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Abstract
Around 30 Mm3 of sawlogs are extracted annually by selective logging of natural production forests in
Amazonia, Earth’s most extensive tropical forest. Decisions concerning the management of these
production forests will be of major importance for Amazonian forests’ fate. To date, no regional
assessment of selective logging sustainability supports decision-making. Based on data from 3500 ha
of forest inventory plots, our modelling results show that the average periodic harvests of 20 m3 ha−1
will not recover by the end of a standard 30 year cutting cycle. Timber recovery within a cutting cycle is
enhanced by commercial acceptance of more species and with the adoption of longer cutting cycles
and lower logging intensities. Recovery rates are faster in Western Amazonia than on the Guiana
Shield. Our simulations suggest that regardless of cutting cycle duration and logging intensities,
selectively logged forests are unlikely to meet timber demands over the long term as timber stocks are
predicted to steadily decline. There is thus an urgent need to develop an integrated forest resource
management policy that combines active management of production forests with the restoration of
degraded and secondary forests for timber production. Without better management, reduced timber
harvests and continued timber production declines are unavoidable.

© 2019 The Author(s). Published by IOP Publishing Ltd
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Introduction
In Amazonia, 108 Mha of forest (20% of the total
forest area) are currently exploited for timber production, typically by selective harvest of a few merchantable trees per hectare followed by regrowth until the
next logging event [1]. In addition to providing
income and employment [2], selectively logged forests
retain most of the carbon stocks and biodiversity of
old-growth forests [3]. Implementing techniques of
reduced-impact logging can further reduce logging
damage and thus enhance the environmental value of
logged forests [4]. Forest management of selective
logged forests is thus often seen as a tool for
Amazonian forest conservation [5].
Numerous countries have enacted logging regulations that set maximum logging intensities (m3 ha−1)
and cutting cycles, i.e. minimum time intervals
between harvests [2] to avoid depletion of timber
stocks. Typically, the minimum cutting cycles over
which timber stocks are assumed to recover to preharvesting levels are 20–35 years despite substantial
evidence that without strong limits on logging intensities, these cycles are too short to sustain yields [3, 6].
Moreover, shortfalls in timber are likely to be exacerbated further in Amazonia by ongoing climate changes
[7], including increased frequency and severity of
droughts and wildﬁre events due to drier and hotter
conditions [8]. A consequence of these changes is
increased tree mortality, especially of large trees (loggers’ main target) that are particularly sensitive to
intense droughts [9].
Timber stocks are thus likely decreasing in Amazonian production forests even when loggers comply
with ofﬁcial regulations. This calls for a revaluation of
current forest rules. Regional studies are thus needed
to support decision-making, but today most studies
that assess the sustainability of selective logging focus
on local case studies [3].
Here we investigate the potential for timber recovery across Amazonian production forests using a
volume dynamics with differential equations (VDDE)
model [10]. The VDDE model was calibrated at the
Amazon Basin scale in a Bayesian framework with data
from 3500 ha of forest plots, among which 845 ha are
from 15 sites monitored for as long as 30 years after
being subjected to selective logging [11].
First, we estimate for each experimental site the
volume recovery of locally harvested species after one
cutting cycle, and relate it to the logging intensity, the
cutting cycle length and the abundance of locally harvested species (ﬁgure 2), with average harvest rates ranging 0.02–1.6 m3 ha−1 yr−1. We next explore potential
timber recovery at the Amazon scale (ﬁgure 3), using an
extended pool of all potential commercial timber species (50%–100% of the total volume). Additionally, we
evaluate whether Amazonian production forests could
support the commercial demand for sawlogs, assessed
as the sawlog consumption from the Amazon region
2

[12], by simulating the long-term trajectory of potential
timber stocks for varying logging intensities and cutting
cycles (ﬁgure 4). Finally, we test the effect of increased
annual mortality rates and increased disturbances (i.e.
discrete events like ﬁres cause pulses of elevated mortality and therefore reduce forest maturity) on timber
stocks and recovery (ﬁgure 5), to assess the potential
effects of climate change on timber provision from
Amazonian production forests.

Methods
Data sources
Inventory data
Our study includes data from 15 long-term (8–30 year)
experimental forest sites (845 ha total) in the Amazon
Basin and on the Guiana Shield (ﬁgure S1(a) is available
online at stacks.iop.org/ERL/14/064014/mmedia)
that are part of the TmFO network [11]. Plots were
subjected to conventional logging (8% of plots),
reduced-impact logging techniques (e.g. skid-trail planning and directional felling; 33%), post-logging liberation thinning (37%), and control plots with no logging
(22%). All sites are located in terra ﬁrme forests with
mean annual precipitation 1000 mm, experienced
different logging intensities, and have at least one prelogging census and two post-logging censuses. In each
plot, all stems with diameter at breast height (DBH)
50 cm were measured; 82% of trees were identiﬁed to
species and 15% to genus. For sites with plots 1 ha,
data from those with the same treatment were aggregated to mitigate the small plot effect on the variation in
density of large trees. Additionally, single measurement
plot data from the RadamBrasil project [13] were made
available by the Brazilian Institute of Geography and
Statistics [14]. We used 2646 1 ha forest inventory plots
from across the Brazilian Amazon (ﬁgure S1(b)) in
which all trees 33 cm DBH were measured and
identiﬁed to species between 1973 and 1982.
Spatial data
Environmental data for both study plots and Amazonscale extrapolation were extracted from WorldClim
2.0 [15] (precipitation, seasonality of precipitation and
solar radiation) and SoilGrids [16] (bulk density, CEC,
soil depth, proportion of clay, of sand and of coarse
fragment) at a 1 km resolution. When extrapolating to
make regional predictions, spatial data was aggregated
to a 1° grid by averaging values of all 1 km pixels inside
areas available for logging in each 1° cell.
Annual stem mortality rates (as a proportion of
live stems), estimated with the metadata from Johnson
and colleagues [17], were extracted from the ForestPlots database [18] and interpolated with the R package gstat [19] on a 1° resolution grid. The climax
volume, and the gross volume productivity at climax
were estimated with the individual-tree-based gap
model FORMIND [20]. Climax volume was calculated
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Figure 1. Data assimilation diagram. Grey boxes are the input data: spatial data have darker grey boxes and inventory data have thicker
borders; white rectangular boxes are the outputs of the models: intermediate results have thin borders, and ﬁnal results have thicker
borders; round boxes are the models. Details of volumetric equation calibration, volume dynamic data calculation and VDDE model
equations are presented in the supplementary material S2–S5.

as the volume of all trees 50 cmDBH (per ha) in an
old-growth forest; climax gross volume productivity
(GVP in ﬁgure 1) was calculated as the gross volume
gain from photosynthesis (before accounting for
respiration losses) of trees 50 cm DBH in an oldgrowth forest. Raster maps of climax volume and climax gross volume productivity were created at 1 km2
resolution, and values were then aggregated to a 1°
resolution grid.
The map of areas available for logging (ﬁgure S4)
was constructed as the intersection of 3 maps: a buffer
of 25 km around all roads and motorable tracks from
the OpenStreetMap database [21]; the map of areas
outside of protected areas from the World Database on
Protected Areas [22] (except the category VI of the
IUCN classiﬁcation, i.e. areas with sustainable use of
natural resources that are included in the analysis);
and pixels with >90% forest cover from the map
developed by Hansen and colleagues [23].
Proportion of timber species
The locally-deﬁned pool of harvested species (used in
ﬁgure 2) is the per site list of timber species actually
harvested. At larger scales though, timber species
preferences are subject to much variation in both time
and space. We thus decided to use an extended pool of
all species that have been recorded as commercial at
least once anywhere in Amazonia. The list was derived
from (i) a working list of commercial timbers [24]; (ii)
commercial species lists provided by national forest
services [25–27]; and, (iii) timber species identiﬁed by
TmFO site principal investigators (personal communications).The potential timber species list is provided in the supplementary material S6. The
proportions of potential timber volume in the total
3

forest volume were then interpolated from the 2646
RadamBrasil plots and the pre-logging in TmFO plots.
We used the R package gstat [19] to produce an
Amazonian map of (pre-logging) timber proportion
on a 1° resolution grid (ﬁgure S3).
Model calibration
The VDDE model
The VDDE model [10] focuses on the volume of live
trees with DBH 50 cm (the standard minimum
cutting size in the Amazon Basin), hereinafter referred
to simply as volume. The model was calibrated with
volume dynamics data (volumes, volume gain, volume
mortality, post-logging volume loss; supplementary
material S3) from permanent sample plots. Calibration was carried out using an adapted form of the
Hamiltonian Monte Carlo using Stan’s programming
language [28], and was developed in R [29] (table S1
provides parameters prior and posterior; and presents
a convergence diagnostic of the Markov chains).
Three parameters of the VDDE model were
expressed as a function of spatially-explicit variables:
(i) the climax gross volume productivity αG, i.e. the
annual gross volume increment from trees >50 cm
DBH (without volume losses from respiration and
mortality) in an old-growth forest; (ii) the potential
volume vmax (i.e. the maximum volume that an oldgrowth forest could reach), and (iii) the pre-logging
forest maturity τ0, which is reﬂective of the site’s prelogging disturbance level [30]. Other model parameters (βG, βM and θ: see supplementary material S5
for a description of the VDDE model [10]) were
assumed to be constant across Amazonia.
The climax gross volume productivity αG and the
climax volume Vclimax were extracted from the map
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Figure 2. Predicted volume recovery, deﬁned as the percentage of the volume of trees >50 cm DBH extracted that is recovered at a
given site (colours) in the locally-deﬁned pool of harvested commercial species, (a) under three logging intensities (10, 20 and
30 m3 ha−1) at the end of a 30 year cutting cycle; (b) with 3 cutting cycles (15, 30 and 65 years) with a logging intensity of 20 m3 ha−1.
Dots are median values and vertical bars are 95% credible intervals. (c) Map (see ﬁgure S1 for a more detailed map) of the 15 study sites
ranked by increasing proportions of total volume found in the locally-deﬁned pool of harvested commercial species (d), the greater the
proportion the more likely the recovery.

obtained with FORMIND [20] (see paragraph ‘Spatial
data’). Because the potential volume vmax is expected
to vary with soil and topography, we allowed it to vary
between plots among and within site. The potential
volume of plot p in site s was modelled as:
vmax p, s~ (Vclimax s,svmax ) ,

(1)

where σvmax is the standard deviation, and Vclimaxs is
the climax volume predicted with FORMIND [20] at
site s.
The pre-logging maturity τ0,s in site s, was modelled as:

⎛ 1 ⎞l
t0, s = ⎜
⎟ · (1 - d i s ) ,
⎝ morts ⎠

(2)

where morts is the annual stem turnover rate (%) [17],
and λ>0 is a power parameter to the relationship
between the maturity and the stem turnover rate. In
our study area, Western Amazonian forests grow on
nutrient-rich but unstable soils [31] and are thus more
prone to natural disturbances like big blow-downs
[32] than northeastern Amazonian forests. Frequent
disturbances and high resource availability favour fastgrowing species with high turnover rates. For this
reason we chose the stem turnover rate as a proxy of
the disturbance regime. Because in some sites there
were human disturbances prior to the logging experiment, we added a parameter δis that represents the gap
between the estimated and the expected pre-logging
maturity at site s (table S1 provides parameters prior
and posterior).
4

Accounting for defective stems
A signiﬁcant part of large trees in natural forests have
hollows or other defects that make them unsuitable for
timber uses [33]. The proportion of commercial
volume with defects unacceptable for sawmills ranges
20%–50% in the Brazilian Amazon [34–36]; an
extensive data collection in forest concessions in
French Guiana reported that on average 20% of
harvestable stems had hollows and were not harvested
(ONF: personnal communication; [26]). We thus
multiplied all timber volumes in our simulations by a
factor (1-Pdef ), with Pdef the proportion of defective
volume modelled as:
Pdef ~ eta (6, 14) ,

(3)

where eta (6, 14) is the beta distribution of shape
parameters α=6 and β=14. The mean value of Pdef
is 30%; to reﬂect the uncertainty on this value, we
chose a distribution with a large 95% credible interval
(16%–49%).
Simulations of timber recovery
Simulations were carried for every pixel of a 1° grid. We
simulated ﬁve scenarios: (1) standard logging rules
(logging intensity Vext=20 m3 ha−1, cutting cycle
30 years); (2) low logging intensity (10 m3 ha-1) with a
standard cutting cycle (30 years); (3) high logging
intensity (30 m3 ha-1) with a standard cutting cycle; (4)
short cutting cycle (15 years) with a standard logging
intensity (20 m3 ha-1); (5) long cutting cycle (65 years)
with a standard logging intensity (20 m3 ha-1).
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In each scenario, we consider that, each year, trot of
the area available for logging is actually logged (where
trot is the cutting cycle), so that an area is logged every
trot years and the total area logged each year is constant. Due mostly to slope restrictions and riparian
reserves, but also heavy forest degradation in some
parts of the Amazon, the area logged typically represent 60% of the total area allocated for logging [37, 38].
We multiplied the annual harvested area by a coefﬁcient p ~ eta (8.2, 5.9), where eta (8.2, 5.9) is
the beta distribution calibrated with data from logging
concessions in French Guiana (reported in ﬁgure S11).
To propagate errors on results, the following steps
were repeatedly taken:
1. At each location, map values (αG, Vclimax, and
mort in equations (1), (2)) are drawn from their
distribution (error estimation is described in
supplementary material S4).
2. At each location, model parameters are drawn
from their posterior distribution (see table S1).
*Timber volumes (per ha) are calculated as:
Vt , pix , l = Vol (tt , pix , l ) · wt , pix , l · (1 - Pdef ) ,

(4)

where Vt , pix, l is the predicted timber volume t
years after the ﬁrst harvest in pixel pix in scenario
l, tt , pix, l is the predicted maturity, Vol (tt , pix, l ) is
the volume of all trees 50 cm DBH according to
equation (15), wt , pix, l is the proportion of timber
volume and Pdef is the proportion of defective
volume;
3. For each pixel, each time step tä[1, 300] and
each scenario 1l5, the total timber volume
is calculated as:
Vtott , l =

å [(Vt ,pix,l) · areapix · p] ,

(5)

pix

where Vt , pix, l is the timber volume (per ha) t years
after the ﬁrst harvest in pixel pix in scenario l; and
area pix · p is the area (ha) inside pixel pix that is
available for logging.
4. The real extracted volume (per ha) from each
pixel pix is calculated as the minimum between
the extracted volume in scenario l (i.e. the timber
volume expected to be harvested) and the available timber volume at the time of logging. The
total extracted volume at year t is the sum of the
actual extracted volume from areas logged at t.
5. Potential timber volume recovery (%) is calculated as the increase in potential timber volume
over the ﬁrst cutting cycle, divided by the total
extracted volume (ﬁgure 3). The annual timber
recovery is calculated as the increase in potential
timber volume between two consecutive years
(ﬁgure 4).
5

Steps 1–4 were repeated 100 times and summary
statistics were calculated. Timber recovery and timber
extraction were compared to the current and future
demand for sawlogs. Current demand was assessed as
the production of sawlogs in the Amazon region in
2004, 31 Mm3 according to the Imazon [12]. Future
increase in demand was assumed to follow the trend of
increase in sawnwood consumption in South America
as projected with the Global Forest Products Model
[39]. We thus computed the proportional increase
predicted between 2006 and 2060 for four Intergovernmental Panel on Climate Change Scenarios
(A1B, A2, B2 and A1B-Low Fuelwood) [39] and multiplied the current demand for sawlogs by this increase
to get the future demand for sawlogs (ﬁgure 4).

Results and discussion
What affects timber recovery?
Recovery of harvested species volume by the end of the
ﬁrst cutting cycle varied threefold across the experimental sites (ﬁgure 2(a)) and increased with the prelogging proportion of the total volume shared by the
local pool of harvested commercial species (Pearson
coefﬁcient ρ=0.58). At the sites with the largest
abundance of locally harvested species (INPA and La
Chonta with >70% of stems 50 cm DBH), timber
volumes are predicted to recover faster, because there
is less competition with non-commercial species. This
ﬁnding highlights the importance of expanding the
local pool of species harvested in order to maintain
timber stocks over time.
Regional variation in the rate of timber volume recovery of all potential timber species were consistent across
logging intensities and cutting cycle lengths (ﬁgures 3(a)–
(e)). Median timber recovery was highest in Western
Amazonia (0.30 [0.18, 0.40] m3 ha−1 yr−1—numbers in
[] represent the 95% credible interval) and lowest in the
Guiana Shield (0.26 [0.16, 0.34] m3 ha−1 yr−1). These
results resemble those from studies in old-growth forests
that revealed higher rates of both wood production and
forest demographic rates in western Amazonia than in
the northeast [17, 31]. This pattern is potentially due to
more frequent natural disturbances [32], or to spatial differences in seasonality and soil properties [31]. This result
means that logging regulations need to reﬂect regional
differences.
Lesser known Amazonian timber species compose
a small share of the global tropical timber market,
which remains heavily dominated by a few overexploited species [40, 41]. Selective logging in Amazonia usually targets a few high-value species such as
mahogany (Swietenia macrophylla) and ipê (Handroanthus spp) [40] that typically represent <20% of
the total volume in a particular site [41, 42]. When
overexploited, these species’ volume recovery is compromised within a typical 30 year cutting cycle [40].
Due to low recovery rates of prized timber species,
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Figure 3. Maps of potential timber volume recovery in Amazonia after one selective harvest predicted under ﬁve scenarios: (a)
standard practices: 20 m3 ha−1 of timber extracted and a cutting cycle length of 30 years; (b) low logging intensity: 10 m3 ha−1, 30
years; (c) high logging intensity: 30 m3 ha−1, 30 years; (d) short cutting cycle: 15 years, 20 m3 ha−1; (e) long cutting cycle: 65 years,
20 m3 ha−1. Colours range from red (no recovery) to green (full recovery). Median values are shown and the 95% credible intervals
can be found in the supplementary material (ﬁgures S7, S8).

what is available for second harvests is often species
with low timber market values compared to the costs
of extraction and transport [43].
Even if volume recovery scenarios include all the
348 lesser-known timber species, our simulations
indicated that with a logging intensity of 20 m3 ha−1
logged forests recover at most 70% of their pre-logging
timber volumes (ﬁgure 3) within a typical 30 year cutting cycle. This result is consistent with a variety of
local studies reporting that standard 30–40 year cutting cycles are insufﬁcient for full recovery of timber
stocks [3, 40]. This means that even with a substantial
increase in the number of merchantable species, timber stocks will continue to decline in Amazonian production forests if current logging practices (extraction
of around 20 m3 ha−1 every 30 years) persist (ﬁgure 4).
Slow recovery and rising pressure on production
forests
Independently of logging intensity and cutting cycle
length, median timber recovery from forest regrowth
was <30 Mm3 yr−1 (ﬁgure 4(c)). This over-harvesting
results in a reduction in Amazon-wide timber stocks
in all scenarios (ﬁgure 4(a)), meaning that natural
forest regrowth will be insufﬁcient to supply the
commercial demand in the long-term. Moreover, the
actual sawlog extraction could be higher than ofﬁcial
numbers suggest: illegal logging is ubiquitous in the
region, and is estimated to produce a volume of wood
equivalent to 20%–60% of the legal timber markets
[44, 45], further decreasing the likelihood of a sustainable timber supply from Amazonian production
forests.
6

We stress that our model estimates are based on
optimal scenarios of the recovery potential of Amazonian production forests. (i) Our plots showed no signs
of having suffered severe recent human disturbance
prior to logging (e.g. ﬁre, uncontrolled logging, or
fragmentation) whereas this is not the case for an estimated one-third of Amazonian forests [46]. Such disturbances might reduce forest resilience to logging
[47]. (ii) Reduced-impact logging techniques were
employed in most of our experimental sites [11], but
these recommended logging practices are seldom
implemented in the tropics [4]. (iii) Not harvesting big
defective stems and keeping them in the forest will
increase their proportion in the next harvests. (iv) Our
scenarios do not account for post-logging degradation
(e.g. ﬁres and illegal logging [48]) or deforestation [49],
which are fairly ubiquitous in the region [47, 50].
Therefore, our results represent the maximum potential volume recovery of Amazonian production forests,which is unlikely to be attained in the real world.
While the fate of Amazonian production forests
remains uncertain, several studies call attention to the
rising impacts of human activities on the functioning
and provision of ecosystem services [8, 51, 52]. Deforestation, forest degradation, and climate change will
continue to affect the resilience of Amazonian forests
to future disturbances including their ability to
recover timber stocks after logging [47, 53]. Moreover,
future trends in deforestation can be substantially
affected by political choices (e.g. road building [48],
law enforcement, agricultural subsidies, access to
credit [54], and corruption [55]), which were not considered in our conservative scenarios with no deforestation. Climate change is also expected to decrease
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Figure 4. Predicted volume trajectories (x-axis: time since ﬁrst logging, in years) of (a) total potential timber, (b) potential timber
extracted annually and (c) annual potential timber recovery over 300 years in Amazonian forests under ﬁve scenarios: standard logging
rules (20 m3 ha−1, 30 years, red), low intensity (10 m3 ha−1, 30 years, blue), high intensity (30 m3 ha−1 30 years, green), short cutting
cycle (20 m3 ha−1, 15 years, purple), long cutting cycle (20 m3 ha−1, 65 years, orange). The area available for logging in every pixel of
the map (ﬁgure S4) was divided into as many annual units as the length of the cutting cycle (15, 30 or 65), so that one unit is logged each
year and each unit is logged again at the end of the cutting cycle. Solid lines are the median predictions, and shaded areas are the 95%
credible intervals. The dotted lines (panels (b) and (c)) correspond to the demand for sawlogs in the Amazon biome [12]. The grey area
is the range of projected sawlog demand in 2060, based on changes in sawnwood consumption in South America estimated with the
Global Forest Products Model [39]. The four extreme trajectories (high or low intensities with long or short cycles) are provided in
ﬁgure S9.

Figure 5. Predicted effect of increase in future disturbance regime (y axis) and annual mortality (x axis) on (a) potential timber volume
and (b) annual volume productivity in all Amazonian areas available for logging. Increasing the disturbance regime (e.g. more frequent
ﬁres) decreases the proportion of old-growth stands and reduces the overall maturity of forests, while increasing the annual mortality
(e.g. in a drier and hotter climate) decreases the long-term volume potential of forests. The effects of increased disturbance regime and
annual mortality are illustrated in ﬁgure S10.
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timber stocks and productivity through drier and hotter climate leading to higher mortality of large trees,
which have longer hydraulic path, higher leaf area and
crown exposure [56] (ﬁgure 5(a)). Increased frequency
and intensity of disturbances are expected to decrease
potential timber stocks while timber productivity is
enhanced due to the decreased proportion of less productive old-growth forests (ﬁgure 5(b)).
Future timber production in integrated forest
landscapes
Our results show that with current cutting cycles and
logging intensities, forest regrowth is too slow to
recover timber stocks (ﬁgures 3, 4), highlighting the
need to decrease the pressure on natural production
forests by adopting longer cutting cycles, and reducing
logging intensities and incidental damage to the stand
through reduced-impact techniques [4]. Silvicultural
interventions applied to increase the stocking, growth,
and commercial yields from merchantable species
(e.g. liana cutting, future crop tree liberation, and
enrichment planting) could also help turning the tide
of forest depletion, as well as providing several other
beneﬁts such as increased carbon storage and employment [57].
Enforcing longer cutting cycles, lower intensities,
reduced-impact techniques or post-logging interventions will likely increase long-term forest recovery but
decrease the short-term ﬁnancial beneﬁts from legal
selective logging. Moreover, restricting legal timber
extraction could potentially lead to an increase in illegal logging and forest conversion [58]. This means that
parallel to adopting stronger logging regulations, additional efforts on law and forest tenure enforcement
will be needed. These policies should include regional
coordination to avoid illegal trade and leakages effects
[58, 59]. Economic viability of tropical forest management will also increase with timber prices, which are
currently low compared to production costs [43], and
with sawmill efﬁciency, currently around 35% [60].
Efforts should also be done to change consumer preferences both in terms of species and size of logs, e.g.
the potential use of branches (and not only trunks)
could increase timber production without additional
damage to the forest. Another opportunity to increase
ﬁnancial revenues is to develop economic mechanisms to value other goods and services provided by the
forest such as carbon storage (e.g. REDD+), hydrology, biodiversity, ecotourism, and non-timber forest
product management [61].
Changing logging practices may not be enough to
meet rising demands for wood products. Additional
sources of timber could come from various restoration
systems: plantations of exotic or native species, enriched secondary or degraded forests [62], integrated
crop-livestock-forestry systems and other agroforestry
systems [63]. Increasing the area of timber plantations
could signiﬁcantly reduce the pressure on Amazonian
8

natural forests [64]. Tree plantations have the potential
to produce large quantities of timber on relatively small
areas: timber plantations in Brazil, mostly fast-growing
eucalyptus and pine, can produce 200–400 m3 ha−1 of
roundwood on 10–15 year cycles [65]. Such exotic species produce low-grade timber that is not directly
equivalent to high-value wood currently extracted from
Amazonian natural forests, but there is a potential to
develop plantations of high-value native species
[66, 67], even though technical alternatives are still
scarce in Amazonia [67]. Moreover, it is likely that with
ongoing technological advances, future high-grade timber demand will be gradually substituted by less-valuable fast-growing timbers transformed into highlyresistant materials [68].
The rising interest in tropical forest restoration,
initiated by the Bonn challenge in 2011 [69], has led
Brazil to commit to restore 12 Mha of forest by 2030
[70], and has motivated an initiative to restore
30 000 ha of forests in the Brazilian Amazon by 2023
[71]. These initiatives can provide opportunities to
combine efforts to restore environmental values (e.g.
carbon, biodiversity, and water cycle) including timber production [62], and fund applied research for
both ecological restoration and timber production [72].

Conclusion
Selective logging in Amazonian forests cannot provide
enough timber to meet even the current regional
demand over the long term. The ‘light’ scenarios (low
intensity and long cutting cycles) do not provide
enough timber and the ‘heavy’ scenarios are not
sustainable, insofar as they do not allow volume
recovery during a cutting cycle (ﬁgure 4); moreover,
future deforestation, forest degradation and climate
change will likely worsen the picture. These results call
for a re-evaluation of the strategy for future timber
provision in Amazonia. We are in a period of
transition that requires important forest policy decisions that promote diversiﬁcation of timber sources
and a substantial shift in the objectives of Amazonian
production forest management.
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The data used in the analyses are available at https://
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Associated computer codes are available at
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Acknowledgments
This study was partially funded by the GFclim project
(FEDER 20142020, Project GY0006894), two Investissement d’Avenir grants of the ANR (CEBA: ANR-10-

Environ. Res. Lett. 14 (2019) 064014

LABEX-0025, and the REsilience of Managed Amazonian FORests project funded by LabEx Agropolis:
ANR-10-LABX-0001), the Sao Paulo Research Foundation (FAPESP: 2013/16262-4 and 2013/50718-5),
and Embrapa, and carried out in the framework of the
Tropical managed Forests Observatory (TmFO), supported by the Sentinel Landscape program of CGIAR
(Consultative Group on International Agricultural
Research)—Forest Tree and Agroforestry Research
Program. We would also like to thank Marie-Gabrielle
Piketty for her valuable comments.

Competing Interests
The authors declare that they have no competing
ﬁnancial interests.

Authors’ contribution
Data Acquisition: all authors. Conception and design:
CP, BH. Model Development: CP, BH, ERo. Data
analysis and interpretation: CP, BH. Writing the
manuscript: CP, ERo, FEP, ERu, PS, LB, BH. Manuscript revision: all authors.

ORCID iDs
Camille Piponiot https://orcid.org/0000-00023473-1982
Edna Rödig https://orcid.org/0000-00026248-8844
Francis E Putz https://orcid.org/0000-00030051-6675
Ervan Rutishauser https://orcid.org/0000-00031182-4032
Plinio Sist https://orcid.org/0000-0002-4565-4417
Géraldine Derroire https://orcid.org/0000-00017239-2881
Laurent Descroix https://orcid.org/0000-00019336-3270
Marcelino Carneiro Guedes https://orcid.org/
0000-0003-2702-5614
Euridice Honorio Coronado https://orcid.org/
0000-0003-2314-590X
Marielos Peña-Claros https://orcid.org/00000001-9134-6733
Alexander Shenkin https://orcid.org/0000-00032358-9367
Edson Vidal https://orcid.org/0000-00028028-6998
Thales A P West https://orcid.org/0000-00033896-6516
Verginia Wortel https://orcid.org/0000-00021224-8025
Bruno Hérault https://orcid.org/0000-00026950-7286

9

References
[1] Food and Agriculture Organization of the United Nations and
the International Tropical Timber Organization 2011 The State
of Forests in the Amazon Basin, Congo Basin and Southeast Asia
(Rome, Italy: FAO)
[2] Blaser J, Sarre A, Poore D and Johnson S 2011 Status of
Tropical Forest Management 2011 Tech. Rep. (Yokohama,
Japan: International Tropical Timber Organization)
[3] Putz F E et al 2012 Sustaining conservation values in selectively
logged tropical forests: the attained and the attainable
Conservation Lett. 5 296–303
[4] Putz F E, Sist P, Fredericksen T and Dykstra D 2008 Reducedimpact logging: challenges and opportunities Forest Ecol.
Manage. 256 1427–33
[5] Edwards D P, Tobias J A, Sheil D, Meijaard E and
Laurance W F 2014 Maintaining ecosystem function and
services in logged tropical forests Trends Ecol. Evol. 29 511–20
[6] Shearman P, Bryan J and Laurance W F 2012 Are we
approaching peak timber in the tropics? Biol. Conservation 151
17–21
[7] Fargeon H et al 2016 Vulnerability of commercial tree species to
water stress in logged forests of the guiana shield Forests 7 105
[8] Malhi Y et al 2008 Climate change, deforestation, and the fate
of the Amazon Science 319 169–72
[9] Corlett R T 2016 The impacts of droughts in tropical forests
Trends Plant Sci. 21 584–93
[10] Piponiot C et al 2018 Assessing timber volume recovery after
disturbance in tropical forests—a new modelling framework
Ecol. Modelling 384 353–69
[11] Sist P et al 2015 The Tropical managed Forests Observatory: a
research network addressing the future of tropical logged
forests Appl. Veg. Sci. 18 171–4
[12] Lentini M, Pereira D, Celentano D and Pereira R 2005 Fatos
Florestais da Amazônia 2005 (Amazonian Forest Facts) (Belem,
Brazil: Imazon)
[13] Projeto RadamBrasil 1973 Projeto Radambrasil. Levantamento
de Recursos Naturais (Rio de Janeiro, Brazil: Ministério das
Minas e Energia, Brasil)
[14] IBGE 2016 Data from RadamBrasil project (http://mapas.
ibge.gov.br/bases-e-referenciais/bases-cartograﬁcas/
cartas.html)
[15] Fick S E and Hijmans R J 2017 WorldClim 2: new 1 km spatial
resolution climate surfaces for global land areas Int. J. Climatol.
4315 4302–15
[16] Hengl T et al 2017 SoilGrids250 m: global gridded soil
information based on machine learning PLoS One 12 e0169748
[17] Johnson M O et al 2016 Variation in stem mortality rates
determines patterns of above-ground biomass in Amazonian
forests: implications for dynamic global vegetation models
Glob. Change Biol. 22 3996–4013
[18] Lopez-Gonzalez G, Lewis S L, Burkitt M and Philips O L 2011
ForestPlots. net: a web application and research tool to manage
and analyse tropical forest plot data J. Veg. Sci. 22 610–13
[19] Pebesma E 2004 Multivariable geostatistics in S: the gstat
package Comput. Geosci. 30 683–91
[20] Rödig E, Cuntz M, Heinke J, Rammig A and Huth A 2017
Spatial heterogeneity of biomass and forest structure of the
Amazon rain forest: linking remote sensing, forest modelling
and ﬁeld inventory Glob. Ecol. Biogeogr. 26 1292–302
[21] Haklay M and Weber P 2008 Openstreetmap: user-generated
street maps IEEE Pervasive Comput. 7 12–18
[22] UNEP-WCMC & IUCN 2016 Protected Planet: The World
Database on Protected Areas (WDPA) (https://
protectedplanet.net/c/world-database-on-protected-areas)
[23] Hansen M C et al 2013 High-resolution global maps of 21stcentury forest cover change Science 342 850–4
[24] Mark J, Newton A C, Oldﬁeld S and Rivers M 2014 A working
list of commercial timber tree species Tech. Rep. (Kew,
London: Botanic Gardens Conservation)
[25] Peru Sefor 2016 Lista Oﬁcial de Especies Forestales Maderables
Aprovechables con Fines Comerciales (https://serfor.gob.pe/

Environ. Res. Lett. 14 (2019) 064014

[26]

[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]

[38]

[39]

[40]

[41]
[42]

[43]
[44]
[45]
[46]
[47]

lineamientos/lista-oﬁcial-de-especies-forestales-maderablesaprovechables-con-ﬁnes-comerciales)
Guitet S, Brunaux O and Traissac S 2016 Sylviculture pour la
production de bois d’oeuvre des forêts du Nord de la Guyane
(http://onf.fr/guyane/++oid++57df/@@display_media.
html )(Guyane: Ofﬁce National des Forêts, Département
Recherche et Développement, Pôle Guyane)
Serviço Florestal Brasileiro 2016 Espécies madeireiras de
interesse comercial (http://ﬂorestal.gov.br/snif/recursosﬂorestais/especies-ﬂorestais)
Carpenter B et al 2017 Stan: a probabilistic programming
language J. Stat. Softw. 76 1–37
R Core Team 2017 R: a language and environment for
statistical computing (https://r-project.org/)
Clark J S 1991 Disturbance and tree life history on the shifting
mosaic landscape Ecology 72 1102–18
Quesada C A et al 2012 Basin-wide variations in Amazon forest
structure and function are mediated by both soils and climate
Biogeosciences 9 2203–46
Espírito-Santo F D et al 2014 Size and frequency of natural
forest disturbances and the Amazon forest carbon balance Nat.
Commun. 5 3434
Putz F E 2013 Complexity confronting tropical silviculturalists
Managing Forests as Complex Adaptive Systems ed C Messier
(New York: Routledge) pp 165–86
Holmes T P et al 2002 Financial and ecological indicators of
reduced-impact logging performance in the eastern Amazon
Forest Ecol. Manage. 163 93–110
Valle D, Schulze M, Vidal E, Grogan J and Sales M 2006 Identifying
bias in stand-level growth and yield estimations: a case study in
eastern Brazilian Amazonia Forest Ecol. Manage. 236 127–35
Nogueira E M, Nelson B W and Fearnside P M 2006 vol and
biomass of trees in central Amazonia: inﬂuence of irregularly
shaped and hollow trunks Forest Ecol. Manage. 227 14–21
Feldpausch T R, McDonald A J, Passos C A M, Lehmann J and
Riha S J 2006 Biomass, harvestable area, and forest structure
estimated from commercial timber inventories and remotely
sensed imagery in southern Amazonia Forest Ecol. Manage. 233
121–32
Verissimo A, Souza Jr C, Celentano D, Salomão R, Pereira D and
Balieiro C 2006 Areas para produção ﬂorestal manejada:
detalhamento do macrozoneamento ecológico econômico do
Estado do Pará Tech. Rep. (Belem, Brazil: Imazon)
Buongiorno J, Zhu S, Raunikar R and Prestemon J 2012
Outlook to 2060 for World Forests and Forest Industries: a
Technical Document Supporting the Forest Service 2010 RPA
Assessment (Asheville, NC: US Department of Agriculture
Forest Service, Southern Research Station) p 88
Schulze M, Grogan J, Landis R M and Vidal E 2008 How rare is
too rare to harvest? Management challenges posed by timber
species occurring at low densities in the Brazilian Amazon
Forest Ecol. Manage. 256 1443–57
Richardson V A and Peres C A 2016 Temporal decay in timber
species composition and value in Amazonian logging
concessions PLoS One 11 1–22
Grogan J et al 2008 What loggers leave behind: impacts on bigleaf mahogany (Swietenia macrophylla) commercial
populations and potential for post-logging recovery in the
Brazilian Amazon Forest Ecol. Manage. 255 269–81
Pokorny B and Pacheco P 2014 Money from and for forests: a
critical reﬂection on the feasibility of market approaches for
the conservation of Amazonian forests J. Rural Stud. 36 441–52
Lawson S, Macfaul L and Brack D 2010 Illegal logging and
related trade. Indicators of the global response Rev. Eur.
Community Int. Environ. Law 14 132
Finer M, Jenkins C N, Sky M A B and Pine J 2014 Logging
concessions enable illegal logging crisis in the Peruvian
Amazon Sci. Rep. 4 1–6
Tyukavina A et al 2017 Types and rates of forest disturbance in
Brazilian Legal Amazon, 2000–2013 Sci. Adv. 3 e1601047
Malhi Y, Gardner T A, Goldsmith G R, Silman M R and
Zelazowski P 2014 Tropical forests in the anthropocene Annu.
Rev. Environ. Resour. 39 125–59

10

[48] Laurance W F, Goosem M and Laurance S G W 2009 Impacts
of roads and linear clearings on tropical forests Trends Ecol
Evol. 24 659–69
[49] Asner G P et al 2006 Condition and fate of logged forests in the
Brazilian Amazon Proc. Natl Acad. Sci. USA 103 12947–50
[50] Asner G P et al 2005 Selective logging in the Brazilian Amazon
Science 310 480–2
[51] Asner G P, Loarie S R and Heyder U 2010 Combined effects of
climate and land-use change on the future of humid tropical
forests Conservation Lett. 3 395–403
[52] Guimberteau M et al 2016 Impacts of future deforestation and
climate change on the hydrology of the Amazon basin: a multimodel analysis with a new set of land-cover change scenarios
Hydrol. Earth Syst. Sci. 21 1455–75
[53] Foley J A et al 2007 Amazonia revealed: forest degradation and
loss of ecosystem goods and services in the amazon basin
Frontiers Ecol. Environ. 5 25–32
[54] Nepstad D et al 2014 Slowing Amazon deforestation through
public policy and interventions in beef and soy supply chains
Science 344 1118–23
[55] Pailler S 2018 Re-election incentives and deforestation cycles
in the Brazilian Amazon J. Environ. Econ. Manage. 88 345–65
[56] Bennett A C, McDowell N G, Allen C D and
Anderson-Teixeira K J 2015 Larger trees suffer most during
drought in forests worldwide Nat. Plants 1 15139
[57] Cerullo G R and Edwards D P 2018 Actively restoring resilience
in selectively logged tropical forests J. Appl. Ecol. 56
107–118
[58] Lim F K, Carrasco L R, McHardy J and Edwards D P 2017
Perverse market outcomes from biodiversity conservation
interventions Conservation Lett. 10 506–16
[59] Meyfroidt P and Lambin E F 2009 Forest transition in Vietnam
and displacement of deforestation abroad Proc. Natl Acad. Sci.
106 16139–44
[60] Nasi R, Putz F E, Pacheco P, Wunder S and Anta S 2011
Sustainable forest management and carbon in tropical latin
America: the case for REDD+ Forests 2 200–17
[61] Salzman J, Bennett G, Carroll N, Goldstein A and Jenkins M
2018 The global status and trends of payments for ecosystem
services Nat. Sustain. 1 136–44
[62] Lamb D, Erskine P D and Parrotta J A 2005 Restoration of
degraded tropical forest landscapes Science 310 1628–32
[63] Yamada M and Gholz H L 2002 An evaluation of agroforestry
systems as a rural development option for the Brazilian
Amazon Agroforestry Syst. 55 81–7
[64] Buongiorno J and Zhu S 2014 Assessing the impact of planted
forests on the global forest economy N.Z. J. Forestry Sci. 44
1–9
[65] Tomberlin D, Buongiorno J, Alvarado Alegría J, Korhonen K and
Palo M 2001 Timber plantations, timber supply and forest
conservation World Forests, Markets and Policies ed M Palo,
J Uusivuori and G Mery vol 3 (Berlin: Springer) pp 85–96
[66] Browder J O, Matricardi E A T and Abdala W S 1996 Is
sustainable tropical timber production ﬁnancially viable? A
comparative analysis of mahogany silviculture among small
farmers in the Brazilian Amazon Ecol. Econ. 16 147–59
[67] Machado M R, Camara R, Sampaio P D T B, Ferraz J B S and
Pereira M G 2018 Silvicultural performance of ﬁve forest species
in the central Brazilian Amazon Acta Amazonica 48 10–7
[68] Song X-P et al 2018 Global land change from 1982 to 2016
Nature 560 639–43
[69] Aronson J and Alexander S 2013 Ecosystem restoration is now a
global priority: time to roll up our sleeves Restor. Ecol. 21 293–6
[70] Federative Republic of Brazil 2015 Intended Nationally
Determined Contribution Towards achieving the objective of
the United Nations Framework Convention on Climate
Change (Bonn, Germany: UNFCCC)
[71] The World Bank 2017 Amazon rainforest to recover 30 000
hectares by 2023 (http://worldbank.org/en/news/pressrelease/2017/09/15/brazil-initiative-recovers-forest-landsamazon)
[72] Holl K D 2017 Research directions in tropical forest restoration
Ann. Missouri Botanical Garden 102 237–50

