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Can heavily logged Amazonian dense forests produce commercial timber for a second harvest under a 25-35-year
cutting cycle? To address this question, we evaluated the forest capacity to recover the volume extracted 32 years
after heavy logging (90 m® ha™') in a 144-ha research area located in the Tapajés National Forest, Brazil
(03°18'31” to 03°19'21" S; 54°56/28" to 54°56'15” W). Abundance (number of trees ha~!), basal area (m? ha™')
and volume (m® ha™!) were assessed in two censuses, one year before logging (1981) and 32 years after logging
(2014) to evaluate the status of the timber stock. Canopy openings caused by logging and silvicultural treatments
increased sunlight in the forest and boosted the growth of trees 5-45 cm in DBH. Light-demanding species
accounted for most of the increase in density and timber volume in the study area after logging. Our findings
indicated that 32 years after the first cut, the forest was not able to replace the volume extracted. Considering the
present Brazilian forest management regulations, which allow a logging intensity of 30 m® ha ! in a 35-year
cutting cycle, this volume could only be harvested if new species not logged in the first cut were included in

the new species logging list.

1. Introduction

Sustainable forest management is considered by many scholars as the
best alternative to conserving tropical forests and assuring that the
forests environmental, social and economic functions are maintained. As
far as timber production is concerned, to assure long-term timber yields
in tropical forests, it is important to evaluate the recovery of species
diversity and composition (Hu et al., 2018), recruitment, mortality and
growing stock of commercial species (Avila et al., 2017; Dionisio et al.,
2017). Timber yields also depend on the recovery rates of previously
extracted species and on the potential markets of non-logged species by
the time of future harvests (Jardim and Soares, 2010).

One of the main concerns on the management of tropical forests for
timber production is the stock reduction after the first harvest, which is
frequently observed worldwide (Dauber et al., 2005; Keller et al., 2007;

Valle et al., 2007; Rozendaal et al., 2010; Hawthorne et al., 2012).
Another question to be considered is the low recruitment rates of com-
mercial species, which decreases timber yield (Avila et al., 2017;
Roopsind et al., 2017).

Simulations carried out by van Gardingen et al., (2006) and Valle
et al., (2007) in the Brazilian Amazon involving the entire species
community have indicated that the studied forests do not recover their
initial volume stock in 30-year cutting cycles. Similar conclusions were
drawn by Rozendaal et al. (2010) and Hawthorne et al., (2012) in the
Bolivian Amazon and in Ghana, West Africa, for simulated 40-year
cutting cycles. Moreover, studies involving species specific pop-
ulations (eg. Andrade et al. 2019; David et al., 2019; Ferreira et al.,
2020) suggest 100-year cutting cycles, depending on the ecological
features of each tree species, which makes it difficult to maintain the
same composition of harvested species in each cycle.
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Logging intensity also influences the recovery time of the commer-
cial timber stock. Heavy logging and intensive thinning have a negative
impact on the recovery of the commercial volume stock (Avila et al.,
2017; Roopsind et al., 2017; Andrade, 2020). As a consequence of this,
the cutting cycle should be extended to allow the recovery of the volume
stock of the species harvested, or the allowable cut should be completed
with the volume of species not logged in the previous cut.

The high productive potential of dense rain forests in the Amazon is
unquestionable, but the maintenance of their timber yields remains as a
great challenge for forest managers. Forest research has certainly had
great advance in this direction, by proposing cutting cycles of 25-35
years, which are currently adopted by the Brazilian forest management
legislation for the Amazon region (Brasil, 2006). These cutting cycles are
based on the growth and yield prognoses obtained from permanent
sample plots data (Silva et al., 1995; Silva et al., 1996; Alder et al.,
2012), representative of the entire tree community (Castro et al., 2019;
Ferreira et al., 2020).

A promising alternative to ensure continuous timber yields is to
diversify the number of harvested species, including those not harvested
in the first cutting, considering their ecological and economic charac-
teristics (van Gardingen et al., 2006; Keller et al., 2007; Alder et al.,
2012; Avila et al., 2017). Another approach to achieve long-term pro-
duction in tropical forests is to apply post-harvesting silvicultural
treatments. They are treatments aiming to boost growth of remaining
commercial and potential species (Dauber et al., 2005; Brienen and
Zuidema, 2006; Rozendaal et al., 2010; Putz et al., 2012; David et al.,
2019) and ensure their natural regeneration (Dauber et al., 2005; Pena-
Claros et al., 2008; Krisnawati and Wahjono, 2010; Darrigo et al., 2016;
Hogan et al., 2018; Neves et al., 2019). Nevertheless, most studies on
silvicultural treatments in tropical forests consider only the growth or
mortality of the remaining individuals (eg. de Graaf et al., 1999;
Wadsworth and Zweede, 2006; Pena-Claros et al., 2008; Villegas et al.,
2009; David et al., 2019). Other studies assess the costs (Costa et al.,
2001), but few investigate the economic profitability of silvicultural
treatments in tropical forests. Grafe et al. (2020) examined the costs and
profitability sensitivity of liberation treatments in two Caribbean (Belize
and Trinidad and Tobago) and two South American (Guyana and Suri-
name) countries. The authors concluded that investments in silvicultural
treatments bring considerable financial risk. Therefore, without a reli-
able response on the matter, the suggestion of adding new species to
each cutting cycle comes as a safe procedure.

In this paper we evaluated the ability of a terra firme rain forest of the
Brazilian Amazon, heavily logged and treated by poison girdling silvi-
cultural treatment, to recover its original stock 32 years after the har-
vesting operations in order to answer the following research questions: i)
Does the forest as a whole recover its original timber stock? ii) Do the
tree species extracted recover their original timber stock? iii) Is the
forest able to produce enough commercial timber for the next cutting
cycle?

2. Material and methods
2.1. Study area

The experimental area comprises 144 ha of Dense Ombrophilous
Forest (IBGE, 2012) located in the Tapajos National Forest, municipality
of Belterra, state of Pard, Brazil, between the geographic coordinates
03°18'31” to 03°19'21” South and 54°56'28” to 54°56'15” West.
Topography is mostly flat. Climate is “Am” according to the Koppen
classification. Annual average temperature is 27 °C, relative humidity is
87%, and the cumulative annual rainfall is 1758 mm (INMET, 2020).
The most common soils in the region are Dystrophic Yellow Latosol and
Dystrophic Yellow Argisol (Oliveira Junior and Correa, 2001).
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2.2. Forest inventories data

Data comes from two inventories at 100% intensity carried out in the
144-ha experimental area and from 48 permanent sample plots (PSP) of
0.25 ha (total of 12 ha sampled) also established in the 144-ha area,
randomly distributed with a minimum distance of 50 m between them
(see further details in Appendix A.1-supplementary material). In the first
100% inventory conducted in 1981, all trees with DBH (diameter at
breast height) > 45 cm were measured. In the second 100% inventory
that was carried out in 2014, all trees with DBH > 25 ¢cm were measured.

To compare the forest structure between the two occasions we
complemented the database with data of trees 5.0-44.9 cm DBH
measured in the 1981 PSPs assessment. The 2014 database was com-
plemented with trees 5.0-24.9 cm DBH of the PSPs measured in 2012,
the closest year to 2014.

All trees measured were identified to species level whenever possible
in the area by a parabotanist from the IAN Herbarium (Embrapa Eastern
Amazon). Botanical specimens were collected from less common trees
for late identification in the IAN Herbarium.

In 1982, logging was carried out in the 144-ha experimental area
applying techniques to reduce impacts such as stock survey (100% in-
ventory), climber cutting, directional felling and skid trails planning. A
crawler tractor was used to open the logging decks and a rubber skidder
was utilized to extract logs from the forest to the logging decks (Carvalho
et al., 1984). Thirty-six commercial species with a minimum felling
diameter of 55 cm were harvested. The average volume and number of
trees extracted was 90 m> ha™! and 12 trees ha™?, respectively (Car-
valho, 1987). Twelve years after logging, in 1994, silvicultural treat-
ments (refinement by poison girdling of non-commercial species)
applied over the logged area reduced the original basal area to 53% of 19
non-commercial species, aiming to boost growth of the remaining
commercial species (Costa et al., 2001; Avila et al. 2017). Due to iden-
tification issues, two species of the genus Qualea (Q. gracilior Pilg. and
Q. paraensis Ducke) and one of the genus Ruizterania (R. albiflora
(Warm.) Marc.-Berti.) were grouped as Qualea spp. Thus, in calculations
and analyzes, 36 species, instead of 38, were considered as logged in
1982.

2.3. Interviews with sawmill owners

To evaluate the potential stock for future harvests, 53 commercial
species were selected according to a survey based on questionnaires
applied in the eight biggest sawmills from the 25 operating in the mu-
nicipalities of Santarém and Belterra, Brazilian Amazon in 2014. The
survey indicated: the species processed by sawmills (the sawmill owners
were asked to list all species they processed in their sawmills); origin of
the timber (forest management projects or traditional exploitation); the
most demanded species by buyers; and the most commercialized species,
both in the national and in international markets (the sawmill owners
were asked to list the countries that bought their timber). All the 53
species listed by the sawmill owners had their timber traded (Brasil,
2020). So, all 53 species were considered potential for the next harvest
once having available stock. All of these species were also considered
commercial by Piponiot et al. (2019). Out of these 53 species, only two
(Dalbergia spruceana Benth. and Euxylophora paraensis Huber) were not
recorded in the 100% intensity forest inventory of 2014. More survey
details are shown in Appendix A.3, supplementary material.

2.4. Data analysis

Comparative analyses of abundance (number of trees ha™!), basal
area (m? ha 1) and volume (m® ha™!) in the period of 1981 (one year
before logging) to 2014 (32 years after logging) were carried out to
evaluate whether the forest recovered its original volume stock. Such
analyses also considered the distribution of the number of trees, basal
area and volume per diameter classes, for the entire tree community
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and, separately, for the species harvested in 1982.

Analyses of density, basal area and volume distributions considered
10-cm class intervals starting with 5 cm DBH for density and basal area,
and the minimum of 15 cm for volume. Two volume equations devel-
oped for the Tapajos National Forest (Silva et al., 1984; Silva and Aratjo,
1984) were used, one for trees sizing 15 cm — 45 cm DBH (V = —0.0994
+ 0.00091941 DBH? (R? = 0.96, and Syx = 12%)); and another one for
trees with DBH > 45 cm (V = Exp (—7.6281 + 2.1809 In (DBH) (R? =
0.84 and Syy = 16%)).

Timber stock available for a second harvest was determined using
data of the 2014 stock survey (100% inventory), and considered trees
with DBH > 50 cm from 34 species whose timber is currently processed
at sawmills in the Santarém region, and traded in the national and in-
ternational markets. For this evaluation, we considered the criteria
established in the Normative Instruction 5/2006 of the Brazilian Min-
istry of the Environment — MMA (Brasil, 2006) and in Normative In-
struction 1/2015 of MMA (Brasil, 2015a). According to these
regulations, logging is only allowed if the species’ density is at least four
trees (DAP > 50 cm) per 100 ha. For those that meet this criterion, 10%
must be kept as seed bearers. If the species is classified as vulnerable to
extinction the numbers change to five trees per 100 ha and 15% must be
kept as seed bearers. We also considered the Article 23 of the Normative
Instruction 5/2015 of Para State Secretary for the Environment and
Sustainability, which established the Maximum Felling Diameter (200
cm) for each managed species (SEMAS, 2015).

The species studied were classified into two large ecological groups
(shade-tolerant and light-demanding species), according to their char-
acteristics, following the proposition of Swaine and Whitmore (1988), to
determine which ecological group was most affected or benefited by the
logging and silvicultural treatments.
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3. Results
3.1. Stock recovery of the tree community

Abundance, basal area and volume recovered their initial status in
DBH classes smaller than 45 cm. This was not the case of the DBH class
45-54.9 cm that recovered only abundance and basal area. As far as
volume is concerned, no DBH class above 45 c¢cm recovered the initial
stock (Fig. 1).

Thirty-two years after logging, only 60.8% of the volume of trees
with DBH > 45 cm was restored (Table 1). On the other hand, the
abundance of these large trees recovered by 91.9% in the same period,
indicating that in managed forests, the recovery in abundance is faster
than the recovery in basal area and volume. As for the whole community
(all tree species > 45 cm in DBH), it did not recover the initial stock in
abundance, basal area and volume (Table 1).

3.2. Recovery of the harvested species

The timber species harvested over 55.0 cm DBH did not recover their
abundance (Fig. 2A; Fig. 2B), basal area (Fig. 2C) and volume (Fig. 2D).
The recovery of abundance (Fig. 2B) and basal area (Fig. 2C) occurred,

Table 1

Total number of trees, abundance, basal area and volume of trees with DBH >
45 cm one year before (1981) and 32 years after logging (2014) in a 144-ha
experimental area logged in 1982 in the Tapajos National Forest, Eastern
Amazon, Brazil.

Variable 1981 2014 Recovery (%)
Number of trees 5731 5267 91.9
Abundance (trees ha™!) 39.80 36.58 91.9
Basal area (m? ha™1) 17.62 12.00 68.9
Volume (m® ha™') 210.40 127.86 60.8
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Fig. 1. Pre-logging (1981) and 32 years after logging (2014) abundance (trees ha™?) of the diameter classes < 45 cm (A) and > 45 cm (B), basal area (m? ha™!) (C)
and volume (m® ha™?) (D) of trees per diameter class of a managed forest in the Tapajoés National Forest, Eastern Amazon, Brazil. Note that the “y” axis in (A) and (B)

is not the same.
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Fig. 2. Pre-logging (1981) and 32 years after logging (2014) abundance (trees ha™!) of the diameter classes < 45 cm (A) and > 45 cm (B), basal area m?ha ) (C)
and volume (m® ha™!) (D) per diameter class of the harvested species in 1982 in the Tapajos National Forest, Eastern Amazon, Brazil.

however, in the 45.0-54.9 cm DBH class, due to the remaining stock of
trees in this class and to the ingrowth of trees from lower size classes
during the post-harvest period.

Ten timber species with the highest volume harvested did not
recover their original volume 32 years after logging (Fig. 3). Carapa
guianensis Aubl. had the best recovery (46%) whereas the remaining
nine species did not reach 30% of their initial volume stock. Only five
out of 36 species harvested in 1982 recovered their pre-logging abun-
dance and volume stocks: Astronium lecointei Ducke, Bowdichia nitida
Spruce ex Benth., Jacaranda copaia (Aubl.) D. Don, Parkia multijuga
Benth. and Vatairea guianensis Aubl. (Appendix A.6, supplementary
material). Except for A. lecointei which is shade-tolerant, the others are
light-demanding and relatively fast growing species. This feature can

Volume (m>ha-?)

Species

Fig. 3. Pre-logging (1981) and 32-years post-logging (2014) volume stock of
trees > 45 cm in DBH of 10 species with the highest timber volume harvested in
1982 in the Tapajés National Forest, Eastern Amazon, Brazil.

explain recuperation of their stock. A. lecointei benefitted from the
canopy opening after logging. Three of these species were listed as
processed in the interviewed sawmills: A. lecointei was processed in six
sawmills with 70% of demand by buyers, in relation to the other species
processed in the sawmill, being traded in both local and national mar-
kets; B. nitida was processed in two sawmills with 40% of demand by
buyers, also traded in both local and national markets; V. guianensis was
less demanded by buyers and traded only in the local market (Appendix
A.3, supplementary material).

Besides recovering the communitys initial stock, the forest canopy
was in a dynamic balance containing large trees of both light-demanding
and shade-tolerant species.

3.3. Potential stock for the second cutting (DAP > 50 cm)

Thirty-four species currently processed in local sawmills in the mu-
nicipalities of Belterra and Santarém compose the potential volume for
the second harvest (~39 m3 ha_l). This is higher than the maximum
annual allowable cut of 30 m> ha™! established by the Brazilian Gov-
ernment (Normative Instruction 5/2006) for a 35-year cutting cycle.
Twelve species logged in the first cut met the criteria established for
harvesting in the second cut (Brasil, 2006; 2015a). These species
contributed with 37% of the potential number of trees and 25% of the
potential volume available for logging (Appendix A.7, supplementary
material).

Four species (Carapa guianensis, Couratari stellata A.C.Sm, Manilkara
elata (Allemao ex Miq) Monach) and Pouteria bilocularis (H.J.P. Winkl.)
Baehni were responsible for 54% of the harvestable volume in 2014.
They are highly demanded by buyers and have a high percentage of sales
in the local market. C. guianensis and M. elata are also widely traded in
the national market and, according to the interviewed sawmill owners,
they are also traded in the international market (Appendix A.3,
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supplementary material). Both species were logged in 1982.

Twenty-two commercial species were not harvested in 1982. This
represents 75% of the total volume available for the next harvest. Some
species such as Couratari spp., which were not logged in 1982, due to
lack of market, can now be commercialized. If the second harvest
included only the species harvested in 1982, the available volume would
drop to only 16.98 m® ha™, fivefold lower than that of the first harvest
(90 m® ha™1).

Ten species harvested in the first cutting did not yield sufficient
volume to meet the principle of the continuous timber production by the
time of the second harvest (trees DBH > 50 cm). Those were Han-
droanthus impetiginosus (Mart.ex DC) Mattos, Sextonia rubra Van der
Werff, Aniba canelilla (Kunth) Mez, Erisma uncinatum Warm, Dinizia
excelsa Ducke, Roupala montana Aubl., Swartzia grandifolia Bong. ex
Benth, Simarouba amara Aubl, Qualea spp. and Bowdichia nitida.

The 16 species more demanded by buyers (preference > 55%) and
that are rated as potentially harvestable in the next cutting cycle had a
volume of 21.93 m® ha™! in 2014, representing 73% of the maximum
volume allowed to harvest. Fifteen species were considered more
marketable in the local market (preference > 55%) with a volume of
27.11 m® ha! in 2014, representing 90% of the maximum volume
allowed for harvesting (Appendix A.3, supplementary material).

According to the sawmill owners interviewed and considering the
categories of timber prices established by the Finance Department of the
state of Para, Brazilian Amazon (Brasil, 2015b — Appendix A.4, supple-
mentary material), the volume available for the next harvest could yield
USD 2,790.80 per hectare. This income assumes the entire volume of
timber (38.96 m® ha™!) sold in the local market (Appendix A.5, sup-
plementary material). However, considering that the legislation allows a
maximum harvest of 30 m> ha™!, the sawmills could obtain up to USD
2,148.97 per hectare in the local market.

Also according to sawmill owners responses, only nine species
(Astronium lecointei, Bagassa guianensis, Carapa guianensis, Cordia
goeldiana, Handroanthus serratifolius, Hymenaea courbaril, Hymenolobium
excelsum, Manilkara elata and Vochysia maxima) among the 34 selected
for the second harvest were sold to other Brazilian states (national
market). If the timber of these nine species (7.38 m? ha!) was sold on
the local market, the sawmills would raise USD 631.06 per hectare, but
once sold in the national market (other Brazilian states) they could raise
up to USD 6,316.21 per hectare. Fourteen species were indicated by the
interviewed sawmill owners as exported to some countries in North
America, Asia and Europe (Appendix A.3, supplementary material), but
we did not get reliable information on timber prices of those species in
the international market.

4. Discussion
4.1. Recovery of the original timber stock of the forest community

Harvesting in the experimental area followed the Brazilian envi-
ronmental regulations of 1982 and was planned in detail, i.e., complied
with the principles of reduced impact logging. The regulations, at that
time, prescribed a minimum felling diameter of 45 cm for any species
and had no restrictions on the harvesting intensity (cf. Brasil, 1965). The
volume harvested (90 m> ha’l; Carvalho, 1987) was threefold higher
than the maximum logging intensity allowed by the current manage-
ment regulations (cf. Brasil, 2006). Despite these flexible environmental
restrictions, only 38 species were selected. The forest still did not
recover its original timber stock in 32 years, due to the high logging
intensity applied in a 30-35-year cutting cycle. In Suriname, under the
same post-logging period of the present study, Roopsind et al. (2017)
found a negative effect of high logging intensity over the initial timber
stock. The prediction models used by the authors showed that the
probability of the forest to recover its timber stock in 32 years was 82%
under low logging intensity (15 m® ha™'), 80% with medium intensity
(23 m® ha™!) and <70% with high intensity (46 m® ha™!). Likewise,
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Piponiot et al. (2019) evaluated data from 15 different sites in the
Brazilian Amazon, Peruvian Amazon and French Guiana, with different
logging intensities, and found that heavier logging intensities did not
allow volume recovery during a cutting cycle. The results obtained by
Gaui et al. (2019) in a natural forest in central Amazonia suggest that
trees with DBH greater than 40 cm assure stock for a new cutting cycle. If
canopy do not recover completely, the timber stock may be exhausted.
The authors claim that higher logging intensities do not allow the
floristic composition to recover in an interval up to 25 years. Growth
rates in the Amazonian rain forests are quite low and this is also true in
other tropical rain forest elsewhere. Thus, a compromise must exist
between logging intensities and the length of the cutting cycles.

Brienen and Zuidema (2006) pointed out that the recovery time of
the harvested volumes is not only determined by the growth rates of
each species, but also by the number of remaining trees present in the
diameter classes below the minimum felling diameter. Dauber et al.
(2005) drew similar conclusions, but taking into account the influence of
these factors on the yield of the second cutting cycle. Furthermore, the
mortality rates of residual trees also affect both the time needed for the
harvested volume to recover (Brienen and Zuidema, 2006) and the
production of future cutting cycles in tropical forests (Dionisio et al.,
2017).

In the present study, the number of trees and basal area of the 45-55
cm size class recovered for both the timber trees community and the
harvested species group. This was the only size class that recovered the
volume stock. Trees of the classes immediately below the minimum
felling diameter presented faster responses in growth due to the
increased solar radiation as result of canopy opening caused by logging.
Therefore, these trees grew into the 45-55 cm diameter class.

4.2. Recovery of the original timber stock per species

The non-recovery of timber stock for a second harvest has also been
reported elsewhere in tropical rain forests (e.g. Dauber et al., 2005;
Rozendaal et al., 2010; Hawthorne et al., 2012; Gourlet-Fleury et al.,
2013; Roopsind et al., 2018). A simulation study of three species har-
vested in a Bolivian tropical forest showed that the recovery of the initial
volume would not reach 50% in 40 years (Rozendaal et al., 2010). In
another research in Bolivia, the recovery of timber stock of commercial
species was also lower than the expected for a 20-year cutting cycle
(Brienen and Zuidema, 2006). Other predictions indicated that cutting
cycles under 60 years were not sufficient for harvested species to recover
their original timber stock (Sist et al., 2003; Van Gardingen et al., 2006;
Schulze et al., 2008). Hence, longer cutting cycles are essential for a
complete timber stock recovery of harvested species in tropical rain
forests (Brienen and Zuidema, 2006; Rozendaal et al., 2010).

4.3. Commercial timber production for the next harvest

Our study revealed how important is to consider timber markets
changes in the selection of species for harvesting in forest management
projects. The available stock for the second harvest was composed
mainly by current commercial species, which were not marketable by
the time of the first harvest. This new timber stock composition would be
enough to ensure timber production in the next cutting cycle (see also
van Gardingen et al., 2006; Keller et al., 2007; Alder et al., 2012; Avila
et al., 2017).

Manilkara elata, Carapa guianensis and Goupia glabra Aubl., harvested
in the first cutting cycle, comprised 34% of the available timber stock for
the second harvest. These species still did not recover their initial stocks.
However, after 32 years, trees from diameter classes below the mini-
mum felling diameter accumulated enough trees over 50 cm DBH. This
made possible to include these species in the second cutting list.

One strategy to assure long-term timber production is to promote a
significant set of species to complete the list of commercial species for
harvesting in each cutting cycle. This would allow enough time for the
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species harvested in the previous cutting cycle to replace their initial
timber stocks (Avila et al., 2017). Post-harvesting silviculture can pro-
mote timber stocks recovery more rapidly (Dauber et al., 2005; Wads-
worth and Zweede, 2006; Rozendaal et al., 2010; Avila et al. 2015;
David et al., 2019), since the slow growth and low recruitment rates
restrict the replacement of the volume stock in tropical forests (Avila
et al., 2017; de Graaf et al., 1999). Silvicultural treatments, such as
crown liberation thinning (Pena-Claros et al., 2008; Villegas et al., 2009)
and enrichment planting in logging gaps (Schwartz et al., 2017; Neves
et al., 2019) are promising alternatives that can speed up the volume
stock recovery (Villegas et al., 2009; Putz et al., 2012) and may reduce
the cutting cycle (Krisnawati and Wahjono, 2010). It is known that post-
harvest silviculture is beneficial for timber yields in tropical rainforests,
and can also provide employment, ecosystem services and potentially
biodiversity benefits (Cerullo and Edwards 2018).

Timber production can be sustainable in the long-term if species
selected for logging are changed and diversified along the cutting cycles,
as we suggest in the present study. Thus, the second and subsequent
harvests depend on the quantity and quality of trees below the minimum
felling diameter to allow a continuous timber production. When we
consider only trees with DBH > 45 cm, the forest did not recover its
abundance, basal area and volume 32 years after the first harvest. This
was also the case of Piponiot (2019), who evaluated trees with DBH >
50 cm in 15 different sites in the Amazon. They found that low intensity
loggings do not provide enough timber and the high intensity loggings
do not allow volume recovery during a cutting cycle, concluding that
selective logging in Amazonian forests cannot provide enough timber to
meet even the current long-term demand. The authors, however, did not
evaluate trees with DBH < 50 cm as we did in our study, so we found
that a considerable number of trees, basal area and volume are
concentrated in size classes below 45 cm. For instance, in the diameter
class 35-44.9 cm, the basal area in 2014 was six times higher than one
year before logging in 1981. This clearly indicates that the study forest is
recovering its structure, and is able to supply trees with minimum felling
diameter > 55 cm for the next harvests. It is well known that in tropical
forests, the highest number of trees is concentrated in the smaller size
classes, which fits a negative exponential function (De Liocourt, 1898;
Leak, 2002; Picard and Gasparotto, 2016). In the study area, openings
caused by harvesting and the silvicultural treatments, increased solar
radiation inside the forest and boosted growth of small trees (5-45 cm
DBH). Indeed, most of the increase in growth and number of trees was
driven by light-demanding species.

4.4. Implications for forest management

Various studies have focused on determining the time needed for
tropical forests to recover from timber extraction (e.g. Avila et al., 2018,
Ferreira et al., 2020). Some of these studies (e.g. Sist et al., 2003; Van
Gardingen et al., 2006; Schulze et al., 2008; Rozendaal et al., 2010;
Piponiot et al., 2019) emphasize that cutting cycles shorter than 60 years
do not allow logged species to recover their initial volume stock. The
recovering time depends on several factors such as, logging intensity or
volume harvested (Keller et al. 2007; Roopsind et al. 2017), growth
responses of different species (Silva et al., 1995; Carvalho et al., 2004),
recruitment and mortality (Avila et al., 2017; Dionisio et al, 2017),
silvicultural treatments (Sist et al. 2003; Krisnawati and Wahjono, 2010;
Schwartz et al., 2012; David et al., 2019) and damage (Gourlet-Fleury
et al., 2013; Andrade et al., 2020).

According to David et al. (2019) and Ferreira et al., (2020), in the
Brazilian Amazon, due to its great diversity of tree species, it is necessary
to establish minimum felling diameter and cutting cycle for each indi-
vidual species. Those authors also point out that once processing in-
formation on species minimum felling diameter and cutting cycle, also
including structure and diversity of each forest, decision makers would
have sufficient elements to establish more sustainable polycyclic silvi-
cultural systems for Amazonian forests.
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The current silvicultural approach applied in managed terra firme
forests in the Brazilian Amazon is a polycyclic system (Silva, 1993;
Yared et al., 2000; Alder et al., 2012), in which part of the commercial
trees reaching the minimum felling diameter are removed in specific
time intervals (cutting cycles). The present Brazilian forest management
legislation establishes cutting cycles of 25-35 years and a maximum
annual allowable cut of 30 m® ha! for the terra firme forests (Brasil,
2006). The volume extracted in the first cut was the triple of what is
currently allowed. If the present annual allowable cut was applied 32
years ago, it is most likely that the recovery of the volume extracted
would have been more feasible to achieve. It is also possible that pro-
moting a second harvest within already-logged areas have more limited
carbon and biodiversity consequences relative to harvesting timber in
undisturbed forests.

Based on the 2014 stock survey, harvesting 34 commercial species
would be a good choice, since there would be a more diversified
composition of the volume extracted, thus avoiding logging pressure
over a few species. Nonetheless, to meet the maximum annual allowable
cut of 30 m® ha™!, only the volume of six shade-tolerant species viz.
Apuleia leiocarpa var. molaris (Spruce ex Benth) K, Carapa guianensis,
Couratari stellata, Manilkara elata, Pouteria bilocularis and Trattinickia
burseraefolia Mart.) and four light-demanding species (Cordia goeldiana
Huber, Goupia glabra, Pseudopiptadenia suaveolens (Miq.) J.W Grimes and
Vatairea paraenses Ducke) would have been enough for the second har-
vest. These 10 species sum up a total volume of 29 m® ha™!.

5. Conclusions

Thirty-two years after logging, the 144-ha experimental area in the
Tapajos National Forest presented sufficient timber for the next harvest,
under lower yields, in accordance to the present Brazilian forest man-
agement regulations. The stock was composed mostly by species not
harvested in the first logging. Therefore, replacing some harvested
species by new ones not harvested in the first logging becomes an
important alternative to maintain continuous timber production in
tropical forests of the Brazilian Amazon.

Considering the high logging intensity (90 m® ha™') applied, which
was threefold higher than the present annual allowable cut (30 m®
ha™'), and only the species logged in the first cut, the 32-year period
post-logging was not enough for the forest to recover its original abun-
dance, basal area and volume. On the other hand, our study showed that
a second harvest would be possible if new commercial species not logged
in the first cut were added to compose potential volume to harvest.
Encouraging a second harvest over managed forests can also help
decrease logging pressure on unlogged primary forests, though this re-
mains a key avenue for future enquiry.
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