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Abstract. Plantation forestry, in which trees are grown as a crop, must maintain wood pro-
duction over repeated harvest cycles (rotations) to meet global wood demands on a limited
land area. We analyze 33 yr of Landsat observations across the world’s most productive for-
estry system, Eucalyptus plantations in southeastern Brazil, to assess long-term regional trends
in wood production. We apply a simple algorithm to time series of the vegetation index NIRv
in thousands of Eucalyptus stands to detect the starts and ends of rotations. We then estimate
wood production in each identified stand and rotation, based on a statistical relationship
between NIRv trajectories and inventory data from three plantation companies. We also com-
pare Eucalyptus NIRv with that of surrounding native vegetation to assess the relative influ-
ence of management and environment on plantation productivity trends. Across more than
3,500 stands with three complete rotations between 1984 and 2016, modeled wood volume
decreased significantly between the first and second rotation, but recovered at least partially in
the third; mean wood volumes for the three rotations were 262, 228, and 247 m3/ha. This non-
linear trend reflects intensifying plantation management, as rotation length decreased by an
average of 15% (decreasing wood volume per rotation) and NIRv proxies of tree growth rates
increased (increasing volume) between the first and third rotation. However, NIRv also
increased significantly over time in unmanaged vegetation around the plantations, suggesting
that environmental trends affecting all vegetation also contribute to sustaining wood produc-
tion. Management inputs will likely continue to be important for maintaining wood produc-
tion in future harvests.

Key words: intensification; land use; near-infrared from vegetation; plantation forestry; remote sensing;
time series; wood production.

INTRODUCTION

As humans demand more goods and services from the
world’s ecosystems, agriculture and native vegetation
compete for finite land (Lambin and Meyfroidt 2011).
Industrial plantation forestry increases wood production
per unit land area by growing trees as a crop, often in
vast blocks of a single tree species and age cohort. Plan-
tations currently supply more than 30% of the world’s
lumber and wood fiber on less than 1.5% of the world’s
forested land (Indufor 2012, FAO 2015) and may spare
more biodiverse ecosystems from logging or conversion
to annual crops by shrinking the land base needed to
provide wood (Byerlee et al. 2014, Heilmayr 2014). In
addition, continued plantation expansion, particularly
in the tropics and subtropics (Payn et al. 2015), could

increase the terrestrial carbon sink and provide energy
and chemical feedstocks for a low-carbon economy
(Kraxner et al. 2013, Langholtz et al. 2016). Plantations
established on degraded land may also connect frag-
mented habitats and control erosion (Brockerhoff et al.
2008, Chazdon 2008).
Despite these benefits, researchers and practitioners

have questioned the ecological sustainability of planta-
tion forestry (Poore and Fries 1985, Parrotta 1999,
Gonc�alves et al. 2008). Plantations can deplete surface
and groundwater (Jackson et al. 2005, Mendham et al.
2011, Laclau et al. 2013) and soil nutrients (Berthrong
et al. 2009, 2012, Leite et al. 2010, Deng et al. 2017)
over time and relative to other vegetation types, poten-
tially limiting future plant growth. Long-term productiv-
ity may also decline due to harvest-related soil
compaction or erosion (Cambi et al. 2015, Guillaume
et al. 2015), accumulation of pests and pathogens
(Wingfield et al. 2013), or the inability of plantation spe-
cies to cope with environmental changes such as increas-
ing precipitation variability (Payn et al. 2015). Further,
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the management of vast monocultures can exclude local
human communities from land, resources, and decision-
making, so biophysical sustainability has important
social and political ramifications (Kr€oger and Nylund
2012, Fox and Castella 2013, Lyons and Westoby 2014).
Sustainable plantation forests should produce wood

over multiple harvest cycles (rotations) without degrad-
ing the land. However, the slow growth of trees has his-
torically hindered analysis of long-term sustainability
within established plantations (Evans 2001). Prior stud-
ies have used forestry company records to identify sus-
tained or increasing wood production (Fox 2000, Nissim
et al. 2013), inter-site variation (Harwood and Nambiar
2014), or a general decrease in production between first
and second rotations, which can be subsequently miti-
gated through changes in management (O’Hehir and
Nambiar 2010). The scope of these studies is limited by
access to forestry companies’ inventory data. Here, we
apply models based on company data to region-wide,
freely available remote sensing observations to track
individual plantation management units (stands) over
three or more rotations and assess trends in plantation
production across time and space.
We implement this approach in southeastern Brazil,

site of the world’s most productive plantation forests.
Eucalyptus stands cover 5.6 million hectares in Brazil and
are harvested approximately every seven years, primarily
for short-lived wood products such as pulp and paper,
particleboard, and charcoal used in steelworks (Ib�a
2016). Globally, Eucalyptus is planted on approximately
20 million hectares across six continents, and land man-
agers worldwide may look to the Brazilian industry as a
model for future forestry (Booth 2013, Brockerhoff et al.
2013). Since the 1960s, changes in genetics and manage-
ment have increased tree growth rates; the most produc-
tive stands now yield more than 80 m3 wood�ha�1�yr�1

(Gonc�alves et al. 2013, IB�A 2016).
The sustainability concerns associated with planta-

tions in general are amplified in these intensive systems
established on highly weathered soils (Laclau et al.
2010). For example, plantation operators and Eucalyptus
researchers at a 2016 meeting on soil science and sustain-
ability (Telêmaco Borba, Paran�a, Brazil) posited that
production is now declining as the same areas are repeat-
edly harvested. However, this hypothesis had not to our
knowledge been tested at the regional scale. Here, we
quantify long-term trends in vegetation productivity for
individual plantation stands across the region. We
address the following questions: (1) How well do simple
models based on remotely sensed vegetation indices pre-
dict harvestable wood volume, and what elements of the
time series are important in these predictions? (2) Has
wood production declined with successive rotations on
the same units of land? (3) How important is manage-
ment in determining production trends, relative to envi-
ronmental changes?
To answer these questions, we build on decades of

studies using time series of vegetation indices derived

from satellite imagery to model primary productivity
(Tucker 1979, Paruelo et al. 1997), tree growth (Wang
et al. 2004), and plantation wood production (le Maire
et al. 2011, Liu et al. 2014, Dube et al. 2015). We also
use time series of satellite observations to map planta-
tions on the landscape (Dong et al. 2013, Qiao et al.
2016) and to identify harvest and subsequent forest
regrowth (DeVries et al. 2015). Unlike previous studies,
we leverage the computing resources of the Earth Engine
platform (Gorelick et al. 2017) to access the full data
archive from Landsat satellites 5, 7, and 8, allowing us
to identify planting and harvest dates in thousands of
stands, compare vegetation index trends between planta-
tions and native vegetation, and estimate wood produc-
tion over successive harvests.

METHODS

Study area

The study covers approximately 22,000 km2 in Minas
Gerais, the Brazilian state with the largest planted area
of Eucalyptus (IB�A 2016), corresponding to seven Land-
sat scenes (Fig. 1; Appendix S1: Table S1). The south-
eastern portion of the study region is characterized by
semi-deciduous Atlantic Forest, with mean annual pre-
cipitation between approximately 1,000 and 1,500 mm
and elevation 200–1,100 m (Danielson and Gesch 2011,
Funk et al. 2014). Much of the native vegetation has
been cleared since European colonization began in 1500
(Ribeiro et al. 2009). Eucalyptus was first planted in this
region in the 1860s, and plantations have proliferated
since the late 1960s (Gonc�alves et al. 2013), often on for-
mer pastures. Approximately 81% of the stands we stud-
ied in this biome are owned by one vertically integrated
cellulose and paper company, and an unknown but sub-
stantial proportion had undergone several rotations
prior to 1984.
The northwest of the region, further inland, is charac-

terized by savanna-like Cerrado vegetation with varying
canopy cover. Mean annual precipitation is also approxi-
mately 1,000–1,400 mm, with less than 2% falling in the
driest three months. Elevation ranges from 600 to
1,200 m, with Eucalyptus often planted on plateaus. The
Brazilian government incentivized settlement and crop
establishment in this region primarily in the 1960s and
1970s. Eucalyptus was established at large scales begin-
ning in the 1980s to supply charcoal for railroads and
steel manufacturing, as well as pulp and other wood
products, and continues to expand in the region (Klink
and Moreira 2002, IB�A 2016).
Both the Cerrado and the Atlantic Forest are biodi-

verse regions with highly fragmented remnants of native
vegetation adapted to low-nutrient mineral soils (Silva
et al. 2006, Ribeiro et al. 2009). Plantations are estab-
lished primarily on deep, weathered Oxisols (Latossolos
in the Brazilian soil classification system), with high clay
and iron content and low concentrations of major plant
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nutrients and organic matter. Other plantation soils
include Inceptisols (Cambissolos) and Entisols (Neosso-
los), also with generally low levels of exchangeable nutri-
ents (Filho and Schaefer 2010).
Eucalyptus in this region is generally grown in rota-

tions of five to seven years. Stands are clear-cut at the
end of the rotation and may be allowed to resprout from
stumps for one or two additional rotations (i.e., cop-
piced). More frequently, however, the stumps are killed
and greenhouse-grown clonal sprouts are planted
between the former rows. The most common clones are
hybrids of E. urophylla 9 grandis; hybrids with
E. camaldulensis and, occasionally, pure grandis or uro-
phylla (Gonc�alves et al. 2013).
Agricultural inputs to the plantations generally

include nitrogen, phosphorus, potassium, agricultural
lime, and micronutrients; plantations are not irrigated.
Chemical pesticides are used to control competing vege-
tation, ants, and fungal pathogens for the first 2–3 yr
after planting. These treatments are generally not
applied following canopy closure, although formi-
cide application continues annually in some regions
(L. Verg€utz and C. Afonso, personal communication).

Land cover classification

Plantation stands were identified from recent Landsat
images, using the Random Forests machine learning

algorithm in Earth Engine and manually delineated
training polygons (Appendix S1). Three wood-produ-
cing corporations, Cenibra, Gerdau, and Plantar, pro-
vided geospatial data files indicating the boundaries for
8,631 current eucalypt stands. Where available, we used
these known boundaries in place of the classification
results. In total, the algorithm identified approximately
8,500 stands outside the boundaries of the company-
delineated stands. The median area of all stands was
17.3 ha, with a 95% interval from 2.3 to 74.2 ha (com-
pany-delineated stands smaller than 2 ha were
excluded). The mean user’s accuracy of the stand classi-
fication (i.e., the probability that a pixel classified as
Eucalyptus in 2016 actually represented Eucalyptus)
exceeded 85% (Appendix S1).
To separate the effects of forest management from

other possible drivers of vegetation index trends, we
compared the vegetation index values of Eucalyptus
stands to those of adjacent patches (within 900 m of a
cluster of stands) of non-crop, non-eucalypt woody vege-
tation identified by the Random Forests classification,
with a mean user’s accuracy of 79% prior to additional
filtering of pixels and patches (Appendix S1). We also
extracted vegetation index time series for similar vegeta-
tion >8 km from plantations, using the same annual
compositing methods as for Eucalyptus, in order to
assess possible effects of plantation management on
adjacent native vegetation.

FIG. 1. The study region occupies the interior of Minas Gerais state (gold outline). Blue spots represent 1,745 areas encompass-
ing stands and surrounding native vegetation. Red, orange, and yellow areas indicate stands from three plantation companies,
whose primary products are charcoal for steelworks, wood for various industries, and cellulose pulp and paper, respectively. The
green line represents the approximate boundary between the Cerrado, to the west, and the Atlantic Forest. Satellite imagery from
TerraMetrics 2008, accessed via Earth Engine (3 May 2018); biome border from IBGE (Brazilian Institute of Geography and Statis-
tics), accessed via mapforenvironment.org (27 April 2018); state border from IBGE, accessed via gmaps.com (24 April 2018).

Xxxxx 2019 WOOD PRODUCTION OVERMULTIPLE HARVESTS Article e01879; page 3



Time series extraction

For each plantation stand, we assembled a time series
from 1984 to 2016 of the “near-infrared from vegeta-
tion” (NIRv) index (Badgley et al. 2017). NIRv is calcu-
lated as

NIR� red
NIRþ red

� �
� NIR (1)

where NIR and red are the reflectance values in the
near-infrared (760–900 nm) and red (630–690 nm)
bands, respectively. This index is similar to the com-
monly used normalized difference vegetation index
(NDVI), which has previously been used along with
stand age to accurately predict wood volume in clonal
Eucalyptus (Marsden et al. 2010, le Maire et al. 2011),
as well as in process-based wood production models with
species-specific biomass partitioning (Coops and Waring
2001, Nightingale et al. 2008). Compared to NDVI,
NIRv saturates less in dense canopies and correlates bet-
ter with eddy-flux measurements and sun-induced fluo-
rescence estimates of annual primary productivity,
including in forests (Badgley et al. 2017).
NIRv measurements were derived from Landsat mis-

sions 5, 7, and 8. We used the Collection 1 Landsat sur-
face reflectance products, pre-processed using the
LEDAPS atmospheric correction model (Landsats 5
and 7) or the LaSRC model (Landsat 8; USGS 2017a,b).
We collected all Landsat images overlapping Eucalyptus
stands and filtered out cloudy pixels using the internal
CFMASK algorithm (Foga et al. 2017). For each year
(1984–2016) and for each pixel in a Eucalyptus stand, we
selected the Landsat images corresponding to the 90th,
75th, and 50th percentile NIRv, creating three mosaic
images per year. We then averaged the values of NIRv in
each mosaic over all pixels within a stand, so that each
stand has three NIRv observations per year (99 in total).
The three percentile classes were selected from a range of
possible percentiles to exclude clouds, shadows, and
erroneous NIRv maxima, while suggesting the range of

intra-annual variation in NIRv. For many stands, we
could not reliably obtain more than three unique cloud-
free observations per year, even with the mosaic
approach. Each observation within each stand was
assigned the most common (mode) date of acquisition
among the pixels contributing to the mosaic for that
stand, so that the stand’s NIRv observations could be
placed on a timeline with concurrent observations of
adjacent native vegetation (Fig. 2). Preliminary analyses
showed no consistent difference in NIRv values retrieved
from the different satellites within one week in a
given vegetation patch, so we used the three satellites
interchangeably.
To compare time series of Eucalyptus and native vege-

tation NIRv, we collected NIRv values for each native
vegetation patch at each observation date in the Landsat
archive, averaging all cloud-free pixels. For each stand,
we identified all native vegetation patches within 900 m
of that cluster of stands, with the same elevation (binned
in 100-m increments), and with the same soil type as the
target stand (Appendix S1). For each NIRv observation
in the target stand, we then calculated the average NIRv
value of these native patches on the same nominal obser-
vation date, weighted by the number of cloud-free pixels
within each patch. This allowed us to calculate the dif-
ference in NIRv between contemporaneous observations
of each stand and comparable native vegetation.
We applied a set of heuristics to the time series of the

difference in NIRv between each stand and its paired
native vegetation in order to identify the starts and ends
of rotations, based on the higher NIRv of mature Euca-
lyptus, and the lower values of clear cuts, relative to
native vegetation (Fig. 2). Comparing plantations to
unharvested native vegetation eliminates the need for a
calibration period with no harvests against which to
detect changes in canopy cover, as required by common
methods such as the BFAST algorithm (Verbesselt et al.
2010). Code used to detect rotations, and links to Earth
Engine code for land cover classification and time series
export, is available from the Stanford Digital Repository
(see Data Availability). The rotation identification and
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FIG. 2. Example NIRv time series, indicating three identified rotations and the three predictors of wood volume used in our
model. The solid line shows Eucalyptus NIRv (3 observations/yr), dashed line shows corresponding native vegetation NIRv for each
observation, and blue, red, and yellow points show the first, second, and third rotations since 1984. Blue lines in the first rotation
indicate the rotation length, peak NIRv, and median NIRv of the first two years. NIRv scale is divided by 1,000 on figure axes for
neatness, relative to values in linear models (Table 2).
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all statistical analyses were performed in R version 3.3.0
(RCore Team 2016).
Our algorithm identified at least one complete rota-

tion in 16,378 stands, of which approximately 38% were
in the Atlantic Forest region and the rest in the Cerrado
(Table 1). For 986 stands for which the year of planting
or resprouting was known from company data and
occurred prior to 2014, the rotation-finding algorithm
correctly identified the rotation start date to within one
year in 86% of stands (90% for replanted stands; 76%
for resprouts, in which the canopy tended to close too
fast for a harvest to be detected). In a random sample of
500 stands with at least two identified rotations, the
algorithm detected the same harvest dates as visual
interpretation of the time series in approximately 63% of
stands and misidentified the start or end date of a rota-
tion in another 13% (mean error in rotation length, rela-
tive to visual interpretation, was �0.4 yr with standard
deviation 2.5 yr, n = 63 stands). In 19% of stands, the
algorithm identified a rotation when the NIRv trajectory
did not differ sufficiently from the surrounding vegeta-
tion to visually indicate Eucalyptus (i.e., a false rotation,
usually due to variation in the NIRv of the vegetation
preceding Eucalyptus), and in 6% appeared to miss an
actual rotation. Further changes to the algorithm did
not substantially improve these statistics, due to the sub-
stantial variation in NIRv patterns across stands and
rotations.

Relationship between NIRv and Eucalyptus wood
production

We used recent wood volume data from ~700 stands
operated by the three companies to derive statistical
relationships between NIRv time series and Eucalyptus
wood production, similar to the approach taken in prior
work on more homogeneous stands with more frequent
observations (Marsden et al. 2010, le Maire et al. 2011).
Wood volume, the relevant metric of production for
industrial plantations, was calculated by the companies
from annual or pre-harvest inventories at the stand level,
and clone-specific allometric equations.
Using best-subsets regression to minimize model

Bayesian Information Criterion (Lumley and Miller
2017), we selected a simple linear model of final wood
volume as a function of three biologically important

aspects of the NIRv time series (see Results). Adding
additional terms to the model improved the fit to the
training data (i.e., further reduced BIC), but introduced
correlated terms with opposing coefficients, even when a
strong L1 constraint was applied using the lasso2 pack-
age (Lokhorst et al. 2014); it also produced a weaker fit
to withheld test data, or yielded unrealistic wood vol-
umes when extrapolated to the entire data set.

Trends in production: statistical methods

We analyzed trends in wood production over the first
three rotations of stands with three or more complete
rotations since 1984. We excluded stands in which the
third rotation started after 2009 (seven years, or a stan-
dard rotation length, before the end of the time series) to
avoid biasing our sample toward unusually short third
rotations, although including these stands did not alter
the direction of trends in wood volume or its predictors.
While some rotations are truly more than twice as long
as the industry standard (i.e., >14 yr), such long rota-
tions may also indicate that the rotation detection algo-
rithm missed a harvest, or may display age-related
growth dynamics not captured in our training data. We
therefore also excluded stands with any rotation longer
than 14 yr from subsequent analysis, although including
these stands did not significantly alter the trends in
wood volume or rotation length reported in Results.
Preliminary analysis of variance found significant dif-

ferences in modeled wood volume (square-root trans-
formed) between rotations (F2, 10,764 = 369.8), between
biomes (F1, 10,764 = 2053.9), and in the interaction of
biome and rotation (F2, 10,764 = 109.6); all P < 2 9

10�16). We subsequently analyzed each biome separately.
We used Welch’s nonparametric one-way analysis of
variance and Games-Howell multiple comparisons, as
implemented in the oneway function of the userfriendly-
science package in R (Peters 2018), to compare mean
wood volume between rotations within each biome,
making our analysis robust to deviations from normality
and heteroscedasticity of variance. By the same methods,
we also analyzed trends in the predictors of modeled
wood production, such as peak NIRv (see Results for
description of the predictors), over successive rotations.

Drivers of wood production: statistical methods

We investigated the contribution of environmental
trends affecting all vegetation over time to the observed
trends in Eucalyptus productivity, which might otherwise
be attributed to plantation management. To do this, we
calculated the difference in NIRv between each stand and
its paired native vegetation at each time point. We used
linear models with an interaction between NIRv type
(Eucalyptus, native, or difference between the two) and
year to compare the trends in average annual values for
the three types and assess the contribution of native vege-
tation trends to Eucalyptus NIRv trends in each biome.

TABLE 1. Rotations identified in each biome.

Rotations since 1984

Number of stands

Atlantic forest Cerrado Total

1 1,161 3,988 5,149
2 1,841 3,813 5,654
3 2,548 2,070 4,618
4 586 331 917
5 21 19 40
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We then investigated the relationship of plantation
and native vegetation NIRv to possible drivers, including
temporal variables such as annual precipitation and
atmospheric CO2 concentration and spatial variables
such as elevation and soil class (Appendix S1). We used
Spearman’s ranked correlations and Random Forests
variable importance (Hapfelmeier et al. 2014, Hothorn
et al. 2015) to evaluate the potentially nonlinear rela-
tionships between productivity variables and possible
drivers. To separate the spatial and temporal variation
of precipitation and NIRv, we calculated annual anoma-
lies for each stand as in Eq. 1. For precipitation, we con-
sidered mean anomalies of the last one, two, or three
years, either annually, or in the first two years or the
whole length of each rotation. Correlations between veg-
etation productivity and these anomalies were generally
weak (magnitude of Spearman’s rho < 0.1), and their
contribution to a Random Forests model that repre-
sented our predicted wood volume metric as a function
of environmental variables was negligible; we do not dis-
cuss these factors in detail.

RESULTS

Question 1: How well do simple models based on remotely
sensed vegetation indices predict harvestable biomass, and
what elements of the time series are important in these

predictions?

The model that best represents wood volume as a
function of biologically meaningful components of the
NIRv time series includes three terms: rotation length,
rotation peak NIRv, and median NIRv of the first two
years of the rotation (Table 2, Fig. 2). Our model is not
able to represent the full scope of the variation in wood
volumes (R2 = 0.36, RMSE = 52.1 m3/ha), likely due to
differences between Eucalyptus clones in biomass parti-
tioning between leaves and wood, as well as variation in
soil and microclimate between stands. Although the
available training data do not include stands older than
10 yr or planted before 2000, the model produces rea-
sonable wood volumes when extrapolated to all identi-
fied rotations (Fig. 3).

Question 2: Has wood production declined with successive
rotations on the same units of land?

In the 3,590 stands with at least three complete rota-
tions between 1984 and 2016, modeled wood volume
showed a nonlinear trend, with the lowest volume in the
second rotation (P < 0.0001, Welch’s one-way ANOVA
and Games-Howell test for each biome). Median change
in wood volume within a stand was �12% in the Atlantic
Forest and �18% in the Cerrado. Wood volume
increased in the third rotation, equaling the first-rotation
volume in the Cerrado (P = 0.272, n = 1,258), but only
partially recovering in Atlantic Forest stands (rotation 3
volume < rotation 1 volume, P < 10�5, n = 2,332;
Fig. 4a). Mean third-rotation volumes were 256 m3/ha

TABLE 2. Components of wood volume model.

Predictor (units) Biological significance Coefficient SE t P(>|t|)

Rotation length (months) time trees are allowed to
accumulate wood

1.510 0.160 9.45 <2 9 10�16

Maximum NIRv (arbitrary
scale, 95% range 2,081–4,577)

proxy of maximum primary
productivity, generally at
canopy closure

0.0464 0.0058 7.99 5.55 9 10�15

Median NIRv of first 2 yr primary productivity prior
to canopy closure, when
NIRv is most correlated
with wood production

0.0265 0.0039 6.78 2.61 9 10�11

Intercept (m3/ha) NA �0.010 0.174 �5.77 1.17 9 10�8
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diamonds show means, and whiskers extend to the most extreme data point within 1.45 times the box length (equivalent to the 95%
interval in the case of normally distributed data).
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in the Atlantic Forest and 231 m3/ha in the Cerrado, 9%
lower and 2% higher than mean volumes in the first
rotation, respectively.
Dividing modeled wood volume by rotation length, we

observe an increase in annual productivity in successive
rotations (P < 10�5 for all comparisons). Between rota-
tions 1 and 3, the mean annual increment increased from
36.0 to 40.6 m3�ha�1�yr�1 in the Atlantic Forest region
and 30.1 to 33.8 m3�ha�1�yr�1 in the Cerrado, compara-
ble to the reported industry average of 36 m3�ha�1�yr�1

for 2015 (IB�A 2016). Wood density varies between
clones; assuming a density of 511 kg/m3 (average of five
literature values; Gominho et al. 2001, Couto et al.
2013, Sharma et al. 2015), this corresponds to a third-
rotation mean annual wood production of 17.3–20.4
Mg/ha, or 9–10 Mg C�ha�1�yr�1 if wood is ~50% carbon.
For comparison, annual C uptake for secondary
Neotropical forests in the first 20 yr of regrowth ranges
from 1 to 11 Mg C�ha�1�yr�1, with a mean of 3 Mg
C�ha�1�yr�1 (Poorter et al. 2016).
In stands with three or more rotations, rotation length

decreased between the first and second rotation
(P < 10�5) by an average of 14 months (Atlantic Forest;
95% confidence interval 12.0–15.3 months) or
17 months (Cerrado, 14.5–19.6 months), decreasing by
another 3.7 months (2.2–5.1 months) in the third rota-
tion in the Atlantic Forest region but increasing again by
an average of 7 months (CI 4.8–9.1) in the Cerrado
(P < 10�5; Fig. 4b).
Peak plantation NIRv in both biomes was greatest in

the third rotation and lowest in the second, although the
third-rotation increase was greater in the Cerrado
(Fig. 4c; P < 10�5 for all comparisons except rotation 3
vs. 1 in Atlantic Forest, where P = 0.036). The trend was
similar for the median NIRv of the first two years of
each rotation; rotations 1 and 3 were statistically equiva-
lent for this metric in the Atlantic Forest (P = 0.86), as
were rotations 1 and 2 in the Cerrado (P = 0.60), indi-
cating similar rates of canopy closure in those rotations
(Fig. 4d).
We hypothesized that plant stresses that accumulate

during and between rotations, such as water or nutrient
depletion (Laclau et al. 2010, Mendham et al. 2011),
would reduce NIRv at the end of the rotation, especially
after multiple rotations. To test this hypothesis, we ana-
lyzed trends in the ratio of the mean NIRv of the last
two years of each rotation to the rotation peak NIRv, as
this ratio would decrease in the case of late-rotation
NIRv declines. Rather than decreasing in successive
rotations, the ratio was negatively correlated to rotation
length (Spearman’s rho = �0.44), such that it increased
with each successive rotation in the Atlantic Forest and
followed the pattern: rotation 1 < 3 < 2 in the Cerrado
(P < 10�5 for all comparisons). This correlation suggests
that NIRv decreases with age following canopy closure,
as observed in stands with known wood volume
(Appendix S1: Fig. S2), but also suggests that trees are
generally harvested before late-rotation stresses can

further reduce productivity. This additional metric there-
fore supports our finding that wood production does
not decline with successive harvests.

Question 3: How important is management, relative to
broader environmental changes, in determining production

trends?

Unlike rotation length, which depends solely on man-
agement decisions, annual productivity in plantations
may also depend on environmental factors affecting all
vegetation, such as precipitation and atmospheric CO2.
Interestingly, we observed clear increases in the NIRv of
both Eucalyptus and native vegetation over time, espe-
cially in the last decade of the time series (Fig. 5). For
native vegetation around stands with three or more rota-
tions in both biomes, NIRv increased significantly in
each successive rotation, rather than decreasing during
the second rotation as in the plantations (P < 10�5 for
all differences except rotation 2 vs. 1 in Atlantic Forest,
P = 0.007, Games-Howell comparison). Native vegeta-
tion NIRv showed a significant linear relationship with
year (linear mixed-effects model with random intercept
for each stand, P < 10�5, 116,907 observations in 3,543
groups, R2 = 0.69). Annual NIRv also increased in native
vegetation located at least 8 km from any stand, which
is unlikely to be affected by plantation management
(linear mixed-effects model, n = 708 vegetation patches,
R2 = 0.74). Annual native vegetation NIRv increased at
the same rate in both biomes (Appendix S1: Table S2).
However, in the Cerrado, plantation NIRv increased
much faster than that of native vegetation, while the two
trajectories were only slightly different in the Atlantic
Forest (P = 0.0008, Appendix S1: Table S2).
Since the early 2000s, plantations have expanded into

areas with lower mean native vegetation NIRv (Fig. 6).
These areas also tend to be further west, warmer, and
flatter, with a more pronounced dry season, characteris-
tic of the Cerrado region. Eucalyptus in these regions is
still able to achieve high NIRv values, though lower, on
average, than for the Atlantic Forest in the same year
(Appendix S1: Table S2).

DISCUSSION

We modeled wood volume in successive harvest cycles
over thousands of Eucalyptus stands in southeastern
Brazil and determined that decreasing rotation length
and increasing plantation growth rates, as represented
by the NIRv index, combined to generally sustain wood
production over three rotations. In both the Atlantic
Forest and Cerrado biomes, wood production decreased
between the first and second rotations, by an average of
8%. However, continued increases in productivity as rep-
resented by NIRv, beyond the increases observed in
unmanaged vegetation, allowed wood production to
recover in the third rotation in the Cerrado. In the gener-
ally older Atlantic Forest plantations, continued
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decreases in rotation length and modest NIRv increases
led to incomplete recovery of production in the third
rotation. In both biomes, recent management practices
appear adequate to sustain high rates of wood produc-
tion, at least when coupled with regional increases in
vegetation productivity.

Rotation length and NIRv early in rotation roughly
predict stand-level wood production

A wood volume model based on rotation length
derived from segmenting NIRv time series into harvest
cycles, together with the peak and median pre-canopy
closure NIRv of each cycle, was able to predict 36% of
the variance in final wood volume for the available train-
ing data. We extrapolated this model in space and time
to examine regional trends in wood production. Similar
conceptually simple models based on rotation length
and NIRv at the beginning of the rotation may also
predict wood production in other short-rotation
forestry systems where the pre-canopy closure period is
important in determining tree growth and final wood
production.
More complex models, such machine-learning

approaches incorporating many remotely sensed vari-
ables or ancillary measurements, can provide more accu-
rate estimates of wood volume or stand biomass than
our method is able to produce (Baghdadi et al. 2014, Xi
et al. 2016, Dube et al. 2017). The strengths of our
model are its simplicity, requiring only NIRv data as
inputs, and the biological basis for each term included,
which increases our confidence in the model’s applicabil-
ity to stands and years beyond the available training
data. The correlation between NIRv and wood volume is
strongest before the canopy closes, about two years after
planting, during which time the young trees increase leaf
and stem biomass at similar rates (Borges 2009, le Maire
et al. 2011). After canopy closure, wood volume
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increases near-linearly until harvest for typical rotation
lengths, while the leaf area observed by satellites typi-
cally declines (le Maire et al. 2011; F. Gomes, unpub-
lished data [Appendix S1: Fig. S2]). Our model therefore
incorporates the most informative parts of the NIRv
time series of each rotation: rotation length and metrics
of the peak and pre-peak growth rates. As multidecadal
time series become available from additional remote
sensing platforms, such as MODIS or repeated Lidar
measurements, more sophisticated analyses of multi-
rotation trends will be possible.
We note that the observed decreases in rotation length

and increases in NIRv after the first rotation may be
magnified by errors in the rotation delineation. Com-
pared to visual inspection of NIRv time series, 17% of
500 stands had errors in the length of a rotation, with a
mean error of 0.5 yr too long (0.7 yr too long in first
and second rotations, 0.9 yr too short in the third). An
error in rotation length of one year corresponds to
18 m3/ha for a given pre-peak and peak NIRv (Table 2).
In addition, 9% of the 500 stands had a falsely detected
first rotation in which low NIRv suggested that Eucalyp-
tus had not yet been established in that stand; fewer than
1% of stands had a falsely detected second or third rota-
tion. However, the magnitude and frequency of these
errors are not sufficient to drive the observed trends in
rotation length and NIRv, which are consistent with our
knowledge of changing management practices.
Monitoring change in vegetation productivity over

multiple rotations requires detecting multiple harvest
and recovery periods from a few cloud-free observations
per year, so we expected our rotation delineation algo-
rithm to be less accurate than methods that look for a
single deforestation or harvest event, or use higher tem-
poral resolution data over a shorter time period (Verbes-
selt et al. 2010, le Maire et al. 2011, Dutrieux et al.
2015). Prior work attempting to identify multiple harvest
and regrowth cycles also achieved an accuracy of <80%
for sites that lacked a multi-year “calibration” period
without harvests (DeVries et al. 2015), as in our
approach.
Independent of rotation detection, predicting wood

production in individual stands is complicated by differ-
ences in canopy structure and biomass partitioning
between sites and genotypes. A project comparing the
performance of Eucalyptus clones across environmental
gradients in Brazil found large variation in production
both within a clone across sites and between clones
within a site (Binkley et al. 2017). We attempted to
incorporate this inter-clonal and inter-site variability
by training the model on stands with a wide range of
production: 77–415 m3/ha of final wood volume or
11.5–66.8 m3�ha�1�yr�1 (33.2 � 9.22 m3�ha�1�yr�1

[mean � SD]). Our training data include stands from
three companies across two biomes, with one company
providing wood volume data for 45 clones. The near six-
fold range in wood volume easily encompasses the
increase that would be expected over time based on

productivity increases reported by the Brazilian Eucalyp-
tus industry, from 26 m3�ha�1�yr�1 in 1990 to
36 m3�ha�1�yr�1 in 2015 (Gonc�alves et al. 2013, IB�A
2016). This range suggests that the variability in wood
production within the training set of stands will encom-
pass the variability in the region over time, despite the
lack of data from stands established prior to 2000.

Trends in wood production reflect management
intensification and its possible limits

Across all stands in the region, we did not observe sus-
tained declines in wood production with successive har-
vests. Instead, we observed three major trends in the
NIRv time series from which we modeled production:
decreasing rotation length, primarily between the first
and second rotations; increasing peak-of-rotation, pre-
peak, and annual NIRv, particularly in the last 10 yr;
and increasing NIRv in adjacent native vegetation.
These patterns combine to yield a nonlinear trend in
which wood volume declines from the first to the second
rotation, but recovers in the third rotation (Fig. 4). Our
remote sensing analysis reflects the reported increase in
industry-average annual growth rates of plantation
Eucalyptus between the 1990s and 2010s. These increases
have been driven primarily by development of new
hybrid clones better adapted to site conditions and
pathogens, but also by increased fertilizer inputs, less
destructive site preparation (abandonment of tilling and
slash burning in favor of subsoiling within rows), and
new methods of managing pests and pathogens
(Gonc�alves et al. 2013, IB�A 2016). Our findings are also
consistent with reports from slower-growing forestry sys-
tems of a general “second-rotation decline” and possible
recovery as management intensity increases to compen-
sate for adverse effects of harvests on site quality (Evans
2001, O’Hehir and Nambiar 2010).
In the Atlantic Forest region, NIRv increased only

slightly faster in plantations than in the adjacent forest,
in contrast to the Cerrado (Fig. 5), and third-rotation
wood volume was slightly less than in the first rotation.
Our analysis therefore suggests that management is no
longer rapidly increasing wood production in this biome.
This may be because after three or more rotations (as
noted, many Atlantic Forest stands were first planted
prior to 1984), management is well adapted to the region
and no further intensification is necessary, or because
intensification is required just to maintain production.
If the observed decreases in rotation length suggest

continued management intensification, production may
be declining per rotation and per unit input, challenging
economic if not ecological sustainability. In one planta-
tion company, nitrogen inputs increased from 12 to
26 kg N/ha per rotation after 2011, while in another,
nitrogen inputs increased from 7.5 kg/ha in the 1990s to
48 kg/ha in 2016–2017, and potassium inputs from 6 to
270 kg/ha (C. Afonso and H. Lourenc�o, personal com-
munication). While these inputs are less than for
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common annual crops in the region, fertilizer applica-
tion may represent a significant operating cost in planta-
tions (Franco et al. 2015, Martins et al. 2015, Matsuura
et al. 2017). Fertilization beyond current application
rates does not typically increase production following
canopy closure (Stape et al. 2010, da Silva et al. 2013,
de Gazola et al. 2015, Pulito et al. 2015). Fertilizer is
generally applied only in the first 2–3 yr of the rotation,
and companies have investigated consolidating into a
single application per cycle (da Silva et al. 2013). Labor
and machinery costs, organic matter removals, and soil
disturbance associated with planting and harvest are of
course confined to the ends of each rotation. Thus, while
our findings suggest sustained wood production over
multiple harvests, this sustainability is contingent on
maintaining or increasing external inputs.
As demand for biomass grows and competition for

arable land increases, plantation forests continue to
expand in regions with lower native vegetation produc-
tivity, such as the Cerrado and the current Brazilian
plantation frontier of Mato Grosso do Sul (IB�A 2017).
As these plantations mature, it will be important to
monitor whether increases in productivity reach a pla-
teau, as in the Atlantic Forest, such that NIRv follows
the same trajectory in plantations as in native vegeta-
tion. We note that the observed NIRv increases in Cer-
rado-region plantations could be exaggerated if stands
with especially low productivity in the 2010s were mis-
classified as native vegetation and excluded from the
analysis. However, wood volume, NIRv, and their trends
did not differ significantly between Cerrado-region
stands identified by image classification and those iden-
tified by companies (Appendix S1). Overall, NIRv
increased substantially across more than 1,000 Cerrado-
region Eucalyptus stands over successive harvests, sug-
gesting the potential for management to maintain and
increase productivity. Collaborative research at regional
and pan-tropical scales will continue to be important in
minimizing the ecological and economic costs of planta-
tion production (Nambiar et al. 2004, Binkley et al.
2017, Silva et al. 2018).

Environmental trends also contribute to plantation
productivity, but additional data are needed to identify
drivers of increasing NIRv across vegetation types

Despite intensive management within Eucalyptus
stands, general increases in vegetation productivity
throughout the region may also be important in sustain-
ing wood production. We propose several possible
causes for the general increases in NIRv we observed:
satellite changes, precipitation trends, fertilization by
increased CO2 or nutrient deposition, and protection
from disturbance.
As in all long-term remote sensing analyses, drift in

satellite calibration or switches between sensors could
lead to spurious trends in vegetation indices. However,
large-scale “greening” has been observed across sensor

platforms, despite inconsistencies between and within
sensors (de Jong et al. 2011, Tian et al. 2015, Zhang
et al. 2017). We use the most recent surface reflectance
products (USGS 2017a,b), developed to address sensor-
continuity issues as discussed in (Roy et al. 2016), and
NIRv shifts do not appear to coincide with satellite
launches.
We hypothesized that annual precipitation would be

positively correlated with both native vegetation and
Eucalyptus NIRv, as Eucalyptus in the region responded
strongly to water availability (Stape et al. 2010), and pre-
cipitation is more variable between years than other con-
trols such as temperature and nutrient availability. The
plantation industry attributes declining average annual
Eucalyptus productivity since 2013 to abnormal rainfall,
as well as expansion of plantations into harsher environ-
ments (IB�A 2016, 2017). We observed expansion into
areas of less productive native vegetation (Fig. 6), but
annual precipitation was very weakly correlated with
annual mean NIRv in both native vegetation (Spear-
man’s rho = �0.07, annual NIRv anomaly vs. anomaly
in precipitation of last three years) and plantation NIRv
(rho = �0.05, excluding the first two years of each rota-
tion). The highest annual NIRv values in native vegeta-
tion tend to occur in the drier-than-average 2010–2016
period. A possible explanation is that when the wet sea-
son is less cloudy, vegetation growth is less limited by
light availability, so photosynthesis, NIRv, and produc-
tivity may increase. Alternatively, NIRv could be decou-
pled from carbon fixation in drought-stressed plants
(Yang et al. 2018). Changes in NIRv since 2013 do not
strongly affect our wood volume analysis, as the peak of
most analyzed rotations occurs prior to 2013.
Recent increases in NIRv of both Eucalyptus and

native vegetation could also be due to increasing atmo-
spheric CO2 concentrations. Elevated CO2 increased the
productivity of young Eucalyptus and Atlantic Forest
species in greenhouse experiments (Ghannoum et al.
2010, de Oliveira et al. 2012), and atmospheric CO2 has
contributed significantly to increased carbon uptake in
other biomes (Fern�andez-Mart�ınez et al. 2017). Atmo-
spheric deposition of nitrogen, projected to increase in
southeastern Brazil based on increasing fossil fuel and
agricultural emissions (Phoenix et al. 2006), could also
increase productivity, even in fertilized plantations,
where deposition may help balance nitrogen inputs with
removals in harvested biomass.
Alternatively, NIRv could increase in native vegetation

near plantations due to protection against disturbances
such as logging and fires. Brazilian landowners are man-
dated to maintain a portion of their land under native
vegetation cover (Lei Ordin�aria no 12.651/2012), and
plantation companies have a substantial stake in demon-
strating environmental preservation (Veracel Cellulose
2016). However, native vegetation patches at least 8 km
removed from any Eucalyptus stand exhibited similar
NIRv trends to those of the native vegetation around
the Eucalyptus, suggesting that plantation-mediated

Xxxxx 2019 WOOD PRODUCTION OVERMULTIPLE HARVESTS Article e01879; page 11



revegetation is not a primary driver of native vegetation
greenness. Local data on each of these factors over time
are needed to help determine which factors drive NIRv
trends, and whether they will continue to boost produc-
tivity in the future.
Management intensification—shorter harvest cycles,

increasing inputs, and more rapid tree growth—and gen-
eral increases in plant growth appear to have sustained
high wood production over several harvests in the
plantation forests of southeastern Brazil. However, the
influence of management in increasing plantation pro-
ductivity, relative to trends that also affect native vegeta-
tion, may be diminished in the most recent rotations in
the Atlantic Forest region. In both the Atlantic Forest
and the Cerrado biomes, fertilizer, machinery use, and
other inputs may be increasing per unit of wood produc-
tion as management intensifies. Sustaining high rates of
wood production in tropical plantation forests will likely
require continued investment in genetic and chemical
inputs to supplement regional plant productivity trends.
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