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HIGHLIGHTS

Height-diameter model using mixed-effects was developed for Eucalyptus grandis in
Mozambique.

Four dominant trees and one tree randomly selected in plot were sufficient to calibrate
the model

The perspective is to increase accuracy, practicality, precision of height estimations and
decrease of sampling effort in forest inventories in Mozambique.

ABSTRACT

Equations express that height-diameter relationships are used to estimate tree heights that
were not measured in the plots, as well as to calculate their volumes. In this study, we
modelled height for Eucalyptus grandis Hill ex. Maiden stands using nonlinear mixed effect
models in Mocuba District, Central Mozambique. Models were tested from 1414 trees
measured, in 40 plots with dimensions of 20 x 20 m. Model one (MI) was the best in
relation to the others according to the evaluated criteria (R = 0.9183; RMSE = 0.558; AIC
= -1234.8; BIC = -1224.9). The inclusion of the variables dominant height (h, , m), basal
area (G, m*ha') and mean basal area diameter (dg, m) in model | (M) within the scope
of mixed effect model structures that involved both fixed and random effect parameters
(Model 7) provides better fitting and more precise predictions. For calibration of random
effects according to plot, height measurement of at least five trees is required (four dominant
trees + one tree randomly selected in plot). Our model is site-specific and its application
should therefore be limited to the stands with characteristics that were the basis of this
study. Further works on recalibration, validation, and verification of our model using a larger
dataset collected from a wider range of species distribution will be more interesting.
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INTRODUCTION

The forest sector in Mozambique figures among
the most important economic activities in the country,
representing around 3.8% of the Gross Domestic
Product (GDP) originated in the primary production,
corresponding to 570 million US dollars in 2019
(WORLD BANK, 2020). There are around 7.3 million
hectares with potential for forest investment in the
country, with emphasis for the silvicultural area, which
is able to generate around 10 billion US dollars annual
revenue and approximately 300.000 formal jobs (Bleyer
etal., 2016; Nube et al., 2016; MITADER, 2016). Forest
plantings are concentrated mainly in Eucalyptus spp. and
Pinus spp. with various purposes including cellulose,
timber, lampposts, demand of vegetable energetic
biomass, which has grown over the years (Bila and Issufo,
1994; FAO, 2001; Coetzee and Alves, 2005; MINAG,
2009; Overbreek et al., 2012; MITADER, 2016). We give
emphasis to Eucalyptus grandis Hill ex. Maiden, which has
been largely cultivated by the forest industry and small
rural owners throughout the country, associated to the
good performance of plantings, easy adaptation to the
environment, quick growth in different sites and good
timber quality (Willan, 1981; Chitara, 2003; Shimizu,
2006; MINAG, 2009; Mausse-Sitoe et al., 2016; Guedes
etal, 2016).

In order to promote the growth and investment
of the forest sector in the country, the government of
Mozambique has created and approved the National
Strategy for Reforesting, whose objective was to
develop silviculture aiming to encourage the increase of
cost-effective commercial and industrial plantings, on a
competitive and sustainable basis from the economic,
social and environmental perspective (MINAG, 2009).
The government expectation is to increase the areas
of commercial forest planting from the current 64,000
ha to 1,000,000 ha in 2030. For this implementation,
investments around 50 million US dollars will be
necessary (Chitara, 2003; Nhantumbo and Salomao,
2010; Nhantumbo et al., 2013; MITADER, 2016), which
need to be properly managed with an adequate long-
term planning (MITADER, 2018).

For this purpose, one of the assumptions is that a
manager has knowledge about forest productivity during
the whole growth cycle, what allows a broader control that
culminates in cost-effective and solid decisions in the forest
enterprise (Sharma and Parton, 2007; Crecente-Campo
et al,, 2010). In this sense, it is vital to know the dynamics
of tree growth as well as to determine their magnitude.
Height and diameter are the most relevant dendrometric
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variables since they provide the values for volume, biomass,
site quality, growth and stand productivity (Castedo-
Dorado et al., 2006; Pretzsch, 2009; Bahadur et al., 2019).
Thus, the study of biometric relations such as hypsometric
relation (h/d), allows to know tree height with precision,
reducing time and cost during data collection for forest
inventory (Soares and Tomé, 2002; Calama and Montero,
2004, Mendonca et al.,, 2015), with the measurement
of a number of trees, estimating non-measured heights
with hypsometric equations (Mehtitalo, 2005; Corral-
Rivas et al., 2007; Machado and Figueiredo Filho et al.,
2009). According to Dorado and Diéguez-Aranda (2006),
modelling allows to adjust equations that estimate height
according to diameter, including other variables such as
age, site index or dominant height, improving the quality
of adjustments of height curves.

Costa et al. (2016) outline that the use of classic
regression models requires meeting key assumptions such
as independence among observations and homogeneity of
variance, which are not always achieved, thus indicating
explicit modelling of the covariance structure and the use
of mixed models, what allows to generalize structures of
spatial-temporal correlations and non-constant variance
(Adame et al., 2008; Yang and Huang, 2009; Ercanli et al.,
2015). Mixed models are one of the most sophisticated
regression techniques with adjustment of amore consistent
model, allowing to better verify model variability (Pinheiro
and Bates, 2000; Trincado et al. 2007; Bueno-Lépez and
Bevilacqua, 2012). Thus, mixed effect models help include
a set of non-observable variables in the model structure,
called random effects, which incorporate tree and/or plot
variability, depending on the study objective, in order to
allow its use with observable variables, or fixed effects
(Calegario et al., 2005; Huang et al., 2009; Paulo et al.,
201 I; Ferraz Filho et al., 2018). Although there are no
doubts about the advantages of the use of mixed models
to avoid biased estimations, there is still some uncertainty
about the advantage of its use for accuracy purposes
(Littel et al., 2006, De-Miguel et al., 2012; Bahadur et al.,
2019). Thus, in order to provide better estimations for the
mean response using a new set of data, random effects can
be estimated when information about a sample of peer
data of the hypsometric relation (h/d) is available. This
procedure - calibration (or location) — and the resulting
response, is called calibrated response (Lappi, 1991; Paulo
etal, 201 1; Gémez-Garcia et al., 2015).

Within this framework, the present study aims
to i) increase the accuracy and precision of equations to
predict height of Eucalyptus grandis, by using nonlinear
mixed models, in Mocuba District, Zambézia Province,
Central Mozambique; and ii) evaluate calibration
strategies for random effects, including different
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numbers of trees measured in the stand by subsequently
incorporating them to height estimation of trees that
were not measured in the stand.

MATERIALS AND METHODS

Study area

This study was carried out in a stand of Eucalyptus
grandis belonging to N’tacua Florestas Company Ltda.,
in the forest community of Conono, in Mocuba District
(16°51” S latitude and 36°59’ E longitude), at Zambézia
Province, Mozambique. The climate in the region is Aw
according to Képpen classification, with mean annual
temperature 22.6 °C and mean annual precipitation
1200 mm occurring between October and March (MAE,
2005). Soils are sandy and clay with predominance of
dystrophic red latosol (Ibraimo, 2004). The study area
was characterized geomorphologically as plain relief and
slightly wavy terrains with declivities between 10.0%
and 15.0%, and mean altitude of 400 m. The planting
was established in 2007 in an area of 13.0 ha, with 3 m x
3 m spacing (11 1| trees-ha™). In the area, 260 kg-ha' of
NPK fertilizer were applied, with the formulation 06-30-
06, at three months, two years, and four years old.

Data description

A conventional forest inventory was performed
in June 2015 (when the stand was 8 years old), through
systematic sampling. Forty temporary plots with area
of 400 m?* (20m x 20m) were measured. For each
tree, diameter at breast height (c) was measured with
a measuring tape, and height (h) with Blume-Leiss
hypsometer. The circumference at breast height (c) was
converted into diameter (d). For each plot, the mean
dominant height by Assmann (h ) was determined,
which means it was equivalent to the 100 thickest trees
per hectare, the tree diameter of mean basal area (dg)
and basal area per hectare (G). In total, 1414 trees were
measured in the field. Summary statistics of data used in
this study are present in Table I.

TABLE | Summary statistics of the database used for
Eucalyptus grandis.

Variables Minimum _ Mean Median _Maximum SD
d (cm) 6.4 17.5 16.6 31.8 5.2
h (m) 7.0 12.8 13.0 17.0 1.9

dg (cm) 14.0 18.1 18.2 24.2 2.8

(m) 13.0 15.4 15.5 17.0 1.0

G(’mzhao 13.6 232 228 412 7.1

Where: SD = standard deviation; d = dlameter at breast height (1.3
m above ground), in cm; h = total helﬁht in m; dg = quadratic mean
diameter, in cm; h = = = dominant height, in m; G = basal area, in m?
per hectare.
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Modeling of height-diameter relationship

Fixed model (traditional models)

Six nonlinear hypsometric models (h/d) (M-
M,), proposed by Scolforo (1998), Huang et al. (2000),
Bartoszeck et al. (2004), Barros et al. (2004), Sharma
and Parton (2007) and Pretzsch (2009) were adjusted to
data of 30 plots. Where: 3, and , = estimated regression

coefficients; h=height, in m; d=diameter at breast
height, in cm.

M,.h =1.3+43,.d", [1]
M,.h =1.34-exple,+5 /@1 [2]
M,.h=13+[(3,d)/(8, +d)] [3]
M,.h =13+ 8,.[1—exp-2] [4]
M, h=13+[d/ (3, +8,4) | 5]
Mo h=13+[(8,d)/(d+1)|+8.d 6]

Mixed effect modelling with stand variables

The structures of nonlinear fixed effect models
(M,-M,) described above (traditional models) are based
on the assumption that ¢, is distributed with variance a?,
with ¢ ~ N (0, 62). The method of least squares assumes
that parameters B and B, are fixed and stable in all
sample units (in the plot and in the stand level) within the
whole stand. Consequently, these models include only
fixed effects that provide mean predictions of height for
the stand level.

However, the height-diameter ratio varies within
sample units in the same stand level, since conditions
and structures of the stand are specific regarding density,
terrain, and soil attributes, with significant variability.
On the other hand, the hierarchic structure of models
results in highly correlated observations for height and
diameter measured in the same plot. In order to solve this
problem, prediction systems based on the mixed effect
modelling procedure, simultaneously including fixed and
random parameters in the model structure, were used in
the best predictive model selected (traditional models),
according to Calama and Montero (2004), Sharma and
Zhang (2004), Castedo Dorado et al. (2006), Trincado
et al. (2007), Sharma and Parton (2007) and Adame et
al. (2008). The general expression for the model can be
defined as, Where: 3 8 al and a2= are fixed parameters
of the model; ul and u2 = random parameters, specific
to the ith plot; h = height, in m; h - = dominant height,
in m; G = basal area, in m? per hectare; d = diameter
at breast height, in cm; dg = quadratic mean diameter,
in cm.

185



HEIGHT-DIAMETER RELATIONSHIPS FOR Eucalyptus grandis HILL EX. MAIDEN IN MOZAMBIQUE: USING MIXED-EF-

FECTS MODELING APPROACH

My. h= 1.3 + [(BO+u1) + al.hio +a2.G].(d/dg) #*2 7]

Calibration of the mixed model

For the estimation of random parameters, tree
heights were tested for different calibration scenarios
(tree diameter: mean, median, dg, hohenadl d-, hohenad|
d+, dominant for Assmann and its relationships)
corresponding to 10 plots used for calibration. Thus, it
was possible to calculate random parameters according
to the expression proposed by the Bayesian estimator
(Vonesh and Chinchilli, 1997; Sharma and Parton,
2007). As suggested, these sample alternatives for the
calibration responses included the selection of trees
based on specific categories of stand size (Calama and
Montero, 2004; Yang et al., 2009; Gémez-Garcia et al.,
2015; Ercanli et al., 2015).

Model fitting and evaluation

Models were evaluated according to their accuracy
and precision by the statistical criteria: coefficient of
determination (R?), standard error of estimation (RMSE),
Akaike information criterion (AIC), Bayesian Information
Ciriterion (BIC) and graphical residual analysis. The lowest
values of the AIC, BIC, RMSE and the highest of R? indicate
better results for model adjustment, according to Pinheiro
and Bates (2000), Castelo Dorado et al. (2006), and
Sharma and Parton (2007).

In this study, the predictions for variance components
and fixed parameters of the model were obtained with the
maximum likelihood estimation (ML) by PROC NLMIXED of
the software SAS V. 9.2 (SAS Institute Inc., 2009). We tested
different combinations of fixed and random parameters
and compared the fitting statistics (RMSE, R%, AIC and BIC),
to determine which parameter (s) should be considered
mixed-effect. The Adaptive Gaussian Quadrature was used
to numerically solve random effects in the SAS NLMIXED
procedure, from which the detailed information was
explained by Littel et al. (2006). The Lag residuals graphical
analysis was used to verify residual autocorrelation. With the
mean absolute error values (MAE), an analysis of variance
(a = 1% and a = 5%) was performed entirely at random,
where the treatments were respectively the MAE calculated
for different subsample size scenarios in calibration, with
the purpose of verifying if there were significant differences
between the tested options.

RESULTS

Fixed models (traditional models)

The adjustment (Table 2)
significant regression coefficients (3 and §,) (p < 0.05) in

results showed
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the six hypsometric models. According to the statistical
criteria of adjustment and precision, models showed
similar results, with no significant difference in their
results. Overall, models also showed similar residual
distribution (Figure 1), being thus proposed model |
(M,) to describe the h/d ratio of the sampled data. Based
on these criteria, MI was selected and modified (M7),
obtaining a new structure with population variables,
modelled with a nonlinear mixed effect structure,
simultaneously including random and fixed effects.

TABLE 2 Estimated parameters and fitting statistics

obtained for the generalized model (M| — M6) for
Eucalyptus grandis.

Models B B, RE_ RMSE___AIC___ BIC
Ml jbfgggl 95007 09183 0558 -12348 -1224.9
M2 2O T8 0909 0587 -1127.0 -1117.0
M3 O 09178 0560 -12275 -1217.6
ma LTED O el 09126 0577 11637 11538
Ms AL _OLED_ 09134 0574 -1173.0 -1163.l
Mo S48 0318 09105 0584 -1137.9 -11280

Where: B and B, = estimated regression coefficients; R2 = coefficient of de-
termination; RMSE = standard error of estimation; AIC = Akaike Information
Criterion; BIC = Bayesian Information Criterion; <0.0001 = probability signif-
icance p value.

Mixed effect modelling

From the six possible combinations to test random
effects (u, e u,) in the model structure (M,), the most
appropriate according to the statistical criteria analyzed
was the inclusion of the effect in the intercept and angular
coefficients simultaneously (B,+u) e (B,+u,), with the
mixed model showing all the significant coefficients (p <
0.05) (Table 3) and the decrease of AIC and BIC values
in relation to M, (Table 2), in other words, 15.2% and
13.7%, respectively.

The graphic of the
according to observations for the nonlinear mixed effect
model (M,) shows values around zero and no systematic
tendency (Figure 2), also justifying the use of the model.
The Lag residuals graphical analysis in the mixed effect
model (M) (Figure 3) evidenced the broad decrease of
autocorrelation (Lag | and Lag 2), what can be attributed
to the random effects introduced in the model.

standardized residuals

Evaluation of the calibration response according to plot

Theestimated values of RMSE based on subsamples
of trees including predictions with parameters of fixed
effect (M,) and random effect (M,) models for different
calibration alternatives in relation to the sampling effort
are shown in Table 4. Among the choices for calibration,
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FIGURE | Residual distribution of the six hypsometric models evaluated for Eucalyptus grandis.

the best results were achieved with the measurement of
dominant trees plus one randomly selected tree in the
plot (dominant trees + | tree — RMSE = 0.556), and
this calibration procedure was the most appropriate
and practical among the ones assessed. This option was
followed by the calibration involving (dominant trees
+ 3 trees — RMSE = 0.550) and (dominant trees + 6
trees — RMSE = 0.542). These last calibration options

provide more accuracy but demand more time and

HOFICO et al

financial resources since they needs a higher number of

tree measurements in the plot.

DISCUSSION

The data evaluated for E. grandis in Mocuba
District, Mozambique, showed a great growth potential
of the species in the region. Mausse-Sitoe et al. (2016)
emphasize the excellent initial species growth in the

central and north regions of the country. When comparing
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TABLE 3 Estimated parameters and fitting statistics
obtained for model with mixed effects (M7) for
Eucalyptus grandis.

Parameters Estimate Pr> |t]
7.5779 <0.0001
al 0.1063 0.0233
a2 0.1125 <0.0001
B1 0.5261 <0.0001
o?uk1 0.0264 0.0063
ou2u1 -0.0078 0.0045
o%uk2 0.0027 0.0080
o? 0.2660 <0.0001
R? 0.9321
RMSE 0.510
AIC -1422.1
BIC -1392.3

Where: B and 3, = estimated regression coefficients, and 3, and B, are fixed pa-
rameters indicating the intercept of the model; al and a2 = are fixed parameters,
for dominant height (h, ) and basal area (G) respectively; RMSE = standard error
of estimation; AIC = Akaike Information Criterion; BIC = Bayesian Information
Criterion; p<0.0001 = probability significance p value (a = 5%).

Iy - Mixed

Stdamdied Resdial

Q 300 600 =200 1200
Coeengiions

FIGURE 2 Plot of residual distribution against number of
observations for mixed models for Eucalyptus
grandis.

iy - Mixed

Lag1 eskhiak qm

Reskduals ()
f: - Mixed

[

Lag2? reskhak g

Residuals ()

FIGURE 3 Lag residuals of height for M7 with the inclusion of
stand variables using the mixed effects approach for
Eucalyptus grandis.
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the fixed M, (Table I)) with the mixed M, (Table 3), a gain
was obtained in precision and accuracy in the estimations
of height when using mixed modelling. These models
have a high predictability capacity and are adequate to
explain hierarchic variance when compared to traditional
regression techniques (Sharma and Parton, 2007; Adame
et al., 2008; Mendonca et al, 20I5; Ercanli et al,
2015). This fact means that the use of mixed modelling
for the set of data of the present study has ensured
precise height estimations for the stand and maintained
coherence in the biological interpretation. The success
of M, in the modelling of hypsometric relation (h/d) is
explained by the inclusion of stand variables (h , G and
dg) in the model structure. The stand variables are able
to adequately reflect variability (heterogeneity) of trees
sampled in different plots (Huang et al., 2000; Bartoszeck
et al., 2004; Adame et al., 2008; Pretzsch, 2009; Gémez-
Garciaetal., 2015). For example, Zeide and Vanderschaaf
(2002) found that stand density affects hypsometric
relation (h/d) in a stand, in other words, trees of the same
height generally have smaller diameters in dense stands.
The incorporation of additional predictor variables can
improve predictions but requires a greater sampling
effort and limits model application. Several variables
were proposed as additional predictor variables, such
as stand age (Soares and Tomé, 2002; Lépez Sanchez
et al., 2003; Barros et al., 2004; Calama and Montero,
2004; Calegario et al., 2005; Castedo Dorado et al.,
2006, Mendonga et al., 2015), dominant height (Corral-
Rivas et al., 2014; Gémez-Garcia et al., 2015), crown
competition factor (Temesgen et al., 2007), geographical
characteristics (Hynynen et al., 2002; Russell et al., 2010;
Schmidt et al., 201 1), or wind speed (Meng et al., 2008).

Whereas the sampling trees used in the study
were homogenous, however, some data found indicated
a hierarchic structure. This problem designated as
autocorrelation can cause an estimation error of the
reliability intervals for equation parameters or affects
negatively the reliability of results of regression models
(Goémez-Garcia et al., 2015; Ercanli et al., 2015). This
decrease of variance was attributed to the random
effect modelling, what in many cases resolves part of
the correlation between observations (Vonesh and
Chinchilli, 1997). However, Westfall (2010) states that
heteroscedastic errors for the hypsometric relation (h/d)
using nonlinear mixed effect models is associated with
the different model structure and/or data origin.

On the other hand, decrease in RMSE with
calibration was more evident when the mixed model used
showed a predictive performance comparatively above
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TABLE 4 Comparison models and sampling design yielding the lowest error in relation to sampling effort (number of measurements of
total height). (d): diameter (cm) at breast height (1.3 m above ground level) for Eucalyptus grandis.

Model approach Measurement of tree height in plot RMSE (m) MAE(1% and 5%)
Sampling effort
M1 - Basic model 0.566 0.451 bc (bc)
| | trees 0.562 0.442 c (bc)
2 3 trees 0.557 0.437c¢ (bc)
3 6 trees 0.548 0.432 c (bc)
4 9 trees 0.544 0.429 c (bc)
5 12 trees 0.537 0.425 c (c)
6 15 trees 0.531 0.420 c (c)
7 18 trees 0.525 0.416 c (c)
8 Mean d tree 0.607 0.483 abc (abc)
9 Median d tree 0.612 0.487 abc (abc)
10 dg tree 0.603 0.479 abc (abc)
Il d- tree 0.634 0.505 abc (abc)
12 . d+ tree 0.576 0.455 abc (bc)
13 M7~ Mixed model d-and d+ trees 0.650 0.519 abc (ab)
14 d- , median d, d+ trees 0.707 0.563 a (a)
15 d-, dg, d+ trees 0.700 0.559 ab (a)
16 Dominant trees 0.565 0.439 c (bc)
17 Dominant trees + smallest d trees 0.625 0.497 abc (abc)
18 Dominant trees + median d tree 0.596 0.473 abc (abc)
19 Dominant trees + dg tree 0.590 0.467 abc (abc)
20 Dominant trees + d- tree 0.615 0.489 abc (abc)
21 Dominant trees + d+ tree 0.572 0.448 c (bc)
22 Dominant trees + | trees 0.556 0.436 c (bc)
23 Dominant trees + 3 trees 0.550 0.432 c (bc)
24 Dominant trees + 6 trees 0.542 0.426 c (bc)

Where: RMSE = standard error of estimation; MAE = mean absolute error; a,b,c = Tukey’s test grouping for different subsample size scenarios in calibration response

with 25 scenarios in stand, at @ = 1% and a = 5% (shown in parentheses).

the fixed model (traditional model) used according to the
procedure adopted for calibration in the subsample (Table
4). The inclusion of random effect variables in the model
structure responds to tree variability in the stand and in
different time series in the subsample model (Trincado et
al., 2007; Yang et al., 2009; Lejeune et al., 2009; Sharma
and Parton, 2009). When evaluating the calibration
responses with mixed models, the most important aspect
is to decide the ideal number of trees to be used in the
calculation of random effects in the plot, for instance,
using three, four, five or any other number of trees,
selected or chosen in the subsample. The calibration
response based on the selection of (dominant trees +
| tree) in the sampled plots resulted in less tendentious
predictions when the practicality of field measurement
was considered. The calibration response similar to the
one used as a nonlinear mixed effect model was obtained
by other authors such as Calama and Montero (2004)
and Sharma and Parton (2009). According to Trincado et
al. (2007), the use of a mixed model in forest inventories
by selecting a subsample of dominant trees for height
measurement, allows the maintenance of a simple model
structure without the inclusion of predictor variables.
However, studies by Castedo-Dorado et al.
(2006), Crecente-Campo et al. (2010) and Paulo et al.
(2011) verified that the best predictive sequences for the
calibration response were obtained by selecting smaller
trees in the sampling plots. The decisive questions and the
evaluation process that are crucial for mixed effect models

HOFICO et al

must consider some sampling alternatives, including the
different selections of tree subsamples, in order to achieve
the best predictive performance with these models
(Huang et al., 2009; Corral-Rivas et al., 2014; Ercanli et al.,
2015). Moreover, this equation has the advantage that it
can be used for prediction purposes with data commonly
measured in forest inventories in Mozambique and can be
easily implemented in disaggregated statistics in a model
of dynamic growth based on the approach time and space
according to Gémez-Garcia et al. (2015).

CONCLUSION

The update of the nonlinear mixed effects model
for estimation of the hypsometric relation proved above
average in all statistics analyzed. These models are
preferable in relation to the nonlinear traditional models
since they produce estimations with high precision, are
parsimonious, their parameters are interpretable, in
addition to their broad applicability in any data base of
forest origin.

The development of flexible equations that
allow to describe the variations inherent to sites is
advantageous to improve the prediction of tree height.
Furthermore, the calibration that includes the prediction
of random parameters that used a subsample of trees
belonging to the stand can be suggested in the practical
perspective to increase accuracy, precision of height
estimations, decrease of sampling effort, and practicality
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in future forest inventories in Mozambique. Further
works on recalibration, validation, and verification of our
model using a larger dataset collected from a wider range
of species distribution will be more interesting.

ACKNOWLEDGMENT

We are extremely grateful to the Department of
Forest Engineering of Zambeze University — UniZambeze
(Mozambique), for their help in field data collection. The authors
would like to thank FNI (Fundo Nacional de Investigacio,
Mozambique) and CAPES (Coordination for the Improvement
of Higher Education Personnel, Brazil) for their financial support.
Finally, the authors thank the anonymous reviewers for helpful
comments on the manuscript.

REFERENCES

ADAME, P; DEL—RI'O, M.; CANELLAS, I. A mixed nonlinear
height-diameter model for pyrenean oak (Quercus
pyrenaica Willd.). Forest Ecology and Management, v.
256, p. 88-98, 2008.

BAHADUR, R. B. K;; SHARMA, R. P; BHANDARI, S. K. A
generalized aboveground biomass model for juvenile
individuals of Rhododendron arboretum (Sm.) in Nepal.
CERNE, v. 25, n. 2, p.119-130, 2019.

BARROS, D. A; MACHADO, S. A,; ACERBI JUNIOR, F
W.; SCOLFORO, R. J. Comportamento de modelos
hipsométricos tradicionais e genéricos para plantages de
Pinus oocarpa em diferentes tratamentos. Boletim de
Pesquisa Florestal, v. 45, p. 3-28, 2004.

BARTOSZECK, A. C. P S.; MACHADO, S. A.; FIGUEIREDO
FILHO, A.; OLIVEIRA, E. B. Dinamica da relacdo
hipsométrica em funcao da idade, do sitio e da densidade
inicial de povoamentos de Bracaatinga da Regiao
metropolitana de Curitiba, PR. Revista Arvore, v. 28, p-
517-533, 2004.

BILA, A.; ISSUFO, A. A. K. Teste de procedéncias de Eucalyptus
camaldulensis na regido norte e sul de Mogambique.
Scientia Forestalis, v. 47, p. 50-55, 1994.

BLEYER, M.; KNIIVILA, M.; HORNE, P; SITOE, A.; FALCAO,
M.P. Socio-economic impacts of private land use investment
on rural communities: Industrial forest plantations in Niassa,
Mozambique. Land Use Policy, v. 51, p. 281-289, 2016.

BUENO—LOPEZ, S. W,; BEVILACQUA, E. Nonlinear mixed
model approaches to estimating merchantable bole volume
for Pinus occidentalis. Forestry, v. 5, p. 247-254, 2012.

CALAMA, R.;; MONTERO, G. Interregional nonliner height-
diameter model with random coefficient for Stone Pine in
Spain. Canadian Journal of Forest Research, v. 34, p.
150-163, 2004.

HOFICO et al

CERNE

CALEGARIO, N.; DANIELS, R.F; MAESTRI, R.; NEIVA, R.
Modeling dominant height growth based on nonlinear
mixed-effects model: a clonal Eucalyptus plantation case
study. Forest Ecology and Management, v. 204, p. | |-
21, 2005.

CASTEDO-DORADO, F; DIEGUEZ-ARANDA, U.; BARRIO,
M.; SANCHEZ, M.; VON GADOW, K. A generalized
height-diameter model including random components
for radiata Pine plantations in northeastern Spain. Forest
Ecology and Management, v. 229, p. 202-213, 2006.

CHITARA, S. Instrumentos para a promogao do
investimento privado na induastria florestal
mocambicana. Mozambique: National Directorate of
Forest and Wildlife (DNFFB) — Ministry of Agriculture and
Rural Development (MADER). 2003. 58p.

COETZEE, H.; ALVES, T. National afforestation strategy,
Republic of Mozambique: towards thriving plantation
forest development. Mozambique: FAO, UTF/MOZ/074/
MOZ. 2005. 91 p.

CORRAL-RIVAS, ]. J; BARRIO-ANTA, M., AGUIRRE-
CALDERON, O. A; DIEGUEZ-ARANDA, U. Use of
stump diameter to estimate diameter at breast height and
tree volume for major pine species in El Salto, Durango
(Mexico). Forestry, v. 80, p. 29-40, 2007.

CORRAL-RIVAS, S.; ALVAREZ-GONZALEZ, |.G.; CRECENTE-
CAMPO, F; CORRAL-RIVAS, |. J. Local and generalized
height-diameter models with random parameters for
mixed, uneven-aged forests in Northwestern Durango,
Mexico. Forest Ecosystems, p. | — 6, 2014.

COSTA, E. A.; SCHRODER, T; FINGER, C. A. G. Height-diameter
relationships for Araucaria angustifolia (BERTOL.) KUNTZE in
Southern Brazil. CERNE, v. 22, p. 493-500, 201 6.

CRECENTE-CAMPO, F; TOME, M.; SOARES, P; DIEGUEZ-
ARANDA, U. A generalized nonlinear mixed-effects height-
diameter model for Eucalyptus globulus L. in northwestern
Spain. Forest Ecology and Management, v. 259, p. 943-
952,2010.

DE-MIGUEL, S.; MEHTALO, L; SHATER, Z; KRAID,
B.; PUKKALA, T. Evaluating marginal and conditional
predictions of taper models in the absence of calibration
data. Canadian Journal of Forest Research, v. 42, p.
1383-394, 2012.

DORADO, F C.; DIEGUEZ-ARANDA, U.; BARRIO-ANTA,
M.; RODRIGUEZ, M. S.; VON GADOWY, K. A. generalized
height—diameter model including random components for
radiata pine plantations in northwestern Spain. Forest
Ecology and Management, v. 229, p. 202-213, 2006.

ERCANLI, I; GUNLU, A.; BASKENT, E. Z. Mixed effect models
for predicting breast height diameter from stump diameter
of Oriental beech in Goldag. Scientia Agricola, v. 72, p.
245-251, 2015.

190



HEIGHT-DIAMETER RELATIONSHIPS FOR Eucalyptus grandis HILL EX. MAIDEN IN MOZAMBIQUE: USING MIXED-EF-

FECTS MODELING APPROACH

FAO. Mean annual volume increment of selected industrial
forest plantation species. Forest Plantations Thematic
Papers. Working Paper |. Forest Resources Division. 2001.
Available at: http://www.fao.org/3/a-ac|2 | e.pdf. Acessed in
October 20" 2019.

FERRAZ FILHO, A. C.; MOLA-YUDEGO, B.; RIBEIRO, A;
SCOLFORO, J. R. S.; LOOS, R. A; SCOLFORO, H. F
Height-diameter models for Eucalyptus sp. plantations in
Brazil. CERNE, v. 24, p. 9-17, 2018.

GOMEZ-GARCIA, E.; FONSECA, T. F; CRECENTE-CAMPO,
F; ALMEIDA, L. F; DIEGUEZ-ARANDA, U.; HUANG. S.;
MARQUES, C. P Height-diameter models for maritime
pine in Portugal: a comparison of basic, generalized and
mixed-effects models. iForest, v. 8, p. 72-78, 2015.

GUEDES, B. S.; OLSSON, B. A;; KARLTUN, E. Effects of 34-year-
old Pinus taeda and Eucalyptus grandis plantations on soil
carbon and nutrient status in former Miombo forest soils.
Global Ecology and Conservation, v. 8, p. 190-202, 201 6.

HUANG, S.; MENG, S. X.; YANG Y. Prediction implications
of nonlinear mixed-effects forest biometric models
estimated with a generalized error structure. In:
Proceedings of the “Joint Statistical Meetings, Section on
Statistics and the Environment”. Washington (DC, USA),
I-6 Aug American Statistical Association, Alexandria,
Virginia, USA. 2009. p. 1 174-1188.

HUANG, S.; PRICE, D.; TITUS, S. J. Development of ecoregion
based height-diameter models for white spruce in boreal
forest. Forest Ecology and Management, v. 129, p. 125-
141, 2000.

HYNYNEN, J.; OJANSUU, R,; HOKKA, H.; SIIPILEHTO, |.;
SALMINEN, H.; HAAPALA, P Models for predicting
stand development in MELA system. Helsinki: Finnish
Forest Research Institute, Research Paper 835. 2002. 120 p.

IBRAIMO, M. M. Ambiente, relacao solo — homem,
pedogénese e adsorcio de fosforo em solos da
provincia da Zambézia, Mocambique. 2004. 163 p.
PhD thesis Universidade Federal de Vigosa, Vigosa.

LAPPI, . Calibration of height and volume equations with random
parameters. Forest Science, v. 37, p. 781-801, 1991.

LEJEUNE, G.; UNG, C.H.; FORTIN, M.; GUO, X.].; LAMBERT,
M. C.; RUEL, J. C. A simple stem taper model with mixed
effects for boreal black spruce. European Journal of
Forest Research, v. 128, p. 505-513, 2009.

LITELL, R. C.; MILLIKEN, G. A.;; STROUP, W. W.; WOLFINGER,
R. D.; SCHABENBERGER, O. SAS| for Mixed Models, 2™
ed. SAS Institute Inc., Cary, NC. 2006. 814 p.

LOPEZ SANCHEZ, C. A; GORGOSO, ]. J.; CASTEDO
DORADO, F; ROJO, A; RODRIGUEZ, R, ALVAREZ
GONZALEZ, ). G.; SANCHEZ, F. A height-diameter model
for Pinus radiata D. Don in Galicia (northwest Spain).
Annals of Forest Science, v. 60, p. 237-245, 2003.

HOFICO et al

CERNE

MACHADO, S. A.; FIGUEIREDO FILHO, A. Dendrometria.
Curitiba, Brasil. 2009. 316 p.

MAE. Perfil do Distrito de Mocuba. Provincia da
Zambézia. District profile series. Mozambique: Ministry
of State Administration (MAE). 2005. 66 p.

MAUSSE-SITOE, S. N. D.; SHUAIFEI, C.; WINGFIELD, M. J ;
ROUX, J. Diseases of eucalypts in the central and northern
provinces of Mozambique. Southern Forests, v. 78: p.
169183, 2016.

MEHTATALO, L. Height-diameter models for Scots pine and
birch in Finland. Silva Fennica, v. 39, p. 55-66, 2005.

MENDONCA, A. R; CHAVES E CARVALHO, S. P;
CALEGARIO, N. Modelos hipsométricos generalizados
mistos na predicdo da altura de Eucalyptus sp. CERNE, v.
21, p. 107-115, 2015.

MENG, S. X;; HUANG, S.; LIEFFERS, V. J.; NUNIFU, T;
YANG, Y. Wind speed and crown class influence the height-
diameter relationship of lodgepole pine: nonlinear mixed
effects modeling. Forest Ecology and Management, v.
256, p. 570-577, 2008.

MINAG. Estratégia nacional para o reflorestamento.
National Directorate of Land and Forests (DNTF) -
Ministry of Agriculture (MINAG), Maputo, Mozambique.
2009. 38 p.

MITADER. Mozambique’s forest reference emission level
for reducing emissions from deforestation in natural
forests. Ministry of Land, Environment and Rural Development
(MITADER). Version 10 January 2018. 2018. 50 p.

MITADER. Plano de investimento florestal (FIP) para
Mocambique. Segundo draft. UT-REDD. Ministry of
Land, Environment and Rural Development (MITADER). 2016.
Available at: http://www.redd.org.mz/uploads/SaibaMais/
ConsultasPublicas/Proposta%20d0%20Plano%20de%20
Investimento%20do%20FIPpdf._Accessed in September
01=2019.

NHANTUMBO, I.; MACQUEEN, D.; CRUZ, R.; SERRA, A. A
strategic assessment of the potential for investing in
locally controlled forestry (ILCF) for the promotion
of sustainable rural development in the province
of Niassa, Mozambique. Inception Report. [IED, Rural
Consult and IUCN, London, UK. 2013. 54 p.

NHANTUMBO, I.; SALOMAO, A. Biofuels, land access and
rural livelihoods in Mozambique. IIED, London, UK.
2010. 85 p.

NUBE, T. G.; DOS SANTOS, A. S. J.; TIMOFEICZYK JUNIOR,
R.; SILVA, I. C. Impactos Socioeconémicos das Plantagoes
Florestais no Niassa, Mocambique. Floresta e Ambiente,
v. 23, p. 52-60, 2016.

OVERBEEK, W.; KROGER, M.; GERBER, |-F An overview
of industrial tree plantation conflicts in the global
South. Conflicts, trends, and resistance struggles.
EJOLT Report No. 3.2012. 100 p.

191



HEIGHT-DIAMETER RELATIONSHIPS FOR Eucalyptus grandis HILL EX. MAIDEN IN MOZAMBIQUE: USING MIXED-EF-

FECTS MODELING APPROACH

PAULO, J. A;; TOME, |.; TOME, M. Nonlinear fixed and random
generalized height-diameter models for Portuguese cork oak
stands. Annals of Forest Science, v. 68, p. 295-309, 201 |.

PINHEIRO, |. C.; BATES, D. M. Mixed-effects models in S
and S-PLUS. New York: Springer-Verlag. 2000. 528 p.

PRETZSCH, H. Forest dynamics, growth and yield.
Heidelberg: Springer Verlag Berlin. Germany. 2009. 664 p.

RUSSELL, M. B.; AMATEIS, R. L.; BURKHART, H. E.
Implementing regional locale and thinning response in
the loblolly pine height-diameter relationship. Southern
Journal of Applied Forestry, v. 34, p. 21-27, 2010.

SAS. The SAS System for Windows. Cary: SAS Institute,
Cary, NC, USA. 2009.

SCHMIDT, M,; KIVISTE, A.; GADOW, K. A spatially explicit
height-diameter model for Scots pine in Estonia. European
Journal of Forest Research, v. 130, p. 303-315, 201 1.

SCOLFORO, J. S. R. Modelagem do crescimento e da
producdao de florestas plantadas e nativas. UFLA/
FAEPE, Lavras. 1998. 441 p.

SHARMA, M.; PARTON, |. Height-diameter equations for
boreal tree species in Ontario using a mixed-effects

modeling approach. Forest Ecology and Management,
v. 249, p. 187-198, 2007.

SHARMA, M.; PARTON, J. Modeling Stand density effects on
taper for Jack pine Black spruce plantations using dimensional
analysis. Forest Science, v. 55, p. 268-282, 2009.

SHARMA, M.; ZHANG, S. Y. Height-diameter models using
stand characteristics for Pinus banksiana and Picea mariana.
Scandinavian Journal of Forest Research, v. 19, p. 442—
451, 2004.

SHIMIZU, J. K. Pesquisa e desenvolvimento florestal em
Mocambique. Embrapa Florestas. Colombo, PR. 2006. 31 p.

SOARES, P; TOME, M. Height-diameter equation for first
rotation eucalypt plantations in Portugal. Forest Ecology
and Management, v. 166, p. 99-109, p. 2002.

HOFICO et al

CERNE

TEMESGEN, H.; HANN, D. W.; MONLEON, V. ]. Regional
height-diameter equations for major tree species of
southwest Oregon. Western Journal
Forestry, v. 22, p. 213-219, 2007.

of Applied

TRINCADO, G.; BURKHART, H. E. A generalized approach
for modeling and localizing stem profile curve. Forest
Science, v. 52, p. 670-682, 2006.

TRINCADO, G.; VANDER-SCHAAF, C. L.; BURKHART, H. E.
Regional mixed-effects height-diameter models for loblolly
pine (Pinus taeda L.) plantations. European Journal of
Forest Research, v. 126, p. 253-262, 2007.

VONESH, E. F; CHINCHILLI, V. M. Linear and nonlinear
models of the analysis of repeated measurements.
Marcel Dekker, New York, NY, USA. 1997. 442 p.

WESTFALL, J. A. New models for predicting diameter at breast
height from stump dimensions. Northern Journal of
Applied Forestry, v. 27, p. 21-27, 2010.

WILLAN, R. L. Zonas de reflorestamento e escolha
florestal de Mocambique. FAO. Ministry of Agriculture,
Maputo. 1981. 101 p.

WORLD BANK. Trading economics. Mozambique GDP
1980 —2019. 2020. Available at: https://tradingeconomics.
com/mozambique/gdp. Accessed in April 20 2020.

YANG, Y;; HUANG, S.; TRINCADO, G.; MENG, S. X. Nonlinear
mixed effects modelling of variable exponent taper equations
for Lodgepole pine in Alberta, Canada. European Journal of
Forest Research, v. 128, p. 415-429, 2009.

ZEIDE, B.; VANDERSCHAAF, C. The effect of density on
the height-diameter relationship. In: Proceedings of the
“1 1*" Biennial Southern Silvicultural Research Conference”
(Outcalt KW ed). Knoxville (TN, USA). 2002. p. 20-22.

192



