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Abstract: Tropical forest management has a potential role in forest conservation if it is sustainable.
This study of a forest under management in Bolivian Amazonia strongly suggests that the
management project is not sustainable and that no potential changes in management would be
likely to make it so. In a 216.41 ha harvested area, 278 commercial trees from 10 families, 15 genera,
and 15 species were measured. The density of commercial species with diameter at breast height
(DBH) > 50 cm was 1.28 trees ha™, and the harvestable commercial volume was 12.40 m? ha™'. Due
to market restrictions, the actual amounts harvested were much lower: 96 trees were harvested with
commercial boles totaling 2.7 m3 ha™. Of the total impact on biomass and carbon (above- and
belowground), the logs removed from the area represented only 13.4%, while 86.6% was from losses
in the forest as follows: 14.5% from the stumps, crowns, and roots of harvested trees (DBH > 50 cm)
plus 72.1% from the trees (DBH > 10 cm) in the forest lost to roads, log landings, and skid tracks and
the gap openings caused by felling the harvested trees. The estimated expenses exceeded the gross
revenue of the management company (USD 519.15 ha™), a fact confirmed by the company’s
subsequent bankruptcy. The project’s low harvest intensity reduces the environmental impact per
hectare but increases the impact per cubic meter of wood harvested because producing a given
volume of wood requires disturbing a larger area and because more kilometers of access roads and
skid tracks have to be installed to extract a given volume of wood. Because many costs are fixed
regardless of harvest intensity, small harvest volume can render such projects financially unfeasible,
increasing the likelihood that they will be abandoned and not provide long-term “sustainable”
forest protection. However, this does not mean that higher harvest intensity results in sustainability,
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as other constraints apply to high-intensity projects. We conclude that conservation alternatives to
maintain the forest would be more beneficial than management for timber.

Keywords: climate change; CO2 emission; forest harvest; global warming; logging residues; logging;
tropical forest

1. Introduction

Almost half of Bolivia’s 110-million-hectare area is covered by subtropical and
tropical forests that have a role in the global carbon cycle [1,2]. The possible role of carbon
stocks in areas under forest management in maintaining global climate and biodiversity
is a subject of high research interest [3—6]. Estimates of biomass and carbon stocks in the
three main tropical forests (Latin America, central Africa, and Southeast Asia) vary in both
quantity and spatial distribution [5-7] due to differences in the extent and the species
composition of the forests [7-10]. Variations in carbon estimates arise from sampling that
is based on a limited number of individual trees [10,11], differences in tree height-to-
diameter relationships [12], forest structure [13], and species characteristics [14,15].

The Amazon forest stores 230-260 Pg C (1 Pg = 10" g = 1 Gigaton), or 40%—60% of the
carbon contained in the world’s terrestrial vegetation [5,15-17], but carbon stock in areas
under forest management is still uncertain. Few studies have been performed on the
carbon stored in logs and wood products [4-6]. After trees are felled, crowns and stumps
are left in the forest, where they decompose and emit carbon dioxide over time [6,7,18].
Other factors add to this loss of forest biomass and to the consequent CO: emissions, such
as forest fires that degrade the Amazon forest and its natural functions [19]. Deforestation
and the increase in the frequency of prolonged droughts have contributed to the high
recurrence of forest fires in the Amazon [19].

Managed areas in Bolivian Amazonia are harvested through selective logging
[5,19,20]. This can affect the relationships between individuals of different species
(interspecific ecological relationships). A study in Bolivia by Soriano et al. [21] found that
selective logging of tree species that coexist with Bertholletia (Brazil nut) can positively affect
Bertholletia populations, providing a special case in forest management. Pioneer species, such
as Schizolobium amazonicum, can benefit from soil disturbance by skidders [21], similar to
natural regeneration in the gaps formed by harvesting trees in managed areas [22].

Bolivia’s Forest Law n® 1700/1996 made it mandatory for management plans to
include the monitoring and control of harvesting and post-harvest activities [23-25]. In
accordance with Article 27 of this law and its regulations under Supreme Decree No.
24,453, a management plan is required for all types of forest use, including concessions,
authorizations, and clearing permits. Protection areas and other uses are to be delimited
in the management plan, and only the resources that are the subject of the management plan
can be used [26]. Every forest management plan has a 20-year cutting cycle, with the managed
area divided into 20 annual production units (APUs) that serve as the basis for the yearly forest
operating plans (POAFs). The location of the APU is chosen each year in this operating plan.
An APU to be logged can be subdivided into two compartments if they are separated (not
contiguous) and up to three compartments if they are contiguous [26]. Although Bolivia’s
mandatory management plans are intended to conserve forests, there is little investment in
post-harvest silvicultural treatments [27,28]. Studies on the loss of volume, biomass, and
carbon from the suppression of vegetation for roads, log landings, skid tracks, and gap
openings in the managed areas in Bolivia and Brazil are few [29,30].

Bolivia and other tropical countries need to develop policies to reduce greenhouse gas
emissions from forest management [20,21,31] and to ensure the conservation of the
biodiversity of managed species [32]. Reconciling logging with the provision of other
ecosystem services is a challenge for forest managers and policymakers [33]. Formulating
mitigation policies in managed areas requires the quantification of tree stocks and the stock of
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carbon removed. Estimates are needed of the emissions generated by the harvest and from the
subsequent decomposition of branches, leaves, and stumps left in the area.

Bolivia, along with other nations, is urged to develop effective policies to reduce
greenhouse gas emissions from forest management [32,34,35]. These policies must also
guarantee the conservation of the biodiversity of managed species. Although carbon market
mechanisms are seen as critical for achieving climate objectives [36], Bolivia expresses caution
regarding these mechanisms and the commodification of environmental functions [37].

In Bolivia, studies on above- and belowground biomass are limited [38] compared
with other countries such as Brazil [39,40]. Dauber et al. [38] carried out a comprehensive
analysis of data from 600,000 trees from 74 forest inventories in four Bolivian ecoregions
and estimated biomass using the equations of Brown et al. [41]. The results showed
average aboveground biomass (DBH > 10 cm) ranging from 97 Mg ha™! (Mg = Megagrams,
or metric tons) in the Chiquitano-Amazonian transition zone to 171 Mg ha™ in the
Amazon, with a carbon stock ranging from 49 to 86 Mg C ha'.

Little is known about biomass and carbon in managed areas, especially in the
northern part of the Bolivian Amazon. This includes the state of Pando, with 63,827 km?
of forests, both flooded and unflooded [42]. Trees with a DBH above 50 cm are measured
in forest management projects, and these large trees make a disproportionate contribution
to biomass and carbon [43,44]. Carbon dioxide is emitted from vegetation lost in the
construction of log landings, skid tracks, and access roads at the harvest stage [6,29].

In an area under forest management in the northern Bolivian Amazon, the present
study estimates the volume, biomass, and carbon that is removed in the commercial boles
(the trunk from the stump cut to the first significant branch) and that is lost in the crowns,
stumps, and roots of the harvested trees and the forest lost to collateral damage and
management infrastructure. This study also examines the management system’s
prospects for financial and biological sustainability.

2. Materials and Methods
2.1. Study Area

This study was conducted in a 216.41 ha production unit known as “Compartment
2” located in the El Lago community in the northern portion of the Bolivian Amazon
(11°30'5.01" S, 68°34'48.12" W) in the municipality of Filadelfia, Manuripi Province, Pando
Department, Bolivia (Figure 1) [44]. The El Lago community, to which the production unit
belongs, is a registered social organization (Filadelfia municipality registration no. 17/97;
Pando department registration no. 08/98) composed of peasant families that share a
common territory. The community has a General Forest Management Plan (PGMF)
approved in 2006 by the Authority for Surveillance and Social Control of Forest and Land
(ABT) [44]. A forest inventory was performed in 2011 in the annual production unit (APU)
evaluated in this study. The management plan for the study area is based on a 20-year
cutting cycle with an APU of 568.54 ha to be harvested each year. In 2012, the 2011 APU
was harvested and partitioned into two compartments (1 and 2) [44]. This study was
carried out in Compartment 2, with 216.41 ha. Forest harvest occurred in 2012 and 2013.
The El Lago community has the prerogative of selecting a company or entity to be
responsible for the use of the community’s forest resources. Through an agreement, the
community grants permission to either a public or private entity to prepare and use
resources through the Annual Forestry Operational Plan (POAF), which must be
presented to the Forestry and Territorial Authority (ABT) through a contract. The
Industria Maderera Arce (IMAR) company was selected by the community to be
responsible for the POAF for Compartment 2 [44,45]. This process ensures that the entity
assumes the responsibility for carrying out adequate management of the POAF area,
focusing on the “sustainable” extraction of timber resources and the protection of soil,
fauna, and vegetation [45,46]. Silvicultural practices are adopted to cut lianas (woody
vines) on trees to be felled, and precautions are taken when opening clearings to avoid the
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loss of trees identified for future harvesting [47-50]. The practices include guidance to
facilitate natural regeneration [46,49,51], requiring that the cut to fell the trees be made
near ground level, which both leaves a smaller stump and helps prevent the saw operator
from tripping while fleeing when the tree falls [49-51].
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Figure 1. Location of the study area highlighting the 216.41 ha production unit (Compartment 2).

The vegetation in the study area is classified as dense tierra firme (unflooded upland)
forest [45,52,53] with a predominance of dense forest with palms [53,54]. The region’s cli-
mate is Aw under the Képpen-Geiger classification [55] with a mean temperature of 24.7
°C and annual precipitation ranging from 1454 to 2000 mm [37]. The rainy season is from
October to May, with the highest rainfall in the October—-December period. The soils in the
study area are Acrisols and Luvisols [45,53]. The predominant topography is flat, with a
slope of approximately 5% and an altitude between 150 and 220 m above mean sea level
[44,54]. Forest harvesting occurs during the dry season, from June to September [54].

2.2. Measurement of Dendrometric Variables and the Ecological Importance of the Species

Dendrometric variables, such as diameter at breast height (DBH) > 50 cm measured
1.30 m above the ground or just above any buttresses (in accord with technical standard
248/98 [25]) and commercial height (CH; m), were obtained from the forest inventory of
the El Lago community. The height of the stumps was measured as a function of the char-
acteristics of the commercial bole; the height of the stump is 30 cm in the case of trees with a
cylindrical commercial shape, while the height can reach 50 cm when the tree has buttresses
[46]. The order of ecological importance of the species was determined for commercial trees
with DBH > 50 cm, and the absolute and relative phytosociological parameters of the horizon-
tal structure were considered by applying the cover value estimator of the ith species (CVEi.
%) [55], where: CVEi (%) = RDens + RDomi/2, RDensi = relative density of the ith species (%)
and RDomi = relative dominance of the ith species (%).



Forests 2024, 15, 652 5 of 21

2.3. Estimated Volume, Biomass, and Carbon of Harvested Trees

The harvested logs are processed industrially for sawn or laminated wood. Only the
commercial bole exits the management system, while the crowns and stumps stay in the
forest and decay. Bolivian legislation requires the application of a “species safety factor”
[26,45,46], whereby a maximum of 80% of individuals (DBH = 50 cm) of any given species
can be removed from the area, leaving the remainder for seed production and reproduc-
tion (Table 1). Scientific names and families (Table 1) were based on the National Forestry
Inventory and Forestry Resources Control Program of Bolivia [25,26,46], the Missouri Bo-
tanical Garden [56], and REFLORA [57].

Table 1. Safety factor applied to commercial species, separated into harvested trees and remaining
trees in the 216.41 ha study area.

Family Species Minimum Total Trees Eligible Remaining
DBH Trees for Harvest Trees

Lecythidaceae Couratari macrosperma A.C.Sm. 50 71 56 (78.9%) 15 (21.1%)
Fabaceae Apuleia leiocarpa (Vogel) ].F.Macbr. 50 37 29 (78.4%) 8 (21.6%)
Meliaceae Cedrela odorata L. 60 33 26 (78.8%) 7 (21.2%)
Moraceae Clarisia racemosa Ruiz and Pav. 50 19 15 (79.0%) 4 (21.0%)
Fabaceae Dipteryx odorata (Aubl.) Forsyth f. 50 15 11 (73.3%) 4 (26.7%)
Apocynaceae Aspidosperma macrocarpon Mart. and Zucc. 50 17 13 (76.5%) 4 (23.5%)
Fabaceae Amburana cearensis (Allemao) A.C.Sm. 50 15 12 (80.0%) 3 (20.0%)
Apocynaceae Aspidosperma australe Miill. Arg. 50 16 12 (75.0%) 4 (25.0%)
Fabaceae Enterolobium contortisiliguum (Vell.) Morong 50 11 8 (72.7%) 3 (27.3%)
Fabaceae Hymenaea courbaril L 50 13 10 (76.9%) 3 (23.1%)
Sapotaceae Manilkara bidentata (A.DC.) A. Chev. 50 12 9 (75.0%) 3 (25.0%)
Betulaceae Alnus acuminata Kunth 50 10 6 (60.0%) 4 (40.0%)
Bignoniaceae Tabebuia chrysantha (Jacq.) G. Nicholson 50 4 3 (75.0%) 1(25.0%)
Olacaceae Heisteria spruceana Engl. 50 3 1(33.3%) 2 (66.7%)
Anacardiaceae Tapirira guianensis Aubl. 50 2 1 (50.0%) 1 (50.0%)

Total - 278 212 66

Calculations were performed individually for each tree to obtain estimates of vol-
ume, biomass, and carbon for the commercial boles, crowns, and stumps. The commercial
volume (CV), or the volume of the commercial bole (m3), was obtained with an allometric
equation (Equation (1)) developed for the same forest type (dense ombrophilous forest) at
a location 300 km to the north in Brazil’s state of Acre [58] as follows:

CV = —-8.23250 + 1.74399 x DBH + 0.87702 x CH (1)

where CV = commercial volume (m?); DBH = diameter at breast height with bark meas-
ured 1.30 m above the ground or just above any buttresses (cm); and CH = commercial
height (m).

Stump volume (StuV) per tree was calculated with Equation (2) [6]:

StuV = 0.30 or 0.50 DBHZx 2)
uV = 0.30 or 0. (200) T

where StuV = stump volume (m?), 0.30 = stump height (m) for trees without buttresses,
0.50 = stump height (m) for trees with buttresses; DBH = diameter at breast height with
bark measured 1.30 m above the ground or just above any buttresses (cm).

Crown volume (CroV) was calculated with Equation (3) based on the relationship
between the crown volume (0.44) and total bole volume (0.56) [4,6]:

C v—(044) X (CV + StuV 3)
roV = \ose) * uv)



Forests 2024, 15, 652

6 of 21

where CroV = crown volume (m?) and 0.44/0.56 = the ratio of crown volume to total bole vol-
ume. Total bole volume (md) is the sum of commercial volume (CV) and stump volume (StuV).

Subsequently, the biomass of each harvested tree was obtained by multiplying the
volume of each part of the tree by the basic wood density (WD; g cm™) for the species
(Table 1). The basic wood density (WD; g cm3) of each species was obtained from the
studies by Romero et al. [58] and Zanne et al. [59] (Table 2). Basic wood density is oven-
dried weight divided by saturated volume. Carbon was determined by multiplying the
biomass of each tree component by the mean carbon content (0.49) [58].

Table 2. Species with measured individuals (DBH > 50 cm) in the 216.41 ha study area (Compart-
ment 2) and values for basic wood density (WD; g cm™) used to obtain the biomasses of the har-
vested trees.

Scientific Name Family N Wood Density (g cm=3)
Couratari macrosperma A.C.Sm. Lecythidaceae 71 0.73
Apuleia leiocarpa (Vogel) ].F.Macbr. Fabaceae 37 0.77
Cedrela odorata L. Meliaceae 33 0.43
Clarisia racemosa Ruiz and Pav. Moraceae 19 0.41
Dipteryx odorata (Aubl.) Forsyth f. Fabaceae 15 0.80
Aspidosperma macrocarpon Mart. and Zucc. Apocynaceae 17 0.71
Amburana cearensis (Allemao) A.C. Sm. Fabaceae 15 0.52
Aspidosperma australe Mill. Arg. Apocynaceae 16 0.74
Enterolobium contortisiliquum (Vell.) Morong Fabaceae 11 0.40
Hymenaea courbaril L Fabaceae 13 0.76
Manilkara bidentata (A.DC.) A. Chev. Sapotaceae 12 0.87
Alnus acuminata Kunth Betulaceae 10 0.39
Tabebuia chrysantha (Jacq.) G. Nicholson Bignoniaceae 4 0.78
Heisteria spruceana Engl. Olacaceae 3 0.73
Tapirira guianensis Aubl. Anacardiaceae 2 0.46
Total 278 0.63

2.4. Estimated Volume, Biomass, and Carbon in the 96 Harvested Trees and the Commercial
Value of the Sawn Wood (Final Product)

During harvesting, not all the species that are officially considered appropriate for
wood production [25,28] are harvested in practice due to a series of economic factors [28].
For example, the company managing the area we studied had the skidders, trucks, and
other machinery necessary for forest intervention, but the cost of operating them could
only be justified for harvesting the most-valuable species. Therefore, like most companies
in the region, only the species with a guaranteed market were removed, leaving the others
standing even if they were considered to be of “commercial value” in the management
plan. In the whole of Compartment 2, the “harvestable” category consisted of 212 trees
(80% of the individuals of each species with commercial value and DBH > 50 cm), but only
96 of these trees were felled [26,44]. We estimated the quantities of volume, biomass, and
carbon in the 96 felled trees.

The harvested boles were measured at the log landings [44]. The volume of each sec-
tion of the bole was obtained using the Smalian method (Equation (4)) [60].

A= (SAl;rSAZ) «L (4)

where Vs = volume of a section of the commercial bole (m3), SA1 and SA:z = cross-sectional
areas with bark, obtained at the two ends of the section (m?), and L = length of the section
(m) [60]. The total volume of each commercial bole was determined by summing the vol-
umes of its sections.
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Bole biomass was obtained by multiplying the bole volume by the basic wood den-
sity for each tree (Table 2). To obtain the carbon stored in each commercial bole, the bio-
mass was multiplied by the carbon content of 0.49 (proportion of the dry weight that is
carbon) [58]. The biomass and carbon from the crown and stump of each tree were ob-
tained using the same procedures described in Section 2.3. The aboveground volume, bi-
omass, and carbon of the 96 trees were obtained by summing the stocks in the bole, crown,
and stump [58].

The commercial values of the boles of the 96 trees were calculated by multiplying the
volume of wood in the boles harvested (m?) by the price per cubic meter of wood. Subse-
quently, we converted the values of the 96 trees into quantities per hectare. To calculate
the commercial value of sawn wood (m?s) from the 96 logs, we used a volumetric yield of
46.7% during the sawing process, which is a value from a survey of 11 sawmills in Para-
gominas, Pard, Brazil [61]. To estimate the total volume of sawn wood (m?3s) for each spe-
cies, we multiplied the volume of logs by the volumetric yield. The unit of measurement
for sawn wood in Bolivia is the board foot (1 m3s = 423.78 board feet). Prices are based on
interviews conducted by one of the authors (SISV) in sawmills in Cobija in March 2024.
Bolivian currency (Bolivianos) was converted to USD considering the exchange rate at
that time (USD 1 = BOB 6.96).

2.5. Above- and Belowground Volume, Biomass, and Carbon Removed and Lost in the Managed Area

Two scenarios were used to estimate the volume, biomass, and carbon above- and
belowground (Figure 2). The first scenario tracks the fate of the total stocks of volume,
biomass, and carbon of the 96 harvested trees. This scenario, called “MA” (for “manage-
ment area”) includes the sum of the stocks of each component (boles, crowns, stumps, and
roots) to estimate the total volume, biomass, and carbon per tree. In the case of root esti-
mates, we used the conversion factor determined by Nogueira et al. [39], where 20.57% of
the tree is root biomass.

Figure 2. Flowchart of volume, biomass, and carbon calculations for an area under forest manage-
ment in Bolivian Amazonia.

The second scenario accounts for forest lost in the construction of roads, log landings,
and skid tracks. This scenario is called “MAI” (for “management area infrastructure”)
(Figure 2). The area opened for roads was calculated considering its length and width in
meters, which were later transformed into values per hectare and percentages [62,63]. The
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areas of the log landings and gap openings formed as a result of felling the harvested trees
were obtained by marking the waypoints in the coordinate system of the global position-
ing system (GPS) WGS 84-UTM Zone 19, Lambert equal-area projection, generating the
areas of the polygons in square meters. Information on the areas of the log landings was
used in the planar coordinate matrix method with the Gauss formula: A=
% Xt Yier + XnVh — X1 X Vg1 — XnV1l, where A = polygon area; n = the number ver-
tices (and sides) of the polygon; and (xi, i), i=1, 2, ..., n vertices. This equation is a matrix
representing the X and Y coordinates in a plane through which the abscissa of the first
vertex is multiplied by the ordinate of the second and so forth until the abscissa of the last
vertex is multiplied by the ordinate of the first vertex [63].

The area calculated for skid tracks (Figure 3) illustrates the trajectory of wood extrac-
tion according to the distance from the main road or from a log landing [28,63]. Trees
located up to 50 m from a log landing were dragged directly to the landing. More distant
trees were dragged to the nearest skid track, or (depending on the distance from the main
road) they were dragged onto the road and then taken to a log landing.

546,400 546,500 546,600 546,700
H H H H

| ( |

546,400 546,500 546,600 546,700

Figure 3. Trajectory of skid tracks for tree extraction according to their distances from the main road
or from a log landing.

After obtaining the size of the open areas (roads, log landings, skid tracks, and gap
openings = MAI), the vegetation lost in Scenario 2 was estimated using information on
average aboveground biomass (318.9 Mg ha™) and total live biomass above- and below-
ground (384.5 Mg ha™) for stocks in trees with DBH > 10 cm in dense lowland forest ob-
tained by Nogueira et al. [39] as the average in Acre, Brazil, which is adjacent to Pando,
Bolivia (the study area is 48 km from border with Acre). We emphasize that the infor-
mation used corresponds to the type of forest that occurs in our study area. The biomass
obtained by Nogueira et al. [39] allowed for the generation of volume and carbon values.
Consequently, the biomass value was multiplied by the conversion factor of 0.49, deter-
mined by Romero et al. [58] (Table 3), to obtain carbon stocks. The values for losses in the
MIA were obtained by multiplying the areas by the per-hectare stock of each variable
(volume, biomass, and carbon).
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Table 3. Volume and carbon inferred from studies by Nogueira et al. [39] and Romero et al. [58] for
dense lowland rain forests (including trees of all species with DBH > 10 cm).

Reference Estimated Variable Estimated Values

Nogueira et al. [39] (aboveground biomass = 318.9
Mg ha™'; below + aboveground, ~384.5 Mg ha™) Density (gcm=3)

3 -1
Biomass (Mgha™1) 506.19 m? ha™! (aboveground)
Volume = 610.32 m3 ha!
(below + aboveground)

Romero et al. [58] (0.49; refers to the average carbon
proportion in the biomass)

156.26 Mg ha! (aboveground)
Carbon = biomass x 0.49 188.41 Mg ha!
(below + aboveground)

3. Results
3.1. Aboveground Stocks in Commercial Trees

In total, 278 standing trees were measured (DBH =50 cm). These trees had an average
density of 1.28 individuals per hectare and represented 15 commercial species from 15
genera in 10 families. Couratari macrosperma, in the family Lecythidaceae, was the species
with the highest coverage value (percentage of the total basal area) (26.75%) (Table 4). The
aboveground volume (including stumps and crowns) of these 15 commercial species
(DBH 2= 50 cm), including seed trees, averaged 11.8 + 4.80 m? per tree (mean + standard
deviation), and the total volume in the 216.41 ha area was 3269 m3, or 15.11 m3 ha, which
represented an aboveground biomass totaling 2198.26 Mg or 10.12 Mg ha™, and an aver-
age aboveground carbon stock totaling 1072.74 MgC or 4.96 MgC ha™ (Table 5).

Table 4. Species in decreasing order of importance in terms of coverage value (CovV%) or the per-
centage of the total basal area of 15 commercial species with DBH > 50 cm; absolute and relative
phytosociological parameters of horizontal structure by species.

Scientific Name N ADens RDens% ADom RDom% CovV%
Couratari macrosperma 71 0.33 25.54 0.19 27.75 26.65
Apuleia leiocarpa 37 0.17 13.31 0.10 15.01 14.16
Cedrela odorata 33 0.15 11.87 0.07 9.98 10.93
Clarisia racemosa 15 0.07 5.40 0.05 7.49 6.44
Dipteryx odorata 19 0.09 6.83 0.04 6.05 6.44
Aspidosperma macrocarpon 17 0.08 6.12 0.04 6.51 6.31
Amburana cearensis 15 0.07 5.40 0.03 4.39 4.89
Aspidosperma australe 16 0.07 5.76 0.02 3.57 4.66
Enterolobium contortisiliquum 11 0.05 3.96 0.03 4.84 4.40
Hymenaea courbaril 13 0.06 4.68 0.03 3.82 4.25
Manilkara bidentata 12 0.06 4.32 0.02 3.29 3.80
Alnus acuminata 10 0.05 3.60 0.03 3.80 3.70
Tabebuia chrysantha 4 0.02 1.44 0.01 2.06 1.75
Heisteria spruceana 3 0.01 1.08 0.01 0.90 0.99
Tapirira guianensis 2 0.01 0.72 0.00 0.55 0.63
Total 278 1.28 100 0.688 100 100

Where N = number of individuals (including seed trees) with DBH > 50 cm in 216.41 ha; ADens =
absolute density (ind ha™); RDens = relative density in %; RDom = relative dominance in %; Adom
= absolute dominance in m? ha™'; CovV% = coverage value in %.

3.2. Estimates of Aboveground Volume, Biomass, and Carbon of 96 Trees Harvested by Tree
Component and Revenue from Commercial Boles

The commercial boles of the 96 felled trees had a total volume of 583.43 m? (2.70 m3
ha), biomass of 371.42 Mg (1.72 Mg ha'), and carbon stock of 182 MgC (0.84 MgC ha™).
The commercial values of the harvested trees sold (roundwood) are presented in Table 6.
The total gross revenue to the management company per hectare harvested (net of a small
royalty of USD 35.74 to the El Lago community) is USD 554.89.
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Table 5. Aboveground volume, biomass, and carbon stocks by tree component in commercial boles, crowns, and stumps of 278 harvestable trees in 216.41 ha.

Volume Biomass Carbon

Scientific Name N DBH h m? X SD* mPha'! % Mg x SD+ Mgha'! % MgC X SDx MgCha! %
Alnus acuminata 10 841 147 1183 11.8 28 0.55 3.62  45.70 457 11 0.21 209 2239 224 05 0.10 2.09
Amburana cearensis 15 735 145 1405 94 32 0.65 430 73.61 491 1.7 0.34 336 36.07 240 08 0.17 3.36
Apuleia leiocarpa 37 861 146 4611 125 5.1 213 1411 35331 955 3.9 163 1614 17312 468 19 0.80 16.14
Aspidosperma australe 16 648 154 1242 78 15 0.57 3.80  91.99 5.75 1.1 0.43 420 4508 282 05 0.21 4.20
Aspidosperma macrocarpon 17 842 148 2037 120 3.6 094 623 14463 851 2.5 0.67 6.61 7087 417 12 0.33 6.61
Cedrela odorata 33 746 119 2735 83 3.6 126 837 11631 352 15 0.54 531 5699 173 08 0.26 5.31
Clarisia racemosa 19 771 119 1635 86 27 076  5.00  66.52 3.50 1.1 0.31 3.04 3260 172 05 0.15 3.04
Couratari macrosperma 71 851 189 10745 151 47 496 3287 786.02 11.07 3.4 3.63 3590 38515 542 17 1.78 35.90
Dipteryx odorata 15 957 151 2316 154 52 1.07  7.08 186.18 1241 4.2 0.86 850 9123 6.08 21 0.42 8.50
Enterolobium contortisiliquum 11 895 125 1279 116 46 0.59 391 5081 4.62 1.8 0.23 232 2490 226 09 0.12 2.32
Heisteria spruceana 3 753 15 29.5 98 06 0.14 090 2150 7.17 0.4 0.10 098 1054 351 02 0.05 0.98
Hymenaea courbaril 13 742 152 1274 9.8 2 0.59 390 96.75 7.44 1.6 0.45 442 4741 365 08 0.22 4.42
Manilkara bidentata 12 716 151 1095 91 21 0.51 3.35  95.70 797 1.8 0.44 437 4689 391 09 0.22 4.37
Tabebuia chrysantha 4 978 163 679 170 54 0.31 208 5292 1323 42 0.24 242 2593 648 21 0.12 242
Tapirira guianensis 2 72 13 16.0 80 0.2 0.07 049 7.32 3.66 0.1 0.03 0.33 358 179 0.0 0.02 0.33
Total 278 812 153 3269.00 11.8 4.80 1511 100 2189.26 7.88 4.1 10.12 100 1072.74 3.86 2.0 4.96 100

N = number of trees; DBH = diameter at breast height; h = commercial height; m? Mg and MgC = total volume, biomass, and carbon in 216.41 ha; X = mean per
tree; SD = standard deviation; % = percent of the total for all 15 species.
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Table 6. Calculation of gross revenue per hectare to the management company from the sale of sawn wood from the 216.41 ha harvested area.

Gross Revenue to
Roundwood Volume

Sawn Wood Royalty Paid to El Lago Community Management Company
Harvested
Number of (Net of Royalty)
Scientific Name Trees Price
Harvested VT);):TIIIe \;(;l:llr:l € VT);):::\e (USD Price  Total Value R(()I).’];lg Ilzzte Royalty per ha Total Royalty R:::)::\Le Revenue per ha
(m?) (m? ha) (m?) Foooat:c: (USDm3) (USD) Roundwood) (USD ha™) (USD) (USD) (USD ha-)

Couratari macrosperma 7 78.02 0.36 36.44 0.57 241.55 8801.04 8 2.88 624.17 8176.87 37.78
Apuleia leiocarpa 16 102.01 0.47 47.64 1.00 423.78 20,188.13 10 4.71 1020.09 19,168.04 88.57
Cedrela odorata 22 79.95 0.37 37.34 1.44 610.24 22,784.22 30 11.08 2398.61 20,385.61 94.20
Clarisia racemosa 5 29.88 0.14 13.95 0.72 305.12 4257.61 8 1.10 239.04 4018.57 18.57
Dipteryx odorata 3 34.65 0.16 16.18 1.10 466.15 7543.09 10 1.60 346.51 7196.58 33.25
Aspidosperma macrocarpon 10 7451 0.34 34.80 0.80 339.02 11,796.63 8 2.75 596.05 11,200.58 51.76
Amburana cearensis 8 43.83 0.2 20.47 1.36 576.34 11,796.78 25 5.06 1095.84 10,700.94 49.45
Aspidosperma australe 6 21.51 0.10 10.05 0.57 241.55 2426.43 8 0.80 172.07 2254.36 10.42

Enterolobium contortisiliquum 2 12.59 0.06 5.88 0.57 241.55 1420.21 8 0.47 100.74 1319.47 6.10

Hymenaea courbaril 1 6.33 0.03 2.96 0.72 305.12 901.96 8 0.23 50.65 851.31 3.93
Manilkara bidentata 6 21.88 0.10 10.22 0.80 339.02 3464.10 8 0.81 175.06 3289.04 15.20
Alnus acuminata 6 45.16 0.21 21.09 0.57 241.55 5094.27 8 1.67 361.28 4732.99 21.87
Tabebuia chrysantha 2 24.21 0.11 11.31 3.80 1610.35 18,206.72 20 2.24 484.19 17,722.53 81.89
Heisteria spruceana 1 3.90 0.02 1.82 0.90 381.40 694.64 8 0.14 31.22 663.42 3.07

Tapirira guianensis 1 4.98 0.02 2.33 0.72 305.12 709.60 8 0.18 39.88 669.72 3.09
Total 96 583.43 2.70 272.45 120,085.44 35.74 7735.42 112,350.04 519.15
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The crowns and stumps represented 2.24 m? ha-! of volume, 1.25 Mg ha of biomass,
and 0.61 MgC ha of carbon. Table 7 shows the volume that was removed from the forest
(commercial bole) and that decomposed on site (crown and stump).

Table 7. Volume, biomass, and carbon stocks by tree component in commercial boles, crowns, and
stumps of 96 felled trees in 216.41 ha.

Tree C Volume Biomass Carbon
ree Component m m® ha! Mg Mg ha-! MgC MgC ha™!
Commercial bole * 583.43 2.70 371.42 1.72 182 0.84
Stump 15.36 0.07 8.52 0.04 4.18 0.02
Crown 470.48 2.17 261.11 1.21 127.95 0.59
Total 1069.26 4.94 641.06 2.96 314.12 1.45
* “Commercial bole” refers to the portion of the trunk between the point of cut and the first signifi-
cant branch.
3.3. Estimates of Infrastructure Areas and Loss of Aboveground Vegetation
A total of 5.19 ha was opened for roads, log landings, skid tracks, and gap openings
(MALI), or 2.40% of the 246.41 ha study area. The loss of aboveground vegetation in the
5.19 ha area represents a volume of 2629.15 m?, a biomass of 1656.37 Mg, and a carbon
stock of 811.62 MgC (Table 8). When belowground stocks are included, the values in-
crease, resulting in losses of forest lost to infrastructure (MAI) totaling 3169.99 m?of vol-
ume, 1997.09 Mg of biomass, and 978.58 Mg of carbon.
Table 8. Forest lost to management infrastructure (roads, log landings, gap openings, and
skid tracks) (trees > 10 cm DBH in 216.41 ha).
Use Area Occupied Abovegrounfl Forest Stocks Lost
(MAI) Volume Biomass Carbon
ha FA MI m? m? ha! Mg Mghat' MgC MgC ha!
Roads 0.986 18.99 0.46 499.10 2.31 314.44 1.45 154.07 0.71
Log landings 0.165 3.18 0.08 83.52 0.39 52.62 0.24 25.78 0.12
Gap openings* 1160  22.33 0.54 587.18 271 369.92 1.71 181.26 0.84
Skid tracks 2.883 55.51 1.33 1459.35 6.74 919.39 4.25 450.50 2.09
Total 5.194  100.00 2.40 2629.15 12.15 1656.37 7.65 811.62 3.76

Where: FA = area occupied in percent of the felled area; MI = area occupied in percent of the managed
area; MAI = managed area infrastructure. * Values for gap openings include the harvested trees.

3.4. Total Stocks (Above- and Belowground) of Forest Removed or Lost in the Management Area

The total vegetation removed or lost in the management area had a total volume of
4459.22 m? or 20.61 m? ha!, biomass of 2770.01 Mg or 12.80 Mg ha!, and carbon of 1357.32
MgC or 6.27 MgC ha™. These values are the sum of Scenario 1 (MA; commercial bole,
stumps, crowns, and roots) and Scenario 2 (MAI total vegetation lost to roads, log land-
ings, gap openings, and skid tracks) (Figure 1; Table 9).

In Scenario 1 (MA), the stocks and percentages lost from the harvested trees (crowns,
stumps, and roots) totaled 15.8% of the volume and 14.5% of the biomass and carbon.
Commercial boles removed from the management area represented only 13.1% of the total
reduction in volume, biomass, and carbon and 13.4% of the total vegetation removed or
lost. In Scenario 2 (MAI), the vegetation lost totaled 71.1% of the volume and 72.1% of the
biomass and carbon of the vegetation impacted by MAI The total forest stocks (above-
and belowground) lost or removed in the management area are presented in Table 9. In
terms of biomass and carbon, MAI represented 86.6% and removals represented 13.4%.
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Table 9. Total forest stocks (above- and belowground) lost or removed in the management area
(216.41 ha).

Vegetation Volume Biomass Carbon
8 m? m? ha! % Mg Mgha' % MgC MgCha' %
Lost (stumps +crowns+ /00y 556 158 40149 186 145 19675 091 145
roots; Scenario 1, MA)
Removed (commercial
bole; Scenario 1, MA) 583.43 2.70 13.1 371.42 1.72 13.4 182 0.84 13.4
Lost (Scenario 2, MAI)  3169.99 14.65 71.1 1997.09 9.23 72.1 978.58 5.82 72.1
Total 4459.22 20.61 100 2770.01 12.80 100 1357.32 6.27 100

4. Discussion
4.1. Comparison with Other Management Systems

The number of large commercial individuals of each species in the study area and,
consequently, the density of large trees per hectare (1.28 trees ha™), are low when com-
pared with areas that have been studied in Brazilian Amazonia. Couratari macrosperma is
the predominant commercial tree species in the area, and other species in the area are
similar to those reported by Soriano et al. [21] and Guariguata et al. [31] in studies carried
out in the northern Bolivian Amazon. The lower density of commercial trees in Bolivia as
compared with Brazil can be explained by the fact that in the northern Bolivian Amazon,
the “basket” of species in the Bolivian market [25] is effectively limited to five species. The
most sought-after species are “cedro” (Cedrela odorata), “mara” (Swietenia macrophylla), and
“roble” (Amburana cearensis), together with some species with very hard wood, such as
“almendrilho negro” (Dipteryx odorata) and “almendrilo amarillo” (Apuleia leiocarpa). This
selection means that forest inventories are focused on searching for areas with these spe-
cies and quantifying their stocks in order to have a secure market in the sale of wood. In
most forest inventory reports from Bolivia, the number of species used is between 12 and
20, according to the National Institute of Statistics of Bolivia (INE) [64]. In the present
study, 15 species were sold, whereas in Brazilian Amazonia, the species are more diverse,
with the number of commercial species identified ranging from 44 to 81 [6], meaning that
the number of individuals will be greater regardless of the minimum diameter for inclu-
sion in the inventories.

All harvested individuals in Bolivian forest management must have DBH > 50 cm.
The number of species, number of trees, and diameter significantly impact the volume
stocks of commercial boles. The volume stock harvested in the present study (2.7 m® ha™)
was smaller than those observed in the Peruvian Amazon, which range between 2.9 and
8.1 m? ha™ [22], and much smaller than those in the Brazilian Amazon, where stocks range
from 15 to 30 m® ha! [6]. These differences are attributed to the demand for the five species
that are sought after in the Bolivian market [64]. Although 15 species were harvested in
the management project we studied in Bolivia, the pressure on the most preferred five
species (Table 6) is strong as their price is greater per cubic meter; for example, Cedrela
odorata sells for USD 466.24 m~, a price much higher than for other species (such as Tapirira
guianensis, at USD 243.59 m3; Table 6). The pressure on the most valuable species could
compromise their regeneration in future management cycles [28,65,66]. In summary, var-
iation in stocks indicates significant differences in forest management practices and eco-
logical characteristics among areas that have been studied in different Amazonian coun-
tries. Caution is needed when making direct comparisons of volumes per hectare, both
those permitted and those actually harvested, considering the diversity of criteria, legis-
lation, and measurement methodologies adopted in the different countries [6.30,68,69].

Timber infrastructure impacted 5.19 ha or 2.40% of the managed area we studied, a
substantially lower percentage as compared with other countries, especially Brazil [30],
where a greater volume is harvested per hectare (15 to 30 m® ha™), and consequently, there
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is a greater need for management infrastructure. As compared with projects in Brazil with
higher harvesting intensities, the management system we studied in Bolivia implies a
greater loss of forest biomass per unit volume of harvested timber due to infrastructure
and collateral damage caused by tree extraction (Table 8) [67,68]. Greater damage per unit
of wood extracted when harvest intensity is low has been shown in a study of a forest
management project in Bolivia’s Beni department [69,70]. Collateral damage is substan-
tial, despite required reduced-impact logging practices, as shown in a forest management
project in Bolivia’s Santa Cruz department, where “On average, 44 trees were damaged
for every tree extracted including 22 trees killed or severely damaged, 6 of them commer-
cial species” [71]. Differences in forest management planning and logistics [23] arise from
differences in legislation, location, management areas, and investment.

Although the percentage of the area impacted by infrastructure appears to be low
(2.4%), the volume, biomass, and carbon lost to infrastructure in this area totaled 72.1% of
the total biomass and carbon lost or removed in the management project (Table 9). This
significant loss of biomass and carbon highlights the challenge of minimizing environ-
mental impact in forest management [65,72]. A contradiction arises in forest management,
where the loss to infrastructure (72.1%) exceeds that of the wood actually harvested
(13.4%), increasing emissions and operational costs without guaranteeing economic re-
turn [71]. Many management costs are fixed, such as road construction and licensing,
making the cost per cubic meter higher at low harvest intensities [72,73]. This can make a
project economically unviable without subsidies, increasing the risk of abandonment and
failing to provide long-term sustainable forest protection.

The sustainability of the managed area is unlikely, even when complying with legal
standards (technical standard 248/98). The 20-year cutting cycle is questionable because
the tree species would be unable to restore their stocks in such a short time [68]. Sist et al.
[68] calculated that, to be sustainable, forest management in Amazonia would need to
have a 60-year cycle with a harvest of 10 m3 ha™ cycle (0.17 m? ha™! year™") and would
have to have an initial volume that is 90% commercially valuable species. Except for the
low harvest intensity (0.14 m® ha™' year in the system we studied), the Bolivian system is
far from these minimum requirements for sustainability.

In an analysis of the financial viability of forest management in northern Bolivia un-
der the current Bolivian regulations, Bojanic and Bulte [73] concluded that that “many
firms will not be able to earn ‘normal profits’ under the new regime”, although they could
still be marginally profitable. These authors assumed that the permitted amounts of timber
would be harvested and sold, whereas in the case we studied, the actual harvest was only a
fraction of these amounts, implying an even less favorable financial balance. Bojanic and Bulte
[73] calculated that “the net present value per hectare is depressed to such low levels that for-
ests are unlikely to earn competitive rates of return, so that future conversion or misuse of
forestlands may be feared”. This is also our fear. This suggests that it would be more beneficial
to leave the trees standing to continue fulfilling their biological functions within the forest eco-
system and promote conservation alternatives for this type of forest.

4.2. The Significance and Challenges of the Bolivian Management System

Our study provides information needed for the consideration of questions surround-
ing tropical forest management as a means of maintaining forests and as a means of avoid-
ing carbon emissions. Forest management projects throughout the tropics vary widely in
their intensity of harvesting, and the one we studied, with the harvesting of 2.70 m? ha!
cycle (0.14 m3 ha! year™) (Tables 6, 8 and 9), is one of the lowest. Some management
systems in Brazil have low harvest intensities, such as a community management system
with intensities as low as 4.82 m? ha[74], but most Brazilian projects harvest on the order
of 30 m? ha! (e.g., [75]), and, prior to Brazil’s 1997 regulations on forest management, some
projects harvested as much as 50 m?® ha! [76]. At the other end of the spectrum, in South-
east Asia, where the percentage of the trees that are commercially valuable is much higher
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than in Amazonia, a management system harvested an average of 86.9 m? ha™!, and some
areas were harvested at up to 247 m3 ha! [77].

However, the relationship between harvesting intensity and profitability to impact is
not simple (Tables 7 and 9). While low harvesting intensity can mean that larger areas will
be managed to supply the market for tropical timber, high intensity can also lead to ex-
panding the area under forest management. If high-intensity forest exploitation is very
profitable, at least in the short term, then the normal economic logic will lead to more
investment and expansion of this activity, thus affecting a larger area. The argument that
it would be better to have high-intensity exploitation in a small area rather than low-in-
tensity exploitation over a large area is based on the false assumption that with higher
intensity, the companies would be satisfied with their revenues and would refrain from
further expansion, thus having a “land sparing” effect. This is not the way that market
economies work, and the likely result would be high-intensity exploitation over the larg-
est possible area. It should be remembered that the potential global market for tropical
timber is essentially infinite from the perspective of a country like Bolivia, and the extent
to which forest management can expand will not be limited by market saturation. The
projected sequence of exhausting Southeast Asian timber stocks, followed by Africa, and
finally Amazonia ([78], p. 98) is now playing out, although more slowly than originally
expected. We believe that there is no way that Amazon forest management can harvest at
sustainable levels and supply global demand for tropical timber [79].

Many studies have shown that logging increases the vulnerability of tropical forests
to the entry of fires and increases the destructiveness of fires when they occur (e.g.,
[19,80,81]). Southwestern Amazonia is particularly prone to forest fires under its current
(already altered) climate [82], and Pando department has experienced large-scale forest
fires during extreme droughts [83,84]. The climatic phenomenon that caused major
droughts and widespread forest fires in southwestern Amazonia in 2005 and 2010 is ex-
pected to increase greatly in frequency under projected climate change [85]. Fire is virtu-
ally never anticipated in forest management plans and can make their assumption of long-
term sustainability fictitious. The extent to which the probability of fire reduces the cli-
matic benefits of forest management needs to be quantified under different present and
projected climate regimes, and with different logging intensities.

In our study, the value obtained for sawn wood per harvested hectare was USD
554.89, or USD 519.15 after deducting the royalty (Table 6). We lack data on the company’s
costs for forest management and for sawmill operation. A rough idea can be gained from
costs in Brazil. In a study with data from 20 sawmills in Acre in 2008, Silva [86] calculated
the total costs of logs delivered to sawmills (including transport) and of milling for logs
coming from different distances (at 25 km intervals) from a sawmill. Interpolating be-
tween these values and correcting for U.S. inflation to 2024 (based on the U.S. consumer
price index: https://www.usinflationcalculator.com/ (accessed on 22 March 2024)), the to-
tal cost in 2024 dollars would be USD 526.35 m= of sawn wood at the 48 km distance for
the Bolivian management project we studied, or USD 662.65 ha at the 2.7 m? ha! harvest
intensity for commercial boles in the Bolivian project.

Many factors would make costs in Acre different from those in our area; for example,
a factor lowering costs per m? compared with Acre relative to Bolivia is the higher logging
intensity (12.34 m? ha). Factors increasing the cost in Brazil relative to the Bolivian case in-
clude higher government taxes and higher labor costs. Despite the differences, the cost per m?
in Acre implying a cost of USD 662.65 ha™ at the harvest intensity in Bolivia, or 28% higher
than the gross return per hectare in the Bolivian case (USD 519.15 ha™'), suggests a lack of
financial viability. An older study in the Brazilian state of Para in 1989 [61] (prior to a require-
ment for a forest survey and management plan and for reduced-impact logging measures)
indicated an average cost of USD 522.86 ha™' in 2024 USD at the Bolivian harvest intensity, or
1% higher than the gross return in Bolivia, providing an additional indication that the Bolivian
management project was not financially viable.
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The harvest we studied was part of the first management cycle in this forest, and
subsequent management cycles would be even less viable because the first cycle has the
benefit of harvesting the large trees that have been growing for centuries at no cost to the
manager, whereas in future cycles, all or most of the harvested trees will be those that
have grown past the 50 cm DBH minimum size during the 20-year cycle, and most will be
only slightly larger than this diameter. To be financially viable, these amounts must cover op-
erational costs in all phases of forestry exploitation (pre-harvest, harvest, and post-harvest).
This leads us to conclude that such revenue would be difficult to cover all these steps without
compromising the company’s financial viability, which could lead to its closure.

The bankruptcy and closing of the company managing the area we studied, even under
the favorable economic conditions of the first management cycle as compared with subse-
quent cycles, confirms this conclusion. We note that the existence of other companies with
management plans that continue to produce in the region without going bankrupt does not
necessarily mean that the management plans as authorized are viable, since the practices of
illegally harvesting more than the quantities permitted in the management areas and of har-
vesting illegally outside of the management areas are common in Bolivia [87].

Our study shows that vegetation loss significantly exceeds the volume harvested in
the Bolivian management system. This finding makes us reflect on the need to reorient
forest management practices in the north of the Amazon, aiming for a sustainable and
economically viable approach. A key question in assessing forest management’s environ-
mental benefit (or lack thereof) is what the baseline would be if no management were
taking place. If the alternative would be conversion to pasture or agriculture, management
is clearly better, whereas if it is maintaining an undisturbed forest, management implies
a negative impact. In Bolivia, an example of dealing with this quandary is provided by
the leakage agreements associated with the Noel Kempff Climate Action project in the
Santa Cruz department [88,89].

5. Conclusions

Volume, biomass, and carbon stocks are relatively low in a forest management sys-
tem in Bolivian Amazonia that follows the country’s legal requirements (technical stand-
ard 248/98). However, despite low harvesting intensity and a small percentage of the man-
agement area lost to timber infrastructure, the harvested species cannot be expected to
regenerate in a 20-year cycle. Less than half of the legally permitted quantity was har-
vested due to a lack of access to markets for all but the most valuable commercial species.
The questionable economic return of the management system also makes the long-term
sustainability of the system very unlikely.

The low harvesting intensity in the management system in the study area implies a
greater loss of forest biomass due to infrastructure and collateral damage from tree extrac-
tion. Preserving the standing species would be more beneficial, safeguarding their biolog-
ical functions and promoting conservation alternatives for this type of forest.
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