
Contents lists available at ScienceDirect

Forest Ecology and Management

journal homepage: www.elsevier.com/locate/foreco

Multisite evaluation of the 3-PG model for the highest phenotypic plasticity
Eucalyptus clone in Brazil
Dany Roberta Marques Caldeiraa,b,⁎, Clayton Alcarde Alvaresa,c, Otávio Camargo Campoea,d,
Rodrigo Eiji Hakamadae, Iraê Amaral Guerrinia, Ítalo Ramos Cegattac, José Luiz Stapea
a Department of Forest, Soils and Environmental Sciences, São Paulo State University-UNESP, 18610-034, Botucatu, SP, Brazil
bDepartment of Agronomy, Rondônia Federal Institute, 76993-000 Colorado do Oeste, RO, Brazil
c Suzano SA Company, 41810-012 Limeira, SP, Brazil
d Federal University of Lavras – UFLA, 37.200-000 Lavras, MG, Brazil
e Department of Forest Science, Federal Rural University of Pernambuco – UFRPE, 52171-900 Recife, PE, Brazil

A R T I C L E I N F O

Keywords:
Ecophysiology
Environmental gradient
Modeling
Process-based model

A B S T R A C T

Different ecophysiological models are used to predict the productivity of forest plantations worldwide. The
Physiological Principles in Prediction Growth (3-PG) model has been successfully used for this purpose since
1997. In this study, the 3-PG model was parameterized and validated to predict the productivity of the most
planted clonal eucalypts in Brazil (Eucalyptus urophylla) in different regions of the country and assess the at-
tainable productivity of this same clone for a region little exploited for this plantations in the country. Through
data collection carried out between 2012 and 2018, conducted in 36 sites distributed across an environmental
gradient that spans over 3500 km in Brazil, it was possible to parameterize the 3-PG model using data that
represent a portion of the soil and climate diversity of forest plantations in Brazil. We determined the initial
biomass of the compartments (stem, leaf, and root), relationship between net and gross productivity, average
wood density, maximum stem biomass for 1000 trees ha−1, maximum stomatal conductance, bark and branch
fractions for the initial and mature age, specific leaf area for the initial and mature age, and allometric para-
meters at different ages. Considering the model initialization period, the initial age was defined at 12 months
after planting and the final age was considered at 80 months. Model calibration was performed in four ex-
perimental sites (special sites for the calibration set), which correspond to the environmental diversities of the
project, and model validation was performed by applying the setup of the model obtained in 10 other sites
(regular sites for validation set) of the same experimental network. In all sites tested, estimates of basal area,
diameter at breast height, leaf area index, and stem biomass agreed with the measured values. On average, the
estimates of diameter and breast height were 4.91% higher than the observed measures, whereas the stem
biomass estimates were 16.44% lower and the leaf area index was 26.22% lower; moreover, the estimates were
overestimated for the first three years and underestimated in recent years. Overall, the model was able to capture
the soil and climate differences for predicting E. urophylla clone productivity. Its application in a region not yet
exploited for eucalypts plantations may help investors in the region select areas for acquisition, planting ex-
tensions, and extend production technologies.

1. Introduction

Growth simulation models used in agriculture are divided into two

basic groups: empirical (“engineering models”) and mechanistic (“sci-
entific models”, based on processes) (Borges, 2009; Passioura, 1996).
Empirical models are based on “correlations” between variables of a
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system, without necessarily having a cause-effect relationship between
them, and are represented by equations whose coefficients of the
variables do not necessarily have physical or biological interpretation,
being valid only for the specific conditions in which they were estab-
lished. Process-based models are based on physical and biological
processes that govern the system in question, which give them greater
extrapolation capacity, albeit often with less accuracy. Forest growth
models are important to estimate the potential yield of timber products
and also to investigate the effects of plantations on environmental va-
lues (Paul et al., 2007) such as climate change mitigation (Gupta and
Sharma, 2019).

Process-based models are mathematical representations of biolo-
gical systems that incorporate our understanding of physiological and
ecological mechanisms and their interactions with the system en-
vironment in predictive algorithms (Johnsen et al., 2001; Landsberg
and Sands, 2011), and they are therefore transferable to different en-
vironments (Cuddington et al., 2013). The Physiological Principles in
Prediction Growth (3-PG) model developed by Landsberg and Waring
(1997) incorporates the basic physical characteristics of numerous
species, allowing to predict the growth and increment of stem diameter,
along with the dynamics of the leaf area index (LAI) with acceptable
precision (Landsberg, 2003). The 3-PG model is widely used and well
validated in both natural and planted forests in various regions
worldwide (Landsberg and Sands, 2011; Potithep and Yasuoka, 2011;
Zhao et al., 2009); however, it is necessary to parameterize for species
individually (Landsberg et al., 2003).

Tickle et al. (2001) used the 3-PG model in association with data
spatialization tools to predict the productivity of a large area of native
eucalypts forest in Australia. The model was also parameterized for
Eucalyptus globulus plantations located in Tasmania and Western Aus-
tralia (Sands and Landsberg, 2002). Parameterization was performed by
adjusting the 3-PG results to the observed data of total above ground
biomass and the LAI. Data adjustments were applied by making the
specific leaf area and the bark and branch fractions age-dependent, in
addition to including the effects of temperature on the canopy's
quantum efficiency. In Brazil, Stape et al. (2004) calibrated and eval-
uated the capacity of the model to simulate the response to changes in
soil fertility and water quantity for Eucalyptus grandis × urophylla
plantations. They concluded that the model effectively represented the
effects of water deficit and soil fertility on carbon gain and allocation.
Subsequently, also in Brazil, the model was parameterized and vali-
dated for plantations of E. grandis (Almeida et al., 2004). The authors
highlighted the importance of the model to test hypotheses regarding
the responses of trees to environmental changes. In Australia, the model
was calibrated for plantations of Eucalyptus cladocalyx and gum Cor-
ymbia maculata for regions of medium and low rainfall (Paul et al.,
2007). Hung et al. (2016) used the model to describe the potential
productivity of acacia plantations in a wide variety of climates and soils
in Vietnam. For other species the parameter values were regulated to
adjust the output data based on in situ measurements (Gonzalez-
Benecke et al., 2014, 2016; Zhao et al., 2009). Leaving the monoculture
bias, Forrester and Tang, (2015) used the 3-PG model to analyze the
temporal and spatial effect of mixed species interactions and showed
that the model has potential for this purpose, as well as to develop
forestry schemes for these plantations.

The precision of any model depends on the model structure, as-
sumptions, premises and the estimation of realistic and representative
values of the parameter (Dye, 2001). A need also exists for the devel-
opment of values for specific species or clone parameters, and for the
climatic and soil amplitude of these parameters to be represented in the
most comprehensive way possible (Potithep and Yasuoka, 2011).

The Brazilian forestry sector is experiencing a phase of strong ex-
pansion in the so-called “new frontiers” of forestry, as is the case in the
central-western and northern regions of Brazil. Rondônia is a state in
the northern Brazil with a total area of 237,765 km2 (IBGE, 2018). Its
history is marked by the strong exploitation of its natural forests. The

extraction and industrialization of native wood has formed the basis of
the region's economy for many years. The planted forest sector is es-
tablishing itself in the region and aims to supply local and regional
demands. However, the success of the purchase and the productivity of
these new lands are based on empirical methods to determine the
quality of the site (Klippel, 2015). Thus, process-based models are
needed to assess the productivity and ecological constraints of forest
plantations at different spatial and temporal scales (Stape, 2002).

The Cooperative Program on Tolerance of Eucalyptus Clones to
Hydric, Thermal, and Biotic Stress (TECHS, www.ipef.br/techs), co-
ordinated by the Forestry Science and Research Institute (IPEF), in-
stalled 36 experiments between 2012 and 2018 along a gradient of over
3500 km, covering locations in Brazil and Uruguay (Binkley et al, 2017)
with contrasting climatic typologies (Alvares et al., 2013) and soils for a
rotation of six years. This enabled the parameterization of different
Eucalyptus clones including the most planted clone in Brazil (Nóia
Júnior et al., 2019), E. urophylla (mnemonic clone A1 in the TECHS
clones list). Therefore, objectives of this study were to: 1) parameterize
and validate the 3-PG model for clonal plantations of E. urophylla in
different Brazilian regions using 80 months of productivity data; and 2)
assess the attainable productivity of the same clone for a region little
exploited for eucalypts plantations in Brazil (State of Rondônia, located
in the northern region of Brazil) in different climate cycles and thus
indicate the appropriate areas for this purpose. We hypothesized that:
a) the contrasting site data set (sites used for model calibration) is able
to provide a set of parameters that works for different regions; b) the 3-
PG model can generate satisfactory productivity estimates for different
Brazilian regions; c) The 3-PG model is able to capture environmental
differences and, in this way, can indicate favorable locations for forest
plantations in a region that is not used for this purpose in Brazil.

2. Materials and methods

2.1. Experimental design and study area

The study was conducted between 2012 and 2018. A total of 18
clones were analyzed at each site, with each clone being planted in a
single plot comprising 8 rows × 30 trees (24 × 90 m), with a spacing of
3 × 3 m (1111 trees ha−1). The total number of sites analyzed was 36,
although for this analysis we focused on 14 sites, which were divided
into two large groups: the calibration set, consisting of sites 20, 22, 29,
and 30 representing the environmental extremes of the evaluated area,
and the validation set, composed of sites 4, 5, 6, 7, 9, 12, 14, 15, 24, and
33 (Fig. 1). The set of sites that represented the environmental extremes
had this named this way because they presented the largest and smal-
lest records of temperature, vapor pressure deficit and precipitation of
the TECHS project. They were also called special sites (please check
Section 2.5). Each plot presented an edge band with 5 lines, each with 8
trees, intended for destructive sampling throughout the development of
the project; for further details of the experimental arrangement and
characteristics of the sites see Binkley et al., (2017). The only genetic
material used in this work was an E. urophylla clone (clone A1 in the
TECHS clones list – Binkley et al. 2017); its choice is due to the sa-
tisfactory performance in all TECHS project mega-environments, de-
monstrating relative phenotypic plasticity, and therefore, the best gene
and allelic combination among the evaluated clones (Araujo et al.,
2019).

2.2. Input data required by the model

The 3-PG model uses climatic data as input, which are presented in
monthly steps such as: maximum and minimum average air tempera-
ture (°C), average daily net solar radiation (MJ m2 day−1), air relative
humidity (%), monthly accumulated precipitation (mm), daily vapor
pressure deficit (kPa), and number of days with frost occurrence.
Information on local characteristics is also required, such as

D.R.M. Caldeira, et al. Forest Ecology and Management 462 (2020) 117989

2



geographical location (latitude), water holding capacity of soil, soil
class and fertility, and initial biomass stock in the plant compartments
(i.e., root, stem, leaves, and branches (kg tree−1) (Landsberg et al.,
2005; Sands and Landsberg, 2002).

2.3. Meteorological information

The daily meteorological information included maximum and
minimum air temperature (°C), precipitation (mm), liquid solar radia-
tion (MJ m2 day−1), air humidity (%), wind speed (m s−1), and vapor
pressure deficit that was calculated from the temperature and relative
humidity of air. The information was obtained between the period from
01/01/2012 to 31/07/2018, and the bases used were from in situ
stations and the automatic stations from National Institute of
Meteorology (INMET). To fill the gaps were used daily gridded data
interpolated by Xavier et al., (2016); rainfall data were obtained from
the National Water Agency (ANA) or the Group of Climate Hazards
Precipitation Infra Road and Station (CHIRPS) developed by Funk et al.
(2015). In cases of still missing data, the basis used for the other
parameters was NASA POWER, as described by Stackhouse et al.
(2015). The data that were obtained in daily steps were converted into
monthly steps and as a result, spreadsheets were obtained with 100%
completion for each site; the data is summarized in Supplementary
Table S1.

2.4. Soil data

2.4.1. Available water holding capacity in the soil
The source of information for available soil water holding capacity

(0–2 m depth) was the first study published by the TECHS research
network (Binkley et al., 2017). The authors used the equation devel-
oped by Stape (2002), which estimates the water holding capacity
(WHC) as a function of the amount of sand and clay in the soil (the
summary data on the WHC and the water balance can be seen in the

Supplementary Table S1). The available water holding capacity in the
soil is important to determine the water balance in the soil that will
influence the physiological modifier, which affects the canopy con-
ductance.

2.4.2. Soil fertilization
All plots were intensively fertilized in the year of planting in order

to avoid nutritional limitations (Stape et al., 2010), by applying
70 kg ha−1 of nitrogen, 45 kg ha−1 of phosphorous, 85 kg ha−1 of
potassium, 500 kg ha−1 of calcium, 90 kg ha−1 of magnesium,
40 kg ha−1 of sulfur, 3 kg ha−1 of boron, 1 kg ha−1 of copper, and
1 kg ha−1 of zinc (Binkley et al., 2017).

2.5. Inventories

Continuous forest inventories were carried out every six months,
starting at 15 months after planting and ending at 80 months (the
summary of the inventories is shown in Supplementary Table S2). The
diameter at breast height (1.3 m from ground level, in cm; DBH) and
the total height of the tree (in m; H) were measured.

Additional analyses were also carried out. However, owing to the
high cost and considerable distances between the experimental sites,
only a fraction of the sites were fully evaluated; these were termed
“special” and comprised the calibration set. Additional analyses in-
cluded biomass quantification based on aboveground compartments
(e.g., bark, branch, leaves, and stem, kg tree−1), determination of wood
basic density and leaf area index (LAI m2 m−2), litterfall deposition (Mg
ha−1), specific leaf area (SLA m2 kg−1) and litterfall rate. Data were
also obtained regarding gross primary productivity (GPP), net primary
productivity (NPP), and the total below-ground carbon balance of the
special sites (monitoring conducted between October 2013 and
September 2014 and between October 2014 and September 2015)
adopting the methodology proposed by Campoe et al. (2012).

Fig. 1. Locations of field experiments used for the process of calibration and validation sets of the 3-PG model and their respective Köppen climate classification in
Brazil (map adapted from Alvares et al., 2013).
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2.6. Leaf area index (LAI)

The LAI was determined according to a non-destructive method
using a ceptometer (AccuPAR LP-80, METER Group, Pullman, WA).
This method is based on canopy radiation extinction and was performed
between 14 and 75 months after planting, with data collection per-
formed at different frequencies (varying between two and 156 mea-
surements). Photosynthetic active radiation was measured below the
tree crown (PARb) at six points, forming a diagonal along the useful
portion. Four measurements were recorded in each cardinal direction,
1 m above the ground, with a total of 24 radiation values collected per
plot. The value of each measurement represented the average of read-
ings from 80 photosynthetic active radiation quantum sensors (PAR,
400–700 nm). Simultaneous measurements of radiation above the PAR
canopy (PARa) were obtained at intervals of less than 15 min, on roads
and clearings, and when possible, by placing a second intercalibrated
AccuPAR that recorded the data every minute; further details are pro-
vided in Mattos (2015).

2.7. Parameterization of the model

The Microsoft Excel spreadsheet used for data processing was
adapted from Stape (2002), and has a user interface that facilitates data
entry and interpretation of results. Parameterization constitutes the
method to delineate the value of species-specific parameters, which can
be assigned using allometric relationships and adjusting the growth
modifiers (Gupta and Sharma, 2019). Parameterization was conducted
using data from a time series of intensive measurements over 80 months
by the TECHS network and through bibliographic reviews. The model,
which was executed in monthly steps, was configured to start in 2013
when the plantations were 12 months old and had undergone the first
assessments of inventory and destructive biomass.

2.7.1. Nutritional factor
The nutritional factor of the model varies from 0 to 1, and the closer

to 1, the higher the soil nutrition is considered. For this parameteriza-
tion, as all sites were intensively fertilized we considered that there was
no nutritional limitation, therefore the value considered for all sites was
0.8. The value was not considered 1, because even without any nutri-
tional limitation, other environmental factors such as lack of water can
limit the assimilation of nutrients by plants. This decision was based on
work published by Stape et al. (2010) that manipulated the water and
nutrient supply for clonal eucalypts plantations in a gradient spanning
more than 1000 km. It was concluded that additional fertilization to the
commercial one did not increase the productivity of the parcels, and in
our study the fertilization was done in a way to overcome the com-
mercial fertilization so that no nutritional gaps were created.

2.7.2. Biomass and allometry analysis
Two seasons of biomass analysis were carried out, the first at

30 months after planting and the second at 80 months. In the first
season, the analyses were developed in the special sites and in the
second season, in addition to the special sites, 14 other sites included in
this evaluation (the summary of data is provided in Supplementary
Table S3). For carrying out biomass analyses, trees of different dia-
metric classes were selected, felled, and subsequently measured with
regard to total height (H, m), DBH (cm), fresh and dry mass of branches,
leaves, stem, and bark (kg), and total leaf area (m2) (Supplementary
Table S4). From the data obtained, allometric equations were elabo-
rated to explain the growth of the stem of the plants and thus determine
the constant and the power of the stem mass (Fig. 2). Only the root
biomass was determined for sites 22 and 30 through 30 months after
planting. Global equations were used to determine the biomass of roots
in the other sites as well as for the final age (since due to difficulties in
being determined it, this analysis was not carried out at the end of the
rotation).

The stem mass constant (aS) was established as aS = 0.0249; the
stem mass power (nS) was determined as nS = 3.021; and the max-
imum stem biomass (wSx) had the value wSx = 300 kg tree−1. The
initial age was defined at 12 months after planting and the final age was
considered at 80 months, the bark and branch fraction for initial and
mature age were established at Fbb0 = 0.35 and Fbbm = 0.12, re-
spectively, and the partition between leaf and stem was pFS2 = 0.50
and pFS20 = 0.15. The maximum biomass fraction allocated to the root
was determined by applying the global Spurr equation for all sites
(Spurr, 1952). The maximum value observed was 0.23 and the
minimum was 0.06.

The specific leaf area (SLA; m2 kg−1), which expresses the re-
lationship between the leaf surface area (m2) and the weight of the dry
mass of the leaves (kg), was determined together with the destructive
analyses performed at 30 and 80 months after planting. SLA is an im-
portant parameter as it is used in the model to determine the LAI and
the leaf biomass. The variation of the SLA was substantial owing to the
environmental differences; the mean values were utilized for the initial
and final age, as SLA0 = 9.4 and SLAm = 8.4, respectively, with:

=SLAi  LAi/DM iL (4)

where SLA is the specific leaf area (m2 kg−1), i is the age at the time of
observation, LA is the leaf area (m2), and DML is the leaf dry mass (kg).

2.7.3. Basic wood density
Using the information contained in inventories, three average DBH

trees were selected per site, from which disks were sampled at 1.30 m
from the soil and used to determine the basic density of the wood fol-
lowing the recommendations of the Brazilian Regulatory Standard
(NBR 11941) of the Brazilian Association of Technical Standards
(ABNT) (2003). The global average value of the wood density was used
for the parameterization of the model, at ρ = 440 kg m3.

2.7.4. Litterfall deposition
The litterfall deposition was measured monthly in the special sites

with the use of 9 collectors of 50 cm × 50 cm installed between four
trees per plot of each site. Data collection occurred between October
2013 and February 2018. After collecting and weighing the material
deposited in the collectors, the dry matter of each sample was de-
termined and the average monthly deposition of litterfall ha−1 was
estimated.

The 3-PG calculates the monthly litterfall (t ha−1 month−1) as the
litterfall rate (γf), which represents the ratio of senescent leaf biomass
(WFL) and leaf biomass in the canopy in the period (WF) γf = WFL/WF
(Sands and Landsberg, 2002). In response to local conditions, a large
variation occurred in deposition between the sites and the months ob-
served. The global monthly average of litterfall deposition was
0.45 Mg ha−1, with higher litterfall deposition values occurring at sites
with better environmental conditions owing to higher amounts of leaf
biomass. The higher the age at planting, the lower the leaf biomass and

Fig. 2. Allometric relationship between stem biomass and diameter at breast
height for all monitoring sites through biomass analyses, at 30 and 80 months
after planting.
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consequently, the higher the rate of litterfall. As no sub-model was
available that included local conditions, the maximum rate of litterfall
(γFx) was assumed to be the global average value of 0.13 and the rate of
litterfall for the initial age, γ

F0 = 0.062.

2.7.5. Maximum stomatal conductance
The LI-6400 photosynthesis analyzer device (Li-Cor, Lincoln, NE,

USA) was used to evaluate the variables related to gas exchange. Owing
to the difficulties encountered in performing these analyses, it was
decided to perform them at site 33 because of its strategic location (i.e.,
next the University of São Paulo, Piracicaba-SP) and the possibility that
no environmental restrictions for gas exchange were present at the time
of the measurements. Measurements were conducted following
10–15 min of equipment stabilization, with light saturation of
1500 µmol m−2 s−1, ambient humidity above 50%, and CO2 con-
centration of 400 ppm. The variations between the stomatal con-
ductance and the vapor pressure deficit were taken in the morning,
between 8 am and 12 pm, and in the afternoon, between 2 pm and 5
pm. Twelve measurements were performed on each tree using fully
expanded leaves located in the central portion of the crown. The mean
value observed was 0.0072 m s−1 (Supplementary Fig. S1).

As a result of the data processing, it was possible to generate Table 1
that establishes the symbols, units, and values of the parameters used in
the 3-PG model.

2.8. Model calibration

A part of the analyzed data representing 30% of the total (special
sites) was intended for model calibration. These data, as mentioned
above were chosen because they represent the climatic extremes of the
project and also, because we understood that it would have the data
ranges of all the other sites. The other 70% of the data was used for the
validation of the model. The calibration of the model was developed
manually by comparing the estimates for the diameter at breast height,
stem biomass, and LAI with the data obtained at the special sites. The
simulations showed a good relationship with the data observed in the
field, thus the calibration was directed to adjustments of small devia-
tions, such as the leaf/stem partitioning, the maximum quantum effi-
ciency of the canopy, and the constant and power of woody mass.
Calibration was performed based on values cited in the literature or in
the case of the constant and stem mass power, the calibration was
performed based on the observed data, testing the data sets of complete
analyses, or restricting to special sites. The best adjustment was made
using the complete analysis data set.

2.9. Model validation

Following parametrization, calibration, and new execution of the
model, a comparison between the data generated by the model and the
data observed in the field was performed to evaluate the reliability and
the capacity of its extrapolation. Although the total number of sites

Table 1
Symbols descriptions, units and parameters used in the 3-PG model.

Symbol Units Description Default Value O/L

WF t ha−1 Foliage biomass at starting age 2.07 O
WS t ha−1 Stem biomass at starting age 5.47 O
WR t ha−1 Root biomass at starting age 1.09 O
PN/PG – Ratio NPP/GPP 0.50 O*
WD kg m−3 Wood basic density 440 O
wSx1000 kg arv-1 Max. stem mass per tree at 1000 trees ha−1 300 O
ϕ molC mol PAR-1 Canopy quantum efficiency 0.068 L2
gCx m s−1 Maximum canopy conductance 0.0182 O*
gSx m s−1 Maximum stomatal conductance 0.0072 O
Kg kPa−1 Defines stomatal response to VPD 0.5 L3
gB m s−1 Canopy boundary layer conductance 0.2 L3
Fbb0 – Branch bark fraction at stand age 0 0.35 O
Fbbm – Branch bark fraction for mature aged stands 0.15 O
tFbb year Age for Intermediate Bark and Branch Fraction 2 O
SLA0 m2 kg−1 Specific leaf area at stand age = 0 9.4 O
SLAm m2 kg−1 Specific leaf area for mature aged stands 8.4 O
tSLA year Age for Intermediate Specific Leaf Area 2 L4
k – Extinction coefficient for absorption of PAR by canopy 0.5 L3
tfullCan year Age canopy cover 0 L3
cpir – Fraction of intercepted rainfall evaporated from canopy 0.26 L1
α – Canopy albedo 0.2 L1
γFx month−1 Maximum litterfall rate 0.13 O
γF0 month−1 Litterfall rate for young stands 0.06 O
tγF month Age at which litterfall rate = 1/2(γF0 + γFx) 4 L
γR month−1 Average monthly root turnover rate 0.015 L3
nRx – Maximum fraction of NPP to roots 0.23 O
nRn – Minimum fraction of NPP to roots 0.06 O
pFS2 – Foliage:stem partitioning ratio at B = 2 cm 0.5 O
pFS20 – Foliage:stem partitioning ratio at B = 20 cm 0.15 O
aS – Constant in the stem mass v. diam. relationship 0.025 O
nS – Power in the stem mass v. diam. relationship 3.02 O
sxaw Mm Maximum Available Soil Water – S
sk1w Mm Texture Coefficient for Soil Water Modifier – L3
sk2w Mm Power Coefficient for Soil Water Modifier – L3
sk1m – Value of m when FR = 0 0 L3
sk2m – Value of f_nut when FR = 0 1 L3
Tmax °C Maximum temperature for growth 28.65 O**
Tmin °C Minimum temperature for growth 7.25 O**
Topt °C Optimum temperature for growth 23.95 O**

– Site-specific information. L1 = Stape (2002); L2 = Almeida et al. (2004); L3 = Sands and Landsberg (2002); L4 = Stape et al. (2004). In publication process
Campoe, O.C.*, Queiroz, T. B. **.
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monitored was 32 (continuous inventories), only 4 sites went through
the calibration process, and data validation was restricted to 10. The
selection of validated sites was based on a lower number of adversities
recorded in the field and greater geographical representativeness.
Pearson's correlation coefficient, absolute mean error, and root of the
quadratic mean error were used to validate the performance of the
model in simulating the basal area (m2 ha−1), DBH (cm), LAI (m2 leaf
m−2 soil) and the stem biomass production (Mg ha−1).

2.10. Simulation of the 3-PG model for the attainable productivity of an
unconsolidated region for Eucalyptus plantations in Brazil

The study area is comprised of the state of Rondônia, located in the
north of Brazil, with elevation that vary between 100 and 1100 m
(Supplementary Fig. S2). The climate, according to the Köppen classi-
fication, is of type Am, tropical hot and humid and with two well de-
fined water seasons (ALVARES et al., 2013). The average annual tem-
perature is 27.1 °C and the annual precipitation is 1951 mm. The reason
for the choice of this region is due to its history marked by the ex-
ploitation of native forest to obtain timber products and which is cur-
rently reducing the supply of this type of product.

2.10.1. 3-PG spatialization
The 3-PG model was associated with the geographic information

system and in order to be executed, it required the input of local, me-
teorological information and data regarding soil and clone character-
istics.

2.10.2. Local information
The state map was divided into 317 square cells and each cell was

associated with a point located at the center of the polygon. The points
were linked to the coordinates of the Universal Transverse Mercator
(UTM) and to the input and output data of the model. The coordinate
pairs were obtained from each centroid and the altitude values were
taken from the digital elevation model SRTM (Shuttle Radar
Topographic Mission).

2.10.3. Weather information
The monthly required meteorological information was: maximum

and minimum air temperature (°C), precipitation (mm), global radia-
tion (MJ m−2 month−1) and relative humidity (%), which were col-
lected from the open and reliable access database developed by Xavier
et al. (2016). These authors developed a high resolution work with
granularity of 0.25° × 0.25° in daily steps for the five variables used to
estimate evapotranspiration from Brazil. The simulations of pro-
ductivity were developed between 1980 and 2016, the period of re-
cording of meteorological data. Thirty-one simulations were performed
at seven-year intervals, the first one between 1980 and 1986 and the
last one between 2010 and 2016. The data that were obtained in daily
steps were converted to monthly steps.

2.10.4. Soil data
The edaphic database was obtained from the Socioeconomic-

Ecological Zoning of the State of Rondônia (ZSEE) - State Decree N°.
3.782/1988 and was ceded by the Rondônia State Secretariat for
Environmental Development (Sedam Rondônia, 2000). Approximately
11,000 soil samples were analyzed that were divided into three or four
soil depths (2915 soil profiles). From this base were obtained the values
of depth classes, fertility rate, maximum water retention and modifying
parameters of water quantity in the soil, moisture ratio deficit (cθ) and
power of moisture ratio deficit (nθ).

The ZSEE database is quite detailed, however there are locations
that did not occur analysis (58 grids); therefore, it was necessary to seek
the filling of these gaps on another reliable basis. The selected base was
Radambrasil (1974), scale 1:1.000.000, and as the observed data are
qualitative, it was necessary to convert them into quantitative ones.

Some steps were followed: i) Intersection of Xavier et al. (2016) with
Radambrasil and ZSEE data (Supplementary Fig. S3); ii) An attribute
table with matching data for each centroid. The soil classification for
each centroid (qualitative data) and the physicochemical characteristics
of this site were analyzed, iii) The consistency of the data was checked
by comparing the qualitative and quantitative analysis of a single point;
iv) In a grid, there could be from 1 to 35 soil analyses (ZSEE). With a
dynamic table containing the ZSEE data, mean values were generated
for each grid; v) There were 28 soil types classified into four levels:
order, suborder and large group in the 58 grids that did not have
quantitative information. Soil types were analyzed individually and,
with the help of the Brazilian soil classification, values were stipulated
for each attribute (Santos et al., 2018).

The available water capacity in the soil was estimated from the
equation prepared by (Stape, 2002) and the soil fertility index (FR) was
estimated according to the equation proposed by Alvares (2011) and
varied according to the cation exchange capacity (the spatial re-
presentation of these data can be seen in Supplementary Fig. S4).

= +FR 0.5483 3.1575[1 e ]( 0.0036x)

where FR is the soil fertility index and x is the effective cation exchange
capacity (CTCe – mmolc kg−1).

The moisture ratio deficit (cθ) and the potency of the moisture ratio
deficit (nθ), parameters modifying the amount of water in the soil, were
determined according to Landsberg and Waring (1997).

2.10.5. Model simulations
The stem volume at seven years and the basal area of the plot (BA)

were estimated, as well as the mean diameter at breast height (DBH).
The simulations of the attainable productivity were made based on the
37 years of climate records of the state, which made it possible to define
31 real climate cycles (which comprised the period from 1980 to 2016),
at intervals (rotations) of seven years.

3. Results

Fig. 3 shows the application of the model on the calibration sites
and also the validation of the data estimated by the model to allow
comparison with the data observed in the field for the E. urophylla clone
cultivated in 10 sites distributed throughout Brazil over the 80 months
of observation. The included 1:1 lines facilitate the visual impression of
the correspondence between simulated and observed values. For the
calibration set, the basal area (BA), DBH, and stem biomass (WS) ex-
hibited high correlation with the observed data, with R2 values of 0.82,
0.92, and 0.93, respectively; whereas LAI presented an R2 of 0.14. To
the validation set, the basal area (BA), DBH, and stem biomass (WS)
exhibited high correlation with the observed data, with R2 values of
0.93, 0.94 and 0.94, respectively whereas LAI and WF each presented
R2 values of 0.26 (the regressions showed are global). The simulations
were calculated using the values of the parameters contained in Table 1.

The DBH was the variable that presented the highest values for the
determination coefficients and lowest values for mean absolute error
(MAE) and RMSE (root mean square error), whereas LAI presented the
lowest values for the determination coefficients and highest values for
MAE and RMSE. The differences in the LAI were large; special sites 22
and 29 presented the maximum and minimum mean values, at 4.57 and
0.94 m2 of leaf per m−2 of soil, respectively. The LAI had a maximum
value between 15 and 40 months and a minimum value at the end of
the rotation at 75 months. Fig. 4 shows the evolution of the LAI esti-
mated and observed over the 75 months of observation.

Fig. 5 compares the observed stem biomass (stem, bark, and bran-
ches) and that estimated by the model for the calibration and validation
sets. The productivity differences were accurately represented by the
model, which captured the environmental interferences in the pro-
duction of stem biomass.

Fig. 6 shows the estimate of GPP and aboveground net primary
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productivity (ANPP) for special sites between October 2013 and Oc-
tober 2014 (year 1), October 2014 and October 2015 (year 2), being
periods during which the special sites underwent carbon balance ana-
lyses. The results showed a good correlation in terms of linear regres-
sion (1:1), with coefficient of determination (R2) of 0.69 and 0.64 for

GPP and ANPP, respectively (the equations presented are global). The
average GPP and ANPP of the four sites at two years was 0.41 and
0.12 kg m−2 month−1 of carbon, respectively. The NPP:GPP ratio
ranged from 0.50 to 0.15, with higher values found in sites with lower
environmental restrictions.

Fig. 3. Relationship between the estimated and observed values of basal area (a), diameter at breast height (b), leaf area index (c), and stem biomass (d). The colors
indicate the different TECHS sites. R2 = coefficient of determination; MAE = mean absolute error; RMSE = root mean square error.

Fig. 3. (continued)
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3.1. Attainable productivity for an unconsolidated region for Eucalyptus
plantations in Brazil

Fig. 7 represents the stem volume at 7 years in the different climate
cycles for the state of Rondônia. In each chart there is information from
all grids, symbolizing the changes in productivity distributions over the
space for the 10% and 90% probability. Considering the average values
of the whole state, among the simulations from 1980 to 2005, there is a
trend of median productivity above 500 m3 ha−1. After this period,
there is greater tendency for productivity to be close to 450 m3 ha−1.

The probability of a stem volume production below the actual na-
tional average, 252 m3 ha−1, is null. In 94% of the simulations there is
the occurrence of productivity between 252 and 400 m3 ha-1and in 39%
of the simulations there is the occurrence of volume above 500 m3

ha−1.
The productivity limits at seven years were 325 and 565 m3 ha−1

(Table 2). The minimum value happened in the 1982 to 1988 simula-
tion in the city of Pimenteiras, while the maximum value happened in
the 1992 to 1998 simulation in the city of Vilhena. The median value of

productivity was 493 m3 ha−1.
The southeastern and central-northeastern regions presented the

highest average productivity values, while the southern region pre-
sented the lowest values (Fig. 8).

We highlight in the Fig. 8 the protected areas that are located in the
state. The objective was to indicate that these areas are not susceptible
to extensive forest plantations and that they are dedicated to the pro-
tection and conservation of the region's ecosystems.

4. Discussion

The 3-PG model was parameterized and validated in different
Brazilian regions using 80 months of productivity data and estimates of
BA, DBH, WS, and LAI were obtained, however, the model did not
adequately estimate the parameters related to leaves. Leaf-related
parameters are complex to evaluate, as they comprise the most
ephemeral tissues of the plant and are highly influenced by exogenous
factors. The frequency of assessment of the LAI may be related to poor
efficiency of the model, as greater monitoring would enable more data

Fig. 4. Observed and estimated LAI through the rotation at the calibration (TECHS 20, 22, 29, and 30) set and validation set (TECHS 4, 5, 6, 7, 9, 12, 14, 15, and 24).
The lines represent the values estimated by the model and the points represent the observed values.
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for calibration of the model. For larger and homogeneous areas re-
garding the use of clones and/or species this problem could be solved
with the use of high resolution satellite images (Sinha et al., 2015).

The plot scale simulations showed that the model is able to estimate
growth in a wide variety of sites, however the best predictions were for
average productivity sites, which were the same results found by
GONZÁLEZ-GARCÍA et al. (2016). The validation set showed greater
correlations to the observed data than the calibration set. This fact can
be justified by climatic extremes in the calibrations process. The sites
that represented the climatic extremes such as sites 22 and 30 presented
the lowest and highest average values of DPV and water deficit and also
presented the lowest correlations with the observed and estimated data,
resulting in over- and under-estimated productivity, respectively. This

may be related to the need for physiological and temperature modifiers
to be adjusted so that they do not influence so negatively or positively
the photosynthetically active radiation absorbed, the quantum effi-
ciency and the conductance of the canopy. Elli et al. (2019) observed
that sites with lower temperatures showed overestimation of pro-
ductivity and indicated that this result may be related to the model's
inability to penalize growth by extreme minimum temperatures and
occurrence of frost, since the model assumes that there is no photo-
synthesis (the stomata will remain closed) on frost days, but tree
mortality is not simulated.

The use of site and age-specific equations to determine the biomass
of the compartments, the leaf area, and its correlated variables to
parameterize the model enabled a greater proximity to the actual data,

Fig. 5. Observed and estimated stem biomass through the rotation at the calibration set (TECHS 20, 22, 29, and 30) and validation set (TECHS 4, 5, 6, 7, 9, 12, 14, 15,
24, and 33). The lines represent the values estimated by the model and the points represent the observed values.

D.R.M. Caldeira, et al. Forest Ecology and Management 462 (2020) 117989

9



as the global error is usually greater than the error of specific models
and can ignore the environmental effects in biomass estimates (Campoe
et al., 2012).

The values of the parameters found in this study correspond to
80 months of monitoring of E. urophylla clonal plantations in different
Brazilian regions. The original values of the parameters were proposed
for Eucalyptus forest plantations in Australia (Sands and Landsberg,
2002). These parameters have been used by various researchers for
different species and clones in a direct manner, making small adjust-
ments and finding results. For example, Almeida et al. (2004) corro-
borate that the model provides accurate estimates of growth and yield
in areas for which it has not been calibrated and that it can be used to
evaluate the effects of factors such as differences in drought and fertility
that affect the growth and productivity of the plantation. Alternatively,

other researchers have indicated that neglecting the parameterization
when developing management plans markedly affects the variation of
forest productivity and may generate poor results in the future
(Augustynczik et al., 2017). The values of the parameters obtained in
the present study are comparable to those found and used in other
studies, such as the branch bark fraction in the initial and mature age,
the maximum stem biomass for 1000 trees ha−1, the ratio between net
primary productivity and gross primary productivity, and specific leaf
area at the initial and mature age (Almeida et al., 2004; Sands and
Landsberg, 2002; Stape et al., 2004), however, the small differences
found represent the improvement of parameterization for a clone of
such commercial importance.

The detailed growth information obtained in this study might be
used to analyze the growth patterns of the clone. Biomass partitioning
appeared to be distinct from previously reported genetic materials of
the genus. For example, the biomass fraction allocated to the roots was

Fig. 6. Relationship between the estimated and observed values of gross primary productivity (a), aboveground net primary productivity (b). The colors indicate
different years of evaluation. R2 = coefficient of determination.

Fig. 7. Distribution of production (stem volume for all 317 square cells of
Rondônia state) probability from 10% and 90% to 7 years for the different
climate cycle.

Fig. 7. (continued)
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between two and three times smaller than that previously reported
(Almeida et al., 2004; Sands and Landsberg, 2002; Stape et al., 2004);
conversely, the relationship between the flow of carbon below ground
and GPP was greater (unpublished data and O.C. Campoe, personal
communication), which implies that sites with relatively lower

precipitation values and higher annual average temperature yield lower
GPP values.

The allometric parameter of power in the stem mass (nS) was higher
than previously reported values (Almeida et al., 2004; Sands and
Landsberg, 2002; Stape, 2002); this difference is important because it
implies changes in the amount of biomass allocated in each compart-
ment and consequently in the LAI, which demonstrates the importance
of determining this parameter specifically. The amount of biomass al-
located to the wood grows linearly and undergoes less variation over
time than the biomass allocated to the leaves. This is the most im-
portant variable to be estimated by the model for bioenergy crops and
presented the highest correlations of the model with R2 of 0.91 and 0.94
for the calibration and validation sites, respectively. In our work, a
single parameterization was made for different sites and worked well,
with the exception of the determination of LAI, which could be better
adjusted, when possible, with the woody mass power parameter de-
veloped for the specific site.

The observed partition between leaves and stem was also smaller
than that normally reported in other studies. In our case, the values for
the initial age were 0.5 and for the final age were 0.15; in the studies of
Stape (2002), Almeida et al. (2004), and Sands and Landsberg (2002),
the pairs of values were 0.96 and 0.034; 0.7 and 0.1; and 1 and 0.15,
respectively. This discrepancy may be justified by the differential be-
havior of the clone in allocating a greater amount of biomass to stem, as
even though a site presents adverse environmental characteristics such
as high water deficit, the clones tend to allocate a greater proportion of
biomass to stem and leaves.

Sites that have a greater supply of resources such as nutrients and
water allow better canopy development, higher LAI, interception of
solar radiation, and consequently higher GPP and ANPP. The model

Table 2
Maximum, minimum and median production values (stem volume, basal area and DBH for all 317 square cells of Rondônia state) at seven years per cycle climate.

Climate cycle Volume (m3 ha−1) Basal area (m2 ha−1) DBH (cm)

Max Min Med Max Min Med Max Min Med

1980–1986 549 369 489 39.6 30.8 37.2 21.4 18.8 20.6
1981–1987 549 359 494 40.2 30.3 37.4 21.5 18.6 20.7
1982–1988 544 325 480 39.6 28.4 36.7 21.3 18.0 20.5
1983–1989 550 338 496 40.2 29.1 37.6 21.6 18.3 20.7
1984–1990 552 362 520 39.6 30.5 38.7 21.6 18.7 21.1
1985–1991 549 377 519 40.6 31.3 38.7 21.6 18.9 21.1
1986–1992 553 391 513 39.6 32.0 38.4 21.5 19.2 21.0
1987–1993 555 401 516 40.1 32.6 38.5 21.6 19.3 21.0
1988–1994 562 422 531 41.7 33.7 39.2 21.9 19.7 21.2
1989–1995 561 431 533 39.6 34.2 39.1 21.9 19.8 21.2
1990–1996 554 416 514 39.9 33.4 38.4 21.7 19.6 21.0
1991–1997 564 411 522 42.2 33.1 38.8 22.0 19.5 21.1
1992–1998 565 400 522 39.6 32.6 38.8 22.1 19.3 21.1
1993–1999 559 405 516 39.7 32.8 38.5 21.8 19.4 21.0
1994–2000 558 400 510 39.6 32.5 38.2 21.7 19.3 20.9
1995–2001 556 396 514 41.0 32.3 38.4 21.7 19.2 21.0
1996–2002 553 356 516 40.4 30.1 38.5 21.7 18.6 21.0
1997–2003 550 329 518 40.9 28.6 38.6 21.6 18.1 21.0
1998–2004 556 341 515 39.6 29.3 38.5 21.8 18.3 21.0
1999–2005 553 340 501 39.6 29.2 37.8 21.6 18.3 20.8
2000–2006 548 356 479 40.0 30.1 36.7 21.5 18.6 20.5
2001–2007 551 353 463 39.6 30.0 35.8 21.6 18.5 20.3
2002–2008 549 372 455 39.5 31.0 35.4 21.4 18.9 20.2
2003–2009 551 361 450 40.2 30.4 35.2 21.6 18.7 20.1
2004–2010 549 358 442 39.3 30.3 34.8 21.5 18.6 20.0
2005–2011 549 360 449 39.7 30.4 35.2 21.5 18.7 20.1
2006–2012 550 360 460 39.6 30.4 35.7 21.5 18.7 20.2
2007–2013 552 358 460 39.6 30.2 35.7 21.5 18.6 20.2
2008–2014 554 361 465 39.6 30.4 36.0 21.6 18.7 20.3
2009–2015 552 360 456 40.1 30.4 35.5 21.5 18.7 20.2
2010–2016 547 345 458 39.6 29.5 35.6 21.5 19.8 20.2
Max 565 431 533 42.2 34.2 39.2 22.1 18.0 21.2
Min 544 325 442 39.3 28.4 34.8 21.3 18.8 20.0
Med 553 371 493 40.0 31.0 37.3 21.6 19.8 20.7

Fig. 8. Spatial representation of the average stem volume at 7 years (as an
average value considering all 31 climate cycles). Dashed lines represent the
protected areas of the state (conservations units and indigenous lands).
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was sensitive to environmental variations, as sites that presented higher
water deficit, a variable that expresses the relationship between tem-
perature, available water capacity, and precipitation, exhibited lower
GPP than sites that had lower water deficit; i.e., sites 29 and 30, and
sites 20 and 22, respectively. In comparison, Binkley et al. (2017)
studied the interactions of climate and spacing in different clones
planted between Brazil and Uruguay and reported that a 1 °C increase
in temperature represents a reduction of 2.5 Mg ha−1 year−1, and that
an increase of 100 mm year−1 of precipitation implies an increase of
1.5 Mg ha−1 year−1.

Site 29 represented the maximum average temperature upper bound
whereas site 30 yielded the minimum precipitation; accordingly, these
sites presented the lowest values for GPP and NPP, in agreement with
the model, whereas more critical environmental conditions penalize the
quantum efficiency of the canopy, along with the above-ground bio-
mass allocation. In the model the NPP:GPP ratio is fixed, but what we
observed in the field was that the fluctuation of this ratio is high and
influenced by environmental conditions, the sites that presented lower
environmental stress provided a higher NPP:GPP ratio. This finding
suggests a NPP:GPP ratio that is influenced by environmental condi-
tions and could for example be penalized by the model's physiological
modifier. The model could be improved so that the physiological
modifier would penalize the NPP:GPP ratio according to environmental
conditions, agreeing with Collalti and Prentice (2019), who state that
sufficient reasons exist to reject the universal NPP:GPP ratio, justifying
that this ratio is influenced by stand age, environmental factors, and
forest management, as the adequate supply of resources such as ferti-
lizers and control of planting density may favor above-ground biomass
production. Moreover, Site 30 differed from the other sites owing to its
lower correlation between the observed and estimated data, as it ex-
hibited the highest values for the steam pressure deficit. This likely
affected the productivity above that expected for the clone, thereby
underestimating the production.

The average monthly of litterfall varied between 0.33 and
0.55 Mg ha−1, being represented by the least and most productive site,
respectively. The general trend of higher quantities of litterfall in more
productive plots than in the less productive plots observed in our study
was also reported by Giardina et al. (2003) for Eucalyptus saligna
plantations in Hawaii. In addition, the litterfall rate was coincident with
the values found by Almeida (2003) and Lemos (2012) and between
two to four times higher than that reported by Sands and Landsberg
(2002) and Stape (2002). The average rates of litterfall increased with
the aging of the plantation; higher values were observed at site 29
(0.66) and lower values at site 22 (0.16). In the ratio between the
amount of litterfall deposited and the amount of leaf biomass in the
canopy, the litterfall rate implies that the highest litterfall rate observed
at site 29 is influenced by the high water deficit of the site and re-
presents the survival strategy of the plant in dry periods.

The adjustment of the 3-PG model was efficient, as the output data
had an R2 greater than 0.93 (volume, stem biomass, DBH, and BA) and
R2 = 0.26 for LAI, indicating that the productivity estimates obtained
by the 3-PG model showed a significant correlation with the data ob-
served in the field measurements.

This work also showed the applicability of the 3-PG model to pro-
vide a productivity perspective for extensive areas not yet exploited for
eucalypts plantations. The model was able to capture environmental
differences and also to provide initial information on the probability of
productivity values for different spatial and temporal scenarios in the
region. Different works were developed to assess the influence of cli-
mate change on future scenarios (AUGUSTYNCZIK et al., 2017; Baesso
et al., 2010; REYER, 2015), in our case, we evaluated these influences
on real climate scenarios, based on past records.

The average national productivity is 36 m3 ha−1 year−1 (BINKLEY
et al., 2017), however the average values of our work are between 64
and 74 m3 ha−1 year−1, values close to those found for the potential
productivity of eucalypts plantations (STAPE et al., 2010). The factors

that may have influenced the high productivity of the region are: the
reduced number of days with the occurrence of temperatures that are
higher than the maximum and lower than the minimum for growth, the
reduced occurrence of vapour pressure deficit which is greater than the
critical value, and the high precipitation, which varied between 1848
and 2029 mm yr−1.

The productivity of a crop can be given in potential, attainable, or
real terms. Potential productivity means that there is no water, nutri-
tional, or phytosanitary limitations, it varies according to environ-
mental variables and their interactions with crop characteristics (de-
termining factors). The attainable productivity is influenced by the
determinants and the water deficit (limiting factor). The real pro-
ductivity, in turn, is influenced by the determinants, limiting factors
and factors arising from management (FREITAS, 2018).

The productivity estimates were developed for attainable values and
not actual ones, therefore it should be noted that disease and pest at-
tacks are not foreseen by the model and these factors can affect pro-
duction.

5. Final considerations

Overall, our findings indicated that the spatial variability of the sites
allowed for wide soil and climate representativeness and consequently
a diversity of productivity along the gradient. The set of parameters
determined in this work allowed 3-PG to reproduce growth patterns in
different regions accurately to the data observed in the field. Moreover,
the model was able to capture the soil and climate differences to predict
productivity for the clone studied. The set of parameters obtained for
the clone with the highest phenotypic plasticity in the country can be
used to simulate productivity for areas not exploited for this purpose,
indicate the areas that have potential for cultivation and thus assist in
land appreciation. The allocation of land value may be related to po-
tential forest productivity values. The forestry entrepreneur can also use
this study as a reference for planning his business, including invest-
ments in the acquisition of areas, extension of planting and extension of
technologies in the production process.

The main limitations in the development of the work are related to
the analysis of leaves and roots, which due to the cost and difficulty of
execution have a reduced number of measurements in the field. These
limitations affect the comparison of the estimated LAI with that ob-
served and the parameters related to carbon allocation. LAI measure-
ments can be made using high resolution satellite images and as to the
roots more studies need to be developed to understand the different
carbon allocation patterns for different clones and species.

In future studies the model can be modified with improvements:

(a) In penalizing growth due to extreme maximum or minimum tem-
peratures, in which we observe an over and underestimation of
productivity;

(b) In the NPP: GPP ratio so that it is penalized by the physiological
modifier according to environmental conditions.

Author contributions

Dany Roberta Marques Caldeira – She was the responsible to
presentation of the work, writing the initial draft and making the in-
ictial translation. She conducted the formal analysis and the data va-
lidation. Clayton Alcarde Alvares - He was the supervisor of the work
assisting in the research proposal, as well as the evolution of goals and
objectives. He also helped in the development of methodology and
critical review. Otávio Camargo Campoe - In the position of technical
coordinator of the TECHS project, he worked and assisted in the ac-
quisition of the financial support for the project leading to this pub-
lication and provided technical support for modeling related inquiries.
Rodrigo Eiji Hakamada – He assisted in the critical review of the work
and the proposition of work direction. Iraê Amaral Guerrini - He

D.R.M. Caldeira, et al. Forest Ecology and Management 462 (2020) 117989

12



assisted in the critical review of the work and the proposition of work
direction. Ítalo Ramos Cegatta - He helped in the application of spatial
modeling in the state of Rondonia (northern Brazil), processual and
stocatistic modeling, as well as in the elaboration of several maps and
graphs. José Luiz Stape – He assisted in the research proposal, as well
as the evolution of goals and objectives. He also assisted in the devel-
opment of methodology.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

The first author would like to thank the Foundation to Support the
Development of Scientific and Technological Actions and Research of
Rondônia - FAPERO (Process N° 10/2016) for supporting this study
through PhD scholarships. The set of data used in this study belongs to
the Project “Tolerance of Eucalyptus Clones to Hydric, Thermal and
Biotic Stress” (TECHS- IPEF), which depended on the contributions of
people from 26 forestry companies, nine universities and research in-
stitutions in Brazil, Uruguay, and the United States. We would like to
thank all these people who made this study possible.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.foreco.2020.117989.

References

Almeida, A.C., 2003. Application of a process-based model for predicting and explaining
growth in Eucalyptus. The Australian National University School.

Almeida, A.C., Landsberg, J.J., Sands, P.J., 2004a. Parameterisation of 3-PG model for
fast-growing Eucalyptus grandis plantations. For. Ecol. Manage. 193, 179–195.
https://doi.org/10.1016/j.foreco.2004.01.029.

Almeida, A.C., Landsberg, J.J., Sands, P.J., Ambrogi, M.S., Fonseca, S., Barddal, S.M.,
Bertolucci, F.L., 2004b. Needs and opportunities for using a process-based pro-
ductivity model as a practical tool in Eucalyptus plantations. For. Ecol. Manage. 193,
167–177. https://doi.org/10.1016/j.foreco.2004.01.044.

Alvares, C.A., 2011. Mapping and edaphoclimatic modeling of productivity of Eucalyptus
plantations at south of São Paulo State. Ph.D. Thesis, University of Sao Paulo,
Piracicaba, Brazil, 279 pp.

Alvares, C.A., Stape, J.L., Sentelhas, P.C., De Moraes Gonçalves, J.L., Sparovek, G., 2013.
Köppen’s climate classification map for Brazil. Meteorol. Zeitschrift 22, 711–728.
https://doi.org/10.1127/0941-2948/2013/0507.

Araujo, M.J., de Paula, R.C., Campoe, O.C., Carneiro, R.L., 2019. Adaptability and sta-
bility of eucalypt clones at different ages across environmental gradients in Brazil.
For. Ecol. Manage. 454, 117631. https://doi.org/10.1016/j.foreco.2019.117631.

Associação Brasileira de Normas Técnicas (ABNT), 2003. NBR 11941: Madeira -
Determinação da densidade básica, Abnt. Rio de Janeiro.

Augustynczik, A.L.D., Hartig, F., Minunno, F., Kahle, H.P., Diaconu, D., Hanewinkel, M.,
Yousefpour, R., 2017. Productivity of Fagus sylvatica under climate change – A
Bayesian analysis of risk and uncertainty using the model 3-PG. For. Ecol. Manage.
401, 192–206. https://doi.org/10.1016/j.foreco.2017.06.061.

Baesso, R.C.E., Ribeiro, A., Silva, M.P., 2010. Impacto das mudanças climáticas na pro-
dutividade do eucalipto na região norte do espírito santo e sul da bahia. Cienc.
Florest. 20, 335–344. https://doi.org/10.5902/198050981856.

Binkley, D., Campoe, O.C., Alvares, C., Carneiro, R.L., Cegatta, Í., Stape, J.L., 2017. The
interactions of climate, spacing and genetics on clonal Eucalyptus plantations across
Brazil and Uruguay. For. Ecol. Manage. 405, 271–283. https://doi.org/10.1016/j.
foreco.2017.09.050.

Borges, J.S., 2009. Parametrização, calibração e validação do modelo 3-PG para eucalipto
na região do cerrado de minas gerais.

Campoe, O.C., Stape, J.L., Laclau, J.P., Marsden, C., Nouvellon, Y., 2012. Stand-level
patterns of carbon fluxes and partitioning in a Eucalyptus grandis plantation across a
gradient of productivity, in São Paulo State, Brazil. Tree Physiol. 32, 696–706.
https://doi.org/10.1093/treephys/tps038.

Collalti, A., Prentice, I.C., 2019. Is NPP proportional to GPP? Waring’s hypothesis twenty
years on. Tree Physiol. 39, 1437–1483. https://doi.org/10.1093/treephys/tpz034.

Cuddington, K., Fortin, M.-J., Gerber, L.R., Hastings, A., Liebhold, A., O’Connor, M., Ray,
C., 2013. Process-based models are required to manage ecological systems in a
changing world. Ecosphere 4, 18. https://doi.org/10.1890/es12-00178.1.

Dye, P.J., 2001. Modelling growth and water use in four pinus patula stands with the 3-pg
model. South African For. J. 191, 53–63. https://doi.org/10.1080/20702620.2001.
10434151.

Elli, E.F., Sentelhas, P.C., de Freitas, C.H., Carneiro, R.L., Alvares, C.A., 2019.
Intercomparison of structural features and performance of Eucalyptus simulation
models and their ensemble for yield estimations. For. Ecol. Manage. 450, 117493.
https://doi.org/10.1016/j.foreco.2019.117493.

Forrester, D.I., Tang, X., 2015. Analysing the spatial and temporal dynamics of species
interactions in mixed-species forests and the effects of stand density using the 3-PG
model. Ecol. Modell. 319, 233–254. https://doi.org/10.1016/j.ecolmodel.2015.07.
010.

Freitas, C.H. de, 2018. Adaptação do modelo da zona agroecológica para a estimação do
crescimento e produtividade de eucalipto. Universidade de São Paulo, Piracicaba.
https://doi.org/10.11606/D.11.2018.tde-08102018-174547.

Funk, C., Peterson, P., Landsfeld, M., Pedreros, D., Verdin, J., Shukla, S., Husak, G.,
Rowland, J., Harrison, L., Hoell, A., Michaelsen, J., 2015. The climate hazards in-
frared precipitation with stations - A new environmental record for monitoring ex-
tremes. Sci. Data 2, 1–21. https://doi.org/10.1038/sdata.2015.66.

Giardina, C.P., Ryan, M.G., Binkley, D., Fownes, J.H., 2003. Primary production and
carbon allocation in relation to nutrient supply in a tropical experimental forest.
Glob. Chang. Biol. 9, 1438–1450. https://doi.org/10.1046/j.1365-2486.2003.
00558.x.

Gonzalez-benecke, C.A., Jokela, E.J., Cropper, W.P., Bracho, R., Leduc, D.J., 2014. Forest
Ecology and Management Parameterization of the 3-PG model for Pinus elliottii
stands using alternative methods to estimate fertility rating, biomass partitioning and
canopy closure. For. Ecol. Manage. 327, 55–75. https://doi.org/10.1016/j.foreco.
2014.04.030.

Gonzalez-benecke, C.A., Teskey, R.O., Martin, T.A., Jokela, E.J., Fox, T.R., Kane, M.B.,
Noormets, A., 2016. Forest Ecology and Management Regional validation and im-
proved parameterization of the 3-PG model for Pinus taeda stands. For. Ecol. Manage.
361, 237–256. https://doi.org/10.1016/j.foreco.2015.11.025.

González-García, M., Almeida, A.C., Hevia, A., Majada, J., Beadle, C., 2016. Application
of a process-based model for predicting the productivity of Eucalyptus nitens bioe-
nergy plantations in Spain. GCB Bioenergy 8, 194–210. https://doi.org/10.1111/
gcbb.12256.

Gupta, R., Sharma, L.K., 2019. The process-based forest growth model 3-PG for use in
forest management: A review. Ecol. Modell. 397, 55–73. https://doi.org/10.1016/j.
ecolmodel.2019.01.007.

Hung, T.T., Almeida, A.C., Eyles, A., Mohammed, C., 2016. Predicting productivity of
Acacia hybrid plantations for a range of climates and soils in Vietnam. For. Ecol.
Manage. 367, 97–111. https://doi.org/10.1016/j.foreco.2016.02.030.

IBGE, 2018. The Brazilian Institute of Geography and Statistics (in portuguese) [WWW
Document]. 2018. URL https://cidades.ibge.gov.br/brasil/ro/panorama (accessed 1.
28.20).

Johnsen, K., Samuelson, L., Teskey, R., McNulty, S., Fox, T., 2001. Process models as tools
in forestry research and management. For. Sci. 47, 2–8.

Klippel, V.H., 2015. Modelagem ecofisiológica de cultivos de eucalipto em regiões sub-
tropicais do Brasil. Universidade Federal de Viçosa.

Landsberg, J., Waring, R., Coops, N., 2003. Performance of the forest productivity model
3-PG applied to a wide range of forest types. For. Ecol. Manage. 172, 199–214.
https://doi.org/10.1016/S0378-1127(01)00804-0.

Landsberg, J., 2003. Physiology in forest models: history and the future. FBMIS 1, 49–63.
Landsberg, J., Mäkelä, A., Sievänen, R., Kukkola, M., 2005. Analysis of biomass accu-

mulation and stem size distributions over long periods in managed stands of Pinus
sylvestris in Finland using the 3-PG model. Tree Physiol. 25, 781–792. https://doi.
org/10.1093/treephys/25.7.781.

Landsberg, J., Sands, P., 2011. Physiological Ecology of forest production Princilpes,
Process and Models, 1st ed. https://doi.org/10.1016/S1936-7961(11)04001-2.

Landsberg, J.J., Waring, R.H., 1997. A generalised model of forest productivity using
simplified concepts of radiation-use efficiency, carbon balance and partitioning. For.
Ecol. Manage. 95, 209–228. https://doi.org/10.1016/S0378-1127(97)00026-1.

Lemos, C.C.Z. de, 2012. Aprimoramentos, teste e uso do modelo 3-PG em plantios clonais
de Eucalyptus no nordeste do estado de São Paulo. Universidade de São Paulo.
https://doi.org/10.11606/T.11.2012.tde-17042012-104621.

Mattos, E.M., 2015. Caracterização da sazonalidade do crescimento do lenho, da copa e
da eficiência do uso da luz em clones do gênero Eucalyptus. Universidade de São
Paulo. https://doi.org/10.11606/D.11.2015.tde-20102015-164358.

Nóia Júnior, R. de S., et al., 2019. Ecophysiological acclimatization to cyclic water stress
in Eucalyptus. J. For. Res. https://doi.org/10.1007/s11676-019-00926-9.

Passioura, J.B., 1996. Simulation Models: Science, Snake Oil, Education, or Engineering?
690–694.

Paul, K.I., Booth, T.H., Jovanovic, T., Sands, P.J., Morris, J.D., 2007. Calibration of the
forest growth model 3-PG to eucalypt plantations growing in low rainfall regions of
Australia. For. Ecol. Manage. 243, 237–247. https://doi.org/10.1016/j.foreco.2007.
03.029.

Potithep, S., Yasuoka, Y., 2011. Application of the 3-PG model for gross primary pro-
ductivity estimation in deciduous broadleaf forests: A study area in Japan. Forests 2,
590–609. https://doi.org/10.3390/f2020590.

RadamBrasil, 1974. Survey of natural resources (in Portuguese). Vol. 4. Brazilian Gov.,
Ministry of Mines and Energy, Rio de Janeiro state, Brazil.

Reyer, C., 2015. Forest productivity under environmental change—A review of stand-
scale modeling studies. Curr. For. Reports 1, 53–68. https://doi.org/10.1007/
s40725-015-0009-5.

Rondônia, 2000. Lei complementar n° 233/2000 de 06 de junho do Governo do estado de
RondôniaZoneamento Sócioeconômico-Ecológico do Estado de Rondônia – ZSEE.

Sands, P., Landsberg, J.J., 2002. Parameterisation of 3-PG for plantation grown

D.R.M. Caldeira, et al. Forest Ecology and Management 462 (2020) 117989

13

https://doi.org/10.1016/j.foreco.2020.117989
https://doi.org/10.1016/j.foreco.2020.117989
https://doi.org/10.1016/j.foreco.2004.01.029
https://doi.org/10.1016/j.foreco.2004.01.044
https://doi.org/10.1127/0941-2948/2013/0507
https://doi.org/10.1016/j.foreco.2019.117631
https://doi.org/10.1016/j.foreco.2017.06.061
https://doi.org/10.5902/198050981856
https://doi.org/10.1016/j.foreco.2017.09.050
https://doi.org/10.1016/j.foreco.2017.09.050
https://doi.org/10.1093/treephys/tps038
https://doi.org/10.1093/treephys/tpz034
https://doi.org/10.1890/es12-00178.1
https://doi.org/10.1080/20702620.2001.10434151
https://doi.org/10.1080/20702620.2001.10434151
https://doi.org/10.1016/j.foreco.2019.117493
https://doi.org/10.1016/j.ecolmodel.2015.07.010
https://doi.org/10.1016/j.ecolmodel.2015.07.010
https://doi.org/10.1038/sdata.2015.66
https://doi.org/10.1046/j.1365-2486.2003.00558.x
https://doi.org/10.1046/j.1365-2486.2003.00558.x
https://doi.org/10.1016/j.foreco.2014.04.030
https://doi.org/10.1016/j.foreco.2014.04.030
https://doi.org/10.1016/j.foreco.2015.11.025
https://doi.org/10.1111/gcbb.12256
https://doi.org/10.1111/gcbb.12256
https://doi.org/10.1016/j.ecolmodel.2019.01.007
https://doi.org/10.1016/j.ecolmodel.2019.01.007
https://doi.org/10.1016/j.foreco.2016.02.030
https://cidades.ibge.gov.br/brasil/ro/panorama
http://refhub.elsevier.com/S0378-1127(19)32165-6/h0140
http://refhub.elsevier.com/S0378-1127(19)32165-6/h0140
https://doi.org/10.1016/S0378-1127(01)00804-0
http://refhub.elsevier.com/S0378-1127(19)32165-6/h0155
https://doi.org/10.1093/treephys/25.7.781
https://doi.org/10.1093/treephys/25.7.781
https://doi.org/10.1016/S1936-7961(11)04001-2
https://doi.org/10.1016/S0378-1127(97)00026-1
https://doi.org/10.11606/T.11.2012.tde-17042012-104621
https://doi.org/10.11606/D.11.2015.tde-20102015-164358
https://doi.org/10.1007/s11676-019-00926-9
https://doi.org/10.1016/j.foreco.2007.03.029
https://doi.org/10.1016/j.foreco.2007.03.029
https://doi.org/10.3390/f2020590
https://doi.org/10.1007/s40725-015-0009-5
https://doi.org/10.1007/s40725-015-0009-5


Eucalyptus globulus. For. Ecol. Manage. 163, 273–292. https://doi.org/10.1016/
S0378-1127(01)00586-2.

Spurr, S.H., 1952. Forest inventory. URL https://catalogue.nla.gov.au/Record/2510236
(accessed 10.30.19).

Stackhouse, P.W., Jr., Westberg, David, Hoell, James M., Chandler, William S., Zhang, T.,
2015. Prediction Of Worldwide Energy Resource (POWER) Agroclimatology
Methodology: 1o x 1o Spatial Data.

Santos, H., et al., 2018. Sistema Brasileiro de Classificação de Solos. Embrapa,
Brasília, DF.

Sinha, S., et al., 2015. A review of radar remote sensing for biomass estimation. Int. J.
Environ. Sci. Technol. 12, 1779–1792. https://doi.org/10.1007/s13762-015-0750-0.

Stape, J.L., 2002. Production ecology of clonal Eucalyptus plantations in Northeastern
Brazil. State University, Colorado.

Stape, J.L., Binkley, D., Ryan, M.G., Fonseca, S., Loos, R.A., Takahashi, E.N., Silva, C.R.,
Silva, S.R., Hakamada, R.E., Ferreira, J.M. de A., Lima, A.M.N., Gava, J.L., Leite, F.P.,
Andrade, H.B., Alves, J.M., Silva, G.G.C., Azevedo, M.R., 2010. The Brazil Eucalyptus
Potential Productivity Project: Influence of water, nutrients and stand uniformity on

wood production. For. Ecol. Manage. 259, 1684–1694. https://doi.org/10.1016/j.
foreco.2010.01.012.

Stape, J.L., Ryan, M.G., Binkley, D., 2004. Testing the utility of the 3-PG model for growth
of Eucalyptus grandis x urophylla with natural and manipulated supplies of water and
nutrients. For. Ecol. Manage. 193, 219–234. https://doi.org/10.1016/j.foreco.2004.
01.031.

Tickle, P.K., Coops, N.C., Hafner, S.D., 2001. Comparison of a forest process model (3-PG)
with growth and yield models to predict productivity at Bago State Forest. NSW.
Aust. For. 64, 111–122. https://doi.org/10.1080/00049158.2001.10676174.

Xavier, A.C., King, C.W., Scanlon, B.R., 2016. Daily gridded meteorological variables in
Brazil (1980–2013). Int. J. Climatol. 36, 2644–2659. https://doi.org/10.1002/joc.
4518.

Zhao, M., Xiang, W., Peng, C., Tian, D., 2009. Simulating age-related changes in carbon
storage and allocation in a Chinese fir plantation growing in southern China using the
3-PG model. For. Ecol. Manage. 257, 1520–1531. https://doi.org/10.1016/j.foreco.
2008.12.025.

D.R.M. Caldeira, et al. Forest Ecology and Management 462 (2020) 117989

14

https://doi.org/10.1016/S0378-1127(01)00586-2
https://doi.org/10.1016/S0378-1127(01)00586-2
https://catalogue.nla.gov.au/Record/2510236
http://refhub.elsevier.com/S0378-1127(19)32165-6/optd3gSOvUiCT
http://refhub.elsevier.com/S0378-1127(19)32165-6/optd3gSOvUiCT
https://doi.org/10.1007/s13762-015-0750-0
http://refhub.elsevier.com/S0378-1127(19)32165-6/h0230
http://refhub.elsevier.com/S0378-1127(19)32165-6/h0230
https://doi.org/10.1016/j.foreco.2010.01.012
https://doi.org/10.1016/j.foreco.2010.01.012
https://doi.org/10.1016/j.foreco.2004.01.031
https://doi.org/10.1016/j.foreco.2004.01.031
https://doi.org/10.1080/00049158.2001.10676174
https://doi.org/10.1002/joc.4518
https://doi.org/10.1002/joc.4518
https://doi.org/10.1016/j.foreco.2008.12.025
https://doi.org/10.1016/j.foreco.2008.12.025

	Multisite evaluation of the 3-PG model for the highest phenotypic plasticity Eucalyptus clone in Brazil
	Introduction
	Materials and methods
	Experimental design and study area
	Input data required by the model
	Meteorological information
	Soil data
	Available water holding capacity in the soil
	Soil fertilization

	Inventories
	Leaf area index (LAI)
	Parameterization of the model
	Nutritional factor
	Biomass and allometry analysis
	Basic wood density
	Litterfall deposition
	Maximum stomatal conductance

	Model calibration
	Model validation
	Simulation of the 3-PG model for the attainable productivity of an unconsolidated region for Eucalyptus plantations in Brazil
	3-PG spatialization
	Local information
	Weather information
	Soil data
	Model simulations


	Results
	Attainable productivity for an unconsolidated region for Eucalyptus plantations in Brazil

	Discussion
	Final considerations
	Author contributions
	mk:H1_30
	Acknowledgements
	Supplementary material
	References




