 30-year cutting
cycles for the slower growth species. The 10–13 year thinning
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operations would bring extra revenues and improve the forest
manager’s cash-flow. Forest managers would no longer have to
wait 30 years for a new harvest. Cutting cycles including 10–
13 year cycles of thinning comes as an applicable option to the
reality of small forest management areas, run by lower income
land owners.

S. parahyba could be benefitted from the low canopy height
(20 m) of the degraded forest in Fazenda Shet. Lower canopy
heights contribute for a larger illumination reaching the forest
floor (Miller et al., 2007). This can be one of the reasons why S.
parahyba grew successfully (average = 3.1 m3 ha�1 yr�1 in
13 years) in the experiment. Hence, the species becomes a recom-
mendable alternative to promote wood production in degraded
forests through enrichment planting in logging gaps.

As a viable silvicultural alternative, enrichment planting in log-
ging gaps can be applied in tropical forests under risks of land use
changes (Paquette et al., 2009; Keefe et al., 2012). Such treatment
can provide a high timber production while the treated forest
maintains its environmental services. This is particularly important
in the arc of deforestation region (Fearnside, 2005; Costa et al.,
2012; Schwartz et al., 2015), in the Brazilian Amazon, where the
experiment was developed. The arc of deforestation, a 500,000-
km2 area in south and southeast Amazon, presents high levels of
forest losses and degradation due to decades of uncontrolled log-
ging. Its landscapes are formed by a mosaic of lands covered by
crop fields, pastures, and degraded forests.

Financial returns, however, are not the only benefit of enrich-
ment planting in degraded tropical forests. Fazenda Shet typically
represents private areas with degraded forests in the arc of defor-
estation. It is not part of a public protected area (conservation
unit), but a private area under significant deforestation risks, once
taken into account high pressures of land use changes to more
financially competitive activities such as agriculture and livestock.
Under this scenario, enrichment planting with fast-growing com-
mercial species can turn degraded tropical forests in a more com-
petitive land use in relation to agriculture and livestock.

In opposition to the long harvesting cycles allowed in the Brazil-
ian Amazon (30–35 years), a minimum cutting diameter of 25 cm
permits shorter cycles (13 years in this experiment). In a shorter
cutting cycle, enrichment planting with S. parahyba turns harvest-
ings more profitable. However, specific legal regulations addressed
to the management of degraded natural forests are necessary to
guarantee their conservation and economic viability.
5. Conclusions

Enrichment planting in logging gaps using seeds of S. parahyba
showed to be a successful post-harvesting silvicultural treatment.
In 13 years (1995–2008), the species presented a volume increase
of 3.1 m3 ha�1 yr�1 for individuals P25 cm in DBH. More than 30%
of the planted seeds were able to reach sizes P25 cm in DBH. The
treatment was profitable for roundwood and laminated plus sawn-
wood production. In all simulations the treated area presented the
best cost-benefit relation when compared to the control area,
except in roundwood under an interest rate of 9% per year.
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