
 

 

 

ABSTRACT 

FERRACO SCOLFORO, HENRIQUE. Development of a Modeling Framework for Clonal 

Eucalypt Plantations Subject to Different Environmental Conditions in Brazil. (Under the 

direction of Dr. Joseph Roise). 

 

Several regions under eucalyptus cultivation in Brazil show limitations to stand productivity, 

notably with different levels of water stress. Consequently, conventional growth and yield (G & 

Y) systems often display inconsistent estimates for clonal eucalypt stands. This dissertation 

develops a framework to integrate genotype x environment interaction in a G & Y system for 

clonal eucalypt plantations in Brazil. The dissertation dataset is composed of remeasurement 

information from 16 research sites in Brazil, where at each site, the same eleven eucalypt clones 

were planted in single block plots. Extra plots to evaluate eucalyptus growth under drier climate 

scenarios were also installed and used as an independent dataset for validation purposes. The 

unique and balanced experimental database spanning all Brazilian climatic zones used in this 

dissertation allowed for the development of: 1) generalized total tree and merchantable volume 

equations and generalized taper equations for eleven eucalypt clones (Chapter 2); 2) clonal 

grouping approach to assign the eleven clones into 2 or more groups that share similar yield 

patterns (Chapter 3); 3) compatible set of prediction and projection equations capable of 

accounting for water availability changes to the dominant height tree growth trajectory (Chapter 

4); 4) whole-stand survival equation that is a function of water availability (Chapter 5); 5) stand-

level G & Y system governed by water availability (Chapter 6); 6) G & Y system that furnishes 

detailed outputs and displays consistency between individual-tree and stand-level estimates, but 

that is also governed by water availability (Chapter 7). The overall results highlighted the 

possibility of developing generalized volume and taper equations for eucalyptus of varying 

genetics in Brazil. An approach for clonal grouping was successfully developed. This approach 



 

 

 

might be used to evaluate how climate variation impact clonal yield in Brazil, as well as serve as 

a measure of site specific productivity and mitigate problems associated with the lack of data when 

developing G & Y systems. The fitted compatible set of dominant height equations contain a 

variable related to water availability and allow for predictions and projections under the short-, 

medium- and long-term with good biological behavior. The new site index curves are not 

dependent upon past climatic data, and they are sensitive to temporal and spatial climatic variation. 

Survival, a problematic event and system component, was estimated with a new difference model. 

The survival model form allows for estimation of how unusual drought events within a year and 

how climatic difference among different regions, impact eucalyptus survival in Brazil. The stand-

level G & Y system, governed by water availability, can mimic how short-term climate variation 

affects forest yield. The final chapter demonstrates a highly detailed G & Y system for clonal 

eucalypt stands in Brazil that is sensitive to climate and clonal variation, while possessing the 

advantage of estimating stand structure.   
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CHAPTER 1: INTRODUCTION 

 

Eucalyptus cultivation is expanding in many regions of Brazil, however, much of the 

planted area demonstrates limitations to growth, notably when subject to different levels of water 

stress. Eucalyptus plantations are primarily clonal, and these clones are adapted to each of these 

regions, largely due to the genotype x environment (GxE) interaction. This results in complex 

decision making when selecting suitable genotypes for different environmental conditions (Stape 

et al., 2010). 

The success of forest plantations, including the matching of genotypes to different climate 

and soil conditions, has a large impact on the economics of the enterprise and on the generation of 

social value to the local communities (Stape et al., 2010). In addition, in Brazil, the year-to-year 

variation in climate causes significant variability of the mean annual increment of clonal eucalypt 

plantations, which have an accelerated growth rate and high demand for water. 

Therefore, predictions and projections of forest growth made from different regions and 

years can lead to completely different responses, creating uncertainty and risk for those who 

conduct the forest planning (Scolforo et al., 2016). For short-term planning, bias in the estimation 

should not be a concern when a conventional growth and yield (G & Y) system is used to update 

inventory growth, however, for medium- and long-term projections, a substantial increase in bias 

caused by propagated error is typically detected (Montes, 2012). In addition, a conventional G & 

Y system is not capable of predicting forest afforestation yield, which is a crucial point for 

estimating land value for future acquisitions. Thus, the evolution and improvement of conventional 

G & Y systems, through the development of descriptive models including environmental variables 

and hybrid models, are necessary to improve the explanatory ability of the system.  
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Montes (2012) tackled this task by developing a simultaneously fitted G & Y system driven 

by site resources, which was applied to estimate growth and yield for Pinus taeda plantations in 

SE USA. The G & Y system developed by Montes (2012) uses growth equations namely 

“statistical growth equations with physiologically derived covariates” (Weiskittel et al., 2011), 

where the age term of the growth equations is replaced by growth modifiers derived from 3-PG 

(Landsberg and Warring, 1997). Casnati (2016) developed a similar system for Pinus taeda and 

Eucalyptus grandis in Uruguay, although the author used radiation sums instead of having a 

modeling compartment for leaf area index. The major drawback displayed by the hybrid approach 

is associated with compounding error through the use of site resource variables, instead of stand 

age, to describe forest growth. 

This approach, however, appears to be very attractive for fitting stand survival equations 

to clonal eucalypt stands in Brazil, since the eucalyptus survival rate is not well correlated to site 

index, as observed by Casnati (2016). It is typically hypothesized that a certain level of water stress 

induces higher tree mortality in clonal eucalypt stands. Thus, the replacement of the age term in 

the survival model by a variable that represents the dynamics of water availability over time, might 

potentially result in more biologically sound survival estimation. It is also hypothesized that a 

single variable to representing stand mortality might mitigate the compounding error problem. 

Except for survival estimation, an approach that takes advantage of the conventional 

growth equation forms but expands and refines parameters to account for environmental variation, 

namely “statistical growth equations with parameters expanded by climate variables” (Weiskittel 

et al., 2011), appears in many cases to mitigate the compounding error problem, while increasing 

the explanatory ability of the remaining growth equations presented in a G & Y system 

(Snowdown, 1998). Scolforo et al. (2017) reported that the inclusion of a covariate related to soil 
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water availability in the site index model, substantially increased the explanatory ability of the 

fitted model. 

A simplified hybrid approach for stand survival estimation combined to dominant height 

and basal area equations expanded and refined by environmental variables that reflects how water 

availability impacts forest productivity, appears to be an attractive form to build a G & Y system 

for clonal eucalypt plantations in Brazil. This type of G & Y system, governed by water 

availability, predicts forest yield for afforestation and updates forest inventory spanning Brazil as 

well as displays consistency between individual-tree and stand-level estimates. The growth 

equations may employ mixed effect modeling to also account for clonal variation. 

Thus, the goal of this dissertation is to provide a framework for addressing the genotype x 

environment interaction in a G & Y system for clonal eucalypt plantations in Brazil. This results 

in a system that is sensitive to clonal and climate variation, and capable of providing either stand 

level or stand structure estimates for the entire geographic extent of Brazil. It is worth mentioning 

that the goal is to produce a simple, yet complete G & Y system. The specific goals of the 

dissertation are:  

1) To develop generalized total tree and merchantable volume equations and generalized taper 

equations for eleven eucalypt clones spanning tropical Brazil (Chapter 2). 

2) To evaluate if it is feasible to group the 11 clones into 2 or more groups that share similar 

yield patterns (Chapter 3). 

3) To develop a compatible set of prediction and projection equations capable of accounting 

for how water availability changes the dominant height tree growth trajectory (Chapter 4). 

4) To develop a whole-stand survival equation that is a function of water availability 

(Chapter 5). 
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5) To develop a stand-level G & Y system, governed by water availability, that is capable of 

predicting forest yield for afforestation and updating forest inventory for all of Brazil 

(Chapter 6). 

6) To develop a G & Y system that furnishes detailed outputs and displays consistency 

between individual-tree and stand-level estimates, but that is also governed by water 

availability (Chapter 7). 
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CHAPTER 2: GENERALIZED STEM TAPER AND TREE VOLUME EQUATIONS 

APPLIED TO EUCALYPTUS OF VARYING GENETICS IN BRAZIL 

 

Abstract:  Volume and taper equations have been widely applied with a variety of model forms. 

Lack of generalized equations has prevailed in Brazil, since it is assumed that localized or climate-

specific equations are needed. The lack of generalized equations, however, limit the prediction of 

stem taper, merchantable and total tree volume of the most widely planted eucalypt clones along 

Brazil. Thus, this study aimed to develop generalized stem taper and volume equations applicable 

to eleven eucalyptus clones and evaluate if climate variation impacts the accuracy of the estimates. 

A total of 693 trees evenly distributed across eleven clones at 21 sites were used, where 462 and 

231 trees were used for model fittings and predictive validation, respectively. The penalized mixed 

spline (PMS) approach was developed for predicting stem taper, and volume along the stem 

profile. The Schumacher and Hall (1933) equation was used to predict total tree volume, while 

volume ratio equations were applied to predict merchantable volume up to any top diameter or 

stem height. For every fitted equation, a climatic variable on an annual basis, was included to 

assess the improvement in model performance. The overall results highlighted that climatic 

variation does not need to be accounted for in stem taper and volume modeling. The climatic 

impact is already fully captured by the fitted coefficients of the equations. All the equations 

displayed desirable accuracy, whereas the generalized PMS equation may be preferred when the 

forestry enterprise looks to furnish a range of multiple forest products. The generalized total tree 

volume equation, combined with the ratio equations, is highly recommended when the forestry 

enterprise produces a single product. 

Key-words: penalized mixed spline, volume ratio, climate. 
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1. Introduction 

Stem taper and tree volume equations are valuable tools that enhance the efficiency of 

forest management decision making and maximizing profit of a forestry enterprise (Burkhart and 

Tomé, 2012). Depending upon the forestry enterprise goals the equations are: 1) customarily used 

to complement and increase the level of information provided by forest inventory; 2) linked to 

sequential inventory information to allow the development of growth and yield models with 

different merchantability standards (Casnati, 2016). 

For commercial plantations focused on the production of a single product, there is no need 

for having highly detailed information. A set of readily available total and merchantable volume 

tree equations is preferable for parsimony, simplicity and accurate estimation (Bullock and 

Burkhart, 2003). According to Azevedo et al. (2011), merchantable and total tree volume equations 

in Brazil are customarily fitted independently, which increases the possibility of illogical crossing 

of the estimated values. The use of dummy variables that allow estimation of total and 

merchantable tree volume in a single equation has been proposed to fix this possible shortcoming 

and the observed results are satisfactory (Figueiredo, 2005). The problem associated with the use 

of such tree volume equations is that they are only able to estimate merchantable tree volume up 

to a fixed top diameter or upper-stem height (Burkhart and Tomé, 2012), in which the Schumacher 

and Hall (1933) tree volume equation is customarily used (Lee et al., 2017). 

This inconvenience can be easily addressed, where Burkhart (1977) proposed a ratio 

equation to estimate merchantable volume up to any top diameter. Van Deusen et al. (1981) 

verified, however, the former equation could possibly assume negative estimates when the top 

diameter was approaching diameter at 1.30 m aboveground (DBH). Thus, the authors proposed an 

exponential ratio equation that is conditioned between 0 and 1 for predicting volume to any top 
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diameter. Cao and Burkhart (1980) noticed that product classes may be defined according to the 

log length instead of top diameter. Thus, the authors formulated a volume ratio model that is able 

to estimate merchantable volume at any given stem height. Zhao and Kane (2017) proposed a 

similar formulation for Pinus taeda in the southern USA, while including a constraint that volume 

should be zero when top diameter is specified at ground height. 

Bullock and Burkhart (2003) demonstrated that combining the set of equations: 1) 

exponential ratio model of Van Deusen et al. (1981), 2) volume ratio based on upper-stem height 

proposed by Cao and Burkhart (1980), and 3) total tree volume equation, enables accurate volume 

estimates, while avoiding the illogical crossing of merchantable and total tree volume estimates. 

The authors indeed provided a set of equations that can accurately estimate green weight at any 

stem height and top diameter. They also implicitly derived a taper function, which performs well 

over much of the stem for diameter estimation, with some sacrifice of weight estimation for the 

first logs. 

Derivation of implicit or even explicit and compatible formulations for total tree volume 

and taper is desirable but not essential. When commercial plantations are managed for multiple 

products, it is critical to have reliable estimates for quantifying products and estimating volume of 

the first one-third of tree height, since this is the most valuable part of the tree. There are new 

initiatives in southern Brazil focusing on sawlog production in commercial eucalyptus plantations 

and this fact implies that any sacrifice to describe the shape of the tree bole might severely impact 

the enterprise profitability (Scolforo et al., 2018). A large variety of stem taper equations has been 

proposed in the literature, including smoothing splines (Lappi 2006), B-splines (Kublin et al. 

2013), variable exponent form (Kozak, 2004), segmented polynomial (Max and Burkhart, 1976), 

and polynomials (Scolforo et al., 2018). 
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Despite the great variety of stem taper equations, Scolforo et al. (2018) suggested the use 

of the penalized mixed spline approach. The authors highlighted the great flexibility and stability 

of such approach to predict eucalyptus stem taper of varying genetics in southern Brazil. Since 

eucalyptus trees display a tremendous yearly growth rate, a dramatic annual change in tree size is 

also observed, which implies a further indication of the flexibility of the PMS approach. 

A casual observation reveals the existence of two different foci regarding forest production 

in Brazil (Carvalho et al., 2005). One is directly influenced by the Asian market demand, while 

the second one is related to the idea of diversifying the range of products generated by the forest. 

Several tree volume and stem taper equations have been developed under specific genetics and 

geographical areas (Assis et al., 2001). The authors noted however, a lack of studies focused on 

the development of generalized stem taper and tree volume equations, especially for varying 

genetics and expansive areas with great climate variation. The authors, on contrary of Bullock and 

Burkhart (2003), assumed that equations specific to each genetic material and for every specific 

geographic regions should be fitted. Scolforo et al. (2018) pointed out, however, that there is no 

decrease in accuracy by using a single, generalized equation applied to eucalyptus of varying 

genetics for the southernmost part of Brazil. Thus, the remaining question consists in 

understanding if climate variables indeed display significant improvement in the accuracy of the 

estimates and if such variables should be included or not to reduce bias when proposing 

generalized equations in Brazil. 

Therefore, this study aimed to develop generalized stem taper and volume equations 

applicable to eleven eucalypt clones, evaluating how climate variation impacts the accuracy of the 

estimates. The penalized mixed spline approach was used to develop the stem taper equation, while 

the Schumacher and Hall (1933) volume equation, in conjunction with the ratio equations proposed 
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by Cao and Burkhart (1980) and Van Deusen et al. (1981) were used to directly estimate total tree 

and merchantable volume. 

 

2. Material and methods 

2.1. Database 

This data comes from 21 (1, 2, 3, 4, 5, 7, 8, 9, 11, 13, 14, 15, 17, 19, 22, 24, 26, 29, 30, 31 

and 33) experimental sites of the TECHS Project (Tolerance of Eucalyptus Clones to Hydric, 

Thermal and Biotic Stresses, www.ipef.br/techs/en), which was launched in 2011 in Brazil 

(Binkley et al., 2017). TECHS basically divided Brazil in two strata: tropical and subtropical. For 

tropical Brazil, sites ranged from Paraná to Pará State (Figure 1). This range encompasses all 

Brazilian climate zones where eucalyptus can grow. There are sites in Köppen climate regions 

such as Am (tropical zone – monsoon), As (tropical zone – with dry summer), Aw (tropical zone 

– with dry winter), Cfa (humid subtropical zone with hot summer and without dry season), Cfb 

(humid subtropical zone with temperate summer and without dry season), Cwa (humid subtropical 

zone with hot summer and dry winter), and Cwb (humid subtropical zone with temperate summer 

and dry winter) (Alvares et al., 2013). 

Soil variation and elevation were also recorded, where 68%, 23%, and 9% of the sites are 

presented in oxisols, entisols, and ultisols, respectively; elevation ranges from sea level (36m) up 

to 969 meters above sea level. TECHS is a unique project that covers the wide expanses of Brazil 

in order to provide information for better understanding eucalyptus growth. Detailed information 

of the project outline can be found in Binkley et al. (2017). 

http://www.ipef.br/techs/en
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Figure 1. TECHS site distribution along different climatic zones in Brazil. 

 

The experimental sites were installed between January and May of 2012. At each site, 

eleven different clones (A1, B2, C3, D4, E5, G7, H8, K2, P7, Q8 and R9) were planted in clone 

specific block plots. A single plot consists of 80 trees spaced at 3 x 3 meters. Additionally, one 

plot edge with 8 trees was installed for destructive sampling, where the eucalyptus trees at 

approximately age 3 years were bucked and scaled. 

A total of 693 trees, evenly distributed across every TECHS site and clones, were bucked 

and scaled during 2015. For each TECHS site and for every clone, trees were selected across a 

range of tree size classes, with equal representation for the 25th dbh percentile, 50th dbh percentile 

and 75th dbh percentile (Table 1). On each scaled tree: DBH, total (H) and stump height were 

measured. Measurements of the tree bole were taken, where diameter inside bark (dib), diameter 
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outside bark (dob) and bark thickness were measured at stump height, at 1.3m, and at the middle 

height of the tree. The geometric method proposed by Andrade et al. (2006) allowed recovering 

dob and dib after 1.3m at every 2m until the tree top. 

 

Table 1. Descriptive statistics for each clone of the eucalyptus plantations. 

Clone Data 
DBH (cm) H (m) V - ob (m3) V - ib (m3) 

Mean SD Mean SD Mean SD Mean SD 

A1 
Fit. 14.2 3.6 21.4 2.8 0.1630 0.0773 0.1499 0.0701 

Val. 14.0 3.7 21.3 2.7 0.1595 0.0747 0.1462 0.0670 

B2 
Fit. 13.9 3.9 20.5 3.4 0.1493 0.0828 0.1371 0.0752 

Val. 13.9 3.9 20.4 3.4 0.1453 0.0794 0.1338 0.0726 

C3 
Fit. 12.6 3.8 18.7 3.3 0.1127 0.0669 0.1037 0.0611 

Val. 12.7 3.6 19.0 3.1 0.1125 0.0638 0.1033 0.0580 

D4 
Fit. 13.4 3.7 20.8 2.9 0.1468 0.0752 0.1354 0.0689 

Val. 13.4 3.5 20.7 3.0 0.1445 0.0672 0.1337 0.0619 

E5 
Fit. 13.8 3.9 21.3 2.5 0.1518 0.0762 0.1390 0.0683 

Val. 13.9 3.8 21.2 2.9 0.1532 0.0772 0.1407 0.0698 

G7 
Fit. 13.0 3.6 18.8 3.3 0.1202 0.0579 0.1104 0.0528 

Val. 13.3 4.0 18.9 3.5 0.1331 0.0735 0.1234 0.0685 

H8 
Fit. 14.0 3.9 20.8 3.0 0.1521 0.0813 0.1396 0.0736 

Val. 14.0 4.0 20.6 3.2 0.1533 0.0911 0.1409 0.0834 

K2 
Fit. 13.0 3.6 19.1 3.2 0.1241 0.0683 0.1138 0.0628 

Val. 13.0 3.8 19.1 3.3 0.1249 0.0698 0.1144 0.0640 

P7 
Fit. 11.2 2.9 17.8 2.2 0.0851 0.0411 0.0762 0.0359 

Val. 11.1 2.9 17.7 2.0 0.0822 0.0380 0.0733 0.0322 

Q8 
Fit. 12.6 3.4 18.9 2.9 0.1136 0.0564 0.1031 0.0507 

Val. 12.6 3.5 18.9 3.0 0.1163 0.0626 0.1059 0.0568 

R9 
Fit. 13.4 3.8 21.0 3.5 0.1492 0.0775 0.1379 0.0711 

Val. 13.3 3.6 21.1 3.4 0.1451 0.0732 0.1338 0.0672 

SD: standard deviation; V - ob: total volume outside bark; V - ib: total volume inside bark; Fit.: fitting dataset; and 

Val.: validation dataset. 
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Weather stations were installed at every TECHS site during the experiment installation. 

Weather information recorded on a daily basis has provided information such as: precipitation (P 

in mm), average temperature (Tavg, 
0C), potential evapotranspiration (PET, mm) and water deficit 

(WD, mm) (Table 2). 

 

Table 2. Climate description of the TECHS sites. 

Site 

identification 
Latitude (degrees) Longitude (degrees) Tavg(

0C) P (mm.yr-1) PET (mm.yr-1) WD (mm.yr-1) 

1 −14.34 −48.73 25.5 1321 1644 552 

2 −24.21 −49.97 19.0 1495 1183 46 

3 −19.70 −45.41 22.8 946 1298 359 

4 −19.31 −42.42 23.6 964 1215 258 

5 −18.58 −42.93 21.8 932 1307 392 

7 −18.02 −50.90 24.0 1628 1470 507 

8 −11.86 −38.37 25.3 896 1479 601 

9 −18.73 −47.92 21.8 1412 1319 298 

11 −18.71 −52.59 23.7 1290 1273 411 

13 −20.90 −51.90 26.5 1155 1406 274 

14 −19.96 −51.59 24.6 1392 1383 291 

15 −11.21 −48.64 27.0 1204 1520 507 

17 −18.25 −45.10 22.9 792 1610 864 

22 −24.23 −50.53 19.8 1554 1079 29 

24 −22.73 −49.00 21.4 1701 1147 129 

26 −16.78 −44.31 23.3 477 1457 980 

29 −3.44 −43.07 28.0 1560 1781 916 

30 −17.32 −43.77 22.4 507 1491 984 

31 −16.34 −39.60 23.9 982 1314 506 

33 −23.85 −48.70 21.0 1357 1185 55 

 

2.2. Tree volume and stem taper equations 

The coefficients of all tested equations were estimated using the package nlme (Pinheiro 

et al., 2016) in the software R (R Core Team, 2015) for non-linear and linear mixed effect models. 
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In particular, Chi and Reinsel (1989) suggested the additional use of the first-order 

continuous autocorrelation function (CAR1) and power variance function in cases where mixed 

effect modeling technique does not eliminate the total within-stem correlation and variance 

heteroskesdaticity effects. Their suggestions were employed in the fitting of PMS, dib and volume 

ratio equations. 

 

2.2.1. Tested climatic variables 

The variables Tavg, PET, P and WD were the variables used to test the environmental impact 

on the accuracy of the estimates. The presumed null hypothesis is that none of these variables 

impact stem taper and volume predictions for any clone across Brazil. 

The variables P and PET were combined in a single variable as (P - PET), which provides 

a measure of the vertical atmospheric pressure. The variable WD integrates physiographic and 

climatic variables, which makes this variable an extremely powerful co-variate. Tavg can be used 

as a good predictor, since this variable is indicative of climatic difference and seasonality in Brazil. 

For simplicity, the tested climatic variables were generally labeled as CV through the 

following methods sections. 

 

2.2.2. Penalized Mixed Spline (PMS) 

Scolforo et al. (2018) presented and named for the first time the PMS approach for forest 

tree modeling. This approach was adapted from Pedan (2003), where the author showed that the 

nonparametric smoothing spline regression is reciprocal to mixed effects model. Smoothness in 

the PMS approach is achieved by the use of quadratic polynomial terms. The smoothing parameter 
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is obtained through the estimated best linear unbiased predictor (EBLUP), since
p

uk





=

, which 

consists in the maximizing likelihood of the PMS. 

Scolforo et al. (2018) applied such an approach to model stem taper of a variety of eucalypt 

clones in the southernmost part of Brazil; the authors reported on the flexible nature of the 

approach. The development of the PMS approach is related to the Max and Burkhart (1976) splined 

taper concept; however, this approach easily allowed additional knots to account for flare in the 

bottom portion of the stem. 

Differing from the original formulation presented by Scolforo et al. (2018), previous tests 

of this research indicated that using 3 empirical knots are sufficient (l1 = 0.10, l2 = 0. 75, l3 = 0.97), 

which ensures a parsimonious equation. Equation (1) is a linear mixed model, where the variable 

2

ln 2
10000

ijk ijk hijk

ijk

DBH H h

H

 
− 

 
 

 is fixed, the quadratic expression is declared random based on clones, and the 

knots are declared random based on tree (TECHS site) 1 and TECHS site.  

      
22

2

1 1 2 2 3 l_

1

( ) 1 ( ) 1 ln 2 1
L

hijk hijk hijk hijk hijk

j j ijk ijk ik l hijk

lijk ijk ijk ijk ijk

d h h h h
b b DBH H u l

DBH H H H H
   

=
+

        
= + − + + − + − + − − +                

        


 (1) 

where, subscripts h, i, j and k refer to stem height h of tree i of clone j of TECHS site k; 

𝛽1, 𝛽2 𝑎𝑛𝑑 𝛽3 = fixed coefficients to be estimated; 𝑏1𝑗 𝑎𝑛𝑑 𝑏2𝑗 = random coefficients based on 

clone; L = 3 knots; dhijk = upper-stem diameter outside bark; ul_ik are the random coefficients 

associated with knots based on tree (TECHS site) and TECHS site; the + subscript operator implies 

that the function is computed if 1 - (hhijk/Hijk) is larger than the knot value inside the parenthesis, 

                                                 

 

 

 

 
1 The parenthesis for TECHS sites denotes that the subject variable tree is nested within TECHS sites. 
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otherwise the value is zero; other variables were previously defined; 휀ℎ𝑖𝑗𝑘~𝑁(0, 𝜎2𝐼), 

𝑏𝑖𝑗~𝑁(0, 𝜎2𝐷) and 𝑢𝑙_𝑖𝑘~𝑁(0, 𝜎2𝐷). 

 

To include the impact of climatic variables in the stem taper equation, the coefficient 

associated with tree size was decomposed to include the CV. CV was included this way, to ensure 

that at the tree tip the stem diameter is zero.  

22

2

1 1 2 2 3 4 l_

1

( ) 1 ( ) 1 ( ) ln 2 1
L

hijk hijk hijk hijk hijk

j j k ijk ijk ik l hijk

lijk ijk ijk ijk ijk

d h h h h
b b CV DBH H u l

DBH H H H H
    

=
+

        
= + − + + − + + − + − − +                

        


 (2) 

where, 𝐶𝑉 stands for every tested climate variable associated with every k TECHS site; other 

variables were previously defined. 

 

The formulation above permits the estimation of diameter outside bark (dob) at any stem 

height. The formulation below is proposed to estimate diameter inside bark (dib) at any stem 

height, where tree size was included to increase the equation flexibility regarding dib/dob ratio. 

Equation (3) is a linear mixed model, where dob is declared random based on tree (clones) 2 and 

clones. 

                                       
2

1 1 3( ) ln 2
10000

ijk ijk hijk

hijk ij hijk hijk

ijk

DBH H h
dib b d

H
  

 
= + + − + 

 
 

                            (3) 

where, all the variables were previously defined.  Eq (3) logically predicts that dib = 0 at the tip of 

tree. 

                                                 

 

 

 

 
2 The parenthesis for clones denotes that the subject variable tree is nested within clones. 
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The PMS approach possesses a tedious lengthy closed-form integral, hence volume, 

outside and inside bark in m3, was calculated through Smalian´s formula, where numerical 

integration followed the same intervals applied in the destructive samples. 

 

2.2.3. Total and merchantable volume models 

The allometric equation proposed by Schumacher and Hall (1933) was used for total tree 

volume estimation. The non-linear equation, however, was linearized by log transformation. The 

linearized form of the equation is usually applied for eucalyptus in Brazil for reasons of simplicity 

(Vismara et al., 2015).  

The linear version of the individual tree volume equation [Equation (4)] was fitted as a 

normal linear mixed model, where the expression for the intercept is declared random based on 

tree (clones) 3, clones.   

           𝑙𝑛(𝑣𝑖𝑗𝑘) =  (𝛽0 + 𝑏0𝑖𝑗) + (𝛽01 + 𝑏01𝑖𝑗)𝐼1 + 𝛽1 𝑙𝑛(𝐷𝐵𝐻𝑖𝑗𝑘) +  𝛽2 𝑙𝑛(𝐻𝑖𝑗𝑘) + 휀𝑖𝑗𝑘          (4) 

where, 𝑣 is total individual tree volume outside and inside bark in m3; DBH = diameter at 1.30 m 

aboveground in cm; H = total height in m; subscripts i, j and k refer to tree i of clone j of TECHS 

site k; 𝛽0, 𝛽01, 𝛽1 𝑎𝑛𝑑 𝛽2= fixed coefficients to be estimated; 𝑏0𝑖𝑗  𝑎𝑛𝑑 𝑏01𝑖𝑗 = random coefficients 

based on tree (clone) and clone; 𝐼1 is a dummy variable associated with the intercept for the 

estimation of volume inside bark; 휀𝑖𝑗𝑘~𝑁(0, 𝜎2𝐼) and 𝑏𝑖𝑗~𝑁(0, 𝜎2𝐷). 

 

                                                 

 

 

 

 
3 The parenthesis for clones denotes that the subject variable tree is nested within clones. 
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This results in a general total tree volume equation, which is a new approach in Brazil, 

since volume equations are traditionally fit and localized for each forest compartment (Kohler et 

al., 2016). 

To account for the impact of the climatic variables in the volume estimation, the linearized 

form of the Schumacher and Hall (1933) equation included an extra term regarding these variables. 

This resulted in one fitted equation per CV, which means that three equations were fit with the 

purposes to include a climatic covariate. 

𝑙𝑛(𝑣𝑖𝑗𝑘) =  (𝛽0 + 𝑏0𝑖𝑗) + (𝛽01 + 𝑏01𝑖𝑗)𝐼1 + 𝛽1 𝑙𝑛(𝐷𝐵𝐻𝑖𝑗𝑘) +  𝛽2 𝑙𝑛(𝐻𝑖𝑗𝑘) + 𝛽3 𝐶𝑉𝑘 + 휀𝑖𝑗𝑘  (5) 

where, 𝐶𝑉 stands for every tested climatic variable associated with every k TECHS site; other 

variables were previously defined. 

 

There is a lack of reliable volume equations for predicting merchantable volume up to any 

top diameter or upper-stem height for eucalyptus in Brazil. Thus, the suggested use of ratio 

equations for tree species in Brazil represents another feature of this study. The non-linear version 

of the ratio volume equations [Equations (6) and (7)] were fitted as non-linear mixed models, 

where the expressions for the intercepts were declared random based on tree (clones) 4 and clones. 

 

 

 

                                                 

 

 

 

 
4 The parenthesis for clones denotes that the subject variable tree is nested within clones. 
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                             𝑚𝑣ℎ𝑒𝑖𝑔ℎ𝑡_ℎ𝑖𝑗𝑘 =  𝑣𝑖𝑗𝑘𝑒𝑥𝑝 (1−(𝛼1+𝑎1𝑖𝑗)
(𝐻𝑖𝑗𝑘−ℎℎ𝑖𝑗𝑘)𝛼2

𝐻𝑖𝑗𝑘
𝛼3

) +휀ℎ𝑖𝑗𝑘                             (6) 

                                𝑚𝑣𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟_ℎ𝑖𝑗𝑘 =  𝑣𝑖𝑗𝑘𝑒𝑥𝑝 ((𝛽4+𝑏4𝑖𝑗)
𝑑ℎ𝑖𝑗𝑘

𝛽5

𝐷𝐵𝐻𝑖𝑗𝑘
𝛽6

) + 휀ℎ𝑖𝑗𝑘                                (7) 

where, 𝑚𝑣ℎ𝑒𝑖𝑔ℎ𝑡 merchantable volume, outside and inside bark in m3, to any upper 

height; 𝑚𝑣𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 merchantable volume, outside and inside bark in m3, to any top diameter; dhijk 

upper-stem diameter outside and inside bark in cm; hhijk is the upper-stem height in m; 

𝛼1, 𝛼2, 𝛼3, 𝛽4, 𝛽5 𝑎𝑛𝑑 𝛽6 = fixed coefficients to be estimated; 𝑎1𝑖𝑗 𝑎𝑛𝑑 𝑏4𝑖𝑗 = random coefficients 

based on tree (clone), and clone; subscripts h refers to stem height and diameter, respectively, of 

tree i of clone j of TECHS site k; 휀ℎ𝑖𝑗𝑘~𝑁(0, 𝜎2), 𝑎𝑖𝑗~𝑁(0, 𝜎2𝐷) and 𝑏𝑖𝑗~𝑁(0, 𝜎2𝐷). 

 

2.3. Goodness of fit 

Goodness of fit statistics were split in two processes; fitting and predictive validation. In 

the fitting process, the statistics log-likelihood ratio (logLik), Akaike Information Criteria (AIC) 

and Bayesian Information Criteria (BIC) were assessed. For the predictive validation, one tree per 

clone from each TECHS site was randomly removed from the database. This implies that 33% of 

the observations were removed prior to any fitting. Bias (T), mean absolute error (MAE), root 

mean squared error (RMSE) and model efficiency (EF) were the statistics used to evaluate model 

performance. These statistics were calculated when estimating dib, dob, cumulative tree volume 

and total tree volume.  
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                                                             𝑇 =  
1

𝑛
∑ (𝑂 − 𝑃𝑟)𝑛

𝑖=1                                                        (8) 

                                                           𝑀𝐴𝐸 =  
1

𝑛
∑ |𝑂 − 𝑃𝑟|𝑛

𝑖=1                                                    (9) 

                                                            𝑅𝑀𝑆𝐸 =  √
∑ (𝑃𝑟−𝑂)2𝑛

𝑖=1

𝑛
                                                    (10) 

                                                              𝐸𝐹 = 1 −
∑ (𝑂−𝑃𝑟)2𝑛

𝑖=1

∑ (𝑂−�̅�)2𝑛
𝑖=1

                                                    (11) 

where, 𝑃𝑟 is the predicted values; 𝑂 is the observed values; �̅�is the average of observed values; 𝑛 

is the number of observations. 

 

T, MAE and RMSE closer to zero and EF closer to 1 indicate a better fit. Graphical analysis, 

through the use of the R package ggplot2 (Wickham, 2009), were also conducted to evaluate the 

overall predictions. 

 

3. Results 

3.1. Stem taper predictions over different clones 

Table 3 displays the overall results for all fitted equations. Except for β4 of the stem taper 

equation that included Tavg, all the other coefficients for all stem taper equations are significant 

and display low standard error. 
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Table 3. Fitted coefficients with their standard errors (SE) of Equations 1-2, and goodness of fit 

indicators (logLik, AIC, BIC, T, MAE, RMSE and EF). 

Coefficient 
Traditional Eq (1) WD Eq (2) P-PET Eq (2) Tavg Eq (2) 

Estimates SE Estimates SE Estimates SE Estimates SE 

β1 0.8172 0.0389 0.8071 0.0388 0.8047 0.0388 0.8173 0.0389 

β2 4.4284 0.2084 4.4485 0.2079 4.4549 0.2077 4.4278 0.2084 

β3 -0.0766 0.0059 -0.0827 0.0059 -0.0059 0.0066 -0.0761 0.0300 

β4 - - -0.00007 0.00001 -0.00005 0.00001 -0.00002 0.0010 

u0.10 -5.2853 0.2164 -5.3040 0.2159 -5.3104 0.2158 -5.2847 0.2164 

u0.75 3.6266 0.0759 3.6275 0.0758 3.6284 0.0757 3.6265 0.0759 

u0.97 120.5895 3.3576 121.0616 3.3521 121.2392 3.3514 120.5739 0.3577 

Fitting statistics  

logLik 11496 11497 11501 11490 

AIC -22947 -22947 -22955 -22939 

BIC -22795 -22790 -22797 -22801 

Predictive validation 

T (cm) -0.0049 -0.0046 -0.0052 -0.0050 

MAE (cm) 0.3156 0.3149 0.3143 0.3157 

RMSE (cm) 0.4330 0.4342 0.4339 0.4330 

EF (cm) 0.9952 0.9952 0.9952 0.9952 

 

The stem taper equation with the (P-PET) climatic variable displayed the overall best 

results in the fitting process, although the gain in precision over the Eq. (1) was minor. Meanwhile, 

in the predictive validation, high accuracy was still obtained when modeling stem taper without 

the inclusion of the climatic variable. The overall estimates of every stem taper equation across all 

the TECHS sites and clones showed minimum bias, high model efficiency, and lower MAE and 

RMSE. Irrespective of the approach used to describe the shape of the tree bole; T was never greater 

than -0.0052cm, EF was never lower than 0.9952, while RMSE and MAE were always lower than 

0.43 cm. 

Figure 2 displays the behavior of climatic variable specific fitted stem taper equations, Eq. 

(2), compared to traditional stem taper (Eq. 1) and the average stem taper of the different eucalypt 
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clones. The average estimates generated by every stem taper equation basically overlapped, which 

is in agreement with the findings observed in Table 3. It might be preferred to keep using the 

generalized stem taper equation without any climatic variable included. Including climatic 

variables resulted in a minimal gain in accuracy, and by eliminating such variables it is possible to 

have a parsimonious fitted equation with the same predictive ability. 

Differences in tree shape, height and diameter for the TECHS sites are accounted for in the 

coefficients of the fitted PMS model without any climatic variable. The PMS approach provides 

great flexibility by including knots that describe the profile change of the tree bole and by including 

a tree size variable ( 2

ln 2
10000

DBH H h

H

 
− 

 

). 

 

Figure 2. Comparison of the fitted equations for predicting stem taper for trees of different eucalypt 

clones. 
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In order to estimate dib at any stem height, a specific equation relating this variable to dob 

and 2

ln 2
10000

DBH H h

H

 
− 

 

 was fitted. The coefficients of the fitted equation were significant and showed 

low standard errors (Table 4). To the predictive validation, however, we decided to use the 

estimated dob values generated by the generalized PMS equation (Eq. (1)), instead of the observed 

dob values, as the inputs for the dib equation. Using such criteria allowed inspection of the impact 

of the compounding error from the generalized PMS estimates into the dib estimation. 

 

Table 4. Fitted coefficients with their standard errors (SE) of Eq. (3), and goodness of fit indicators 

(logLik, AIC, BIC, T, MAE, RMSE and EF) to predict dib at any stem height. 

Coefficient Estimates SE 

β1 0.8386 0.0019 

β2 4.1429 0.0781 

Fittings statistics 

logLik 6369 

AIC -12727 

BIC -12687 

Predictive validation 

T (cm) -0.0207 

MAE (cm) 0.3394 

RMSE (cm) 0.4871 

EF  0.9928 

 

The overall validation statistics were satisfactory, with T close to zero, EF close to 1, and 

lower MAE and RMSE values. These results validate the modeling approaches suggested so far. 

Figure 3 emphasizes the accurate behavior of the dib equation and reinforces the high accurate 

estimation generated by the generalized PMS equation, Eq. (1), since the compounding error had 

a minor impact in dib estimation. 
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Figure 3. Performance of the fitted equation for predicting dib for trees of different eucalypt clones.  

 

3.2. Total tree volume prediction based on the generalized PMS taper functions and diameter 

inside bark equations 

The generalized PMS equation without a climatic variable allowed accurate stem taper 

estimation (dob) overall for the different clones and TECHS sites. However, it is critical to check 

if the desired accuracy is maintained in the total tree volume prediction. As previously mentioned, 

the inclusion of climatic variables did not increase the accuracy of the estimates. 

The generalized PMS equation without a climatic variable again performed as well as the 

equations that accounted for climatic variation (Table 5). The estimates of total tree volume inside 

bark (vib) were also accurate, which reinforces the system approach using the generalized PMS 

and dib equations for predicting volume inside bark. 
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Table 5. Goodness of fit indicators (T, MAE, RMSE and EF) to predict total tree volume outside 

bark (Traditional, WD, P-PET, Tavg) and inside bark volume (vib), in m3. 

Statistics Traditional WD P-PET Tavg vib* 

T (m3) 0.0002 0.0003 0.0003 0.0002 0.0208 

MAE (m3) 0.0056 0.0056 0.0056 0.0056 0.0209 

RMSE (m3) 0.0081 0.0081 0.0081 0.0081 0.0229 

EF 0.9889 0.9889 0.9887 0.9989 0.9099 

*the input variable dob was computed using the traditional generalized PMS equation (Eq. 1) 

 

Figures 4 and 5 display the logical behavior of all fitted equations, showing good agreement 

between the predicted and observed total tree volumes. The generalized PMS estimates 

overlapped, which demonstrated that the environmental differences are largely accounted for 

already in the traditional PMS equation. For vib estimation, which fully contains the compounding 

error of the estimates generated by the generalized PMS equation and dib equation, the results 

indicate a high level of agreement between the observed and predicted vib. 
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Figure 4. Comparison of the fitted equations for predicting total tree volume outside bark (m3) with 

observed volume for trees of different eucalypt clones.  

 



 

27 

 

 

Figure 5. Performance of the fitted equation for predicting total tree volume inside bark (m3) with 

observed volume for trees of different eucalypt clones.  

 

3.3. Total tree volume prediction over different clones by the Schumacher and Hall (1933) 

equation 

Table 6 displays the overall fit results of fitted Equations 4-5. Again, the coefficient β3 for 

the climatic variable (Tavg) is the only one not significant. All the other coefficients for every total 

tree volume equation are significant with low standard errors. 
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Table 6. Fitted coefficients with their standard errors (SE), and goodness of fit indicators for 

Equations 4-5 (logLik, AIC, BIC, T, MAE, RMSE and EF). 

Coefficient 
Traditional Eq. (4) WD Eq. (5) P-PET Eq. (5) Tavg Eq. (5) 

Estimates SE Estimates SE Estimates SE Estimates SE 

β0 -9.3536 0.0514 -9.6265 0.0686 -9.7061 0.0666 -9.3456 0.0746 

β01 -0.1702 0.0048 -0.1701 0.0048 -0.1701 0.0048 -0.1701 0.0048 

β1 2.0258 0.0187 2.0295 0.0226 2.0079 0.0243 2.0256 0.0199 

β2 0.6973 0.0080 0.7756 0.0077 0.8267 0.0079 0.6965 0.0081 

β3 - - -0.00007 0.00001 -0.00006 0.00001 -0.00020 0.00130 

Fitting statistics 

logLik 1373 1379 1388 1368 

AIC -2725 -2734 -2753 -2712 

BIC -2673 -2677 -2696 -2655 

Predictive validation 

T (m3) – ob -0.0001 0.0000 0.0000 -0.0001 

MAE (m3) – ob 0.0057 0.0055 0.0055 0.0057 

RMSE (m3) – ob 0.0083 0.0081 0.0081 0.0084 

EF – ob 0.9885 0.9890 0.9890 0.9885 

T (m3) – ib 0.0003 0.0004 0.0005 0.0003 

MAE (m3) – ib 0.0060 0.0058 0.0058 0.0060 

RMSE (m3) – ib 0.0082 0.0081 0.0082 0.0083 

EF – ib 0.9850 0.9850 0.9853 0.9849 

 

One point regarding total tree volume estimation consisted in the decomposition of the 

intercept of every fitted equation to include a dummy variable that allows estimating total tree 

volume inside bark. The inclusion of dummy variables was also tested in the slope coefficients, 

however, in practical terms no gain in the precision of the estimates was checked. Fitting statistics 

allow observing higher precision of the total tree volume equation with inclusion of the climatic 

(P-PET) variable. The higher precision of that formulation, however, was minimum and becomes 

negligible when the predictive validation statistics are observed. In the validation process, we 

noticed that all equations (Traditional vs. Traditional + Climatic) performed similarly for both total 

tree volume outside (vob) or inside (vib) estimation. 
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Figure 6 reflects the performance behavior and virtually ensures the same prediction 

performance of all tested equations. There is no need to add an extra variable for climatic variation 

for total tree volume estimation, since the predictions from the different tested equations 

overlapped and performed well for every clone. As a result, the generalized total tree volume 

equation without any climatic variable is proposed for the estimation of total volume inside and 

outside bark. 

 

Figure 6. Performance of the fitted equations for predicting total tree volume outside bark and total 

tree volume inside bark (m3) with observed volume outside and inside bark for trees of different 

eucalypt clones. 

 

Estimates of volume outside bark generated by either the generalized PMS equation or the 

generalized Schumacher and Hall (1933) equation are very accurate and minor differences can be 
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noticed. It is worth noting, however, the vib estimation, where the generalized Schumacher and 

Hall (1933) equation displayed higher accuracy. This suggests the use of the Schumacher and Hall 

(1933) equation if it is aimed solely to predict total tree volume. Additionally, this single equation 

is simpler to use, which makes possible error propagation less frequent. 

 

3.4. Volume ratio predictions and comparison of these equations with the generalized PMS 

taper model and diameter inside bark equations 

The fitted volume ratio equations used to predict merchantable volume to any upper-stem 

height and top diameter contained significant coefficients with overall low standard errors (Table 

7). The ratio equation to predict merchantable volume to any upper-stem height, however, was 

more precise in the fitting process and in the predictive validation either to predict the cumulative 

volume outside (m3) or inside bark (m3) 
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Table 7. Fitted coefficients with their standard errors (SE), and goodness of fit indicators for 

Equations 6-7 (logLik, AIC, BIC, T, MAE, RMSE and EF). 

Upper stem height Top diameter 

Coefficient Estimates SE Coefficient Estimates SE 

α1 1.0915 0.0064 β4 -0.6349 0.0288 

α2 2.5947 0.0018 β5 5.2876 0.0242 

α3 2.6265 0.0025 β6 4.8945 0.0301 

Fitting statistics 

logLik 52451  35337 

AIC -104892  -70664 

BIC -104856  -70628 

Predictive validation 

T (m3) – ob 0.0001  0.0037 

MAE (m3) – ob 0.0031  0.0074 

RMSE (m3) – ob 0.0053  0.0108 

EF – ob 0.9959  0.9832 

T (m3) – ib 0.0003  -0.0047 

MAE (m3) – ib 0.0034  0.0076 

RMSE (m3) – ib 0.0056  0.0109 

EF - ib 0.9939  0.9767 

 

It is worth mentioning that the compounding error was again observed. To evaluate the 

equations behavior under predictive validation, total tree volume was generated by the generalized 

total tree volume equation (Eq. (4)). The T values being closer to zero, EF closer to one, and low 

MAE and RMSE indicate that the compounding error did not cause major impact in the 

merchantable volume estimates, either to any upper-stem height (outside and inside bark) or to any 

top diameter (outside and inside bark). This behavior is highlighted in Figures 7 and 8, where it is 

also visible that the most accurate estimates generated by the volume ratio equation were those 

that predict merchantable volume to any upper-stem height.  
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Figure 7. Comparison of the fitted equations for predicting cumulative tree volume outside bark 

(m3) for trees of different eucalypt clones.  
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Figure 8. Comparison of the fitted equations for predicting cumulative tree volume inside bark 

(m3) for trees of different eucalypt clones. 

 

By combining the two volume ratio equations it is possible to implicitly obtain a 

generalized taper equation. The accuracy of the generalized implicit taper equation, however, is 

sacrificed up to the top diameter at 6 cm (outside bark) and 7 cm (inside bark), which means that 

if the focus of the forestry enterprise consists to merchandize multiple products, the generalized 

PMS equation (combined with a dib prediction equation to predict vib) should be preferred, since 

it has superior prediction for the most valuable part of the tree (Table 8). If the forestry enterprise 

focus on the production of a single product however, the total volume equation combined with the 

volume ratio equations are satisfactory, since they provide accurate estimates to the top diameters 

and are easy to use. 
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Table 8. Performance (T, MAE and RMSE) of the top diameter volume ratio and PMS equations 

along different top diameters (cm). 

Equation Statistics 3 cm 4 cm 5 cm 6 cm 7 cm 8 cm 9 cm 10 cm 11 cm 12 cm 

Cumulative volume outside bark 

PMS 

Eq. (1) 

T (m3) 0.0003 0.0053 0.0008 0.0011 0.0012 0.0012 0.0011 0.0006 0.0001 -0.0003 

MAE (m3) 0.0054 0.0053 0.0051 0.0047 0.0044 0.0039 0.0033 0.0026 0.0021 0.0016 

RMSE (m3) 0.0078 0.0075 0.0073 0.0068 0.0062 0.0056 0.0047 0.0039 0.0032 0.0026 

Top diameter 

Eq. (7) 

T (m3) 0.0003 -0.0021 -0.0018 -0.0030 -0.0031 -0.0024 -0.0005 0.0046 0.0088 0.0111 

MAE (m3) 0.0042 0.0043 0.0044 0.0057 0.0059 0.0070 0.0093 0.0101 0.0110 0.0119 

RMSE (m3) 0.0064 0.0066 0.0068 0.0085 0.0092 0.0101 0.0127 0.0129 0.0146 0.0159 

Cumulative volume inside bark 

PMS 

Eqs (1), (3) 

T (m3) -0.0007 -0.0006 -0.0006 -0.0005 -0.0005 -0.0007 -0.0008 -0.0013 -0.0020 -0.0026 

MAE (m3) 0.0079 0.0078 0.0077 0.0074 0.0072 0.0066 0.0059 0.0050 0.0043 0.0037 

RMSE (m3) 0.0115 0.0113 0.0112 0.0107 0.0103 0.0097 0.0089 0.0081 0.0075 0.0071 

Top diameter 

Eq (7) 

T (m3) -0.0006 -0.0006 -0.0019 -0.0033 -0.0035 -0.0032 -0.0051 -0.0046 -0.0067 -0.0061 

MAE (m3) 0.0049 0.0049 0.0052 0.0059 0.0065 0.0071 0.0079 0.0084 0.0092 0.0100 

RMSE (m3) 0.0068 0.0069 0.0078 0.0087 0.0089 0.0093 0.0105 0.1077 0.0115 0.0127 

 

4. Discussion 

Accurate modeling of individual tree volume and shape of the tree bole is critical in order 

to maximize the level of information provided by the forest inventory. When the growth and yield 

system contains tree diameters at breast height, the individual tree volume models are useful to 

update inventories and forecast yields (Casnati, 2016). In this study, we developed generalized 

stem taper, total tree volume and volume ratio equations for clonal eucalyptus in Brazil. The range 

of the dataset used in this study encompassed all tropical regions in Brazil and the eleven most 

widely planted eucalypt clones (Binkley et al., 2017). The analysis highlighted the accurate 

predictions generated by the fitted generalized equations and suggested that including climate 

variation into the equations is not necessary. 

To our knowledge, this represents the first time that generalized equations aimed to 

accurately either describe the shape of the tree bole or to estimate total and merchantable tree 
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volume for commercial plantations in Brazil were developed. At present, all the initiatives of 

developing volume or stem taper equations in Brazil are focused on small or micro regional scale 

(Scolforo et al., 2018). Indeed, Assis et al. (2001) suggested that every equation should be fitted 

under specific geographical areas and clones, although clonal-specific fitting was demonstrated to 

not be necessary (Scolforo et al., 2018). 

Climate governs forest productivity (Almeida et al., 2010). It is evident from our findings, 

however, that including climatic variables in these equations should not be a concern. Data was 

collected under the entire range of Brazilian climate regions (Binkley et al., 2017), and our tested 

equations demonstrated that the climatic impact is already fully captured by the other coefficients. 

Gomat et al. (2011) demonstrated similar behavior by developing a stem taper equation for 

eucalyptus in the Congo.  

The coefficients of the generalized equations have the full range of Brazilian climatic 

variation already embedded and the predictions generated from such equations in this range are 

accurate (T and EF always close to 0 and 1, respectively, and low values of MAE and RMSE). 

Antonio et al. (2007) developed allometric equations to predict Eucalyptus globulus biomass and 

their findings suggested that including climatic variables did not add any gain in the accuracy of 

the estimates. This result is in agreement with our findings and suggests that climate impact is 

already captured in the traditional equation forms. Although our findings suggest one trend, Nigh 

and Smith (2012) reported that annual precipitation and the Julian date of the first frost after the 

summer growing period are powerful predictors that add accuracy for stem taper equation of Pinus 

contorta Dougl. ex Loud. in Canada. 

Accurate estimates are the key point when selecting a stem taper equation. Low bias and 

accurate estimates of dob, dib and volume inside and outside bark were obtained by using the PMS 
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approach. The great stability of the estimates suggested that not only are generalized equations 

appropriate for accurately predicting stem taper and volume for a variety of clones (Scolforo et al., 

2018), but they can span different climate regions as well. The accurate predictions along the stem 

and for the most valuable part of the tree (first logs) (Li and Weiskittel, 2010) suggest assured 

widespread use of the generalized PMS equation across Brazil. Additionally, the compounding 

error of the predictions generated from the PMS equation by combining the dib model to vib should 

not be a concern, since the estimates are still highly accurate. To forest managers this equation 

should be preferred when the forestry enterprise focus is on the production of multiple products 

(Scolforo et al., 2018). 

On the other hand, for forestry enterprises that focus the production of single products, 

which is customarily the rule in Brazil (Carvalho et al., 2005), total and volume ratio equations 

should be preferred. The low bias and accurate estimates through the use of the total tree volume 

(Schumacher and Hall, 1933) equation are worthy of highlight, where the equation furnishes good 

estimates of volume inside and outside bark. To our knowledge this is the second time that ratio 

equations were developed in Brazil (McTague et al., 1989). Bullock and Burkhart (2003) 

successfully developed a general set of equations to predict Pinus taeda green weight in southern 

USA. Compounding error of using the predictions of total tree volume as input to estimate 

merchantable volume to any upper stem height or top diameter was demonstrated to not be a 

concern. We noticed a negligible effect of the compounding error in the merchantable tree volume 

predictions. The predictions are accurate, and illogical crossing of the estimated values are 

avoided, which would be caused by fitting independent Schumacher and Hall (1933) equations for 

predicting total tree and merchantable volume to specific upper-stem diameters (Azevedo et al., 

2011). 
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Finally, an implicit taper equation can be derived from the ratio equations; however, the 

PMS equation should be preferred for stem taper predictions. The sums of squared errors for 

cumulative volume were minimized to obtain the coefficients for the ratio equations, which implies 

at some sacrifice of the precision generated by this implicit stem taper equation for upper-stem 

diameter (Burkhart and Tomé, 2012). 

 

5. Conclusions 

Stem taper, total tree volume and volume ratio equations performed well when predicting 

volume, outside and inside bark, across a wide range of climate regions and clones. Since the 

database encompasses all climate regions of tropical Brazil, the developed equations should be 

applicable across all of tropical Brazil. 

The inclusion of climatic variables to increase the accuracy of the stem taper and volume 

estimates was not found to be necessary. This suggests the use of the generalized equations without 

considering the addition of climatic variables. 

The generalized PMS equation displayed great stability for diameter outside bark and 

volume predictions along the stem profile. Combining the PMS model to a dib equation allows for 

the accurate estimation of dib and vib along the stem as well. This set of equations should be 

preferred when forestry enterprises have a diversified range of products generated by the forest. 

The generalized total tree volume equation, combined with the ratio equations, allows for 

the estimation of total and merchantable tree volume, either to any upper-stem height or top 

diameter. The application of these equations is highly recommended when simple analyses are 

preferred and when the forestry enterprises are focused on the production of a single product. 
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All the generalized equations with their clonal specific coefficients are presented in 

Appendices. 
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CHAPTER 3: YIELD PATTERN OF EUCALYPT CLONES ACROSS TROPICAL 

BRAZIL: AN APPROACH TO CLONAL GROUPING 

 

Abstract: The research objective of this paper was to group eleven widely planted eucalypt clones 

based on their volume yield pattern by assessing how climatic variation impacts their productivity 

in tropical Brazil. A total of 187 plots evenly distributed across eleven clones and 17 sites (from 

Paraná to Pará State) were used. Plot measurements were carried out every six months (from 2013 

to 2017) to evaluate eucalyptus growth. Since the year of plot establishment differs across the sites, 

volumes of all the plots and sites were standardized at a common age of 5 years. Clonal grouping 

analysis was performed based on the common age for volume yields using a new approach, which 

consisted of three steps: 1) create general groups based on testing of the slope coefficient, which 

was applied to every clonal-specific regression with volume yield as a function of annual water 

deficit index (WDI); 2) split each general group using volume yield deviation computations into 

subgroups of high and low productivity; 3) apply linear mixed effects models for every subgroup 

in order to confirm the non-existence of statistical difference among the volume yield of the clones. 

Statistical tests showed satisfactory yield estimates at the common age of 5 years. Clonal grouping 

revealed the identification of four groups (A: high productivity and non-sensitive to climate 

variation, B: high productivity and sensitive to climate variation, C: low productivity and sensitive 

to climate variation, D: low productivity and non-sensitive to climate variation). The volume yield 

of the Clonal group B was detected to be the most impacted by annual water deficit index variation, 

followed by clonal groups C, A and D. The findings of the study highlighted the utility of the 

proposed approach for grouping clones. Group identification and detection of the climatic impact 

on yield patterns was evaluated as a measure to increase site-specific productivity. 
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1. Introduction 

Intensively managed plantations supply 33% of the world´s non-fuelwood demand, even 

though their area correspond to only 1.5% of the forests in the world (INDUFOR, 2012). These 

productive forests have alleviated the historical pressure on native forests in some places (Hayes 

et al., 2005), and eucalyptus plantations emerge as the pinnacle of fast-growing forests. This genus 

is well known for the highest growth rate among the hardwoods in the world, where the 

productivity in Brazil has increased about 3-fold in the past 40 years (Stape et al., 2010). This 

dramatic increase of eucalyptus productivity is a consequence of the summation of key factors: 

development of superior clones and silvicultural practices including site preparation, fertilization, 

weed control and spacing (Stape et al., 2010). 

Intensively managed plantations focus on the manipulation of soil and stand conditions in 

order to minimize the environmental constraints that may limit tree growth (Fox, 2000). The 

climate effect, however, cannot be controlled, which highlights the importance to understand its 

effect on forest production. As noted by several authors (Almeida et al., 2010; Scolforo et al., 

2016), droughts can dramatically reduce eucalyptus productivity. This climate phenomenon makes 

plantations more susceptible to attack of pests, disease, and catastrophic mortality. 

Traditional areas of eucalyptus plantations in Brazil have faced unusual droughts in the 

past few years. The market demand for bio products however, has increased and prompted the 

expansion of eucalyptus plantations even to drier sites (Binkley et al., 2017). These facts have 

challenged the development and selection of silvicultural regimes and clones to successfully keep 

commercial plantations with high growth rate in these new conditions. 

Changes in silvicultural regimes, such as the reduction in the number of planted trees per 

hectare (Hakamada et al., 2017), can reduce tree mortality by mitigating the competition for water 
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resources. On the other hand, clonal deployment and selection seems to be more challenging, since 

the genotype x climate (G x E) interaction may be substantial (Binkley et al., 2017).  

On one hand, the development of breeding programs has increased eucalyptus productivity 

and wood quality (Lemos, 2012), but on the other hand, little effort has been extended to verify 

how the large variety of clones interact with climate (Scolforo et al., 2017). Questions always arise, 

especially the ones concerning: 1) how does clonal productivity vary across different sites; 2) are 

there clones with similar volume yield pattern spanning large areas? These questions are crucial 

in the context of the selection of the most proper clones to match specific sites in order to avoid 

plantation failure (Gapare et al., 2015). 

Some studies have started to address some of these questions, such as Scolforo et al. (2017) 

and Marcatti et al. (2017). These authors used statistical models for recommending the appropriate 

places where different clones should be planted. Their methodology focused on the gain of forest 

productivity by using climate information. Calegario et al. (2005) suggested the combination of 

climate and/or soil data with mixed effects modeling to improve clonal selection for maximizing 

forest productivity. Almeida et al. (2010) proposed clonal selection to increase eucalyptus 

productivity through the use of ecophysiological models. 

It is still necessary to acquire better understanding of how clonal productivity varies along 

a national climate gradient, and if certain clones can be grouped according to similar volume yield 

patterns. Furthermore, observing how volume yield patterns vary with clonal group and climate is 

crucial for proposing site-specific management. Clonal grouping may be used by geneticists by 

searching for a few physiologic characteristics that explain how different clones have similar 

environmental interaction (Scolforo et al., 2017). This may serve as baseline information for 

developing superior clones in Brazil. 
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This paper provides an approach of clonal grouping based on the volume yield pattern of 

11 widely planted eucalypt clones, evenly distributed across 17 sites in tropical Brazil. The 

approach enables assessment of how annual water deficit index variation impacts clonal 

productivity in tropical Brazil. 

 

2. Material and methods 

2.1. Characterization of the sites and database 

The database is composed of remeasurement information from 17 research sites that span 

tropical Brazil (sites: 2, 4, 5, 7, 8, 9, 11, 13, 14, 20, 22, 24, 26, 29, 30, 31 and 33). These sites are 

part of the TECHS Project (Tolerance of Eucalyptus Clones to Hydric, Thermal and Biotic 

Stresses), which was launched in 2011 in Brazil and northern Uruguay (Binkley et al., 2017). The 

database of this study, however, is concentrated in tropical Brazil, which ranges from Paraná to 

Pará State (Figure 1). 

The TECHS sites are located in the full climate gradient of tropical Brazil (Am, As, Aw, 

Cfa, Cfb, Cwa, and Cwb) (Alvares et al., 2013). This means that the studied sites encompass a 

wide range of temperatures (18 to 28 degree Celsius), annual precipitation (493 to 1674 mm), 

annual potential evapotranspiration (1333 to 1980 mm) and annual water deficit index (-1202 to -

24 mm). The TECHS sites range from dry areas to areas without hot seasons and rainfall limitation. 

Soils for these sites are represented by oxisols (68% of the sites), entisols (23% of the sites), 

and ultisols (9% of the sites), while elevation ranges from close to sea level (36m) up to 969 meters 

above sea level. Detailed information regarding this project can be found in Binkley et al. (2017), 

where the authors highlight the unique features of the TECHS project. 
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Figure 1.  TECHS sites across tropical Brazil. 

 

To investigate eucalyptus growth, TECHS sites were installed between January and May 

of 2012. A total of 11 commonly deployed clones (A1, B2, C3, D4, E5, G7, H8, K2, P7, Q8 and 

R9) were planted at every TECHS site. Every block plot contains 80 trees, equally spaced at 3 x 3 

meters. All plots were intensively fertilized to mitigate nutrient deficiency and competing weed 

vegetation was properly controlled. 

The first plot measurements were conducted between December/2012 and May/2013. After 

the initial measurement, all TECHS sites were inventoried every six months (last inventories in 

April/2017). The diameter at 1.30 meters aboveground (DBH in cm) and total height (h in m) of 

all trees were always measured. Individual tree volumes were obtained through the use of the 

equation developed by Scolforo et al. (2018a). 
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To record weather information, weather stations were installed at all of the TECHS sites.  

Thus, variables such as annual precipitation (P in mm), average temperature (Tavg, 
0C), annual 

potential evapotranspiration (PET, mm) and water deficit index (WDI, mm) were daily recorded. 

Large climatic variability is apparent (Table 1), and fully expected, given the size of large tropical 

country such as Brazil. Annual water deficit index can be calculated as: 

                                       
12

1

( )( )
n

WDI PET P PET P WSC
=

= −  − +                                        (1) 

where, ( PET P ) is a dummy variable; WSC is the water storage capacity in mm; all other 

variables are defined. 
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Table 1. TECHS sites and their average key environmental attributes between the period of 2012 

-2017. 

TECHS Latitude (degrees) Longitude (degrees) Tavg(0C) P (mm.yr-1) PET (mm.yr-1) WDI (mm.year-1) 

2 −24.21 −49.97 18.38 1673.87 1343.95 -24 

4 −19.31 −42.42 22.85 1155.86 1412.95 -443 

5 −18.58 −42.93 20.75 1098.25 1450.75 -523 

7 −18.02 −50.90 22.92 1544.24 1631.77 -655 

8 −11.86 −38.37 24.65 700.18 1663.73 -861 

9 −18.73 −47.92 22.90 1341.04 1683.09 -520 

11 −18.71 −52.59 22.63 1188.39 1980.08 -714 

13 −20.90 −51.90 25.05 1227.49 1563.55 -484 

14 −19.96 −51.59 24.47 1233.20 1686.19 -562 

20 -22.35 -46.97 21.99 1332.96 1461.30 -309 

22 −24.23 −50.53 18.41 1662.67 1342.15 -34 

24 −22.73 −49.00 21.51 1281.64 1333.24 -314 

26 −16.78 −44.31 23.79 684.84 1801.26 -1203 

29 −3.44 −43.07 27.56 1201.79 1920.37 -1012 

30 −17.32 −43.77 23.98 493.06 1398.32 -1156 

31 −16.34 −39.60 23.32 1165.06 1497.08 -524 

33 −23.85 −48.70 20.14 1436.02 1378.82 -177 

*PET calculated through the use of the Penman–Monteith equation. 

 

2.2. Standardized volume yields of the clones 

While the installation dates varied among the TECHS sites, the stand volume yield (V) was 

standardized at a common age of 5 years. This age is at the full rotation range of eucalyptus 

plantations under the clear-cut system for pulpwood production (Fialho and Zinn, 2014). 

There are numerous options for growth equations with desirable properties to model 

biological data (Burkhart and Tome, 2012), such as the Chapman-Richards and the Logistic model 

(Raimundo et al., 2017). For purposes of this research, however, the standardization of volume 

yield was accomplished with a polynomial equation. Typically, polynomial equations are not used 

for the modeling of biological growth, since they display unstable growth predictions and generally 

do not contain the logical constraint of V = 0 at Age = 0. 
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Three patterns of stand volume growth over time can be observed with the plots across the 

TECHS sites (Figure 2). The first pattern is based on regular forest growth, where some tree 

mortality is observed, while the second pattern displays an unusual mortality rate over time. The 

high mortality rate in the second pattern is probably due to climatic events that induce high 

mortality and give the impression that growth is not occurring at the stand level. Chapman-

Richards or the Logistic growth model can be applied to properly describe the forest development 

over time under these patterns 1 and 2. These growth models, however, cannot be properly applied 

to the third pattern. This third pattern implies that catastrophic mortality occurred in the stands. 

Indeed this is the case for some eucalypt clones that have faced catastrophic mortality in some 

TECHS sites with a noticeable drop in volume at a certain point in time.  

 

Figure 2. Three patterns of stand volume growth. 

 



 

51 

 

As opposed to growth and yield studies that have eliminated plots where catastrophic 

mortality was detected (Crecente-Campo et al., 2009), one of the objectives of this paper is to 

identify if clones can be grouped according to similar volume yield patterns across tropical Brazil. 

This means that none of the plots can be removed from the database and it implies that a very 

flexible model must be used to allow for accurate volume standardization at a common age. 

A polynomial equation was used to surmount the problem of catastrophic mortality and to 

allow for the estimation of the volume yield for each clone across all the sites at a common age of 

5 years. The fitted polynomial was solely used for volume standardization; there is no intention to 

extrapolate growth outside of 5 years old or to make inference about forest growth. 

The exponents chosen to fit the polynomial equation were: 1, 3.5 and 6. These exponents 

ensured that, even with a large drop in volume for some clones across certain TECHS sites, the 

possibility of predicting negative values was eliminated. The polynomial equations were fitted as 

normal linear mixed models (Eq. 2), where the expressions for the intercept and slopes are declared 

random based on nested plot (TECHS site) and TECHS site. 

A model with only fixed effect coefficients might possibly result in a monotonic increase 

of volume over time (which would not represent the third pattern presented in Figure 2). More 

accurate volume standardization is possible when using nested random effects within the flexible 

polynomial model. 

           𝑉𝑖𝑗𝑘 =  (𝛽0 + 𝑏0𝑖𝑗) + (𝛽1 + 𝑏1𝑖𝑗)𝐴𝑔𝑒 + (𝛽2 + 𝑏2𝑖𝑗)𝐴𝑔𝑒3.5 + (𝛽3 + 𝑏3𝑖𝑗)𝐴𝑔𝑒6 + 휀𝑖𝑗𝑘   (2) 

where, 𝑉 is total volume outside bark in m3.ha-1; Age in months, subscripts i, j and k refer to plot i 

of TECHS site j at age k; 𝛽0, 𝛽1,  𝛽2 𝑎𝑛𝑑  𝛽3 are fixed coefficients to be estimated; 

𝑏0𝑖𝑗, 𝑏1𝑖𝑗, 𝑏2𝑖𝑗 𝑎𝑛𝑑𝑏3𝑖𝑗 are random coefficients based on plot (TECHS site) and TECHS site; 

휀𝑖𝑗𝑘~𝑁(0, 𝜎2𝐼) and 𝑏𝑖𝑗~𝑁(0, 𝜎2𝐷). 
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Bias (T), Mean absolute error (MAE) and Root Mean Square Error (RMSE) were used to 

assess the performance of the polynomial equation. Additionally, graphical analysis supported the 

evaluation. 

                                                             𝑇 =  
1

𝑛
∑ (𝑂 − 𝑃𝑟)𝑛

𝑖=1                                                        (3) 

                                                        𝑀𝐴𝐸 =  
1

𝑛
∑ |𝑂 − 𝑃𝑟|𝑛

𝑖=1                                                       (4) 

                                                           𝑅𝑀𝑆𝐸 =  √
∑ (𝑃𝑟−𝑂)2𝑛

𝑖=1

𝑛
                                                       (5) 

where, 𝑃𝑟 is the predicted values; 𝑂 is the observed values; 𝑛 is the number of observations. 

 

2.3. Grouping clones with similar volume yield pattern 

Scolforo et al. (2017) suggested a clonal grouping by means of comparing dominant height 

increment. The authors stated their study area did not include catastrophic mortality, which implies 

that a site quality measure was sufficient for the purpose of clonal grouping since dominant height 

is largely independent of stand density. 

Some clones across certain TECHS sites have experienced catastrophic mortality. Thus, 

biased results can be produced by using this site quality measure, since stand density in some cases 

does not surpass 55 trees per hectare. Accordingly, in this study, it was used a different, simple 

and useful approach, which consist of 3 steps. 

In the first step, clonal-specific equations with volume yield (m3.ha-1) as a function of 

annual water deficit index (mm.year-1) were fitted. This way, the age 5 volume yield (estimated 

from Eq. 2) of each clone across every TECHS site was related to the annual WDI (mm.year-1).  
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                                                            𝑌𝑗 =  𝛽0 + 𝛽1𝑊𝐷𝐼𝑗 + 휀𝑗                                                   (6) 

where, 𝑌𝑗 is age-5 volume yield (m3.ha-1); WDI is the mean annual water deficit index in mm.year-

1 from the time when TECHS sites were installed up to five years later; subscript j refers to TECHS 

site; 𝛽0 𝑎𝑛𝑑 𝛽1 are fixed coefficients to be estimated; 휀𝑗~𝑁(0, 𝜎2𝐼). 

 

WDI was selected as the independent variable, since it integrates several soil, climate and 

topography variables and serves as a powerful predictor for describing environmental differences 

among the TECHS sites. The use of this index followed the pioneering applications of water 

balance by Golfari et al. (1978), where the authors divided Brazil in 26 regions and emphasized 

how water deficit is a critical variable with regards to constrains forest productivity. The variable 

used in this study, however, consists in the combination of the water storage capacity with water 

deficit, which results in the water deficit index (Montes et al., 2015). This is a powerful variable 

to represents the water balance and availability at the stand-level. 

After fitting each clonal-specific equation, a test with respect to the slope coefficient of 

each clonal-specific fitted equation was performed. Recalling the first normal equation for least 

squares: 

                                                                 �̂�0 =  �̅� − �̂�1𝑊𝐷𝐼̅̅ ̅̅ ̅̅                                                         (7) 

If a ratio with fitted intercept/average volume yield > 0.5, it can be assumed that at least 

50% of the range of volume yield of one clone across the TECHS sites is randomly explained. 

This implies that the volume yield of such clone is not greatly impacted by the environmental 

differences (climatic variation) along the TECHS sites and this volume yield behavior is 

demonstrated to be more stable (non-sensitive to climate variation). On the other hand, if the ratio 

with fitted intercept/average yield < 0.5, the environmental differences (climatic variation) across 
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the TECHS sites explain at least 50% of the range in volume yield of such clone along tropical 

Brazil. This fact characterizes the volume yield behavior of the clone as unstable (sensitive to 

climate variation). Thus, the ratio (or slope coefficient) test is: 

                                                            |
�̂�0

�̅�
| = |1 − �̂�1 (

𝑊𝐷𝐼̅̅ ̅̅ ̅̅

�̅�
)| ≥ |0.5|                                             (8) 

or equivalently: 

                                                                   |�̂�1| ≤ |0.5 (
�̅�

𝑊𝐷𝐼̅̅ ̅̅ ̅̅
)|                                                      (9) 

where, �̅� is the average volume yield (m3.ha-1) of the clone among the TECHS sites; 𝑊𝐷𝐼̅̅ ̅̅ ̅̅  is the 

mean annual water deficit index (mm.year-1) among the TECHS sites; �̂�1 is the fitted slope 

coefficient. 

 

The first step allowed for the identification of two general clonal groups: sensitive to 

climate variation and non-sensitive to climate variation. The second step consisted of subdividing 

each general group in two subgroups (high productivity and low productivity). For this purpose, 

the deviation test was computed: 

                                                   𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛 (𝑚3. ℎ𝑎−1)𝑖𝑗𝑘 =  𝑌𝑖𝑗𝑘 − �̅�𝑗𝑘                                   (10)  

where, 𝑌𝑖𝑗𝑘 is the age 5 volume yield (m3.ha-1) estimated from Eq. 2 of clone i of general clonal 

group j of TECHS site k; and �̅�𝑗𝑘 is the average age 5 volume yield (m3.ha-1) of clones contained 

in the general clonal group j of TECHS site k. 

 

Thus, the deviation test was used to place the clones into subgroups (high productivity and 

low productivity). If the value of the Deviation computation (from Eq. 10) was greater than zero 

for one clone in at least 
1

2
TECHS sites + 1 (or 9 TECHS sites), that clone was classified under the 
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subgroup of high productivity. Otherwise, the clone was classified under the subgroup of low 

productivity. 

At the conclusion of Tests (steps) 1 and 2, the 11 eucalypt clones were classified into one 

of the four groups: 1) high productivity and non-sensitive to climate variation; 2) high productivity 

and sensitive to climate variation; 3) low productivity and sensitive to climate variation; 4) low 

productivity and non-sensitive to climate variation. 

Four clonal groups were identified, and some of these groups contain more than one clone. 

Therefore, the third proposed step was concentrated on groups with multiple clones, to detect if 

there was a statistical difference among the volume yields of the clones in a particular group. This 

step tested if the clones in one particular group in fact displayed similar volume yield patterns 

among the TECHS sites and within the TECHS sites. The following linear mixed effect model was 

used for this purpose: 

                                           𝑌𝑖𝑗 =  (𝛽0 + 𝑏0𝑖𝑗)𝐶𝑙𝑜𝑛𝑒𝑖𝑗+𝛽1𝐶𝑙𝑜𝑛𝑒𝑖𝑗𝑊𝐷𝐼𝑖𝑗 + 휀𝑖𝑗                          (11) 

where, 𝑌𝑖𝑗 is volume yield (m3.ha-1); Clone is the dummy variable replacing the intercept; WDI is 

the mean annual water deficit index (mm.year-1); subscripts i and j refer to plot i of TECHS site j; 

𝛽0 𝑎𝑛𝑑 𝛽1 are fixed coefficients to be estimated; 𝑏0𝑖𝑗 are random coefficient based on plot (TECHS 

site) and TECHS site; 휀𝑖𝑗~𝑁(0, 𝜎2𝐼) and 𝑏𝑖𝑗~𝑁(0, 𝜎2𝐷). 

 

All analyses were performed using the packages nlme (Pinheiro et al., 2016) and ggplot2 

(Wickham, 2009) in the software R (R Core Team, 2015). 
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3. Results 

3.1. Fitted equation for standardizing the volume yields of the clones 

A polynomial of integer and real powers was chosen to model the volume growth of the 

clones in order to allow for the standardization of the volume yield at a common age of 5 years for 

all the plots and TECHS sites. The fixed effect slope coefficients are all positive demonstrating a 

monotonic increase of volume over time (Table 2). 

Therefore, the specific fitted coefficients generated for each nested combination [plots 

(TECHS site) and TECHS site] through linear mixed effect modeling were applied to standardize 

the volume yields. The accurate predictions are partially an artifact of the random effects, however 

when combined with this flexible polynomial, it demonstrated consistent estimates for stands that 

have been subjected to either catastrophic mortality, unusual high mortality rate, or regular tree 

mortality (Figure 3). 

The overall fit statistics (RMSE = 10.97 m3.ha-1, MAE = 7.75 m3.ha-1 and T = -0.24 m3.ha-

1) are good. The high agreement between the estimates generated by the fitted polynomial with 

specific coefficients for every nested combination and the observed stand volumes is indicative of 

the good estimates of standardized volume yields at the common age of 5 years. 

 

Table 2. Fitted coefficients for the fixed β parameters of Eq. 2 and their associated standard errors 

(SE, m3.ha-1) of the fitted polynomial. 

Parameter Estimate SE 

Intercept  -40.53* 2.24 

Age 4.30* 0.14 

Age3.5 3.00E10-5* 0.50 E10-6 

Age6 1.25E10-9* 0.20 E10-10 

*significant at alpha = 0.05. 
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Figure 3 Agreement between the predicted volumes using all the fixed and random coefficients of 

Eq. 2 and the observed stand volumes (m3.ha-1). 

 

It is worth mentioning that while the condition that V = 0 when Age = 0 could be ensured 

by fitting the model without an intercept, that approach was explored and the results for the primary 

objective (standardized volume predictions) was substantially compromised. 
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3.2. Identifying clones with similar yield pattern across Brazil – clonal grouping 

Since the fitted polynomials displayed accurate estimates (using all the fixed and random 

coefficients of Eq. 2), the volume yields were reliably estimated at age 5 for all clones across all 

the TECHS sites and these volume yields were used throughout the rest of this paper. 

Figure 4 shows the volume yield range of each clone along the annual water deficit index 

(WDI) gradient. This figure infers that an increase in WDI (decrease in absolute terms) is 

responsible for an increase in volume yield of all clones, although the WDI effect on volume yield 

differs among clones. It is worth mentioning that several climatic variables have been recorded on 

a daily basis. In this analysis, only WDI was used, since the majority of the other climate variables 

are already integrated into this variable. 

 

Figure 4. Volume yield of the clones along annual water deficit index (WDI) gradient. 
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Table 3 displays the fitted linear regressions for every clone (step one - based on Eq. 6). 

All the fitted coefficients of these linear regressions were statistical significant (alpha = 0.05).  The 

trend observed in Figure 4 was adhered, since the increase (decrease in absolute terms) of WDI 

increases the volume yield of all the clones, although at different rates. The slope coefficient test 

demonstrated that clones A1 and P7 were classified under the general group non-sensitive to 

climate variation. As previously mentioned and exemplified through Eqs. 7 - 9, at least 50% of the 

volume yield range for these clones is randomly explained, which implies a diminished effect of 

WDI with respect to their volume yield range. On the other hand, the opposite behavior is noticed 

for the other nine eucalypt clones. For these nine clones, the fitted slope coefficients implied that 

WDI variation is a major driver in explaining the volume yields of these clones. Thus, the other 

nine clones (B2, C3, D4, E5, G7, H8, K2, Q8 and R9) were classified into the general group, 

denoted as sensitive to climate variation. 

 

Table 3. Average volume yield (�̅�) in m3.ha-1, mean annual water deficit index (𝑊𝐷𝐼̅̅ ̅̅ ̅̅ ) in mm.year-

1, fitted linear regressions and the general groups to which each clone belongs. 

Clone �̅� 𝑊𝐷𝐼̅̅ ̅̅ ̅̅  Fitted regression |�̂�1| Relationship |0.5 (
�̅�

𝑊𝐷𝐼̅̅ ̅̅ ̅̅
)| 

General 

group 

A1 259.8 -559.7 �̂�= 356.24 + 0.177WDI 0.177 < 0.232 NS 

B2 260.7 -559.7 �̂� = 397.83 + 0.261WDI 0.261 > 0.233 S 

C3 179.7 -559.7 �̂� = 308.58 + 0.230WDI 0.230 > 0.161 S 

D4 227.5 -559.7 �̂� = 372.69 + 0.259WDI 0.259 > 0.203 S 

E5 235.6 -559.7 �̂� = 364.32 + 0.229WDI 0.229 > 0.211 S 

G7 210.2 -559.7 �̂� = 326.54 + 0.208WDI 0.208 > 0.188 S 

H8 224.9 -559.7 �̂� = 363.63 + 0.250WDI 0.250 > 0.201 S 

K2 194.2 -559.7 �̂� = 348.08 + 0.275WDI 0.275 > 0.173 S 

P7 126.4 -559.7 �̂� = 167.93 + 0.074WDI 0.074 < 0.113 NS 

Q8 189.0 -559.7 �̂� = 303.32 + 0.204WDI 0.204 > 0.169 S 

R9 194.3 -559.7 �̂� = 304.00 + 0.176WDI 0.176 > 0.174 S 

S: sensitive to climate variation; NS: non-sensitive to climate variation 
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Clones A1 and P7 belong to the general group labeled as non-sensitive to climate variation. 

Proceeding to the second step, Clone A1 was classified in the high productivity subgroup. The 

deviations of Eq. 10 for this clone were always above zero across every TECHS site, while the 

opposite behavior was observed for clone P7 (Figure 5a). 

Higher variation in the volume yield deviations for the general group, denominated as 

sensitive to climate variation, was observed, where clone B2 is an exception, since the deviations 

of Eq. 10 for this clone were always above zero across every TECHS site. Clones D4, E5 and H8 

also displayed the majority of their deviations above zero across the TECHS sites. The other 5 

clones (C3, G7, K2, Q8 and R9) displayed the opposite behavior with the majority of their 

deviations below zero across the TECHS sites (Figure 5b).  

 

Figure 5. Volume yield deviation of the clones across the TECHS sites (represented by WDI) of 

the general group non-sensitive to climate variation a); and sensitive to climate variation b). 
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Clones B2, D4, E5 and H8 were then classified in the high productivity subgroup of the 

general group identified as sensitive to climate variation, while clones C3, G7, K2, Q8 and R9 

were classified into the low productivity subgroup. These results are consistent with the volume 

yield patterns of the eucalypt clones, since the volume yield range of the clones within each 

subgroup are similar within each TECHS site (Figure 6). 

 

Figure 6.  Volume yield pattern of the clones across the subgroups: high productivity a); and low 

productivity b). 

 

Grouping clones under the general group non-sensitive to climate variation into the 

subgroups of high and low productivity is non-controversial. However, for the high and low 

productivity subgroups under the general group sensitive to climate variation, a deeper analysis 

was necessary in order to ensure that the grouping was consistent. 

Proceeding to the third step of the clonal grouping approach proposed in this study, linear 

mixed effect models were applied. Volume yield (at common age of 5 years) as a function of 
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clones, annual water deficit index (WDI) and the interaction (clones and WDI) was fitted to 

validate the two subgroups under the sensitive to climate variation general group. Two independent 

equations were fit; one for each subgroup. Clones with the highest overall volume yields were 

defined as the baseline dummy variable for the comparisons in each subgroup. It is noticeable that 

neither the clones of the high productivity nor the low productivity subgroup showed any statistical 

difference within the TECHS sites (Tables 4 and 5). These results statistically validated the within 

subgroup homogeneity of the low and high productivity subgroups under the sensitive to climate 

variation general group. 

It is worth mentioning that volume yield in each subgroup varied (statistically) among the 

TECHS sites (slope coefficients with respect to WDI were significant), although the clones in each 

subgroup behaved similarly within the sites. This implies higher confidence in the clonal grouping 

adopted from Steps 1 and 2. 

 

Table 4. Fitted coefficients of Eq. 11 and their associated standard errors (SE, m3.ha-1) of the fitted 

linear mixed effect model for the group: high productivity and sensitive to climate variation. 

Parameter Estimate SE 

Intercept (Clone B2) 397.83* 29.46 

Clone D4 -25.13 17.17 

Clone E5 -33.51 17.17 

Clone H8 -34.20 17.17 

WDI (Clone B2) 0.261* 0.045 

Clone D4*WDI -0.001 0.026 

Clone E5*WDI -0.031 0.026 

Clone H8*WDI -0.011 0.026 
*significant at alpha = 0.05. 
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Table 5. Fitted coefficients of Eq. 11 and their associated standard errors (SE, m3.ha-1) of the fitted 

linear mixed effect model for the group: low productivity and sensitive to climate variation. 

Parameter Estimate SE 

Intercept (Clone G7) 326.54* 36.62 

Clone C3 -17.96 30.50 

Clone K2 21.54 30.50 

Clone Q8 -23.22 30.50 

Clone R9 -22.54 30.50 

WDI (Clone G7) 0.208* 0.047 

Clone C3*WDI 0.022 0.039 

Clone K2*WDI 0.067 0.039 

Clone Q8*WDI -0.004 0.039 

Clone R9*WDI -0.032 0.039 
*significant at alpha = 0.05. 

 

A total of 4 clonal groups was created and validated, where each clonal group displays a 

unique pattern of volume yield (Figure 7a): 

 

Group A (high productivity and non-sensitive to climate variation): Clone A1; 

Group B (high productivity and sensitive to climate variation): Clones B2, D4, E5 and H8; 

Group C (low productivity and sensitive to climate variation): Clones C3, G7, K2, Q8, R9; 

Group D (low productivity and non-sensitive to climate variation): Clone P7; 
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Figure 7. Patterns of volume yields of the clonal groups across the annual water deficit index 

(WDI) gradient a); linear trend of the clonal groups with decrease of WDI b). 

 

Figure 7b displays a positive linear trend with respect to volume yield pattern of all clonal 

groups along the annual water deficit index gradient. This figure conveys the perception that an 

increase (decrease in absolute terms) in WDI is responsible for a linear increase of volume yield 

of all clonal groups. Consistent with the group definitions of A – D, this impact is more noticeable 

in the clonal groups B and C, where Clonal group B is in fact the most impacted by WDI variation, 

followed by clonal groups C, A and D. 

 

4. Discussion 

This paper provides a useful and straightforward approach to grouping clones regarding 

their volume yield pattern across a very large area in Brazil. The dataset used in the analysis is 
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unique and provides a balanced experimental observation of clonal yield pattern over Brazil, 

ranging over all climate zones and several soil types (Binkley et al., 2017). 

Studies evaluating G x E interactions are often found in the literature. Recently, Silva et al. 

(2006) evaluated the G x E interaction for growth of Eucalyptus spp in Australia; their findings 

suggested a growth decrease of the genotypes under climatic stresses, although at different rates. 

Gapare et al. (2015) quantifying G x E interaction, but for Pinus radiata, found Tmin as the most 

important driver of this relationship, although soil and other climate variables were also important. 

In this paper a strong G x E interaction for clonal eucalyptus in Brazil was found (Figure 4). 

Differently from other studies, however, we also sought to group clones with respect to 

their volume yield pattern. Several eucalypt clones have been developed (Scolforo et al., 2017), 

and some of them display similar yield patterns across Brazil. Thus, clonal grouping may 

potentially improve forest management decision making. The increase of site-specific productivity 

does not need to be based on a single clone, and clonal groups may provide extra information for 

the development of superior clones, which is the main objective of the breeding programs in Brazil 

(Nunes et al., 2002). Similar physiologic characteristics shared by the clones in one group, may 

allow the development of clones with greater phenotypical stability and consequently higher 

production (Gonçalves et al., 1997). 

Another important task refers to the development of growth and yield models. Eucalyptus 

modeling is usually fit with clone specific parameters (Packalén et al., 2011), which often is 

demonstrated to be completely unnecessary (Scolforo et al., 2018b). Problems with lack of data 

may occur in some situations, since fast clonal generational evolution has been observed. This 

implies that a dataset with remeasured information may be critically difficult to build for every 

clone. Additionally, new clones cannot be observed according to their operational performance 
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before long-term data collection. Calegario et al. (2005) proposed the use of mixed modeling to 

deal with part of this problem, since specific coefficients could be generated for each clone. Aside 

from this advantage, however, the majority of the growth and yield models are developed using 

non-linear estimation, which makes modeling convergence difficult. Thus, clonal grouping is 

consistent with the mixed modeling technique, enabling the selection of key coefficients to be 

declared as random based on the group level. This combination of mixed modeling approach with 

clonal grouping results in ameliorating the problem with lack of data and is extremely useful when 

predictions for new clones are necessary (Lynch et al., 2005). 

To our knowledge this is the first study applied to grouping clones regarding their volume 

yield pattern, that uncovers the climatic impact on the yield pattern for clonal groups over a large 

national landscape. Scolforo et al. (2017) applied ridge regression technique to predict site index 

variation, while Marcatti et al. (2017) fitted a logistic regression to predict eucalyptus growth under 

certain environmental conditions. The findings of these studies, however, were focused on 

particular Brazilian sub-regions and cannot be extrapolated for plantations that face catastrophic 

mortality and for different climate zones. Departing from other studies, we fit a regression solely 

as a function of annual water deficit index. This modeling approach avoids multicollinearity and 

provides an equation with higher a level of sensitivity to climate variation, since water deficit index 

is related to the water availability to tree growth (Osório et al., 1998). The fitted regression captures 

the effect of annual water deficit index constraints on the productivity of the clonal groups, and 

provides insight for better site-specific management. 
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5. Conclusions 

A simple and useful approach for grouping eucalypt clones was proposed and successfully 

implemented. Consequently, the developed approach can: 1) provide extra information for the 

deployment of superior eucalypt clones; 2) improve site-specific productivity estimates for a 

variety of clones with similar yield, which results in increase forest resilience and is an important 

component against plantation failure. 

The clonal groups highlighted different clonal productivities along the Brazilian climate 

gradient. Clonal groups A and D displayed more stable volume yield patterns across Brazil, while 

Clonal groups B and C varied highly in volume yield along tropical Brazil. Thus, better site-

specific management can be proposed for clonal eucalypt plantations in Brazil with information 

on these clonal groups. Plantations of clonal groups B and C should be matched with sites that 

experience less frequent and severe droughts, while clonal group A can be productive across all 

the sites. Group identification and detection of the climatic impact on yield patterns were evaluated 

as a guide to estimating site-specific productivity, which again highlights the importance of the 

developed clonal grouping approach. 
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CHAPTER 4: COMPATIBLE SET OF PREDICTION AND PROJECTION DOMINANT 

HEIGHT EQUATIONS FOR CLONAL EUCALYPT PLANTATIONS IN BRAZIL: A 

MODELING APPROACH EXPANDED AND REFINED BY ENVIRONMENTAL 

VARIABLES 

 

Abstract: Growth models have been applied to assess the productive potential for areas without 

previous forest plantation records and to update forest inventory when commercial stands have 

been planted. However, there is a lack of growth models capable of incorporating environmental 

variables for updating forest inventories and recomputing site quality along Brazil. Consequently, 

this research aimed to deliver a compatible set of prediction and projection growth equations with 

parameters expanded and refined by an environmental variable. The dataset used through this 

study is composed of remeasurement information of 16 research sites in Brazil. At each site, the 

same eleven eucalypt clones were planted in single plots. Extra plots were also installed in most 

of the sites to evaluate eucalyptus growth under drier climate scenarios. Four different model 

competing forms were tested to fit the compatible set of growth equations to estimate eucalyptus 

dominant height. A common parameter of the best compatible set of growth equations was refined 

and expanded to include and test the magnitude of the environment effect on the prediction and 

projections of dominant height in clonal stands in Brazil. The compatible set of Chapman-Richards 

growth equations displayed the most accurate estimates of dominant height for clonal eucalypt 

plantations in Brazil. The common asymptote parameters between the growth models were 

expanded and refined as a function of annual soil water deficit (SWD), and a gain in accuracy of 

the projected and predicted dominant height estimates was substantial. It is relevant to highlight 

that the developed set of growth equations possesses the ability to make short-, medium- and long-
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term predictions and projections with more assuredness about the biological behavior and its 

soundness. This feature ensures accurate estimation of site specific growth curves, which 

substantially increase site specific management by allowing selection of the proper clonal eucalypt 

groups. 

 

Key-words: site index; soil water deficit; explanatory ability. 
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1. Introduction 

The productive potential of forest stands is commonly identified through assessing site 

quality (Burkhart and Tomé, 2012) and site index has been historically applied for this purpose 

(Peng, 2000). The definition of productive potential of forest stands is a key point for developing 

silvicultural prescriptions and more recently for informing how climate variation affects forest 

productivity (Sabatia and Burkhart, 2014). 

The principal advantage of using site index, which is the dominant height at a defined base 

age, is its simplicity and robustness for assessing site quality. Dominant height is largely 

independent of stand density and it is believed that this variable integrates the history of the climate 

and soil effects on forest productivity (Iles, 2003). At present, the use of this single variable for 

assessing site quality has been argued by some as incomplete. It seems doubtful, however, that the 

substitution of site index by soil and climate variables increases the prediction power of a growth 

modeling approach, especially when conceptually site index combines such variables (Iles, 2003). 

Burkhart and Tomé (2012) indeed discussed the relationship between model 

dimensionality and long projection lengths. They suggested that simpler models display higher 

inference power, which implies that the substitution of the single site index variable by several 

environmental variables (soil and climate) does not necessarily bring extra information as initially 

thought. The compounding error component when predicting or projecting forest growth through 

the use of the environmental variables can be substantial and multicollinearity among these 

variables can cause problems with respect to inference about forest growth (Weiskittel et al., 2011). 

Empirical dominant height growth models provide estimates of productive potential of 

forest stands, although at the sacrifice of explanatory ability, which may lead to improper 

inferences if the climate history changes over time (Casnati, 2016). This fact does not imply the 
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need for replacing site index when assessing site quality of forest stands, but it suggests the need 

for the inclusion of powerful covariates to increase modeling performance. Scolforo et al. (2017) 

reported that the inclusion of a covariate, related to soil water availability, in the dominant height 

growth modeling increased the explanatory ability of the modeling approach. 

There are some approaches proposed in the literature to increase the explanatory ability of 

dominant height growth equations. One highlighted approach is using statistical growth equations 

with parameters expanded by environmental variables (Weiskittel et al., 2011). There exists scarce 

literature with respect to this focus, especially for Brazilian clonal eucalypt plantations, where 

extra attention for the identification of the most proper environmental variable for increasing the 

explanatory ability of growth modeling should be taken. 

Maestri (2003) was the first author to propose the inclusion of environmental variables in 

the dominant height growth modeling in order to better assess site quality of forest stands in Brazil. 

Ferraz Filho et al. (2011) included yearly rainfall and radiation in the Chapman-Richards growth 

equation, and their findings revealed a modest improvement regarding the estimation error. 

Scolforo et al. (2016) decomposed the slope parameter of the Chapman-Richards growth equation 

and included the variation in yearly rainfall. The authors did not find substantial improvement in 

the projected dominant height estimates, although their findings revealed an increase in the 

explanatory ability of the fitted growth equation. 

The yearly rainfall variable provides a modest improvement in growth modeling by 

furnishing either more accurate site-specific curves or to mimic short-term climate changes 

(Scolforo et al., 2016). The productivity of clonal eucalypt plantations is constrained by soil water 

availability, which implies that yearly rainfall plays a key role for forest growth, while potential 

evapotranspiration and soil water storage capacity are variables that should be considered as well. 
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There is a dearth of studies for clonal eucalypt plantations in Brazil that investigate the use 

for environmental variables in growth equations. In practical terms, there is a lack of generalized 

growth equations applied to Brazil with the capacity of precisely updating forest inventory when 

making long-term projections. Along the Brazilian environmental or climatic gradient there is a 

need to simulate how climate variation affects the site quality across this country. In addition, there 

is a lack of growth equations that can predict site quality for areas without forest plantation records. 

This paper provides (1) a test of competing growth equations to simultaneously predict and 

project dominant height in clonal eucalypt plantations across Brazil; (2) the identification and 

inclusion of the most powerful climate variable that increases the explanatory ability of the 

dominant height growth equations; (3) a validation of the performance of a new compatible set of 

prediction and projection growth equations expanded and refined by environmental variables. 

 

2. Material and methods 

2.1. Study area and database 

The data are composed of remeasurement information from 16 research sites distributed 

along tropical Brazil. These research sites labeled as: 2, 4, 5, 7, 9, 11, 13, 14, 20, 22, 24, 26, 29, 

30, 31 and 33 (Figure 1) are part of a research project denominated as TECHS (Tolerance of 

Eucalyptus Clones to Hydric, Thermal and Biotic Stresses, www.ipef.br/techs/en). The TECHS 

project was launched in 2011 to investigate clonal eucalyptus growth from northern Uruguay to 

northern Brazil, although the dataset used in this study is composed of sites ranging from Paraná 

to Pará State. 

The TECHS sites were installed in all Brazilian climate zones, which implies the existence 

of at least one TECHS site in the Am (tropical and monsoon), As (tropical with dry summer), Aw 

http://www.ipef.br/techs/en
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(tropical with dry winter), Cfa (humid subtropical zone with hot summer and without dry season), 

Cfb (humid subtropical zone with temperate summer and without dry season), Cwa (humid 

subtropical zone with hot summer and dry winter) and Cwb (humid subtropical zone with 

temperate summer and dry winter) climate zones (Alvares et al., 2013). Additionally, the sites 

were installed in areas with elevation close to sea level up to 969 meters above sea level. Finally, 

a total of 68% of the sites were represented by oxisols, 23% by entisols and 9% by ultisols. 

 

Figure 1. Distribution of TECHS sites along Brazil. 

 

TECHS sites were installed between January and May of 2012 to investigate clonal 

eucalyptus growth. A total of 11 widely planted eucalypt clones, categorized in four different 

clonal groups (Group A: Clone A1; Group B: Clones B2, D4, E5 and H8; Group C: Clones C3, 

G7, K2, Q8, R9; Group D: Clone P7), were planted at single block plots at every TECHS site 

(Scolforo et al., 2018). In addition, an extra plot for each clone was planted under the rainfall 

exclusion regime at fourteen TECHS sites (2, 4, 5, 7, 9, 11, 13, 14, 20, 22, 24, 26, 30 and 31). The 
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rainfall exclusion regime plots were designed to exclude 30% of the annual rainfall, which allows 

for mimicking a drier climate scenario at these sites. Block plot size was 720 m2, with 80 trees 

equally spaced at 3 x 3 meters. Nutrient deficiency and weed vegetation was fully eliminated at all 

plots and sites. 

Plot measurements started between December/2012 and May/2013, when the eucalypt 

trees were close to completing 1 year at every TECHS site. After the first measurement, re-

measurements were conducted every six months, with the last in April/2017. At each plot, all trees 

were measured for diameter at 1.3 meters aboveground (DBH in cm) and total height (h in m). 

Dominant trees (H) were defined through the use of the mean top height concept. The concept is 

based on the one-hundred largest trees in DBH per hectare, i.e., equivalently, on the seven largest 

DBH trees per plot. The overall descriptive statistics of the clonal groups with respect to dominant 

height are displayed in Table 1. 

 

Table 1. Overall descriptive statistics of dominant height (H) under regular plots and rainfall 

exclusion regime plots. 

Clonal group Minimum H (m) Average H (m) Maximum H (m) 

A 7.65 18.44 29.21 

A* 7.50 18.22 28.01 

B 6.88 17.86 30.05 

B* 6.74 17.33 28.42 

C 6.24 16.75 28.54 

C* 6.02 16.54 27.10 

D 5.04 15.03 25.71 

D* 4.97 14.41 22.34 
* rainfall exclusion regime plots 
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An inspection of Table 1 and Figure 2 allows for the observation of the overall best 

dominant height growth of clonal groups A and B, while Clonal group B contains the tallest trees. 

On the other hand, Clonal group D has the lowest H growth across all the TECHS sites.  

 

Figure 2. Dominant height growth of the clonal groups. 
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Weather stations were installed at all the TECHS sites, where daily weather data were 

recorded from January/2012 to April/2017. Variables such as minimum temperature (Tmin, 
oC), 

maximum temperature (Tmax, 
oC), annual potential evapotranspiration (PET, mm.year-1, calculated 

through the use of the Penman–Monteith equation), annual precipitation (P, mm.year-1), annual 

number of days with rainfall greater than 1 mm.day-1 (RD, n.year-1) and annual soil water deficit 

(SWD, mm.year-1) were recorded. In a large country such as Brazil, a high variability of weather 

data is expected (Table 2) and this is indeed noticed among the TECHS sites, since they ranged 

from dry areas to areas without rainfall limitation and hot season. Annual soil water deficit is 

calculated as: 

                                           
12

1

( )( )
n

SWD PET P PET AET
=

= −  −                                         (1) 

where, PET P is a dummy variable; AET is the actual evapotranspiration calculated by water 

balance of Thornthwaite-Mather, while using specific water holding capacity of the soils; all other 

variables are defined. 
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Table 2. TECHS sites and the recorded weather attributes in the measurement periods. 

Site Latitude (degrees) Longitude (degrees) Tmin(
oC) Tmax(

oC) PET (mm.yr-1) P (mm.yr-1) RD (n.yr-1) SWD (mm.yr-1) 

2 −24.21 −49.97 14.1 23.2 1338 1563 96 -67 

2* - - - - - 1088 89 -212 

4 −19.31 −42.42 18.6 28.1 1384 1097 71 -425 

4* - - - - - 768 63 -636 

5 −18.58 −42.93 16.1 27.1 1433 1090 68 -495 

5* - - - - - 754 61 -686 

7 −18.02 −50.90 17.6 30.0 1574 1488 93 -631 

7* - - - - - 1036 86 -731 

9 −18.73 −47.92 18.0 28.1 1596 1329 85 -533 

9* - - - - - 930 78 -715 

11 −18.71 −52.59 17.9 28.9 1671 1275 81 -726 

11* - - - - - 892 75 -886 

13 −20.90 −51.90 19.6 32.1 1578 1127 69 -449 

13* - - - - - 794 64 -712 

14 −19.96 −51.59 19.0 31.0 1692 1249 87 -559 

14* - - - - - 881 79 -838 

20 -22.35 -46.97 16.5 29.0 1473 1377 88 -285 

20*   - - - 962 79 -494 

22 −24.23 −50.53 14.0 23.1 1309 1530 96 -72 

22* - - - - - 1095 89 -217 

24 −22.73 −49.00 16.9 28.4 1340 1257 81 -280 

24* - - - - - 881 74 -465 

26 −16.78 −44.31 17.8 30.3 1740 714 45 -1209 

26* - - - - - 499 39 -1324 

29 −3.44 −43.07 22.9 34.1 1850 1031 71 -1012 

30 −17.32 −43.77 18.1 30.7 1847 743 46 -1186 

30* - - - - - 520 41 -1347 

31 −16.34 −39.60 18.9 29.2 1476 1243 111 -476 

31* - - - - - 866 92 -681 

33 −23.85 −48.70 15.6 25.9 1379 1447 101 -184 

* rainfall exclusion regime plots 

 

2.2. Dominant height growth modeling 

The simultaneous fit of compatible prediction and projection dominant height growth 

equations was based on four competing model forms: Logistic, Chapman-Richards, Lundqvist, 
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and Schumacher, which are fully described in Burkhart and Tomé (2012). The selected growth 

models usually display proper behavior for estimating dominant height in clonal eucalypt stands 

in Brazil (Maestri, 2003; Calegario et al., 2005; Ferraz Filho et al., 2011). In addition, these growth 

models are theoretically sound, which means that the interpretation of their coefficients help to 

impose logical conditions when modeling biological data (Burkhart and Tomé, 2012). 

The modeling procedure of this study implied that the parameters of the base models for 

the prediction of dominant height were simultaneously fitted with the parameters of the dynamic 

models derived from the algebraic difference approach (ADA) developed by Bailey and Clutter 

(1974) (Table 3). 

Some studies in Brazil have focused on the use of the ADA formulation, which enables the 

construction of a family of anamorphic or polymorphic curves and displays the path invariance 

property (Ferraz Filho et al., 2011). At present however, the guide curve method has been preferred 

for prediction and projection of dominant height in clonal eucalypt plantations in Brazil (Consenza 

et al., 2017), although bias in the fitted guide curve is typically observed. In addition, another 

shortcoming of the guide curve methodology is with respect to the projection of dominant height. 

The guide curve method provides a family of anamorphic curves, which implies that all site classes 

necessarily share the same inflection point irrespective to the site quality (Burkhart and Tomé, 

2012). 
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Table 3. Tested base models and dynamic models to simultaneously predict and project dominant 

height in clonal eucalypt plantations. 

Model 

form 
Base model 

Parameter

s related to 

Z 

Solution for Z Dynamic model 

Compatible 

set of 

growth 

models 

Logistic 
𝐻 = 𝑎 (1 + 𝑏 𝑒𝑥𝑝−𝑐𝑡)⁄  𝑎 = 𝑍 𝑍1 = 𝐻1(1 + 𝑏 𝑒𝑥𝑝−𝑐𝑡1) 𝐻2 = 𝑍1 (1 + 𝑏 𝑒𝑥𝑝−𝑐𝑡2)⁄  M1_1 

𝐻 = 𝑎 (1 + 𝑏 𝑒𝑥𝑝−𝑐𝑡)⁄  𝑏 = 𝑍 𝑍1 = (𝑎 − 𝐻1) (𝐻1exp−𝑐𝑡1) ⁄  𝐻2 = 𝑎 (1 + 𝑍1 𝑒𝑥𝑝−𝑐𝑡2)⁄  M1_2 

Chapman

- Richards 

𝐻 = 𝑎(1 − exp(𝑏𝑡))𝑐 𝑎 = 𝑍 𝑍1 =
𝐻1

(1 − exp(𝑏𝑡1))𝑐
 

 

𝐻2 = 𝑍1(1 − exp(𝑏𝑡))𝑐 
M2_1 

𝐻 = 𝑎(1 − exp(𝑏𝑡))𝑐 𝑐 = 𝑍 𝑍1 =
ln (𝐻1 𝑎⁄ )

ln(1 − exp (𝑏𝑡1))
 

 

𝐻2 = 𝑎(1 − exp(𝑏𝑡))𝑍1  

 

M2_2 

Lundqvist 

(1957) 

𝐻 = 𝑎 exp (𝑏𝑡−𝑐) 𝑎 = 𝑍 𝑍1 =
𝐻1

exp (𝑏𝑡1
−𝑐)

 𝐻2 = 𝑍1 exp (𝑏𝑡−𝑐) M3_1 

𝐻 = 𝑎 exp (𝑏𝑡−𝑐) 𝑏 = 𝑍 𝑍1 =
−ln (𝐻1 𝑎)⁄

𝑡1
−𝑐  𝐻2 = 𝑎 exp (−𝑍1𝑡−𝑐) M3_2 

Schumac

her 

(1939) 

𝐻 = 𝑎𝑒𝑥𝑝(𝑏𝑡−1) 𝑙𝑛𝑎 = 𝑍 𝑍1 = 𝑙𝑛𝐻1 − 𝑏 𝑡1⁄  𝐻2 = exp (𝑍1 + 𝑏 𝑡2⁄ ) M4_1 

𝐻 = 𝑎𝑒𝑥𝑝(𝑏𝑡−1) 𝑏 = 𝑍 𝑍1 = (𝑙𝑛𝐻1 − 𝑙𝑛𝑎)𝑡1 𝐻2 = 𝑒𝑥𝑝(𝑙𝑛𝑎 + (𝑍1 𝑡2⁄ )) M4_2 

H is dominant height in meters; t is age in years; a, b and c are the parameters to be fitted. Z is the proxy variable for 

site quality. 

 

The dataset used in this paper is unique and comes from remeasurement information of a 

balanced experimental design, which contains four clonal eucalypt groups and range over tropical 

Brazil (Binkley et al., 2017). Therefore, the simultaneous fit of prediction and projection equations 

is possible. The GADA formulation (Cieszewski and Bailey, 2000) was not included in this study 

to facilitate the convergence of the compatible set of growth equations. In addition, the GADA 

formulation when applied to clonal eucalypt plantations in Brazil did not show extra gain with 

respect to estimation error when compared to the ADA formulation (Scolforo et al., 2016). 

We proposed one general fit (with all the clonal groups) for every tested competing 

compatible set of growth equations. Thus, each compatible set of dominant height growth 

equations were fit through the use of the non-linear mixed modeling (2). The non-linear mixed 

effect modeling technique was used to distinguish dominant height growth among the clonal 

groups. 
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              𝛽𝑗 = 𝐴𝑗𝛽 + 𝐵𝑗𝑏𝑗         𝑏𝑗~𝑁(0, 𝜎2𝐷),           𝑦𝑖𝑗 = 𝑓(𝛽, 𝑥𝑖𝑗) + 휀𝑖𝑗         휀𝑖𝑗~𝑁(0, 𝜎2)     (2) 

where, 𝑦𝑖𝑗 is a known vector of observations; 𝛽𝑖 includes both fixed effects 𝛽 and random effects 

bi; 𝐴𝑖 and 𝐵𝑖 are design matrices so, for example, 𝐴1 = [𝐼 0] and 𝐴2 = [0 𝐼] would give different 

means for different clonal groups; 𝑏𝑗 is an unknown vector of random effects; observations i, i = 

1, ... ,M; clonal group j, j = 1, ... ,N. 

 

The data structure used for dominant height growth modeling included the combination of 

all forward data pair combinations at every plot. For instance, if measurements were made at age 

2, 3, 4, and 5, then growth intervals of 2-3, 3-4, 4-5, 2-4, 3-5, and 2-5 were used. This strategy was 

used to ensure better estimation of the asymptote parameter of each tested compatible set of growth 

equations. This is a key property in order to ensure better long-term predictions and projections of 

dominant height. 

 

2.3. Parameters expanded and refined by environmental variables 

It is believed that inclusion of the environment effect in dominant height growth equations 

helps to better describe the range in dominant height growth patterns of clonal groups and TECHS 

sites. Therefore, the insertion of environmental effects on the dominant height growth modeling 

was hypothesized to allow more site-specific growth curves. 

The environmental variables tested in dominant height growth modeling were: Tmin, Tmax,
 

PET, P, RD and SWD. To include these variables in dominant height growth modeling, however, 

there must be synchronization between these measurements and forest inventory. 

The common parameter where the random effect regarding clonal groups was included 

(Eq. 2) in the selected compatible set of dominant height growth equations was expanded to 
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include the environmental variables as well. Environmental or simply climatic variation has 

differentially impacted the productivity of each clonal eucalypt group over time (Scolforo et al., 

2018). Thus, random effects were also used to distinguish dominant height growth among the 

clonal groups according to environmental variation. 

 

2.4. Assessing and validating the modeling approaches 

Akaike information criterion (AIC) and Bayesian information criterion (BIC) were used to 

assess the performance of the growth equations, while bias (T), mean absolute error (MAE), root 

mean square error (RMSE) and model efficiency (EF) were used for validation purposes. In 

addition, graphical analyses were used to assess the behavior of the fitted growth equations. 

                                                            𝑇 =  
1

𝑛
∑ (𝑂 − 𝑃𝑟)𝑛

𝑖=1                                                         (3) 

                                                        𝑀𝐴𝐸 =  
1

𝑛
∑ |𝑂 − 𝑃𝑟|𝑛

𝑖=1                                                       (4) 

                                                         𝑅𝑀𝑆𝐸 =  √
∑ (𝑃𝑟−𝑂)2𝑛

𝑖=1

𝑛
                                                         (5) 

                                                            𝐸𝐹 = 1 −
∑ (𝑂−𝑃𝑟)2𝑛

𝑖=1

∑ (𝑂−�̅�)2𝑛
𝑖=1

                                                        (6) 

where, 𝑃𝑟 is the predicted values; 𝑂 is the observed values; �̅�is the average of observed values; 𝑛 

is the number of observations. 

 

While it is customary to have an independent dataset for validation purpose, site-specific 

data limitations in this study forced the use of a different validation approach for: 1) selection of 

the best set of compatible prediction and projection dominant height growth equations; 2) selection 

of the best set of compatible prediction and projection dominant height growth equations with the 

inclusion of environmental variables. 
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The alternative validation approach consisted of the use of the non-parametric bootstrap 

technique and the generation of 1000 random samples, which mimic possible datasets that would 

be generated all over the TECHS sites. The bootstrapping technique is an alternative, since Kozak 

and Kozak (2003) demonstrated that there was no additional gain in the validation analysis by 

using cross or double validation. Additionally, this validation procedure enabled the observation 

of possible biased estimates generated from the growth equations, especially in the most extreme 

(driest and wettest) TECHS sites. 

It is typically suggested that the inclusion of environmental or climate variables in the 

growth equations, especially in the projection growth equations, do not add real gain when applied 

in practical terms (Casnati, 2016). Thus, the rainfall exclusion regime plots were also used in the 

validation procedure. The estimates generated from the compatible set of prediction and projection 

growth equations with and without the inclusion of environmental variables were compared 

through the use of the rainfall exclusion plots in order to check if any real gain in practical terms 

occurs. 

All the statistical analyses were performed under the software R (R Core Team, 2015) 

through the packages nlme (Pinheiro et al., 2016) and ggplot 2 (Wickham, 2009). 

 

3. Results 

3.1. Selection of the best compatible set of prediction and projection dominant height growth 

equations for Brazil 

All the simultaneously fitted compatible prediction and projection dominant height growth 

equations displayed significant coefficients (statistical significant at alpha = 0.05), and proper 
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signs, thus ensuring the modeling of dominant height with sound biological growth properties 

(Table 4). 

The compatible set of dominant height growth models M2_2 and M3_2 (also known as 

Bailey-Clutter model) displayed the best overall AIC and BIC values. While the compatible set of 

growth equations M2_2 were the most precise under the evaluated fitting statistics, the compatible 

set of growth equations M1_1 and M1_2, derived from the Logistic growth model form, presented 

illogical asymptote estimates. This fact alone was sufficient to discard the logistic formulation of 

growth equations for the prediction and projection of dominant height.   

 

Table 4. Fitted coefficients of the compatible set of prediction and projection dominant height 

growth equations and their fitting statistics (AIC and BIC). 

Compatible set of growth equations a b c AIC BIC 

M1_1 26.25 5.29* 0.85 8599 8627 

M1_2 26.93* 5.25 0.81 8165 8193 

M2_1 34.36  -0.27* 1.06 8456 8484 

M2_2 33.94*  -0.28 1.10 8070 8098 

M3_1 104.79* 2.63 0.38* 8670 8698 

M3_2 57.22* 2.13 0.58 8147 8174 

M4_1 32.90  -1.66* - 9003 9025 

M4_2 33.43*  -1.74 - 9009 9037 
*selected coefficient to include the random effect with regards to clonal groups 

 

The compatible set of growth equations M2_2 and M3_2 displayed more accurate 

estimates when compared to the other tested competing growth equations both for the prediction 

and projection of eucalyptus dominant height (with specific coefficients to distinguish clonal group 

differences) (Table 5).  
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Table 5. Validation statistics (T, MAE, RMSE and EF) of the fitted compatible set of prediction 

and projection dominant height growth equations. 

Compatible set of 

growth equations 

Prediction Projection 

T 

(m) 

MAE 

(m) 

RMSE 

(m) 
EF 

T 

(m) 

MAE 

(m) 

RMSE 

(m) 
EF 

M1_1 -0.02 1.67 2.18 0.84 0.09 1.54 2.10 0.76 

M1_2 -0.02 1.55 2.13 0.86 0.08 1.46 2.00 0.77 

M2_1 -0.01 1.55 2.03 0.86 0.11 1.51 2.06 0.77 

M2_2 -0.00 1.52 2.03 0.86 0.01 1.30 1.79 0.83 

M3_1 -0.03 1.77 2.26 0.83 0.16 1.56 2.14 0.76 

M3_2 -0.00 1.54 2.05 0.86 0.05 1.35 1.85 0.82 

M4_1 -0.05 1.73 2.25 0.83 0.45 1.80 2.39 0.69 

M4_2 0.02 1.78 2.48 0.80 0.47 1.87 2.42 0.69 

 

The estimates obtained through the use of the compatible set of growth equations M2_2 

and M3_2 for the projection of dominant height emphasized the polymorphic shape of the 

dominant height growth of clonal eucalypt stands. These two compatible growth equations were 

evaluated under graphical analyses. The average and absolute errors were evaluated across 

different age classes for the prediction of dominant height (Figure 3a and 3c) and under different 

projection lengths for the projection of dominant height (Figure 3b and 3d). 

Considerable similarity was noticed between the dominant height estimates generated from 

the two-compatible set of growth models, although the overall less biased estimates and the lower 

absolute error of clonal group D conferred an advantage for the compatible set of growth equations 

M2_2. 
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Figure 3. Prediction performance of the growth equations for different age classes (a) and (c); 

projection performance of the growth equations along different projection lengths (b) and (d). 

 

Therefore, the fitted compatible set of prediction and projection dominant height growth 

equations M2_2 were selected to both predict and project eucalyptus dominant height. Maestri 

(2003) proposed the use of the Chapman-Richards growth equation to predict dominant height in 

eucalyptus stands in eastern Brazil, while Scolforo et al. (2016) suggested the polymorphic 

Chapman-Richards growth equation with a single asymptote, to project dominant height in clonal 
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eucalypt stands in Brazil. These studies reported similar findings to the ones reported here. The 

proposed modeling approach of this study, however, is innovative for modeling dominant height 

growth in Brazil. The compatible set of dominant height growth equations M2_2 allowed the 

prediction and projection of dominant height by sharing same asymptote and slope coefficients. 

The inflection coefficient is explicitly defined for the prediction equation, while initial conditions 

of height and age implicitly define the inflection coefficient for the projection of dominant height. 

 

3.2. Expanding and refining the asymptote parameter of the compatible prediction/projection 

Chapman-Richards growth equations with environmental variables 

The random effect to distinguish the dominant height growth among the clonal groups was 

included in the asymptote parameter in the fitted compatible set of prediction and projection 

dominant height growth equations M2_2. The asymptote parameter was then expanded by testing 

the following array of environmental variables: 

                                                      
0 0 1 1 min( ) ( )i ia a a a a T= + + +                                                      (7)  

                                                     
0 0 1 1 max( ) ( )i ia a a a a T= + + +                                                     (8)  

                                                     
0 0 1 1( ) ( )i ia a a a a PET= + + +                                                     (9)  

                                                        
0 0 1 1( ) ( )i ia a a a a P= + + +                                                     (10)  

                                                      
0 0 1 1( ) ( )i ia a a a a RD= + + +                                                    (11)  

                                           
0 0 1 1 2 2( ) ( ) ( )i i ia a a a a RD a a P= + + + + +                                          (12)  

                                                   
0 0 1 1( ) ( )i ia a a a a SWD= + + +                                                    (13)  

where, a is the original asymptote parameter; a0, a1 and a2  are the fixed coefficients combined to 

provide the new asymptote of the model; a0i, a1i and a2i  are the random coefficients associated 
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with the clonal groups; Tmin, Tmax, PET, P, RD and SWD are the mean annual values of minimum 

temperature in degree Celsius, maximum temperature in degree Celsius, potential 

evapotranspiration (mm.year-1), precipitation (mm.year-1), rainy days (number of days when 

rainfall exceeded 1mm) and soil water deficit (mm.year-1), respectively, from the time when plots 

were installed (t=0) up to the time when each forest inventory was conducted. 

 

All the simultaneously fitted compatible prediction and projection growth equations with 

the inclusion of environmental variable displayed significant coefficients (statistical significant at 

alpha = 0.05), with proper signs (Table 6). The compatible set of growth equations M2_2 with the 

inclusion of SWD, however, showed the most precise fit statistics. All the compatible growth 

equations with an environmental variable, however, possess more precise fitting statistics when 

compared to the traditional (without the inclusion of environmental variable) compatible set of 

growth equations M2_2. The addition of SWD refines the asymptote; this variable also improved 

inference for other parameters, since their standard errors became smaller.  

 

Table 6. Fitted coefficients of the fitted compatible set of prediction and projection dominant 

height growth equations with the inclusion of environmental variables and the associated fit 

statistics (AIC and BIC). 

Compatible set of growth equations a0 a1 a2 b c AIC BIC 

M2_2 with Tmin (Eq. 7) 46.02* -0.80* - -0.27 1.01 7819 7862 

M2_2 with Tmax (Eq. 8) 54.26* -0.77* - -0.27 1.02 7789 7832 

M2_2 with PET (Eq. 9) 48.37* -0.011* - -0.31 1.07 7765 7808 

M2_2 with P (Eq. 10) 19.02* 0.01* - -0.42 1.39 7461 7506 

M2_2 with RD (Eq. 11) 22.52* 0.10* - -0.37 1.27 7697 7742 

M2_2 with RD and P (Eq. 12) 20.83* -0.05* 0.01* -0.42 1.38 7453 7520 

M2_2 with SWD (Eq. 13) 35.50* 0.01* - -0.37 1.29 7145 7190 
*selected coefficient that includes the random effect with respect to clonal groups 



 

91 

 

In the validation process, the most accurate estimates were again observed through the use 

of the compatible set of growth equations M2_2 with the inclusion of SWD. Scolforo et al. (2018) 

pointed out how useful a variable related to water availability is to distinguish growth under 

different environmental scenarios. Aside from the overall gain in accuracy by including 

environmental variables in the dominant height growth modeling, the inclusion of SWD provided 

substantial gain in accuracy when compared to the use of other environmental variables.  

SWD integrates the effect of physiographic, soil and climate variables, which results in a 

measure of water in the soil, which is the main driver to eucalyptus growth (Almeida et al., 2010). 

The use of this variable can be considered an evolution of the pioneering study of Golfari et al. 

(1978), where the authors emphasized how water deficit constrains forest productivity. Instead of 

using several environmental or climate variables in the dominant height growth modeling, the use 

of the SWD variable is recommended, since it integrates the environmental variation over time 

and avoids multicollinearity. 

 

Table 7. Validation statistics (T, MAE, RMSE and EF) of the fitted compatible set of prediction 

and projection dominant height growth equations with the inclusion of environmental variables. 

Compatible set of growth equations 
Prediction Projection 

T (m) MAE (m) RMSE (m) EF T (m) MAE (m) RMSE (m) EF 

M2_2 with Tmin (Eq. 7) 0.04 1.81 1.97 0.87 -0.03 1.25 1.60 0.85 

M2_2 with Tmax (Eq. 8) 0.05 1.78 1.96 0.87 -0.02 1.22 1.57 0.84 

M2_2 with PET (Eq. 9) 0.04 1.60 1.94 0.87 -0.02 1.27 1.61 0.84 

M2_2 with P (Eq. 10) 0.03 1.50 1.70 0.89 -0.02 1.10 1.56 0.87 

M2_2 with RD (Eq. 11) 0.02 1.54 1.73 0.88 -0.01 1.16 1.67 0.85 

M2_2 with RD and P (Eq. 12) 0.03 1.50 1.71 0.89 -0.05 1.10 1.54 0.87 

M2_2 with SWD (Eq. 13) -0.03 1.31 1.66 0.91 -0.01 1.08 1.40 0.90 
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The inclusion of SWD in the asymptote parameter of the prediction and projection growth 

equations M2_2 resulted in an overall gain in the stability of the predicted and projected dominant 

height estimates over time (Figure 4). More stable estimates were observed for all clonal groups, 

which highlighted the benefit of including SWD in the growth modeling approach and suggests an 

improved robustness for the compatible set of growth equations.  
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Figure 4. Prediction performance of the growth equations along different age classes (a) and (c); 

projection performance of the growth equations along different projection lengths (b) and (d). 

 

Although this modeling approach - statistical growth equations with parameters expanded 

and refined by SWD - appears promising for increasing the explanatory ability of the compatible 

set of growth equations M2_2, further investigation was conducted to test if both the predictions 
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and projections of dominant height were in fact more accurate under short-, medium- and long-

term time periods (Figures 5 and 6). 

The validation dataset was stratified by three age classes and three projection lengths (0th 

to 25th quantile, 25th to 75th quantile, and 75th to 100th quantile). It was possible to conclude that 

the inclusion of SWD allowed more accurate site-specific curves for short-, medium- and long-

term predictions and projections. The estimates using either the prediction or projection growth 

equation, with the inclusion of SWD, appeared to be more stable and accurate. The estimates were 

improved especially for making long term-predictions (plantations older than 3.8 years) and 

projections (projection length superior to 3 years) of dominant height. 
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Figure 5. Agreement between the predicted and observed dominant heights at every clonal group 

through the use of the: M2_2 model – 0th to 25th quantile age class a), 25th to 75th quantile age class 

c), and 75th to 100th quantile age class e); M2_2 model with the inclusion of SWD – 0th to 25th 

quantile age class b), 25th to 75th quantile age class d), and 75th to 100th quantile age class f). 
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Figure 6. Agreement between the projected and observed dominant heights at every clonal group 

through the use of the: M2_2 model – 0th to 25th quantile projection length a), 25th to 75th quantile 

projection length c), and 75th to 100th quantile projection length e); M2_2 model with the inclusion 

of SWD – 0th to 25th quantile projection length b), 25th to 75th quantile projection length d), and 

75th to 100th quantile projection length f). 
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3.3. Practical purposes of the developed modeling approach with the inclusion of SWD 

Temps (2005) found minor improvement in the estimation of dominant height by using a 

modeling approach with the inclusion of the yearly rainfall. This prompts the question if the 

inclusion of an environmental variable in the dominant height growth modeling was in fact 

necessary. 

To independently validate the performance of the new compatible set of growth equations 

(M2_2 with the inclusion of SWD) for practical applications, a test was conducted using the 

rainfall exclusion regime plots (Table 8 and Figure 7). It is worth mentioning the reduction in bias 

and the gain in accuracy of the estimates by using the compatible set of growth equations with the 

inclusion of SWD. Bias and MAE either for the prediction of dominant height under different age 

classes or the projection of dominant height under different projection lengths deserves to be 

highlighted, since the gain in the explanatory ability by using the modeling approach with the 

inclusion of SWD was substantial. 

 

Table 8. Validation statistics (T, MAE, RMSE and EF) of the fitted compatible set of prediction 

and projection dominant height growth equations (M2_2 and M2_2 with the inclusion of SWD) 

for the rainfall exclusion plots. 

Compatible set of growth equations 
Prediction Projection 

T (m) MAE (m) RMSE (m) EF T (m) MAE (m) RMSE (m) EF 

M2_2 -0.54 1.64 2.18 0.82 -0.54 1.35 1.77 0.80 

M2_2 with SWD (Eq. 13) 0.40 1.42 1.83 0.88 0.01 1.09 1.36 0.89 
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Figure 7. Prediction performance of the growth equations along different age classes (a) and (c) 

using the rainfall exclusion plots; projection performance of the growth equations along different 

projection lengths (b) and (d) using the rainfall exclusion plots. 

 

The gain in the explanatory ability by using simultaneous fitting of the prediction and 

projection dominant height growth equations with the inclusion of SWD for clonal eucalypt stands 
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in Brazil was also evident for predictions and projections of dominant height for a variety of age 

classes and projection lengths (Figures 8 and 9). Especially for the older dominant height 

predictions (plantations older than 3.8 years) and projections (projection length superior to 3 

years), the modeling approach with the inclusion of SWD provided more accurate estimates. The 

inclusion of an extra powerful covariate in the dominant height growth modeling provided better 

asymptotic properties, which improves the ability to extrapolate and bridges in part the lack of 

data for older stands. Ensuring the superior performances of long term dominant height predictions 

and projections implied that the inclusion of the SWD variable possibly allowed better capturing 

of the asymptotic behavior of clonal eucalypt plantations along Brazil. 
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Figure 8. Agreement between the predicted and observed dominant heights at every clonal group 

through the use of the: M2_2 model – 0th to 25th quantile age class a), 25th to 75th quantile age class 

c), and 75th to 100th quantile age class e); M2_2 model with the inclusion of SWD – 0th to 25th 

quantile age class b), 25th to 75th quantile age class d), and 75th to 100th quantile age class f). 
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Figure 9. Agreement between the projected and observed dominant heights at every clonal group 

through the use of the: M2_2 model – 0th to 25th quantile projection length a), 25th to 75th quantile 

projection length c), and 75th to 100th quantile projection length e); M2_2 model with the inclusion 

of SWD – 0th to 25th quantile projection length b), 25th to 75th quantile projection length d), and 

75th to 100th quantile projection length f). 
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3.4. Current productive potential of clonal eucalypt plantations in Brazil 

When t or t2 = 6 years (defined as the base age for site index), H or H2 = Site Index (SI). 

Therefore, the compatible set of prediction and projection growth equations with the inclusion of 

SWD suggested to estimate dominant height at a defined base age of 6 years (site index): 

               𝑆𝐼 = [35.4970 + 𝑎0𝑖 + (0.0085 + 𝑎1𝑖)𝑆𝑊𝐷](1 − exp(−0.3711 × 6))1.2919         (14)                                                   

       𝑆𝐼 = [35.4970 + 𝑎0𝑖 + (0.0085 + 𝑎1𝑖)𝑆𝑊𝐷2](1 − exp(−0.3711 × 6))

𝑙𝑛(
𝐻1

[35.4957+𝑎0𝑖+(0.0085+𝑎1𝑖)𝑆𝑊𝐷1]
)

𝑙𝑛[1−exp (−0.3711×𝑡1)]      (15) 

where, 𝑎0𝑖 is 1.9918, 2.1315, 0.0115 and -4.1367 for the clonal groups A, B, C and D, respectively; 

𝑎1𝑖 is 0.000007, 0.00142, 0.00087 and -0.00229 for the clonal groups A, B, C and D, respectively; 

SWD1 is the mean annual soil water deficit (mm.year-1) from the time when plots were installed 

(t=0) up to t1; SWD2 is the mean annual soil water deficit (mm.year-1) from the time when plots 

were installed (t=0) up to 6 years. 

 

In order to have the most accurate estimates, clonal group specific coefficients should be 

used. Figure 10 highlighted the more stable behavior of dominant height estimates of clonal groups 

A and D under a wide range of SWD. The greater stability of these two clonal groups was 

previously reported by Scolforo et al. (2018), in confirmation about the modeling approach 

proposed and adopted in this study. 

Another important remark consisted in the evaluation of how the inclusion of SWD in the 

growth equations M2_2 captured the climate/environmental difference among the TECHS sites. 

The average annual soil water deficit (SWD) among the TECHS sites ranged from -1209 up to -

67 mm.year-1. This large variability, when multiplied by the SWD coefficient (0.0085 in Eqs. (14) 

or (15)), indicated that the inclusion of this variable helps to explain a gradient of 9.71 meters in 
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the site index range along Brazil. Consequently, the inclusion of SWD in the modeling approach 

allowed for the estimation of site specific asymptotes and a better assessment of site quality. 

 

Figure 10. Site curves generated under three distinct average environmental scenarios (SWD = -

1209, -536 and -67 mm.year-1) along Brazil through the use of the prediction growth equation 

M2_2 with the inclusion of SWD (Eq. (14)), while the projection formulation is needed to make 

the family of polymorphic curves. 
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4. Discussion 

This paper provides a fitted compatible set of prediction and projection dominant height 

growth equations governed by water availability (environmental variable annual soil water deficit) 

for a variety of clonal eucalypt groups. Among all the tested growth equations, the compatible set 

of the Chapman-Richards prediction model, combined to the dynamic polymorphic model with 

single asymptote, resulted in the most accurate estimates of dominant height for clonal eucalypt 

plantations in Brazil. The common asymptote parameter between these two growth models was 

expanded and refined by the annual soil water deficit, which appears to be a very powerful 

covariate, since it substantially increases the explanatory ability of the growth models. 

The use of mixed effect modeling techniques proved to be very powerful in this study. 

Making inference by fitting clonal-specific growth models for eucalyptus in Brazil can be difficult, 

since lack of data is typical. Thus, the use of the mixed effect modeling technique (Calegario et 

al., 2005; Packalén et al., 2011), applying the clonal grouping approach proposed by Scolforo et 

al. (2018), can substantially increase the degrees of freedom available to develop growth models. 

This approach produced more reliable results and mitigated the problem of small sample size of 

any clonal group. 

The growth modeling approach used in this study solved another issue with respect to the 

development of new clones. Clones with superior growth rates have been developed on a regular 

basis in Brazil, but their current productive potential cannot be assessed prior to them being field 

tested. Instead of having this inconvenience, which may lead to mistakenly invest in clones 

believed to be superior in growth, we propose a clonal growth evaluation consisting of: if the clone 

is phenotypically identified and associated to one of the four clonal groups here presented, its 
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current productive potential can be assessed by merely projecting experimental data with the use 

of the clonal group specific coefficients. 

Most of the initiatives for dominant height growth modeling in Brazil have consistently 

used the guide curve approach (Consenza et al., 2017). Usually eucalypt stands with higher growth 

rates are harvested at younger ages compared to stands on average or poor sites, which implies 

that the fitted guide curve is typically biased. There are also initiatives focused on the use of the 

ADA and GADA formulations (Raimundo et al., 2017). The projection dominant height estimates 

are substantially more accurate while using GADA or ADA formulation compared to the guide 

curve approach due to their polymorphic nature. The problem with respect to the use of the ADA 

and GADA formulations for eucalypts is that these methods cannot be applied for areas without 

remeasured plots (Ferraz Filho et al., 2011). To our knowledge this is the first study that developed 

a compatible set of prediction and projection dominant height growth equations of clonal eucalypt 

plantations in Brazil. Since the dataset used in this paper is composed of remeasurement 

information, which are evenly balanced across the experimental sites (Binkley et al. 2017), the 

simultaneous fit of the prediction and projection dominant height growth equations was possible. 

It is often difficult to detect the effects of climatic or edaphic variables in a projection 

formulation. It is assumed that the information regarding climate or soils is already explained in 

the starting pair of H1 and t1 in the Z1 variable. In contrast to previous studies with clonal eucalypt 

plantations, however, the gain in the projection performance by associating the asymptote 

parameter of the Chapman-Richards growth model with the variable annual soil water deficit was 

substantial. Scolforo et al. (2018) highlighted the use of a similar variable to mimic climate change 

and describe environmental differences of clonal eucalyptus growth in Brazil. The SWD variable 

integrates the effect of soil, topography and climate, which makes it a powerful covariate. While 
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Ferraz Filho et al. (2011) and Scolforo et al. (2016) found modest improvement when including 

environmental variables in their modeling approaches, the findings of this study uncovered a 

substantial gain in explanatory ability. 

On the other hand, studies such as Scolforo et al. (2013) have showed that it is feasible to 

detect the effect of climate or soils in the prediction model. Consequently, climate information 

may be suggested as unnecessary in the projection formulation, although the findings of this study 

showed that the problem is with regards to the selection of an environmental variable to represent 

growth difference among the sites and clonal groups. In fact the selection of the proper 

environmental variable also substantially increases the prediction performance of the Chapman-

Richards growth model, which is in agreement of previous literature. 

These gains in dominant height prediction and projection performance are relevant aspects, 

if a modeler wants to build a site index equation with strong inference about environmental 

variables for updating forest inventories and recomputing site quality along Brazil. The 

simultaneous prediction/projection fitting should prove valuable in the use of Research Plots as an 

efficient alternative to having remeasured plots from a balanced design, which generally allows 

for simultaneous fitting (Iles, 2003). 

The use of rainfall exclusion regime plots allowed for additional verification using plots 

that have faced drier climate conditions. The results suggested that the modeling approach 

developed in this study, with the inclusion of the annual soil water deficit, are highly capable to 

both predict and project eucalyptus dominant height for short-, medium- and long-term. The 

accurate results using the rainfall exclusion plots elucidated the validity of using the developed set 

of growth equations to mimic short term climate variability. This is due to the fact that a large 

variation with regards to dominant height growth (9.71 meters) previously assigned as random is 
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now explained by the coefficient associated with SWD. Other studies such as Sabatia and Burkhart 

(2014), for instance, detected 0.64 and 1.94 meters range in magnitude of the effect of climate and 

soil variables on site index in intensively and non-intensively managed Pinus taeda plantations, 

respectively, in southern USA. This again highlights the magnitude captured in this study and the 

power of the developed set of growth equations to be applied under extrapolation or to mimic 

short-term climate variability. 

Accurate site-specific growth curves can be generated from the compatible models 

developed in this study, since the asymptote parameter is governed by clonal group and SWD 

change. This formulation allows for inference of how the clonal groups are affected by 

environmental or climate variation. Substantially better site-specific management is now possible 

by matching the clonal groups with their proper areas for plantations. Finally, according to the 

climate history of the areas, it is also possible to use Monte Carlo simulations in order to capture 

the site quality range expected for each clonal group along Brazil (Carrero, 2012). 

 

5. Conclusions 

Competing growth equations were simultaneously fitted for the prediction and projection 

of dominant height in clonal eucalypt stands in Brazil. The compatible prediction/projection 

Chapman-Richards model, featuring polymorphism with single asymptote, displayed the most 

accurate estimates. 

Among all the tested environmental variables, the annual soil water deficit was the single 

variable that best described dominant height growth. The expansion of the common asymptote 

parameter with the variable annual soil water deficit substantially decreased the estimation error 
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of dominant height. This feature permits consistent extrapolation and mimicking of climate 

variation effect on the site quality of forest stands. 

The utility of the developed set of growth equations is the ability to make short-, medium- 

and long-term predictions and projections with more assuredness about the biological behavior 

and its soundness. This modeling system provides accurate site-specific growth curves, which 

substantially enhance site specific management by allowing the selection of the proper clonal 

groups. 
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CHAPTER 5: MODELING WHOLE-STAND SURVIVAL IN CLONAL EUCALYPT 

STANDS IN BRAZIL AS A FUNCTION OF WATER AVAILABILITY 

 

Abstract: Several approaches for modeling whole-stand survival or mortality have been reported 

in the literature, although this component is often times neglected for clonal eucalypt stands in 

Brazil. In addition, the traditional form for projecting whole-stand survival appears incomplete for 

clonal eucalypt stands, since this tree species is highly sensitive to lack of water in the 

environment. Consequently, this study aimed to define the best approach to estimate whole-stand 

survival in clonal eucalypt stands and to develop a new approach for modeling whole-stand 

survival as a function of cumulative soil water deficit. Remeasurement of sixteen research sites 

composed the database used in this study. At each research site, the same eleven eucalypt clones 

were planted in single block plots, which results in a total of 176 plots distributed across Brazil. 

Two traditional approaches (two-step approach and direct estimation) were tested for modeling 

whole-stand survival. Additionally, a new approach that replaces the age term by cumulative soil 

water deficit (cumulative SWD) was compared to the best selected traditional approach to estimate 

whole-stand survival in clonal eucalypt stands. The direct projection approach of whole-stand 

survival displayed better results when compared to the two-step approach. In addition, the 

replacement of age by cumulative SWD in the direct estimation approach allowed for an increase 

in the explanatory ability of the developed difference model. The newly developed difference 

model employing the direct estimation approach constrained by cumulative SWD ensures that the 

environmental stress effect is reflected on the survival of clonal eucalypt stands over time, and it 

is more biologically sound for extrapolation purposes. 

Key-words: tree mortality; direct estimation; environmental stress. 
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1. Introduction 

Several approaches for modeling whole-stand survival or mortality have been reported in 

the literature. Direct estimation through the algebraic difference approach (ADA) (Bailey and 

Clutter, 1974) and the two-step approach first proposed by Woollons (1998) were evaluated. Past 

studies have shown the potential of employing both modeling approaches (Diéguez-Aranda et al., 

2005; Casnati, 2016), suggesting a fallacy in assuming that one modeling approach is always 

superior to the other. 

Thapa and Burkhart (2015) tested direct estimation through the ADA and the two-step 

approach to estimate stand survival of Pinus taeda plantations in southern USA. They reported 

similar accuracy in survival estimation, although direct estimation through ADA was 

recommended as the preferred approach. Zhao et al. (2007) developed whole stand equations 

through the use of the two-step approach to project Pinus taeda survival in the Upper and Lower 

Coastal Plain regions in southern USA. Findings of Zhao et al. (2007) revealed accurate estimates 

and flexibility of the two-step approach, over the full range of stand variables (age, basal area and 

site index). 

These modeling approaches tacitly recognize the role of whole-stand survival for a variety 

of species used in commercial plantations, and as a driver for growth and yield predictions 

(Diéguez-Aranda et al., 2005; Lonsdale et al., 2015). On the other hand, in fast-growing eucalypt 

plantations in Brazil, the whole-stand survival component is often times neglected, since it is 

assumed that mortality will not occur in intensively managed plantations. It is a misconception to 

make such an assumption, since either competition induced or irregular mortality is observed in 

clonal eucalypt stands in Brazil (Scolforo et al, 2018a). Vanclay (1995) stated that irregular 

mortality is due to random events, such as fire and wind, which makes its prediction extremely 
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difficult. However, clonal eucalypt stands usually incur regular mortality, which is caused by 

competition for environmental resources (Scolforo et al., 2018a). 

It is typically assumed in Brazil that an adequate eucalyptus growth and yield system can 

be developed through the development of accurate basal area and dominant height equations while 

obviating the survival component. This practice is prevalent when pulpwood production is the 

major focus of clonal eucalypt plantations. However, in this scenario, two critical points have not 

been considered: 1) the constant change of management prescriptions in clonal eucalypt stands; 

and 2) the possible merchandizing of multiple products from the forest. 

In the past 40 years, management prescriptions of clonal eucalypt stands have constantly 

changed (Stape et al., 2010), and the inclusion of a whole-stand survival equation in a prognosis 

system enables testing the effect of different stand densities in forest production. In addition, to 

producing accurate estimates in order to maximize forest profitability, a hybrid prognosis system 

(compatible individual tree and stand-level estimates) is required and a whole-stand survival 

equation is essential for modeling diameter distributions (Zhao et al., 2007). 

The commonly applied whole-stand survival equations are empirical, where number of 

trees (N1) at initial age (A1), site index (S) and subsequent age (A2) are inputs used to project 

whole-stand survival over time (Thapa and Burkhart, 2015). Clonal eucalypt stands, however, are 

recognized as very sensitive to the lack of water in the environment (Almeida et al., 2010), which 

implies that the impact of climate and soil factors should also be evaluated as possible covariates 

for estimating survival. Scolforo et al. (2018b) suggested the use of the soil water deficit as a 

covariate in clonal eucalyptus dominant height growth modeling. The authors highlighted the use 

of soil water deficit as a variable which integrates soil and climate effect on forest productivity, 

while avoiding multicollinearity among a multitude of climate and soil variables. 
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Mortality processes of clonal eucalypt stands are quite complex (Whitehead and Beadle, 

2004). The environmental stresses or drought periods, potentially represented by the incorporation 

of the soil water deficit in the whole-stand survival modeling, represents a novel approach that can 

provide better estimation of eucalypt stand dynamics. 

The new approach for modeling whole-stand survival presented here involves the 

development of an equation that is a function of soil water deficit. This paper aims to (1) test the 

two-step approach and the direct estimation though ADA in order to define the best approach to 

estimate whole-stand survival in clonal eucalypt stands in Brazil; (2) evaluate the explanatory 

ability of traditional whole-stand survival estimation compared to estimation involving by soil 

water deficit. 

 

2. Material and methods 

2.1. Sites and database 

A network of 176 permanent plots was installed across sixteen Brazilian research sites 

between December/2012 and May/2013. These plots were remeasured every six months with the 

last measurement conducted in April/2017. At every site, a total of eleven clones were planted in 

single block plots. Each block plot contains 80 trees equally spaced (3 x 3 meters), which results 

in a plot size of 720 m2. The clones installed in the research sites were categorized in four clonal 

groups with respect to their yield pattern (Group A: Clone A1; Group B: Clones B2, D4, E5 and 

H8; Group C: Clones C3, G7, K2, Q8, R9; Group D: Clone P7) (Scolforo et al., 2018a). 

The research sites (2, 4, 5, 7, 9, 11, 13, 14, 20, 22, 24, 26, 29, 30, 31 and 33) were distributed 

across all the Brazilian climatic zones, over a full range of soil types and elevation, in order to 

investigate clonal eucalyptus growth patterns (Figure 1). Sites are installed in the Am (tropical and 
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monsoon), As (tropical with dry summer), Aw (tropical with dry winter), Cfa (humid subtropical 

zone with hot summer and without dry season), Cfb (humid subtropical zone with temperate 

summer and without dry season), Cwa (humid subtropical zone with hot summer and dry winter) 

and Cwb (humid subtropical zone with temperate summer and dry winter) climate zones (Alvares 

et al., 2013). The sites range in elevation from close to sea level up to 969 meters above sea level, 

while most of the sites were installed in oxisols (68%), followed by entisols (23%) and ultisols 

(9%). Additionally, in order to eliminate confounding variables, nutrient deficiency and weed 

vegetation were fully eliminated at the time of plot installation. 

 

Figure 1. Research sites installed along Brazil. 

 

Diameter above 1.3 meters aboveground (DBH in cm), total height (h in m) and number of 

surviving trees (trees per hectare – TPH) were measured for all trees at each plot. Dominant height 

was obtained according to the concept of the mean top height, defined as the average height of the 
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7 largest DBH trees per plot. Weather stations installed at each research site provided a record of 

weather data on a daily basis. This study, however, is focused on the use of the soil water deficit 

(SWD) variable, since it integrates the effect of soil, climate and topography in a single variable 

and provides a measure of water availability (Carter and Klinka, 1990). The overall descriptive 

statistics of the research sites are presented in Table 1, while the annual soil water deficit can be 

calculated as: 

                                         
12

1

( )( )
n

SWD PET P PET AET
=

= −  −                                         (1) 

where, ( PET P ) is a dummy variable; PET is the potential evapotranspiration in mm calculated 

through the use of the Penman–Monteith equation; P is precipitation in mm; AET is the actual 

evapotranspiration in mm calculated by water balance of Thornthwaite-Mather, while using 

specific water holding capacity of the soils. 
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Table 1. TECHS sites and the recorded attributes (annual soil water deficit - SWD, site index - S, 

surviving TPH - N, planted TPH – Np).  

Site Latitude (degrees) Longitude (degrees) SWD (mm.yr-1) S (m)* N** Np*** 

2 -24.21 -49.97 -67 30.1 1064 1111 

4 -19.31 -42.42 -425 27.5 1052 1111 

5 -18.58 -42.93 -495 26.9 1078 1111 

7 -18.02 -50.90 -631 27.5 1055 1111 

9 -18.73 -47.92 -533 27.1 1028 1111 

11 -18.71 -52.59 -726 27.4 1043 1111 

13 -20.90 -51.90 -449 27.4 1105 1111 

14 -19.96 -51.59 -559 27.1 972 1111 

20 -22.35 -46.97 -285 28.4 1042 1111 

22 -24.23 -50.53 -72 30.0 1062 1111 

24 -22.73 -49.00 -280 28.1 1042 1111 

26 -16.78 -44.31 -1209 21.5 953 1111 

29 -3.44 -43.07 -1012 21.9 833 1111 

30 -17.32 -43.77 -1186 22.5 1076 1111 

31 -16.34 -39.60 -476 27.6 903 1111 

33 -23.85 -48.70 -184 29.9 1061 1111 

*Site index at base age 6 years; N** is the number of surviving trees per hectare at the last measurement conducted 

at each site; Np*** is the number of  planted trees per hectare.  

 

Figure 2, a visual depiction of Table 1, displays the lower survival rate over time of clonal 

groups B and C. In addition, it is worth mentioning the low correlation of stand survival (TPH) 

with dominant height (Figure 2b). Stand survival and stand age are correlated (Figure 2a), although 

the pattern is not obvious. The cumulative soil water deficit appears to be the variable better 

describing stand survival over time. Figure 2c suggests a lower survival rate for all clonal groups 

in more stressed environments, while again clonal groups B and C are the most impacted groups. 
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Figure 2. Stand survival (TPH) as a function of stand age (a); dominant height (b); and cumulative 

soil water deficit (c) for every clonal group across the TECHS sites. 

 

The database of tree remeasurements of this study originates from the TECHS Project 

(Tolerance of Eucalyptus Clones to Hydric, Thermal and Biotic Stresses, www.ipef.br/techs/en). 

TECHS is a unique research framework installed in Brazil to better understand processes that 

governs eucalyptus growth under a nationwide perspective (Binkley et al., 2017). 

 

2.2. Whole-stand level survival modeling 

Few permanent plots demonstrated irregular (catastrophic) mortality during specific 

measurement intervals, and those specific interval observations were removed from the database.  

http://www.ipef.br/techs/en


 

120 

 

This study defines irregular mortality as an instantaneous relative rate of mortality of greater than 

25%1: 

                                                                      
1

 𝑁

𝑑𝑁

𝑑𝑡
< −0.25                                                          (2) 

Clonal groups were combined in general fittings for every tested equation and approach. 

This implies that any data limitation with respect to any clonal group across Brazil should not be 

a concern (Scolforo et al., 2018b). Global coefficients were obtained in the general fittings, while 

clonal group-specific coefficients were obtained through the use of the non-linear mixed effect 

modeling and logistic mixed effect modeling. 

All data pairs were used to develop the whole-stand survival equations and the logistic 

model. For instance, in a plot measured at ages 1, 2 and 3, the dataset was built combining the data 

pairs 1-2, 1-3 and 2-3. The statistical analyses were performed using the software R (R Core Team, 

2015), while the package nlme (Pinheiro et al., 2016) was used for the non-linear mixed modeling 

and the package lme4 (Bates et al., 2015) was used for the logistic mixed effect modeling. 

 

2.2.1. Approach 1: Direct estimation of whole-stand survival through the use of ADA 

The selection of the whole-stand survival equation should favor a parsimonious and well-

behaved model form. Mortality (or survival over time) is often times neglected for clonal eucalypt 

stands (Stape et al., 2010), although this variable plays a key role in volume/biomass production. 

                                                 

 

 

 

 
1 The function can be approximated as 

1

 0.5(𝑁2+𝑁1)

𝑁2−𝑁1

𝑡2−𝑡1
< −0.25 
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Several equations have been developed with ADA, where the relative rate of instantaneous 

mortality is commonly related to stand age (t), site index (S) and stand density (N). As previously 

suggested by Diéguez-Aranda et al. (2005), the most common differential equation form used to 

develop whole-stand survival equations is: 

                                                       
1

𝑁

𝑑𝑁

𝑑𝑡
= 𝛼𝑁𝛽𝑓1(𝑆)𝑓2(𝑡)                                                   (3) 

where, N is the number of trees per hectare (TPH); t is the stand age; 𝑓1(𝑆) is a function of site 

index; 𝑓2(𝑡) is a function of stand age; 𝛼 and 𝛽 are parameters; 
𝑑𝑁

𝑑𝑡
 is the instantaneous survival 

(mortality). 

 

The factor related to site index (or dominant height at base age 6 years) was always set 

equal to one, since Figure 2 provided evidence that survival of clonal eucalypts in Brazil is not 

well correlated to this variable. Indeed, Casnati (2016) encountered the same situation when fitting 

whole-stand survival equations to estimate Eucalyptus grandis survival in Uruguay. 

A total of seven competing equations were selected to study whole-stand survival in clonal 

eucalypt plantations in Brazil (Table 2). Direct estimation of whole-stand survival through the use 

of ADA is consistent for modeling survival in eucalypt stands. The selected competing equations 

display path invariance and ensure that the number of trees per hectare decreases monotonically 

over time (Zhao et al., 2007). 

 

 

 



 

122 

 

Table 2. Tested whole-stand survival equations. 

Equation Differential equation 
Conditions 

on Eq. (3) 
Difference expression 

N1 
1

𝑁

𝑑𝑁

𝑑𝑡
= 𝛼 

𝛽 = 0 

𝑓(𝑆) = 1 

 

𝑁2 = 𝑁1exp (𝑏1(𝑡2 − 𝑡1)) 

N2 
1

𝑁

𝑑𝑁

𝑑𝑡
= 𝛼𝑡𝛿  𝑁2 = 𝑁1exp (𝑏1(𝑡2

𝑏2 − 𝑡1
𝑏2)) 

N3 
1

𝑁

𝑑𝑁

𝑑𝑡
= 𝛼 +

𝛿

𝑡
 𝑁2 = 𝑁1exp (𝑏1(𝑡2 − 𝑡1)) (

𝑡2

𝑡1
)

𝑏2

 

N4 
1

𝑁

𝑑𝑁

𝑑𝑡
= 𝛼𝛿𝑡 𝑁2 = 𝑁1exp (𝑏1(𝑏2

𝑡2 − 𝑏2
𝑡1)) 

N5 
1

𝑡

𝑑𝑁

𝑑𝑡
= 𝛼𝑁𝛽 

𝛽 ≠ 0 

𝑓(𝑆) = 1 

 

𝑁2 = [𝑁1
𝑏0 + 𝑏1(𝑡2 − 𝑡1)]

1
𝑏0 

N6 
1

𝑡

𝑑𝑁

𝑑𝑡
= 𝛼𝑁𝛽𝑡𝛿  𝑁2 = [𝑁1

𝑏0 + 𝑏1(𝑡2
𝑏2 − 𝑡1

𝑏2)]
1

𝑏0 

N7 
1

𝑡

𝑑𝑁

𝑑𝑡
= 𝛼𝑁𝛽 (1 +

𝛿

𝑡
) 𝑁2 = [𝑁1

𝑏0 + 𝑏1(𝑡2 − 𝑡1) + 𝑏2𝑙𝑛 (
𝑡2

𝑡1
)]

1
𝑏0

 

N2 is TPH at time 2; N1 is TPH at time 1; t2 is the stand age at time 2; t1 is the stand age at time 1; other variables were 

previously defined. 

 

2.2.2. Approach 2: Two-step approach 

2.2.2.1.Logistic model 

In this approach, the first step is to predict the probability of no mortality between plot 

measurement intervals (Zhao et al., 2007). Values of 0 or 1 were assigned to every plot 

measurement interval; when stand mortality was observed in any measurement interval, a value of 

0 was assigned, and a value of 1 was assigned to measurement intervals when no mortality was 

observed. 

The logistic model, through the use of the logit link function, is typically applied for 

predicting the probability of no mortality occurring between plot measurement intervals (Zhao et 

al., 2007). 
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                                          𝑦 = 𝑙𝑜𝑔𝑖𝑡 (
𝜋𝑖𝑗

1−𝜋𝑖𝑗
) = 𝛽0 + 𝛽1𝑆 + 𝛽2(𝑡2 − 𝑡1)                                     (4) 

                                                                  𝜋𝑖𝑗 = exp (𝑦)

(1+exp (𝑦))
                                                             (5) 

where, 𝜋𝑖𝑗 is the probability of no mortality occurring in plot i at measurement interval j; S is site 

index of plot i; 𝛽′𝑠 are parameters to be estimated; other variables were previously defined. 

 

As contrasted to direct estimation through the use of ADA (approach 1), site index was 

included as a covariate in the logistic model. Although site index was not well correlated to the 

reduction of TPH over time (stand survival), it was assumed that the probability of no mortality 

occurrence would be better predicted with the inclusion of a variable to represent the site quality 

level. Stand density was not used as a covariate in the logistic modeling as opposed to the study of 

Zhao et al. (2007), due to the initial stand density of the clonal eucalypt stands used in this study 

always being 1111 TPH. Finally, the length in years between measurement intervals is justified to 

be a covariate because all measurement intervals of every plot were used in the modeling. 

 

2.2.2.2.Estimation of whole-stand survival through the use of ADA 

Assuming that the logistic model accurately predicted the probability of no mortality 

occurrence between measurement intervals at each plot, whole stand-survival equations were 

developed solely from plots that experienced tree mortality over time. Therefore, plots with 100% 

survival over time were not used in the modeling. The equations N1 – N7 presented in Table 2 

were fitted to estimate whole-stand survival over time in the plots that experienced tree mortality. 
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2.2.2.3.Deterministic approach based on decision theory 

The estimation of tree number reduction (stand survival) over time using the equations 

developed solely from the plots that have experienced tree mortality results in the underestimation 

of whole-stand survival over time (Woollons, 1998). Thus, the most applied deterministic 

approach, which is based on decision theory (Zhao et al., 2007), was selected to estimate the 

adjusted whole-stand survival over time: 

                                                     𝑁2_𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 = �̂�2 + �̂�𝑖𝑗(𝑁1 − �̂�2)                                           (6) 

where, �̂�2 is the stand survival (TPH) estimated at time 2 (t2) by a difference equation developed 

solely using plots that have experienced tree mortality; �̂�𝑖𝑗 is the estimated probability of no 

mortality in plot i at measurement interval j; other variables were previously defined. 

 

2.2.3. Modeling survival as a function of cumulative soil water deficit 

After selection of the best traditional approach, the estimation of whole stand survival over 

time was predicted by the variable cumulative soil water deficit. Starting with a differential 

equation that assumed instantaneous tree mortality rate as a constant: 

                                                                 
1

𝑁

𝑑𝑁

𝑑𝑡
= 𝛼                                                                (7) 

where, all the variables were previously defined. 

 

The integration of Eq. (7) combined with the condition of N = N1 when t = t1 resulted in 

the difference equation N1 (Eq. (8)). Equation N1 states that relative mortality rate in the stands is 

constant. 

                                             𝑁2 = 𝑁1exp (𝑏1(𝑡2 − 𝑡1))                                                    (8) 

where, all the variables were previously defined. 
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Thus, a simple form to constrain equation N1 by cumulative SWD is given: 

                                                               
1

𝑁

𝑑𝑁

𝑑 ∑ 𝑆𝑊𝐷𝑡
𝑖=1

= 𝛼                                                      (9) 

where, all the variables were previously defined. 

 

The integration of Eq. (9) with the condition of N = N1 when ∑ 𝑆𝑊𝐷𝑡
𝑖=1  = ∑ 𝑆𝑊𝐷

𝑡1
𝑖=1  results 

in the new difference model, now constrained by cumulative SWD: 

                                       𝑁2 = 𝑁1exp (𝑏1(∑ 𝑆𝑊𝐷
𝑡2
𝑖=1 − ∑ 𝑆𝑊𝐷

𝑡1
𝑖=1 ))                            (10) 

where, ∑ 𝑆𝑊𝐷
𝑡2
𝑖=1  is the cumulative soil water deficit from t=0 up to time 2 (t2); ∑ 𝑆𝑊𝐷

𝑡1
𝑖=1  is the 

cumulative soil water deficit from t=0 up to time 1 (t1); all the variables were previously defined. 

 

Based on biological and system theoretical arguments, this difference equation (Eq. (10)) 

contains the number of trees and cumulative soil water deficit on the right-hand side, i.e., the 

survival rate in one stand will vary according to the initial stand density and change with regards 

to the cumulative soil water deficit (environmental stress, drought period). Differently from Eq. 

(8), however, Eq. (10) implies that more stressed environments (sites with higher cumulative SWD 

in absolute terms) result in lower survival rates compared to less stressed sites. Site-specific whole-

stand survival curves can now be generated that demonstrate how unusual yearly climate events 

may impact stand survival across all sites. 

Cumulative SWD express how water availability induces tree mortality. The pioneering 

study of Golfari et al. (1978) indeed discussed how water balance plays key role with regards to 

forest production in Brazil. 
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2.3. Validation of whole-stand survival modeling approaches 

The evaluation of the difference equations, logistic model, traditional modeling 

approaches, and modeling approach as a function of cumulative soil water deficit was conducted 

in two steps. In the first step the Akaike information criterion (AIC) and Bayesian information 

criterion (BIC) were used to assess model performance, while the Area Under the Curve (AUC) 

was used to assess the logistic model performance (Saveland and Neuenschwander, 1990). In the 

second step, the statistical indices, bias (T), mean absolute error (MAE), root mean square error 

(RMSE), model efficiency (EF) and graphical analyses (through the ggplot2 package - Wickham, 

2009) were used for validation. 

                                                           𝑇 =  
1

𝑛
∑ (𝑂 − 𝑃𝑟)𝑛

𝑖=1                                                        (11) 

                                                        𝑀𝐴𝐸 =  
1

𝑛
∑ |𝑂 − 𝑃𝑟|𝑛

𝑖=1                                                     (12) 

                                                         𝑅𝑀𝑆𝐸 =  √
∑ (𝑃𝑟−𝑂)2𝑛

𝑖=1

𝑛
                                                       (13) 

                                                          𝐸𝐹 = 1 −
∑ (𝑂−𝑃𝑟)2𝑛

𝑖=1

∑ (𝑂−�̅�)2𝑛
𝑖=1

                                                        (14) 

where, 𝑃𝑟 is the predicted values; 𝑂 is the observed values; �̅�is the average of observed values; 𝑛 

is the number of observations. 

 

Independent datasets are typically used for validation purposes. The data limitation in this 

study, however, suggested that data-splitting would not be effective for validating the modeling 

approaches, since lack of data could potentially be a problem. Thus, the strategy used in this study 

follows the recommendation of Kozak and Kozak (2003). This strategy consisted in the generation 

of 1000 random samples through the use of the non-parametric bootstrapping technique. Kozak 
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and Kozak (2003) showed that cross or double cross validations do not provide analytical gains 

when compared to the strategy used in this study. 

 

3. Results 

3.1. Selection of the best difference model for the direct projection of whole-stand survival 

Parsimony was preferred for the fitted equations. Thus, equations N2, N3, N4, N6 and N7 

were not further evaluated, since at least one coefficient did not display statistical significance at 

alpha = 0.05. On the other hand, equations N1 and N5 contained significant coefficients and were 

then evaluated with respect to their fitting performance and validation statistics (Table 3). Equation 

N1 presented the overall best fitting and validation statistics. 

Low values for T, MAE and RMSE were reported, although the EF for both equations 

displayed low values. The low model efficiency was expected due to the large dataset variation 

with regards to whole-stand survival and since these equations do not possess any parameter to 

estimate site-specific whole-stand survival. 

 

Table 3. Fitting (AIC and BIC) and validation (Bias, MAE, and RMSE for TPH (N2), and EF) 

statistics of the difference equations for the direct projection of whole-stand survival. 

Equation b0 b1 AIC BIC T MAE RMSE EF 

N1   -0.011* 15640 15656  -0.43 23.09 44.20 0.39 

N5 0.999 -11.160* 15643 15665 0.04 23.30 44.31 0.38 

*selected coefficient to include the random effect with respect to clonal groups. 

 

Figure 3 shows the predicted behavior of the equations N1 and N5 with respect to bias and 

absolute error along different whole-stand survival projection lengths. This figure demonstrates 
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similar behavior for the equations N1 and N5 along different projection lengths. The proper 

behavior, combined to the better fit and validation statistics, resulted in the selection of equation 

N1 for the purposes of direct projection of whole-stand survival in clonal eucalypt stands in Brazil. 

 

Figure 3. Projection performance of the difference equations N1 and N5 along different projection 

lengths for the four clonal groups 

 

3.2. Assessment of the two-step approach for the projection of whole-stand survival 

3.2.1. Selection of the difference model for estimation of whole-stand survival 

Only the plots that experienced tree mortality over time were used to fit the equations. 

Again, equations N2, N3, N4, N6 and N7 were eliminated from further comparisons, since at least 

one of the coefficients of these equations was not statistically significant (alpha = 0.05). Equations 

N1 and N5 possessed significant coefficients (at alpha = 0.05) and equation N1 again exhibited 

overall better results than equation N5 under the fit and validation statistics (Table 4). 
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Table 4. Fitting (AIC and BIC) and validation (Bias, MAE, and RMSE for TPH (N2), and EF) 

statistics of the difference equations for the projection of whole-stand survival. 

Equation b0 b1 AIC BIC T MAE RMSE EF 

N1 -  -0.016* 11609 11624 -0.16 28.40 49.32 0.34 

N5 0.999 -16.003* 11615 11635 -0.30 28.73 49.42 0.33 

*selected coefficient to include the random effect with respect to clonal groups. 

 

3.2.2. Assessment of the logistic model for predicting the probability of no mortality occurrence 

The fitted logistic model displayed significant coefficients (alpha = 0.05), where both the 

intercept and the age term coefficient were selected to include random effects with respect to clonal 

groups. The AUC equal to 0.74 suggested an acceptable precision for the purposes of predicting 

the probability of a plot or stand showing no mortality occurrence (Hosmer et al., 2013). The fitted 

logistic model for predicting the probability of no mortality occurrence in clonal eucalypt stands 

in Brazil is: 

                                                     �̂�𝑖𝑗 = exp (0.86−0.86(𝑡2−𝑡1)+0.02𝑆)

(1+exp (0.86−0.86(𝑡2−𝑡1)+0.02𝑆))
                                              (15) 

It is worth mentioning that the fitted equation suggested that the probability of no mortality 

occurrence decreases over time, while better sites enjoyed better survival. These are biologically 

sound assumptions for clonal eucalypt plantations distributed along the extensive experimental 

gradient of this study in Brazil. 
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3.2.3. Assessment of the deterministic approach based on decision theory for projecting whole-

stand survival 

The combination of the probability estimates of no mortality occurrence with the estimates 

of whole-stand survival based on the fitted equation N1 (developed with plots that have faced tree 

mortality) into Eq. (6), allows for estimation of adjusted whole-stand survival. 

The validation statistics, T = -3.98 TPH, MAE = 21.12 TPH, RMSE = 44.40 TPH and EF 

= 0.38, suggest the two-step approach not as good as the direct projection approach. Additionally, 

this approach resulted in biased estimates (T = -3.98 TPH).  

 

3.3. Modeling whole-stand survival as a function of cumulative soil water deficit 

The direct projection of whole-stand survival through the use of the ADA formulation was 

selected as the best approach to estimate whole-stand survival. This modeling approach is 

governed by age, whereby whole-stand survival is expressed by Eq. (8). 

The fitted difference equation governed by cumulative SWD (Eq. 10) possesses more 

precise fitting statistics when compared to the traditional difference equation N1 (function of stand 

age and stand density). Additionally, slightly more accurate estimates were obtained through the 

incorporation of cumulative SWD (Table 5). 

 

Table 5. Fitting (AIC and BIC) and validation (Bias, MAE, and RMSE for TPH (N2), and EF) 

statistics of the difference equation (Eq. (10)) for the direct projection of whole-stand survival. 

Equation b1 AIC BIC T MAE RMSE EF 

N1 with SWD (Eq. (10) 0.0000193* 15540 15556 -0.42 22.80 42.04 0.44 

*selected coefficient to include the random effect with respect to clonal groups. 
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The overall validation statistics implied a small gain in accuracy of whole-stand survival 

estimation through the use of the difference model based on cumulative soil water deficit as 

opposed to the traditional (N1) model. One reason for the small gain is that most research sites in 

this study are concentrated around the average SWD (-536 mm.year-1). However, for sites that are 

not close to average SWD, a substantial gain in accuracy of the whole-stand estimation through 

time was observed (Figure 4). Model results using cumulative SWD displayed more accurate and 

stable projections for whole-stand survival for all clonal groups in the more stressed (represented 

in Figure 4 by SWD = -1012mm.year-1) and less stressed sites (represented in Figure 4 by SWD = 

-184 mm.year-1). For averaged sites (represented in Figure 4 by SWD = -559 mm.year-1), the 

results displayed by the traditional modeling and the modeling predicted by SWD were similar.  
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Figure 4. Projection performance of the difference models N1 and N1 with cumulative SWD (Eq. 

(10)) along different projection lengths applied to different SWD conditions (-184, -559, -1012 

mm.year-1) for the clonal groups: A (a); B (b); C (c); and D (d). The high error for all clonal groups 

under the condition SWD = -1012 mm.year-1 is due to disease problems. 
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The direct projection of whole-stand survival of clonal eucalypt stands as a function of 

cumulative SWD is promising. The increase of explanatory ability of this modeling approach, 

especially at the most extreme research sites, can play a key role avoiding under or overestimation 

of clonal eucalypt stand survival in Brazil, while still improving accuracy of the entire growth and 

yield system. 

 

3.4. Assessing SWD scenarios and how these affect whole-stand survival in clonal eucalypt 

stands in Brazil 

The proposed fitted difference equation N1 as a function of cumulative SWD with fitted 

coefficients for estimating whole-stand survival in Brazil (Eq. (16)): 

                                 �̂�2 = 𝑁1exp ((0.0000193 + 𝑏1𝑖)(∑ 𝑆𝑊𝐷
𝑡2
𝑖=1 − ∑ 𝑆𝑊𝐷

𝑡1
𝑖=1 ))      (16) 

where, 𝑏1𝑖 is -0.0000033, 0.0000062, 0.0000002 and -0.0000031 for the clonal groups A, B, C and 

D, respectively; ∑ 𝑆𝑊𝐷𝑡
𝑖=1  is the cumulative soil water deficit (mm) from the time when plots 

were installed (t=0) up to t1 and t2. 

 

The modeling approach governed by cumulative SWD, as expressed by Eq. (16), suggests 

that stands with the same age and density can face different survival rates. The inclusion of 

cumulative SWD in the whole-stand survival model captures the effect of environmental 

differences and unusual yearly climate variation across the research sites in Brazil. 

Annual SWD in the studied sites ranged from -1209 to -67 mm.year-1, which implies a 

possible range of -6852 mm (cumulative SWD) over a eucalyptus rotation equal to 6 years. 

Consequently, the predicted stand survival in Brazil at the end of the rotation may vary up to 138 
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TPH (assuming N1 = 1111 TPH) over the SWD range. The traditional difference equation approach 

would provide the same tree number reduction regardless of climatic scenario. 

Finally, the projection of whole-stand survival following Eq. (16) allowed for the 

observation that clonal group B is predicted to be the most impacted by SWD variation with respect 

to stand survival over time, followed by clonal groups C, D and A (Figure 5).  

 

Figure 5. Whole-stand survival curves, by clonal groups, under three distinct SWD scenarios 

(SWD = -1209, -536, and -67 mm.year-1) along the experimental research gradient of this study in 

Brazil using Eq. (16). To plug cumulative SWD in the fitted difference equation: for the average 

SWD, SWD2 in year 6 = (6 x -536) = -3216 mm. 
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4. Discussion 

This paper developed a whole-stand survival equation for clonal eucalypt plantations in 

Brazil, where survival estimation is governed by stand density and cumulative soil water deficit. 

The direct projection approach of whole-stand survival gave better results compared to the two-

step approach. In addition, the replacement of the age term by the cumulative soil water deficit 

allowed for an increase in the explanatory ability of the developed difference model. 

To our knowledge, whole-stand survival is rarely included in growth and yield systems for 

clonal eucalypt plantations in Brazil (Stape et al., 2010). When pulpwood is the single product 

objective for a forestry enterprise, omitting whole-stand survival should not be a concern, since 

dominant height and basal area equations are sufficient for predicting stand volume over time. In 

clonal eucalypt plantations, however, management prescriptions have continuously changed over 

the past 40 years (Campinhos, 1999). The inclusion of whole-stand survival equations in a growth 

and yield system can allow forestry enterprises to test how change in stand density affects forest 

productivity (Sharma et al., 2002) when the system is applied for prediction across multiple sites. 

Additionally, to maximize forest profitability by merchandizing multiple products, growth and 

yield systems must have the capability to estimate diameter distributions over time. These 

merchandizing requirements reveal the need for a whole-stand survival equation embedded in the 

growth and yield system (Amateis et al., 1986). 

Better results displayed by the direct estimation approach compared to the two-step 

approach were also previously reported by Diéguez-Aranda et al. (2005). Dieguéz-Aranda et al. 

(2005) developed equations to estimate mortality of Pinus sylvestris L. plantations in the northwest 

of Spain; the authors reported similar accuracy between the two approaches, although they selected 
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the direct estimation approach to estimate mortality of Pinus sylvestris L. plantations because of 

its simplicity. 

In the fitted logistic model, initial stand density (fixed at 1111 TPH) was found not to be 

useful, as opposed to other studies, where the stand variable has been reported as an essential 

covariate for higher accuracy of probability prediction of no mortality occurrence over time 

(Diéguez-Aranda et al., 2005; Zhao et al., 2007). The probability of no mortality occurrence over 

time was assumed to be a function of age and site index, while the other non-controlled factors 

(pests, diseases, etc) were assumed to be embedded in the intercept coefficient. While site index 

was not well correlated to whole-stand survival over time, this variable was included in the logistic 

model, since it is able to describe environmental differences across the research sites (Woollons, 

1998). Typically, we associate higher mortality on better sites because there is more inter-tree 

competition and dominant trees begin to express themselves by pushing out the suppressed trees. 

The higher mortality does occur on better site indices when we match the species to the appropriate 

natural biome or ideal growing conditions. In this study, however, we are stating the opposite, 

since sites were also planted in places with harsh, stressed, and adverse conditions, which agree 

with the findings of Woollons (1998). 

Although the site index variable combined to age length provided proper predictions with 

the logistic model (AUC = 0.74), the two-step approach still furnished biased whole-stand survival 

estimates. One way to potentially increase the accuracy of the two-step approach is by the properly 

identify, at each remeasurement occasion, trees that present any type of disease, since those trees 

are more susceptible to death (Devine and Clutter, 1985). 

Natural mortality in clonal eucalypt stands is frequent, especially for plantations in more 

stressed environments or under an unusual drought period (Battaglia and Wilson, 1990). This fact 
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was hypothesized to be the reason for higher accuracy of the direct estimation approach. However, 

since site index was not well correlated to the decrease of whole-stand survival over time, the use 

of stand density and age to estimate stand survival across Brazil appears to be incomplete. The 

replacement of the age term by cumulative soil water deficit in Eq. (10) allowed for a more proper 

estimation of whole-stand survival in clonal eucalypt stands over time. Lack of water depresses 

tree survival over time, as is apparent in Figure 2. The age term is implicitly included in Eq. (10), 

since there is a close relationship between cumulative SWD and time. 

The direct estimation of whole-stand survival through the difference equation as a function 

of cumulative SWD (Eq. (16)) provided a better estimate of stand survival of clonal eucalypt stands 

in Brazil, especially in the most extreme research sites. This is a valuable technique that allows for 

the estimation of site-specific curves of whole-stand survival of a variety of clones. Global 

coefficients of the developed equation employing SWD might be used to better understand how 

environmental stresses affect stand survival and convey a clearer picture of the stand survival 

distribution across Brazil. Clonal group-specific coefficients allow for better estimation of whole 

stand survival across Brazil, highlighting how each clonal group is impacted by water limitation 

in the environment. The findings here reported agree with the findings of Scolforo et al. (2018b), 

since stand survival of clonal groups B and C were more impacted by SWD. 

Finally, survival modeling still needs to be further investigated across a wide range of stand 

densities in Brazil. Survival appears to be impacted by climate stress (Casnati et al., 2016), where 

the variable SWD indeed should be able to capture such behavior for a variety of planting densities. 
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5. Conclusions 

Two approaches (direct estimation and two-step) were tested with respect to modeling 

whole-stand survival of clonal eucalypt plantations in Brazil. The direct estimation approach to 

whole-stand survival displayed the most accurate results, while the difference equation N1 

(exponential anamorphic decay) was selected for the purposes of projecting whole-stand survival 

over time. 

The replacement of age by the cumulative soil water deficit in Eq. (10) allowed for a 

substantial increase in the explanatory ability of the direct estimation approach. The newly 

developed difference model, constrained by cumulative SWD, reflects the environmental stress 

effect on survival of clonal eucalypt stands over time. This property allows for testing how unusual 

climate years may impact stand survival, and it is more biologically sound for extrapolation 

purposes. 

The projections developed here allow for the observation of how environmental stresses 

may affect the survival of a variety of clonal eucalypt groups. This approach also reveals a novel 

methodology for testing survival x environment interaction with respect to clonal eucalypt groups 

in Brazil, which previously has been uninvestigated in growth and yield studies.  
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CHAPTER 6: STAND-LEVEL GROWTH AND YIELD SYSTEM FOR CLONAL 

EUCALYPT PLANTATIONS IN BRAZIL: A SYSTEM THAT ACCOUNTS FOR 

WATER AVAILABILITY 

 

Abstract: Growth and yield (G &Y) systems aim at forecasting forest productivity. The lack of 

environmental variables to account for how water availability constrains eucalyptus production in 

Brazil, however, is argued to be a major drawback of these systems. Thus, this study aimed to 

develop a stand-level G & Y system that accounts for water availability, highlighting its usefulness 

when applied for clonal eucalypt stands under drier climatic conditions. The dataset is composed 

of remeasurement information of sixteen research sites that span all climatic regions in Brazil. A 

total of eleven eucalypt clones were planted in single block plots at each site, and extra replications 

under the rainfall exclusion system were also installed for these eleven clones in fourteen sites. 

Linear algebra techniques were used to simultaneously fit a compatible set of prediction and 

projection basal area equations. A stand-level volume equation was also developed. These 

equations were validated through the use of an independent dataset composed of the rainfall 

exclusion regime plots. Finally, the accuracy and usefulness of a typical G & Y system applied to 

clonal eucalypt stands in Brazil was compared to the new proposed G & Y system, which accounts 

for the impact of water availability in eucalyptus productivity. The compatible set of prediction 

and projection basal area equations accounting for water availability displayed substantially more 

accurate estimates compared to the conventional basal area modeling. Bias in the stand volume 

estimates were drastically reduced through the use of the new G & Y system. This result 

highlighted how useful and powerful the newly developed approach is, since the system was 

capable to provide accurate estimates through the use of the rainfall exclusion regime plots. The 
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new system is a powerful alternative to estimate forest afforestation yield and is fully capable to 

accurately update forest inventories. The system can also be used for projecting how forest growth 

may be impacted by short-term climate variation. 

 

Key-words: explanatory ability; accuracy; soil water deficit; volume; basal area. 
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1. Introduction 

A typical growth and yield system is represented by a combination of prediction and 

projection equations aimed at forecasting forest productivity. Stand and site parameters such as: 

dominant height/site index (m), basal area (m2.ha-1), survival (trees per ha) and volume (m3.ha-1) 

are used to predict, project and simulate stand growth and yield (Weiskittel et al., 2011). These 

systems are management-oriented with a focus on analytical support and solving real world 

problems (Peng, 2000). 

There is a great variety of growth and yield models and they are usually grouped in different 

levels of resolution such as whole stand, diameter class and individual tree (Burkhart and Tomé, 

2012). A key advantage of using the whole-stand-level approach when developing a growth and 

yield system is its simplicity and robustness, i.e., it requires relatively little information and it can 

accurately simulate the stand development and growth (Peng, 2000). 

The high estimation accuracy and realism that a typical stand-level growth and yield system 

displays, is highly desirable for updating forest inventories (Weiskittel et al., 2011). Particularly in 

clonal eucalypt stands in Brazil, a stand-level growth and yield system seems to provide enough 

information to feed short-, medium- and long-term forest planning requirements, since most of the 

commercial plantations are focused on pulp production (Binkley et al., 2017). 

The simplicity of a stand-level growth and yield system, however, contrasts with the 

existence of some shortcomings. For clonal eucalypt plantations in Brazil, one remarkable 

omission is the fact that empirical growth and yield systems have not accounted for how water 

availability affects forest production. It is commonly suggested that one year of drought or an 

unusual climate variation can dramatically impact clonal eucalyptus production (Almeida et al., 

2010). 
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Thus, initiatives with respect to the development of growth and yield systems that account 

for such phenomena in eucalyptus production appear to be essential. Scolforo et al. (2018a) 

developed a compatible set of prediction and projection dominant height equations that included 

the variable annual soil water deficit (SWD), for clonal eucalypt stands in Brazil. The findings of 

the study revealed that the incorporation of SWD substantially increased the accuracy of site index 

estimation. Meanwhile, Scolforo et al. (2018b) developed a whole-stand survival function as a 

function of cumulative SWD for clonal eucalypt stands. These studies revealed that omitting an 

environmental variable, such as SWD, in the site index and survival model can compromise the 

use of a typical growth and yield system, since highly biased site index and survival estimates 

impact the other recursive growth components. 

Ferraz Filho et al. (2011) assumed that the inclusion of yearly rainfall in a dominant height 

model for clonal eucalypt stands in eastern Brazil was sufficient for explaining how water 

availability impacts eucalyptus productivity. Maestri (2003) arrived at the same conclusion when 

modeling site index for the same region in eastern Brazil. Although the authors assumed the gain 

in accuracy of site index estimation by including rainfall information was sufficient for properly 

updating a growth and yield system, the other stand-level components, such as basal area, were not 

evaluated. 

Soares and Leite (2000) and Carrero (2012) included yearly rainfall (annual precipitation) 

in basal area modeling as a proxy for describing water availability. These studies reported evidence 

of accurate basal area and volume estimates for eucalypt plantations in northeastern Brazil and in 

the Western Llanos in Venezuela, respectively. A shortcoming with respect to their approach is 

that the environmental impact (water availability) in forest productivity was not assessed with 

respect to site quality and whole-stand survival. Biased site index and survival estimates, as 



 

146 

 

previously suggested, may result in inconsistent basal area and volume estimates. Another 

shortcoming is related to the variety of stand densities used in these studies, more specifically when 

a variety of stand densities are encountered within the same geographical region. This fact suggests 

that the coefficient associated with the environmental variable can potentially modify the 

estimation of basal area and subsequent stand volume. 

In order to produce a consistent stand-level growth and yield system that accounts for the 

environmental impact on forest productivity, dominant height should be the first variable 

evaluated, since this variable influences all the other components in a growth and yield system, 

followed by the evaluation of whole-stand survival (Weiskittel et al., 2011). However, 

environmental variables should be included in any model component that is judged necessary 

(Pienaar et al., 1996) to account for how water availability impacts forest productivity. 

There is a lack of research studies that test the inclusion of environmental variables and 

describe how water availability affects eucalyptus growth while quantifying the real gain in 

accuracy of the estimates. This paper aims to provide (1) the development of basal area model with 

the inclusion of a soil water balance environmental variable; (2) the development of stand-level 

volume equation; (3) comparison between the typical growth and yield system and the growth and 

yield system that accounts for water availability. 

 

2. Material and methods 

2.1. Study area and database 

TECHS project (Tolerance of Eucalyptus Clones to Hydric, Thermal and Biotic Stresses, 

www.ipef.br/techs/en) is a unique research platform aiming to investigate the main drivers of 

clonal eucalyptus growth spanning Brazil and northern Uruguay (Binkley et al., 2017). TECHS 

http://www.ipef.br/techs/en
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research sites labeled as 2, 4, 5, 7, 9, 11, 13, 14, 20, 22, 24, 26, 29, 30, 31 and 33 in Figure 1 

constitutes the database used in this study. 

 

Figure 1. TECHS sites along Brazil and northern Uruguay. 

 

The eleven most planted eucalypt clones in Brazil, which were further condensed in four 

clonal groups (Group A: Clone A1; Group B: Clones B2, D4, E5 and H8; Group C: Clones C3, 

G7, K2, Q8, R9; Group D: Clone P7), were planted in single block plots at each one of the sixteen 

TECHS sites used in this study (Scolforo et al., 2018c). These sites were installed between January 

and May of 2012, where weed vegetation and nutrient deficiency were fully removed in all the 

sites. 

Each single block plot presents an area of 720 m2 and contains 80 trees, where the trees are 

equally spaced at 3 x 3 meters. The variables diameter at 1.30 meters aboveground (DBH in cm) 

and total height (h in m) were measured for all trees at each single block plot. Dominant height 
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(H) for each plot was always defined according to the mean top height concept, which is expressed 

as the mean height of the largest 7 trees/plot with respect to DBH. 

Plot measurements started between December/2012 and May/2013 with remeasurements 

conducted every 6 months and the last measurement being carried out in April/2017. At the 

TECHS sites: 2, 4, 5, 7, 9, 11, 13, 14, 20, 22, 24, 26, 30 and 31, additional plots for the clonal 

groups were installed under the rainfall exclusion regime. These rainfall exclusion regime plots 

were installed and designed in order to mimic future drier climate scenarios, since 30% of the 

annual rainfall in those areas never reached the ground. 

Since remeasurement information was obtained for the TECHS sites, the assessment of 

observed growth of the clonal eucalypt groups spanning tropical Brazil was possible. Table 1 

summarizes the overall basal area and stand volume of the clonal eucalypt groups in Brazil across 

all the remeasurement information, while Figure 2 expresses the overall best growth of clonal 

groups A and B and the substantially lower growth of clonal group D. 

 

Table 1. Overall descriptive statistics of basal area and stand-level volume under regular plots and 

rainfall exclusion regime plots. 

Clonal group Minimum B Average B Maximum B Minimum V Average V Maximum V 

A 4.33 15.13 30.34 16.58 143.91 383.68 

A* 4.16 14.37 23.50 16.26 132.55 287.08 

B 3.46 14.52 35.22 13.09 133.72 447.45 

B* 3.26 13.48 28.00 12.97 120.27 318.00 

C 2.28 12.59 31.00 9.53 109.52 343.73 

C* 2.16 11.74 24.83 9.00 97.95 270.90 

D 2.15 8.75 17.08 6.45 67.12 184.51 

D* 2.12 7.73 13.01 6.82 56.34 130.02 

* rainfall exclusion regime plots; B = Basal area (m2.ha-1); V = Volume  (m3.ha-1) 
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Figure 2. Basal area – m2.ha-1 (a) and stand volume – m3.ha-1 (b) productivity over time for the 

four (A, B, C, D) clonal group across the TECHS sites. 

 

2.2. Climate information 

As previously mentioned the TECHS project was installed spanning all of Brazil and the 

northern portion of Uruguay. Thus, it was possible to evaluate clonal eucalyptus growth in all the 

Brazilian climatic zones. Typically, the Brazilian climatic zones, classified by the Köppen system, 

are divided in: Am (tropical and monsoon), As (tropical with dry summer), Aw (tropical with dry 

winter), Cfa (humid subtropical zone with hot summer and without dry season), Cfb (humid 

subtropical zone with temperate summer and without dry season), Cwa (humid subtropical zone 

with hot summer and dry winter) and Cwb (humid subtropical zone with temperate summer and 

dry winter) (Alvares et al., 2013). In addition, the sites ranged in elevation from close to sea level 
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to 969 meters above sea level. Soil types are also well represented across the TECHS sites, where 

68% of the sites were represented by oxisols, 23% by entisols and 9% by ultisols. 

Since the main goal of the TECHS project is to investigate the key biological and 

environmental drivers of eucalyptus growth across the extensive experimental area, weather 

stations were installed in all the sites. Information available for the sites include: minimum 

temperature (Tmin, 
oC), maximum temperature (Tmax, 

oC), annual potential evapotranspiration 

(PET, mm.year-1, calculated through the use of the Penman–Monteith equation), annual 

precipitation (P, mm.year-1), annual number of days with rainfall greater than 1mm.day-1 (RD, 

n.year-1) and annual soil water deficit (SWD, mm.year-1). 

In a tropical country such as Brazil, large variability in the climatic variables is expected, 

especially for the variables related to water availability. Thus, P and SWD are the highlighted 

variables displayed in Table 2, where annual soil water deficit can be calculated as: 

                                         
12

1

( )( )
n

SWD PET P PET AET
=

= −  −                                           (1) 

where, ( PET P ) is a dummy variable; AET is the actual evapotranspiration calculated by water 

balance of Thornthwaite-Mather, while using specific water holding capacity of the soils; all other 

variables are defined. 
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Table 2. TECHS sites and the recorded weather attributes in the measurement periods. 

Site Latitude (degrees) Longitude (degrees) P (mm.yr-1) SWD (mm.yr-1) 

2 −24.21 −49.97 1563 -67 

2* - - 1088 -212 

4 −19.31 −42.42 1097 -425 

4* - - 768 -636 

5 −18.58 −42.93 1090 -495 

5* - - 754 -686 

7 −18.02 −50.90 1488 -631 

7* - - 1036 -731 

9 −18.73 −47.92 1329 -533 

9* - - 930 -715 

11 −18.71 −52.59 1275 -726 

11* - - 892 -886 

13 −20.90 −51.90 1127 -449 

13* - - 794 -712 

14 −19.96 −51.59 1249 -559 

14* - - 881 -838 

20 -22.35 -46.97 1377 -285 

20*   962 -494 

22 −24.23 −50.53 1530 -72 

22* - - 1095 -217 

24 −22.73 −49.00 1257 -280 

24* - - 881 -465 

26 −16.78 −44.31 714 -1209 

26* - - 499 -1324 

29 −3.44 −43.07 1031 -1012 

30 −17.32 −43.77 743 -1186 

30* - - 520 -1347 

31 −16.34 −39.60 1243 -476 

31* - - 866 -681 

33 −23.85 −48.70 1447 -184 

* rainfall exclusion regime plots 

 

2.3. Stand-level models 

Insufficient data thwarted any attempt to create regional models, thus a pooled general fit 

was used for modeling stand volume and basal area. A linear mixed effect model was employed, 
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where clonal groups were assigned as random effects to particular coefficients. The modeling 

approach proposed in this study mitigated problems associated with lack of data, while permitting 

the estimation of local coefficients to be used when predicting and projecting forest growth for 

each clonal group.  

                           𝑦ℎ𝑖 = 𝑋ℎ𝑖𝛽 + 𝑍𝑖𝑏𝑖 + 휀ℎ𝑖            휀𝑖𝑗~𝑁(0, 𝜎2𝐼),       𝑏𝑖~𝑁(0, 𝜎2𝐷)                    (2) 

where 𝑦ℎ𝑖 is a known vector of h observations of clonal group i; 𝛽 is an unknown vector of fixed 

effects; 𝑏𝑖 is an unknown vector of random effects; 𝑋𝑖 and 𝑍𝑖 are design matrices; clonal group i, 

i = 1, ... ,M. 

 

All data pairs at every plot were used in the model development. This means that for a plot 

measured at ages 1, 2 and 3 years, the data structure paired data at ages 1-2, 1-3 and 2-3. Using all 

forward combination of data pairs assists in modeling asymptotic behavior with more assuredness. 

 

2.3.1. Basal area modeling 

Basal area modeling was based on the Schumacher type model, since this base model 

displays high simulation precision (Hong-gang et al., 2007). Indeed, Casnati (2016) fitting basal 

area equations to Eucalyptus grandis and Pinus taeda in Uruguay identified the Schumacher type 

model as the best model form for estimating basal area growth, while McTague et al. (2008) found 

similar results when fitting this model form to simultaneously predict and project basal area of 

hardwood stands in USA. 

Basal area was modeled as function of stand age, dominant height and relative spacing: 
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0 1 2 2 3 3

1
ln ( ) ln ( )B b H b RS

t
   = + + + + +                                        (3) 

where, B is the basal area (m2.ha-1); t is the stand age (years); H is the dominant height (m); relative 

spacing (RS) =  
√

10000

𝑁

𝐻
; N is the survival (TPH); 𝛽′𝑠 are the fixed coefficients to be estimated; b2 

and b3 are the random coefficients associated with the clonal groups. 

 

Isolating the β0 parameter and imposing the condition that B = B1 at time 1 (t1) and B = B2 

at time 2 (t2), results in the anamorphic model form. The polymorphic model form was not used 

here, since our previous tests highlighted the superior performance of the anamorphic model form, 

which is in agreement of basal area growth illustrated by Figure 2. 

            ( ) ( )2 1 1 2 2 2 1 3 3 2 1

2 1

1 1
ln ln ( ) ln ln ( )B B b H H b RS RS

t t
  
 

= + − + + − + + − 
 

             (4) 

where, B2 is the projected basal area (m2.ha-1) at age (t2); B1 is the current measured basal area, t1 

is the current age of the stand; H1 is the dominant height at t1; H2 is the dominant height at t2; RS1 

is the relative spacing at t1; RS2 is the relative spacing at t2; other variables are previously defined. 

  

One focus of this study is to produce a compatible set of prediction and projection basal 

area equations for clonal eucalypt stands in Brazil. Simultaneous estimation is a preferred 

methodology, which was the approach adopted by McTague et al. (2008). The technique using 

linear algebra simultaneously estimating Eqs (3) and (4) follows below using 3 time intervals: 
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0 1 1 2 2 2 3 3 3 4( ) ( )Y X X b X b X   = + + + + +                                         (5) 

Y  X1 X2 X3 X4   Coefficients 

lnB11  1 
1

𝑡11
 lnH11 RS11 

 
 0  

lnB12  1 
1

𝑡12
 lnH12 RS12 

 
 

     
1  

lnB13 = 1 
1

𝑡13
 lnH13 RS13 

 

 

            
2 2b +  

             

            
3 3b +  

lnB12-lnB11  0 
1

𝑡12
−

1

𝑡11
 lnH12-lnH11 RS12-RS11 

 
  

lnB13-lnB11  0 
1

𝑡13
−

1

𝑡11
 lnH13-lnH11 RS13-RS11 

 
  

lnB13- lnB12  0 
1

𝑡13
−

1

𝑡12
 lnH13- lnH12 

RS13- 

RS12 

 
  

where, indices 11, 12 and 13 refers to plot 1 and the ages of the plot measurement; other variables 

are previously defined. 

 

It is possible to assume that the environmental impact reflected in the variables H and RS 

already explains a great portion of the environment impact on basal area growth over time. In other 

words, it is reasonable to assume that unbiased H and RS estimates over time and site locations 

possess the power to accurately update basal area estimation. 

It is biologically sound, however, to presume that basal area modeling should also contain 

a variable to account for a portion of the environmental impact in forest productivity that was 

possibly not accounted by the H and RS variables. To this purpose, two environmental variables 

were tested in the compatible set of prediction and projection basal area equations: annual 

precipitation and annual soil water deficit. The inclusion of these variables in the basal area 

modeling requires a perfect match between the climate measurements and forest inventory. 
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0 1 1 2 2 2 3 2 2 3 3 3 4( ) ( ' ' ) ( )Y X X b X b P X b X    = + + + + +  + +                   (6) 

                         
0 1 1 2 2 2 3 2 2 3 3 3 4( ) ( ' ' ) ( )Y X X b X b SWD X b X    = + + + + +  + +                    (7) 

where, for the prediction component of Eqs. (6) and (7): P is the yearly rainfall in mm.year-1 from 

t = 0 up to the time forest inventories were conducted; SWD is the mean annual soil water deficit 

in mm.year-1 from t=0 up to the time when forest inventories were conducted; for the projection 

component of Eqs. (6) and (7): P is the yearly rainfall in mm.year-1 from t=0 up to the time when 

two forest inventories were conducted; SWD is the mean annual soil water deficit in mm.year-1 

from t=0 up to the time when two forest inventories were conducted; other variables are previously 

defined. 

 

Typically, annual precipitation (yearly rainfall) is the variable used for the purpose of 

expressing available water at a regional level (Carrero, 2012). Scolforo et al. (2018a; b), however, 

introduced the use of the annual soil water deficit variable in site index modeling and the 

cumulative soil water deficit variable in the whole-stand survival modeling, since these variables 

clearly give a measure of water availability over time. The results displayed by Scolforo et al. 

(2018a; b) followed the applications of water balance by Golfari et al. (1978), where the authors 

highlighted how water deficit constrains forest productivity. 

 

2.3.2. Volume modeling 

Stand-level volume is the result of the combination between site quality and stocking 

variables. In this section, we decided to use the Schumacher log-volume equation (Schumacher 

and Hall, 1933), given its long tradition and known properties of accurate volume estimates. 
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Differently from basal area equations, a projection equation was not developed for volume, since 

this equation can either use the projected or predicted basal area and dominant height estimates: 

                                               
0 0 1 2ln ( ) ln lnV b H B  = + + +                                           (8) 

where, b0 is the random coefficient associated with the clonal groups; all the other variables are 

previously defined. 

 

2.4. Validation of the growth and yield system that accounts for water availability 

In this section, only the plots under the rainfall exclusion regime were used for validation. 

The properties of a stand-level growth and yield system under some regular climate pattern are 

well known and accepted. However, the productivity of clonal eucalypt stands is very sensitive to 

unusual interannual climate variation (Almeida et al., 2010). Thus, the use of the rainfall exclusion 

regime plots is well suited for quantifying the environmental impact on forest productivity. 

Additionally, the use of a rainfall exclusion regime in an independent dataset, represent an 

excellent test to verify if any real gain in practical terms is achieved by incorporating environmental 

variables in a growth and yield system.  

One point that should be highlighted is that all the validation analyses were conducted 

assuming the compounding error of the recursive system components. This means: 1) dominant 

height was first estimated (predicted or projected); 2) whole-stand survival was then estimated; 3) 

dominant height and survival estimates (where the combination of survival and dominant height 

estimates result in relative spacing) were used as inputs when either predicting or projecting basal 

area; 3) finally estimates (either prediction or projection estimates) of dominant height and basal 

area were used as inputs to estimate stand volume. 
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Prediction and projection of dominant height in the clonal eucalypt stands were based on 

the compatible set of prediction and projection equations developed by Scolforo et al. (2018a), 

while whole-stand survival estimation was based on the equations developed by Scolforo et al. 

(2018b). The conventional compatible set of dominant height equations, that omit the SWD 

variable are expressed as: 

                                      �̂� = (33.9471 + 𝑎0𝑖)(1 − exp(−0.2852 × 𝑡))1.1027                            (9) 

                               �̂�2 = (33.9471 + 𝑎0𝑖)(1 − exp(−0.2852 × 𝑡2))

𝑙𝑛(
𝐻1

(33.9471+𝑎0𝑖)
)

𝑙𝑛[1−exp (−0.2852×𝑡1)]           (10) 

where, 𝑎0𝑖 is 2.1644, 1.4699, -0.5072 and -3.1271 for the clonal groups A, B, C and D, respectively. 

 

The whole-stand survival equations, that omit the SWD variable is expressed as: 

                                                  �̂�2 = 𝑁1exp ((−0.0115 + 𝑏1𝑖)(𝑡2 − 𝑡1))                                   (11) 

where, 𝑏1𝑖 is 0.0016, -0.0018, -0.0003 and 0.0005 for the clonal groups A, B, C and D, respectively 

 

The compatible set of equations that account for water availability: 

                     �̂� = [35.4970 + 𝑎0𝑖 + (0.0085 + 𝑎1𝑖)𝑆𝑊𝐷](1 − exp(−0.3711 × 𝑡))1.2919     (12)                            

         �̂�2 = [35.4970 + 𝑎0𝑖 + (0.0085 + 𝑎1𝑖)𝑆𝑊𝐷2](1 − exp(−0.3711 × 𝑡2))

𝑙𝑛(
𝐻1

[35.4957+𝑎0𝑖+(0.0085+𝑎1𝑖)𝑆𝑊𝐷1]
)

𝑙𝑛[1−exp (−0.3711×𝑡1)]  (13) 

where, 𝑎0𝑖 is 1.9918, 2.1315, 0.0115 and -4.1367 for the clonal groups A, B, C and D, respectively; 

𝑎1𝑖 is 0.000007, 0.00142, 0.00087 and -0.00229 for the clonal groups A, B, C and D, respectively; 

SWD1 is the mean annual soil water deficit (mm.year-1) from the time when plots were installed 

(t=0) up to t1; SWD2 is the mean annual soil water deficit (mm.year-1) from the time when plots 

were installed (t=0) up to t2. 
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 The whole-stand survival equation that account for water availability in the system: 

                                        �̂�2 = 𝑁1exp ((0.0000193 + 𝑏1𝑖)(∑ 𝑆𝑊𝐷
𝑡2
𝑖=1 − ∑ 𝑆𝑊𝐷

𝑡1
𝑖=1 ))            (14) 

where, 𝑏1𝑖 is -0.0000033, 0.0000062, 0.0000002 and -0.0000031 for the clonal groups A, B, C and 

D, respectively; ∑ 𝑆𝑊𝐷𝑡
𝑖=1  is the cumulative soil water deficit (mm) from the time when plots 

were installed (t=0) up to t1 and t2. 

 

2.4.1. Fit and validation statistics 

Akaike information criterion (AIC) and Bayesian information criterion (BIC) were used to 

assess basal area and volume modeling performance, while the bias (T), mean absolute error 

(MAE), root mean square error (RMSE) and model efficiency (EF) were used for validation 

purposes. In addition, graphical analyses were used to assess the behavior of the estimates. 

                                                                    𝑇 =  
1

𝑛
∑ (𝑂 − 𝑃𝑟)𝑛

𝑖=1                                               (15) 

                                                                  𝑀𝐴𝐸 =  
1

𝑛
∑ |𝑂 − 𝑃𝑟|𝑛

𝑖=1                                           (16) 

                                                                𝑅𝑀𝑆𝐸 =  √
∑ (𝑃𝑟−𝑂)2𝑛

𝑖=1

𝑛
                                                (17) 

                                                                  𝐸𝐹 = 1 −
∑ (𝑂−𝑃𝑟)2𝑛

𝑖=1

∑ (𝑂−�̅�)2𝑛
𝑖=1

                                                 (18) 

where, 𝑃𝑟 is the predicted values; 𝑂 is the observed values; �̅�is the average of observed values; 𝑛 

is the number of observations. 

 

All the statistical analyses were performed under the software R (R Core Team, 2015) 

through the packages nlme (Pinheiro et al., 2016) and ggplot 2 (Wickham, 2009). 
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2.4.2. Assessing basal area accuracy 

Equations (12), (13) and (14) were applied to predict and project dominant height and to 

estimate whole-stand survival, respectively, over time. The stand survival estimation and the 

prediction and projection dominant height estimates were used as inputs to estimate basal area 

under prediction and projection scenarios. Only dominant height and survival estimates based on 

Eqs. (12), (13) and (14) were used in this section, since the goal here was to evaluate efficacy of 

including an environmental variable in the basal area model. 

 

2.4.3. Comparison between a typical growth and yield system and growth and yield system that 

accounts for water availability 

After the evaluation of the basal area modeling approaches, the estimates generated from a 

typical growth and yield system were compared to a new growth and yield system that accounts 

for water availability. In the typical or conventional growth and yield system, dominant height was 

estimated through the use of Eqs. (9) and (10), while survival was estimated through Eq. (11), and 

basal area was predicted and projected based on the compatible set of prediction and projection 

equations (Eq. (5)) that did not account for any environmental variable. Meanwhile, in the growth 

and yield system that accounts for water availability, dominant height was predicted and projected 

through the use of Eqs. (12) and (13), while survival was estimated through Eq. (14), and basal 

area was estimated based on the compatible set of prediction and projection equations that included 

annual soil water deficit (Eq. (7)). 

For the two growth and yield systems, stand volume was estimated based on the predicted 

and projected values generated from the dominant height and basal area equations. It is worth 

mentioning that the growth and yield system that accounts for water availability can either: 1) 
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update the inventory of existing forest plantations for making short-, medium- and long-term 

projections; 2) predict afforestation yields (areas without forest plantation records). 

 

3. Results 

3.1. Selection of the equation that simultaneously predicts and projects basal area 

The simultaneously compatible set of prediction and projection basal area equations (5) and 

(7) displayed significant coefficients (at alpha = 0.05) with proper signs, thus furnishing sound 

biological growth behavior, while adding P in Eq. (6) was not statistically significant (at alpha = 

0.05). Thus, Eq. (6) was not used in the validation analysis, since the inclusion of P in basal area 

modeling appears to be useless. The compatible set of basal area equations that included SWD 

(represented by Eq. (7)) displayed the overall highest precision according to the fit statistics AIC 

and BIC (Table 3).  
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Table 3. Fixed effects fitted coefficients of the compatible set of prediction and projection basal 

area equations and their fitting statistics (AIC and BIC). 

Compatible set of equations Coefficients Estimates AIC BIC 

Conventional basal area model (Eq. 5) 

β0 2.3111 

-3032 -2987 β1 -0.6004 

β2 0.3426 

 β3 -2.9587   

Basal area model with P (Eq. 6) 

β0 3.0901 

-3351 -3284 

β1 -0.8740 

β2 0.0166 

β’2 0.000092 

 β3 -3.3520   

Basal area model with SWD (Eq. 7) 

β0 2.7305 

-3392 -3325 

β1 -0.8138 

β2 0.2736 

β’2 0.000095 

 β3 -2.9677   

 

The compatible set of basal area equations that included SWD displayed more accurate 

basal area estimates (recalling the inputs are the estimated dominant height and survival generated 

from Eqs. (12), (13) and (14) for the validation analyses) compared to the typical compatible set 

of basal area equations (Eq. (5)) (Table 4), including less biased estimates under long-term 

predictions and projections (Figure 3). 
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Table 4. Validation statistics (T - m2.ha-1, MAE - m2.ha-1, RMSE - m2.ha-1, and EF) of the fitted 

compatible set of prediction and projection basal area equations with and without the inclusion of 

soil water deficit. 

Compatible set of equations 

Prediction Projection 

T  MAE RMSE EF T MAE RMSE EF 

Conventional basal area model (Eq. 5) -0.06 1.59 2.03 0.85 -0.50 1.19 1.68 0.86 

Basal area model with SWD (Eq. 7) 0.30 1.50 1.95 0.87 -0.38 1.15 1.64 0.87 
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Figure 3. Prediction performance of the growth equations across age classes (a); projection 

performance of the growth equations along different projection lengths (b). 

 

One additional test, however, is required to detect if the compatible set of equations with 

SWD included (Eq. (7)), furnishes in fact, stable estimates, especially for long-term predictions 

and projections. The validation dataset was stratified by three age classes and three projection 
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lengths (0th to 25th quantile, 25th to 75th quantile, and 75th to 100th quantile). Figures 4 shows that 

compatible set of equations with SWD is substantially more accurate when compared to the other 

equation. This is especially evident for long-term predictions (greater than 3.8 years) and for the 

most extreme TECHS sites. 

Figure 5 reveals that the equations are behaving similarly under short-, medium- and long-

term projections, although Eq. (7) is superior compared to Eq. (5). It is worth mentioning that in a 

projection scenario, the inventory variables at time 1 are already expressing how past environment 

conditions have governed forest yield at each site. Accurate dominant height and whole-stand 

survival models can explain most of the difference in basal area growth between times 1 and 2. 

This fact reinforces the benefit of the incorporating environmental variables in the top tier of a 

recursive system of growth and yield equations, which naturally starts with dominant height (site 

index) modeling, followed by the survival modeling. 
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Figure 4. Agreement between the predicted and observed basal areas at every clonal group through 

the use of the: Eq. (5) – 0th to 25th quantile age class a), 25th to 75th quantile age class c), and 75th 

to 100th quantile age class e); Eq. (7) – 0th to 25th quantile age class b), 25th to 75th quantile age 

class d), and 75th to 100th quantile age class f). 
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Figure 5. Agreement between the projected and observed basal areas at every clonal group through 

the use of the: Eq. (5) – 0th to 25th quantile projection length a), 25th to 75th quantile projection 

length c), and 75th to 100th quantile projection length e); Eq. (7) – 0th to 25th quantile projection 

length b), 25th to 75th quantile projection length d), and 75th to 100th quantile projection length f). 
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The advantage of including SWD when modeling basal area in clonal eucalypt stands in 

Brazil is evident in the predictions generated from Eq. (7) when compared to Eq. (5). The dataset 

spans tropical Brazil, and these flexible and innovative modeling approaches allow for the 

prediction of afforestation yield as well as for updating inventory under different climate scenarios. 

Figure 6 reveals how important it is to account for SWD in the basal area modeling, since 

the basal area predictions for the least and most stressed TECHS sites are now substantially closer 

to observed values when compared to the predictions generated from the conventional basal area 

model generated by Eq. (5). 
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Figure 6. Basal area curves generated under three distinct scenarios (SWD = -1209, -536 and -67 

mm.year-1) along Brazil through the use of the prediction Eqs. (5) and (7). This figure is based on 

the estimation of site index from Eq. (12) and stand survival from Eq. (14), recalling that stand 

survival for t=0 is 1111 trees per hectare.  
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3.2. Comparison between a typical growth and yield system and growth and yield system that 

accounts for water availability 

The coefficients of the stand-level volume equation (Eq. (8)) are all statistically significant 

at alpha=0.05, and the magnitude of these coefficients presented in Table 5 are consistent with 

geometric principles of volume. This static equation is acceptable for estimating stand-level 

volume, since prediction and projection estimates are already provided by the compatible set of 

the basal area and dominant height equations. 

 

Table 5. Fixed fitted coefficients of the volume equation and the fitting statistics (AIC and BIC). 

Equation β0 β 1 β 2 AIC BIC 

Eq. (8) -0.2889 0.7897 1.0499 -2256 -2236 

 

Scolforo et al. (2018a) stated that a compatible set of dominant height equations with SWD 

included (Eqs. (12) and (13)) provides substantially more accurate estimates compared to the 

typical dominant height modeling (Eqs. (9) and (10)). In the previous section, the superior 

biological behavior of the compatible set of basal area equations with SWD included (Eq. (7)) was 

demonstrated when compared to the typical basal area modeling. 

The focus is shifted now to verify if the extra flexibility by including SWD in the modeling 

approaches indeed produced a more accurate and reliable growth and yield (G & Y) system. For 

this purpose, all the evaluations from now on are based on stand-level volume. In Table 6 the gain 

in accuracy when predicting forest stand-level volume yield or updating (projecting) forest 

inventory through the use of the G & Y system with SWD included is remarkable. The largest 

difference between the conventional G & Y system and the G & Y system with SWD included is 

with respect to bias reduction. The G & Y system with SWD included furnishes stand-level volume 
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estimates 40% and 74% less biased compared to the typical system when predicting forest growth 

or updating (projection) forest inventory, respectively. 

 

Table 6. Validation statistics (T – m3.ha-1, MAE – m3.ha-1, RMSE – m3.ha-1, and EF) for stand-

level volume estimates. Validation was conducted using exclusively the rainfall exclusion plots. 

System 

Prediction Projection 

Bias MAE RMSE EF Bias MAE RMSE EF 

Conventional G & Y -9.29 25.04 36.09 0.72 -10.61 19.40 27.03 0.82 

G & Y with SWD 5.64 18.62 26.35 0.85 -2.81 15.87 22.19 0.88 

 

Figures 7 and 8 also demonstrates how the volume estimates generated from the G & Y 

system with SWD included are considerably more accurate when compared to the conventional G 

& Y system. Either by predicting stand-level yield or updating forest inventory, the G & Y system 

with SWD included displayed stable volume estimates under short-, medium- and long-term 

predictions and projections. It is worth noting that these accurate estimates were obtained when 

applying the newly developed G & Y system with SWD only to the rainfall exclusion regime plots 

(an independent dataset that faced different climate conditions).  
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Figure 7. Agreement between the predicted and observed stand volumes at every clonal group 

through the use of the: Conventional G & Y system – 0th to 25th quantile age class a), 25th to 75th 

quantile age class c), and 75th to 100th quantile age class e); G & Y system with SWD – 0th to 25th 

quantile age class b), 25th to 75th quantile age class d), and 75th to 100th quantile age class f).  The 

graphs were generated using exclusively the rainfall exclusion plots. 
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Figure 8. Agreement between the projected and observed stand volumes at every clonal group 

through the use of the: Conventional G & Y system – 0th to 25th quantile projection length a), 25th 

to 75th quantile projection length c), and 75th to 100th quantile projection length e); G & Y system 

with SWD – 0th to 25th quantile projection length b), 25th to 75th quantile projection length d), and 

75th to 100th quantile projection length f). 
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3.3. Current eucalyptus productivity in Brazil 

The recommended system of prediction and projection equations for estimating clonal 

eucalypt growth and yield in Brazil are: 

 

1) The compatible set of prediction and projection dominant height equations: 

                  �̂� = [35.4970 + 𝑎0𝑖 + (0.0085 + 𝑎1𝑖)𝑆𝑊𝐷](1 − exp(−0.3711 × 𝑡))1.2919        (19)                               

      �̂�2 = [35.4970 + 𝑎0𝑖 + (0.0085 + 𝑎1𝑖)𝑆𝑊𝐷2](1 − exp(−0.3711 × 𝑡2))

𝑙𝑛(
𝐻1

[35.4957+𝑎0𝑖+(0.0085+𝑎1𝑖)𝑆𝑊𝐷1]
)

𝑙𝑛[1−exp (−0.3711×𝑡1)]     (20) 

where, 𝑎0𝑖 is 1.9918, 2.1315, 0.0115 and -4.1367 for the clonal groups A, B, C and D, respectively; 

𝑎1𝑖 is 0.000007, 0.00142, 0.00087 and -0.00229 for the clonal groups A, B, C and D, respectively; 

SWD1 is the mean annual soil water deficit (mm.year-1) from the time when plots were installed 

(t=0) up to t1; SWD2 is the mean annual soil water deficit (mm.year-1) from the time when plots 

were installed (t=0) up to t2. 

 

2) The whole-stand survival equation: 

                            �̂�2 = 𝑁1exp ((0.0000193 + 𝑏1𝑖)(∑ 𝑆𝑊𝐷
𝑡2
𝑖=1 − ∑ 𝑆𝑊𝐷

𝑡1
𝑖=1 ))                  (21) 

where, 𝑏1𝑖 is -0.0000033, 0.0000062, 0.0000002 and -0.0000031 for the clonal groups A, B, C and 

D, respectively; ∑ 𝑆𝑊𝐷𝑡
𝑖=1  is the cumulative soil water deficit (mm) from the time when plots 

were installed (t=0) up to t1 and t2. 
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3) Compatible set of prediction and projection basal area equations: 

    𝑙𝑛�̂� = 2.7305 − 0.8138
1

𝑡
+ (0.2736 + 𝑏2𝑖)𝑙𝑛𝐻 + (0.000095 + 𝑏′2𝑖)𝑆𝑊𝐷 × 𝑙𝑛𝐻 + (−2.9677 + 𝑏3𝑖)𝑅𝑆  (22)  

   𝑙𝑛�̂�2 = 𝑙𝑛𝐵1 − 0.8138 (
1

𝑡2
−

1

𝑡1
) + (0.2736 + 𝑏2𝑖)(𝑙𝑛𝐻2 − 𝑙𝑛𝐻1) + (0.000095 + 𝑏′2𝑖)(𝑆𝑊𝐷2 × 𝑙𝑛𝐻2 − 𝑆𝑊𝐷1 × 𝑙𝑛𝐻1) + (−2.9677 + 𝑏3𝑖)(𝑅𝑆2 − 𝑅𝑆1)  (23) 

where, 𝑏2𝑖 is 0.0470, 0.0547, 0.0311 and -0.1327 for the clonal groups A, B, C and D, respectively; 

𝑏′2𝑖 is -0.000005, 0.000032, 0.000020 and -0.000047 for the clonal groups A, B, C and D, 

respectively; 𝑏3𝑖 is -0.0493, -0.0435, -0.1523 and 0.2451 for the clonal groups A, B, C and D, 

respectively. For Eq. (22): SWD is the mean annual soil water deficit in mm.year-1 from t=0 up to 

the time when forest inventories were conducted; for Eq. (23): SWD1 is the mean annual soil water 

deficit (mm.year-1) from the time when plots were installed (t=0) up to t1; SWD2 is the mean annual 

soil water deficit (mm.year-1) from the time when plots were installed (t=0) up to t2. 

 

4) Volume equation: 

                                          �̂� = (−0.2889 + 𝑏0𝑖) + 0.7897𝑙𝑛𝐻 + 1.0499𝑙𝑛𝐵                         (24) 

where, 𝑏0𝑖 is 0.0056, 0.0110, 0.0012 and -0.0178 for the clonal groups A, B, C and D, respectively. 

 

Through the use of the G & Y system with SWD included, the current productivity of every 

clonal group along Brazil can be demonstrated. The prediction component of dominant height (Eq. 

19), survival (Eq. 21), basal area (Eq. 22) and volume (Eq. 24) were used for three different 

environmental conditions (SWD = -67 mm.year-1, -536 mm.year-1, and -1209 mm.year-1) (Figure 

9). 
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Figure 9. Eucalyptus productivity in Brazil under different annual soil water deficit conditions: -

67 mm.year-1, -536 mm.year-1, and -1209 mm.year-1 for the four clonal groups (A, B, C, and D). 

This figure is based on the estimation of dominant height from Eq. (19), stand survival from Eq. 

(21), basal area from Eq. (22) and stand-level volume from Eq. (24), recalling that stand survival 

for t=0 is 1111 trees per hectare. 
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The yield curves provide realistic estimates of current clonal eucalypt productivity in 

Brazil. These curves are in agreement with the observed stand-level volumes of Figure 1. It is also 

valuable to mention that these curves are able to capture the genotype x environment interaction. 

According to Scolforo et al. (2018c), clonal group D is classified as non-sensitive to climate 

variation, which is observed in Figure 8 by the yield curves being less sensitive to SWD variation. 

The same behavior was detected for clonal group A, while the opposite was observed for clonal 

groups B and C. 

Clonal groups B and C showed higher variation with respect to eucalyptus productivity 

across Brazil, while clonal group A consistently displays high productivity. Clonal group D was 

always less productive than the other clonal groups. 

 

4. Discussion 

This paper provides a growth and yield system governed by the environmental variable, 

soil water deficit, and capable to predict forest yield for afforestation and to update forest inventory 

spanning tropical Brazil. Differently from the studies of Borders (1989) and Cao et al. (2014), we 

decided to develop a G & Y system composed with an independent set of fitted stand-level 

components, as opposed to using a cross-equation system of simultaneous fits. This strategy was 

adopted, since compounding error was not a crucial problem (the system is extremely accurate for 

either prediction or projection purposes), and we decided to not sacrifice any stand component 

estimation, such as site index. 

The estimates generated from the compatible set of basal area equations expressed the 

importance of including an environmental variable that is related to the water balance. The basal 

area modeling elucidated, that in fact, accurate dominant height and survival estimates already 
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express, to a large extent, the environment impact with respect to basal area growth. Thus, much 

of the random noise that is associated with conventional basal area modeling, is now explained by 

introducing highly accurate dominant height and survival estimates. The findings of this study, 

however, revealed that a small, but still relevant amount of random variation not explained by 

dominant height and survival, can now be explained by the incorporation of SWD. 

Linear mixed effect modeling allowed for the assessment of how the SWD variable is 

related to basal area growth for every clonal group. The basal area modeling is consistent with 

respect to the growth behavior of the clonal groups. The modeling also showed the sensitivity of 

the clonal groups with respect to the soil water balance. As already demonstrated in Scolforo et al. 

(2018c), clonal groups B and C are more sensitive to water availability, while clonal group D is 

the less impacted followed by clonal group A. The impact of water availability on growth of clonal 

eucalypt stands has been previously reported, where Stape et al. (2004) detected that water stress 

leads to reduction in foliage growth, which results in reduced photosynthetic activity and lower 

stand yield. 

The greatest improvement achieved in the basal area modeling was in the prediction 

component of Eq. (7), which implies that accurate dominant height and survival estimates, 

combined to inventory information driven by basal area at time 1, are critical to accurately update 

basal area growth in a forest inventory. 

The effect of SWD in the stand volume equation was not explicitly assessed, since stand 

volume is the full geometric expression of base x height or stand basal area and dominant height. 

When SWD is already embedded in the dominant height and basal area estimation, stand volume 

can be accurately estimated with the dominant height and basal area equations. It is worth 

mentioning, however, the tremendous reduction in bias of the estimates generated from the G & Y 
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system that is accounted for by water availability. This system is superior to the conventional G & 

Y systems that are typically applied in clonal eucalypt plantations in Brazil. It is evident that 

environmental variables well correlated to forest productivity should be considered for 

incorporation into G & Y systems in Brazil. We can highlight that soil water deficit is an extremely 

powerful covariate that integrates the effect of rainfall, potential evapotranspiration and soil water 

storage capacity at the stand-level. This fact implies that this variable can be used to represent 

water availability (Carter and Klinka, 1990). 

All the independent validation tests were conducted with the rainfall exclusion regime 

plots. The proper behavior for the independent validation dataset implies a higher confidence when 

using the new G & Y system for extrapolation purposes or to mimic short-term climate variation. 

Casnati (2016) developed a similar stand-level G & Y system and highlighted its importance as a 

management tool, which was corroborated in this study. Finally, this study delivers a G & Y system 

that is capable of 1) updating forest inventory for making short-, medium- and long-term 

projections; 2) serving as a tool to predict forest afforestation yields. 

 

5. Conclusions 

A compatible set of prediction and projection equations with SWD included is 

recommended for expressing basal area growth in clonal eucalypt stands in Brazil. A G & Y system 

that fully accounted for water availability was developed, and the results generated from this 

system for the rainfall exclusion regime plots highlight its usefulness and accurate behavior. Bias 

in the stand volume estimates was substantially reduced through the use of this new system when 

compared to a conventional G & Y system applied to clonal eucalypt stands. 
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The proposed G & Y system is a powerful alternative to estimate forest afforestation yield. 

Additionally, this new system is fully capable to accurately update forest inventories and it can be 

used for projecting how forest growth may be impacted by short-term climate variation. The new 

G & Y system possesses powerful properties, while it is still simple to use and implement. 
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CHAPTER 7: EUCALYPTUS GROWTH AND YIELD SYSTEM: LINKING 

INDIVIDUAL-TREE AND STAND-LEVEL GROWTH MODELS IN CLONAL 

EUCALYPT PLANTATIONS IN BRAZIL 

 

Abstract: Linking individual-tree and stand-level growth models is required for estimating future 

forest stand structure, while maintaining the desired accuracy for forest management decision 

making. There is a scarcity of studies addressing this issue for clonal eucalypt stands in Brazil. 

Thus, this paper aimed to develop a compatible individual-tree and stand-level growth and yield 

system for clonal eucalypt stands in Brazil. The dataset used in this study is derived from 

remeasurement information of sixteen TECHS sites. At every site, eleven eucalypt clones were 

planted in single block plots, while extra plots under the rainfall exclusion regime were also 

installed in fourteen sites. Prediction and projection diameter percentiles equations were 

developed, as well as an individual-tree mortality equation and a generalized height diameter 

equation. In addition, a detailed explanation of the structure architecture of the developed 

compatible growth and yield system is provided. Differences when forecasting forest afforestation 

and updating forest inventories were highlighted in order to provide the proper use of the 

developed growth and yield system. Finally, the individual-tree equations were validated through 

the use of the rainfall exclusion regime plots as was the growth and yield system when applied for 

prediction and projection purposes. The individual-tree level equations provided accurate 

estimates. The newly developed compatible growth and yield system also displayed unbiased and 

accurate estimates. The system achieved full compatibility between individual-tree and stand-level 

estimates and produced accurate stand table estimates. The growth and yield system presented is 

a powerful analytical tool that can serve to update inventory data along tropical Brazil and also to 
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provide estimates for expected forest afforestation. The system has the capability of providing 

detailed outputs, which allows forest managers to consider merchandizing the clonal eucalypt 

stands into multiple products. 

 

Key-words: multiple products; compatibility; climate variation; consistency; stand table. 
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1. Introduction 

Growth and yield systems are essential tools for enhancing forest management decision 

making. For forestry enterprises focusing on the production of a single product, a stand-level 

growth and yield system is already capable of providing enough information to maximize forest 

profitability (Burkhart and Tomé, 2012). This system typically requires the lowest resolution and 

level of abstraction of growth and yield models. Consequently, the stand-level approach tends to 

produce accurate estimates of long-term growth (Qin and Cao 2006). This is a remarkable 

advantage since forest managers are usually interested in long-term information in order to feed 

strategic planning (Burkhart and Tomé, 2012). 

The limited use of the stand-level approach, however, restricts analyses regarding the 

capability of merchandizing a forest into multiple products (Weiskittel et al., 2011). This drawback 

is related to the fact that the stand-level approach does not contain any information regarding stand 

structure, and the lack of such information constrains the computation of multiple products that a 

forest might produce (Peng, 2000). 

Therefore, to account for stand structure in even-aged stands, a modeling approach with 

finer resolution should be used. There is a trade-off, however, in the increase of detail of 

information provided by the growth and yield models (Ferraz Filho et al., 2015) and error 

propagation. Models that are able to estimate future stand structure are susceptible to higher 

estimation error, which may compromise the estimation accuracy desired for forest management 

decision making. Thus, estimates generated from a modeling approach with finer resolution that 

are consistent with the stand-level estimates seem to be ideal in order to have a better balance 

between multiple product information and estimation accuracy (Qin and Cao et al., 2006). 
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Diameter distribution models are commonly used through parameter recovery methods in 

order to provide stand table information and in a way that the estimates are consistent to the stand-

level estimates (Burkhart and Tomé, 2012). Thus, future estimates of statistical distribution-based, 

stand tables, with diminished estimation error can be generated. McTague and Bailey (1987) 

estimated future stand tables for Pinus taeda in southern Brazil through the percentile method and 

the authors achieved full compatibility with the stand-level estimates. Ferraz Filho et al. (2015) 

applying the method of moments for Pinus taeda in Uruguay also reported accurate and consistent 

stand table and stand-level estimates. The shortcoming of using the parameter recovery methods, 

however, is that the estimated future diameter distributions are restricted to being unimodal, which 

can generate biased stand table estimates. 

In cases that inventory data are not available, assuming that the future diameter distribution 

of a given area is unimodal is reasonable. On the other hand, when the goal is to update inventory 

data, a different approach appears to be required (Piennar, 1989). Clutter and Allison (1974) started 

to address this question in a pioneering effort to constructing individual-tree growth models 

compatible with stand-level estimates. Nepal and Somers (1994) introduced an approach, named 

generalized stand table projection method, which generates a tree list that is consistent with stand-

level estimates. Cao and Baldwin (1999) reported a method, but for Pinus palustris, that differs 

from the Nepal and Somers (1994) method in the computation of tree mortality. Trincado et al. 

(2003) highlighted a slightly superior performance of the Nepal and Somers (1994) approach 

compared to the approach of Cao and Baldwin (1999) for Eucalyptus nitens plantations in Chile. 

Meanwhile, Allen et al. (2011) recommended the use of the Cao and Baldwin (1999) approach for 

Pinus taeda stands in USA. 
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There is a vast literature of methods that produce individual-tree models compatible with 

stand-level estimates. For clonal eucalypt stands in Brazil, however, there is a shortage of 

applications with compatible tree and stand-level estimates. Historically, clonal eucalypt stands 

have focused on the production of pulp, which consequently implies development of single stand-

level growth and yield systems, such as the system exemplified in Scolforo et al. (2018a). The 

findings reported by Scolforo et al. (2018b), however, demonstrated initiatives with clonal 

eucalypt stands aiming to diversify forest production for multiple products. Therefore, there is a 

need for the development of compatible systems that links individual-tree and stand-level 

estimates in clonal eucalypt plantations in Brazil. 

The objective of this paper is to develop a new growth and yield system to be applied in 

clonal eucalypt stands in Brazil. The approach links individual-tree and stand-level growth models, 

which results in full compatibility between the estimates. In addition, the newly developed 

approach allows for: 1) updating the forest inventory for making short-, medium- and long-term 

projections using the new stand table projection method; 2) predicting forest afforestation yield 

with the simplification of the stand table method in a statistical distribution-based stand table. 

The new and highly detailed growth and yield (G & Y) system is also tested with plots that 

faced drier climatic conditions, in order to verify its flexibility to predict and project growth under 

different climate scenarios. 

 

2. Material and methods 

2.1. Study area 

The TECHS project (Tolerance of Eucalyptus Clones to Hydric, Thermal and Biotic 

Stresses, www.ipef.br/techs/en) is a unique research platform aiming to investigate eucalyptus 

http://www.ipef.br/techs/en
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growth across the full Brazilian climatic gradient and northern portion of Uruguay (Figure 1). The 

project was launched in 2011 with the main purpose to understand and quantify how climate 

constrains clonal eucalyptus production (Binkley et al., 2017). 

 

Figure 1. Distribution of TECHS sites along Brazil. 

 

This study used sixteen TECHS sites: 2, 4, 5, 7, 9, 11, 13, 14, 20, 22, 24, 26, 29, 30, 31 and 

33, since our interest was focused on the regions where water availability seems to be the major 

constraint to eucalyptus production (Scolforo et al., 2018a). These sixteen sites were installed in 

soils that vary from oxisols (68% of the sites), entisols (23% of the sites) and ultisols (9% of the 
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sites). Additionally, these sites were installed in areas with elevation close to sea level up to 969 

meters above sea level. 

Finally, it is worth mentioning that there is at least one site installed at each Brazilian 

climatic zone, which implies that the full climatic gradient of Brazil was covered. Sites are in the 

Am (tropical and monsoon), As (tropical with dry summer), Aw (tropical with dry winter), Cfa 

(humid subtropical zone with hot summer and without dry season), Cfb (humid subtropical zone 

with temperate summer and without dry season), Cwa (humid subtropical zone with hot summer 

and dry winter) and Cwb (humid subtropical zone with temperate summer and dry winter) climate 

zones (Alvares et al., 2013). 

 

2.2. Database 

The database is composed of remeasurement information of the sixteen TECHS sites. At 

every site, eleven eucalypt clones were planted in single block plots. At fourteen sites (2, 4, 5, 7, 

9, 11, 13, 14, 20, 22, 24, 26, 30 and 31), an extra replicate (plot) was installed for each clone, 

where these plots were designed to mimic a drier climatic scenario. For the rainfall exclusion 

regime plots, 30% of annual rainfall was excluded from the system, i.e., never reached the ground. 

Thus, these plots allowed for the investigation of how each clone grow under climate scenarios 

that are substantially drier than the current Brazilian climatic pattern. Finally, the eleven clones 

were categorized in four different clonal groups (Group A: Clone A1; Group B: Clones B2, D4, 

E5 and H8; Group C: Clones C3, G7, K2, Q8, R9; Group D: Clone P7) for all the modeling 

analyses, since each clonal group presented the same yield pattern across Brazil (Scolforo et al., 

2018e). 
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Prior to the installation of the plots at each site, weed vegetation and nutrient deficiency 

were fully eliminated. All the installed plots consisted of the same size, 720m2, where 80 trees 

regularly spaced at 3 x 3 m were planted. Plot measurements started between December/2012 and 

May/2013 and remeasurements were conducted every 6 months with the last measurement in 

April/2017. 

In the first measurement all the trees were properly labeled at each plot. In the plot 

remeasurements, these labels were respected in order to maintain the growth record of each 

individual-tree. This is an important aspect to be mentioned in that these labels allowed for 

modeling individual-tree mortality with the highest degree of fidelity. 

At each plot, all the trees were always measured with respect to their diameter at 1.30 

meters above ground (DBH in cm) and total height (h in m). Additionally, trees that died from one 

measurement to the next were identified. Dominant height (H) was defined following the mean 

top height concept, where H was defined as the average height of the 7 largest trees in DBH at 

each plot. Finally, basal area (m2.ha-1) and stand volume (m3.ha-1) through the use of the volume 

equations reported by Scolforo et al. (2018f) were computed. 

Weather stations were installed at each TECHS sites in 2012, which allowed recording 

climate data in a daily basis. Variables such as minimum, mean and maximum temperature, 

rainfall, potential evapotranspiration, water deficit index and soil water deficit were then recorded, 

although in this study the soil water deficit is the only variable presented (Table 1). Annual soil 

water deficit is calculated as: 
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12

1

( )( )
n

SWD PET P PET AET
=

= −  −                                         (1) 

where, ( PET P ) is a dummy variable; AET is the actual evapotranspiration calculated by water 

balance of Thornthwaite-Mather, while using specific water holding capacity of the soils; all other 

variables are defined. 
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Table 1. TECHS sites and the recorded soil water deficit in the measurement periods. 

Site Latitude (degrees) Longitude (degrees) SWD (mm.yr-1) 

2 −24.21 −49.97 -67 

2* - - -212 

4 −19.31 −42.42 -425 

4* - - -636 

5 −18.58 −42.93 -495 

5* - - -686 

7 −18.02 −50.90 -631 

7* - - -731 

9 −18.73 −47.92 -533 

9* - - -715 

11 −18.71 −52.59 -726 

11* - - -886 

13 −20.90 −51.90 -449 

13* - - -712 

14 −19.96 −51.59 -559 

14* - - -838 

20 -22.35 -46.97 -285 

20*   -494 

22 −24.23 −50.53 -72 

22* - - -217 

24 −22.73 −49.00 -280 

24* - - -465 

26 −16.78 −44.31 -1209 

26* - - -1324 

29 −3.44 −43.07 -1012 

30 −17.32 −43.77 -1186 

30* - - -1347 

31 −16.34 −39.60 -476 

31* - - -681 

33 −23.85 −48.70 -184 

* rainfall exclusion regime plots 

 

2.3. Individual-tree modeling 

In the presence of four different clonal groups evenly distributed across the TECHS sites, 

we decided to fit general equations. To account for their different growth and mortality rates, we 
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used linear and non-linear mixed effect modeling in order to obtain local coefficients and provide 

proper and unbiased estimates for every clonal group. Additionally, the mixed effect modeling 

approach mitigates any possible problem with respect to lack of data that might exist for any clonal 

group. 

                       𝑦ℎ𝑖 = 𝑋ℎ𝑖𝛽 + 𝑍𝑖𝑏𝑖 + 휀ℎ𝑖            휀ℎ𝑖~𝑁(0, 𝜎2𝐼),       𝑏𝑖~𝑁(0, 𝜎2𝐷)                       (2) 

where, 𝑦ℎ𝑖 is a known vector of h observations of clonal group i; 𝛽 is an unknown vector of fixed 

effects; 𝑏𝑖 is an unknown vector of random effects; 𝑋𝑖 and 𝑍𝑖 are design matrices; clonal group i, 

i = 1, ... ,M. 

           𝛽𝑖 = 𝐴𝑖𝛽 + 𝐵𝑖𝑏𝑖        𝑏𝑖~𝑁(0, 𝜎2𝐷),           𝑦ℎ𝑖 = 𝑓(𝛽, 𝑥ℎ𝑖) + 휀ℎ𝑖        휀ℎ𝑖~𝑁(0, 𝜎2)        (3) 

where, 𝛽𝑖 includes both fixed effects 𝛽 and random effects bi; 𝐴𝑖 and 𝐵𝑖 are design matrices so, 

for example, 𝐴1 = [𝐼 0] and 𝐴2 = [0 𝐼] would give different means for different groups; other 

variables are previously defined. 

 

All possible data pair combinations were used to structure the data used in the modeling 

approaches conducted in this study. For a plot measured at ages 1, 2 and 3 years, for example, the 

dataset was structured in the following way: ages 1-2, 1-3, and 2-3. 

 

2.3.1. Diameter percentiles 

Borders and Patterson (1990) suggested modeling of the diameter percentiles for the 

purpose of creating diameter distributions with parameter recovery methods. Thus, simultaneous 

prediction and projections 10th, 63rd and 90th diameter percentile equations were fit using the 

algebraic difference equation formulation following the approach suggested by McTague et al. 

(2008). The percentile equations were always functions of mean quadratic diameter (Dq) and 
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dominant height (H), while the age variable was omitted. Our previous tests showed that Dq and 

H were fully accounted for age impact in the diameter percentile growth modeling. The common 

Schumacher type model was then fitted to predict the 10th, 63rd and 90th diameter percentiles: 

                                       𝑙𝑛𝑃𝑖 =  𝛽0 +  (𝛽1 + 𝑏1)𝐷𝑞 + (𝛽2 + 𝑏2)𝑙𝑛𝐻                                         (4) 

where, Pi is the diameter percentile; Dq is the mean quadratic diameter (cm); H is the dominant 

height (m); 𝛽′𝑠 are the fixed coefficients to be estimated; b1 and b2 are the random coefficients 

associated with clonal group i. 

 

By isolating the β0 parameter of Eq. (4) and imposing the conditions that Pi = Pi1 at time 1 

and Pi = Pi2 at time 2, an anamorphic projection equation can be easily derived: 

                𝑙𝑛𝑃𝑖2 =  𝑙𝑛𝑃𝑖1 +  (𝛽1 + 𝑏1)(𝑙𝑛𝐷𝑞2 − 𝑙𝑛𝐷𝑞1) + (𝛽2 + 𝑏2)(𝑙𝑛𝐻2 − 𝑙𝑛𝐻1)                (5)  

where, all the variables are previously defined. 

 

Table 2 displays the compatible set of equations proposed for modeling the 10th, 63.21rd 

(labeled through the study as 63rd) and 90th diameter percentiles. The anamorphic projection form 

to model these variables can be justified based on Scolforo et al. (2018a), where the authors 

detected anamorphic basal area growth behavior of clonal eucalypt stands in Brazil. 
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Table 2. Compatible set of prediction and projection percentile equations for clonal eucalypt 

plantations. 

Percentile Equation Form 

Compatible 

set of 

equations 

10th 

Prediction 𝑙𝑛𝑃10 = 𝛽0 +  (𝛽1 + 𝑏1)𝑙𝑛𝐷𝑞 + (𝛽2 + 𝑏2)𝑙𝑛𝐻 

6 

Projection 𝑙𝑛𝑃102 =  𝑙𝑛𝑃101 +   (𝛽1 + 𝑏1)(𝑙𝑛𝐷𝑞2 − 𝑙𝑛𝐷𝑞1) + (𝛽2 + 𝑏2)(𝑙𝑛𝐻2 − 𝑙𝑛𝐻1) 

63rd 

Prediction 𝑙𝑛𝑃63 =  𝛽0 + (𝛽1 + 𝑏1)𝑙𝑛𝐷𝑞 + (𝛽2 + 𝑏2)𝑙𝑛𝐻 

7 

Projection 𝑙𝑛𝑃632 =  𝑙𝑛𝑃631 +  (𝛽1 + 𝑏1)(𝑙𝑛𝐷𝑞2 − 𝑙𝑛𝐷𝑞1) + (𝛽2 + 𝑏2)(𝑙𝑛𝐻2 − 𝑙𝑛𝐻1) 

90th 

Prediction 𝑙𝑛𝑃90 =  𝛽0 + (𝛽1 + 𝑏1)𝑙𝑛𝐷𝑞 + (𝛽2 + 𝑏2)𝑙𝑛𝐻 

8 

Projection 𝑙𝑛𝑃902 =  𝑙𝑛𝑃901 +  (𝛽1 + 𝑏1)(𝑙𝑛𝐷𝑞2 − 𝑙𝑛𝐷𝑞1) + (𝛽2 + 𝑏2)(𝑙𝑛𝐻2 − 𝑙𝑛𝐻1) 

 

Meanwhile, the formulation to model the 0th diameter percentile is different. This percentile 

is predicted only, since its value has an upper-bound constraint that is related to the 10th diameter 

percentile. Thus, the prediction equation proposed to predict this diameter percentile is: 

                    ln(𝑃10 − 𝑃0) =  (𝛽0 + 𝑏0) +  𝛽1𝑙𝑛(𝑃63 − 𝑃10) +  𝛽2𝑙𝑛𝑃10                   (9)  

where, P0 is the 0th diameter percentile; b0 is the random coefficient associated with clonal group 

i; the other variables are previously defined. 

 

2.3.2. Mortality 

The approach applied by Cao and Baldwin (1999) was used for modeling individual-tree 

mortality in clonal eucalypt stands. While Cao and Baldwin (1999) suggested in their modeling 

approach that smaller trees are more likely to die than larger trees, it was hypothesized that a 

refinement could be implemented to improve their approach. A random coefficient that is 

associated with the (DBHj – dmin + 1) variable ensures that each projection simulation for every 

plot have a specific coefficient associated with (DBHj – dmin + 1). 
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                                              𝑛2𝑗 =  𝑛1𝑗{1 − 𝑒[(𝛽1+𝑏1)(𝐷𝐵𝐻𝑗−𝑑𝑚𝑖𝑛+1)]}                                     (10) 

where, n2j is the number of survival trees at time 2 in diameter class j; n1j is the number of survival 

trees at time 1 in diameter class j; dmin is the mid-point of minimum diameter class at time 1; DBHj 

is the mid-point of diameter class j; 𝛽 is the fixed coefficient to be estimated; b1 is the random 

coefficient associated with the measurement interval (plot) and plots. 

 

2.3.3. Generalized height-diameter equation 

Scolforo (2006) proposed a generalized height-diameter equation for clonal eucalypt 

plantations in Brazil that has been subsequently and successfully applied (Ribeiro et al., 2010).  

      ln(ℎ) =  (𝛽0 + 𝑏0) +  𝛽1𝑙𝑛(𝐻) +  𝛽2𝑙𝑛 (
𝐷𝑞

𝐷𝐵𝐻
) + 𝛽3𝑙𝑛 (

1

𝐷𝐵𝐻×𝑡
) +  𝛽4

1

𝐷𝐵𝐻
             (11)  

where, b0 is the random coefficient associated with the clonal group; the other variables are 

previously defined. 

 

2.4. Linking individual-tree and stand-level growth models 

Figure 2 displays the overall architecture and linkage for stand-level and individual-tree 

growth models in the proposed growth and yield (G & Y) system. 
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Figure 2. Diagram of the compatible individual-tree and stand-level G & Y system. 

 

The stand-level equations to estimate growth and yield in Brazil were already developed 

by Scolforo et al. (2018a; c; d): 
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1) Compatible set of prediction and projection dominant height equations: 

                   �̂� = [35.4970 + 𝑎0𝑖 + (0.0085 + 𝑎1𝑖)𝑆𝑊𝐷](1 − exp(−0.3711 × 𝑡))1.2919       (12)  

       �̂�2 = [35.4970 + 𝑎0𝑖 + (0.0085 + 𝑎1𝑖)𝑆𝑊𝐷2](1 − exp(−0.3711 × 𝑡2))

𝑙𝑛(
𝐻1

[35.4957+𝑎0𝑖+(0.0085+𝑎1𝑖)𝑆𝑊𝐷1]
)

𝑙𝑛[1−exp (−0.3711×𝑡1)]     (13) 

where, 𝑎0𝑖 is 1.9918, 2.1315, 0.0115 and -4.1367 for the clonal groups A, B, C and D, respectively; 

𝑎1𝑖 is 0.000007, 0.00142, 0.00087 and -0.00229 for the clonal groups A, B, C and D, respectively; 

SWD1 is the mean annual soil water deficit (mm.year-1) from the time when plots were installed 

(t=0) up to t1; SWD2 is the mean annual soil water deficit (mm.year-1) from the time when plots 

were installed (t=0) up to t2. 

 

2) Whole-stand survival equation: 

                           �̂�2 = 𝑁1 exp ((0.0000193 + 𝑏1𝑖)(∑ 𝑆𝑊𝐷
𝑡2
𝑖=1 − ∑ 𝑆𝑊𝐷

𝑡1
𝑖=1 ))                 (14) 

where, 𝑏1𝑖 is -0.0000033, 0.0000062, 0.0000002 and -0.0000031 for the clonal groups A, B, C and 

D, respectively; ∑ 𝑆𝑊𝐷𝑡
𝑖=1  is the cumulative soil water deficit (mm) from the time when plots 

were installed (t=0) up to t1 and t2. 

 

3) Compatible set of prediction and projection basal area equations: 

    𝑙𝑛�̂� = 2.7305 − 0.8138
1

𝑡
+ (0.2736 + 𝑏2𝑖)𝑙𝑛𝐻 + (0.000095 + 𝑏′2𝑖)𝑆𝑊𝐷 × 𝑙𝑛𝐻 + (−2.9677 + 𝑏3𝑖)𝑅𝑆  (15)  

   𝑙𝑛�̂�2 = 𝑙𝑛𝐵1 − 0.8138 (
1

𝑡2
−

1

𝑡1
) + (0.2736 + 𝑏2𝑖)(𝑙𝑛𝐻2 − 𝑙𝑛𝐻1) + (0.000095 + 𝑏′2𝑖)(𝑆𝑊𝐷2 × 𝑙𝑛𝐻2 − 𝑆𝑊𝐷1 × 𝑙𝑛𝐻1) + (−2.9677 + 𝑏3𝑖)(𝑅𝑆2 − 𝑅𝑆1)  (16) 

where, 𝑏2𝑖 is 0.0470, 0.0547, 0.0311 and -0.1327 for the clonal groups A, B, C and D, respectively; 

𝑏′2𝑖 is -0.000005, 0.000032, 0.000020 and -0.000047 for the clonal groups A, B, C and D, 

respectively; 𝑏3𝑖 is -0.0493, -0.0435, -0.1523 and 0.2451 for the clonal groups A, B, C and D, 

respectively. For Eq. (22): SWD is the mean annual soil water deficit in mm.year-1 from t=0 up to 
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the time when forest inventories were conducted; for Eq. (23): SWD1 is the mean annual soil water 

deficit (mm.year-1) from the time when plots were installed (t=0) up to t1; SWD2 is the mean annual 

soil water deficit (mm.year-1) from the time when plots were installed (t=0) up to t2. 

 

4) Volume equation: 

                                      �̂� = (−0.2889 + 𝑏0𝑖) + 0.7897𝑙𝑛𝐻 + 1.0499𝑙𝑛𝐵                             (17) 

where, 𝑏0𝑖 is 0.0056, 0.0110, 0.0012 and -0.0178 for the clonal groups A, B, C and D, respectively. 

 

Typically, stand-level models produce more accurate estimates compared to individual-

tree models (Qin and Cao, 2006). Indeed, Burkhart and Tomé (2012) suggest that the difference 

in accuracy is small when making short-term predictions or projections; however, with the increase 

in the length of the predictions and projections the stand-level approach becomes substantially 

more accurate. To achieve full compatibility between individual-tree level and stand-level 

estimates some additional steps are required; among which includes the linking of individual-tree 

models to a probability distribution. These steps are discussed as follows. Description of available 

methods can be found in Burkhart and Tomé (Chapter13, 2012).  

 

2.4.1. For projection purposes: applied to inventory plots for growth updates and forecasts 

2.4.1.1.Number of trees per DBH class estimated from the individual-tree mortality equation and 

survival estimates based on whole-stand survival 

Consistency is required between the frequency (number) of trees in the DBH classes at t2 

(from Eq. 10) with �̂�2. The sequence requires that survival must first be estimated at time 2 by 

using Eq. (14). When �̂�2 is obtained, the coefficient 𝑏1 of the fitted individual-tree mortality 
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equation must be iterated for every particular projection length of each plot to achieve consistency 

between the sum of trees in the DBH classes at t2 (from Eq. 10) with �̂�2 (from Eq. (14)). This is 

expressed mathematically as: ∑ �̂�2𝑗 =  �̂�2
𝑛
𝑗=1 . 

                                              �̂�2𝑗 =  𝑛1𝑗 {1 − 𝑒[(�̂�1+𝑏1)(𝐷𝐵𝐻𝑗−𝑑𝑚𝑖𝑛+1)]}                                    (18) 

where, all variables are previously defined. 

 

2.4.1.2.Individual-tree growth implied by the Weibull distribution 

For a given percentile p, the cumulative Weibull distribution may be expressed as: 

                                                                    𝑝 = 1 −  𝑒
−(

𝑑𝑝−𝑎

𝑏
)

𝑐

                                                  (19) 

where, dp represents the diameter percentile; a, b and c are the parameters to be estimated. 

 

Bailey (1980) demonstrated that an individual-tree typically does not change its relative 

ranking over time within a diameter distribution. This fact implies that by using the Weibull 

distribution at both periods, an individual-tree growth equation can be derived: 

                                                      𝑑2 =  𝑎2 +  𝑏2 (
𝑑1−𝑎1

𝑏1
)

𝑐1
𝑐2                                           (20) 

where, d2 is the diameter at time 2; d1 is the diameter at time 1; a, b, and c are the Weibull 

parameters at times 1 and 2. 

 

This equation can be later transformed to grow the mid-point class diameters, which makes 

it capable to represent the actual diameter growth or movement (M) between DBH classes. 

 



 

200 

 

                                       𝑀 = 𝑑2 − 𝑑1 =  𝑎2 +  𝑏2 (
𝑑1−𝑎1

𝑏1
)

𝑐1
𝑐2 −𝑑1                                 (21) 

where, all variables are previously defined. 

 

The next steps consist in the estimation of the Weibull parameters at times 1 and 2. Starting 

with the computation of the parameters at time 2, five steps are conducted: 

 

- First step, the 10th, 63rd and 90th diameter percentiles of the inventory plots at time 1 are 

projected to time 2 through the use of the projection component of Eqs. (6), (7) and (8), 

respectively. Consequently, the 0th diameter percentile at time 2 can be estimated from Eq. 

(9). 

- Second step, the a parameter at time 2 of the Weibull distribution is estimated: 

                                                          �̂�2 = 𝑃0̂2 − 1.0                                                     (22) 

where, 𝑃0̂2 is the estimated 0th diameter percentile at time 2. 

 

- Third step, the unadjusted b parameter at time 2 of the Weibull distribution is estimated: 

                                                          �̂�2 = 𝑃63̂2 − �̂�2                                                    (23) 

where, 𝑃63̂2 is the estimated 63rd diameter percentile at time 2. 

 

- Fourth step, c parameter at time 2 is estimated: 

                                                                �̂�2 =
0.834032445

𝑙𝑛((𝑃90̂2−�̂�2) �̂�2⁄ )
                                                  (24) 

where, 𝑃90̂2 is the estimated 90th diameter percentile at time 2. 

 

- Fifth step, the adjusted b parameter at time 2 is estimated: 
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                                      �̂�2  =
−�̂�2Γ1

Γ2
+ √

�̂�2

Γ2
2 (Γ1

2 − Γ2) +
𝐷�̂�2

Γ2
                                          (25) 

where, Γk =Γ(1 + k/c) is the gamma function. 

 

While parameter estimation at time 2 follows the methodology proposed by McTague and 

Bailey (1987), the Weibull parameter estimation at time 1 follow the methodology described in 

Garcia (1981). One critical task is conducted before the computation of the Weibull parameters at 

time 1. The individual-tree mortality estimation follows the approach proposed by Cao and 

Baldwin (1999). These authors suggested to only grow survivor trees. Thus Eq. (18) provides in 

reality the computation of the adjusted frequency (number) of trees in the DBH classes at t1 that is 

consistent with stand survival estimation, and after such computation three post-mortality statistics 

from adjusted number of trees are computed, namely: an updated minimum diameter, updated 

arithmetic mean diameter and an updated quadratic mean diameter. The adjusted stand table is 

composed of survivor trees that are grown up to time 2. Thus, after adjusting the tree list at time 1 

for mortality occurring during the period t1 → t2, the Weibull parameters can be estimated. First 

the parameter a can be estimated: 

                                                          �̂�1 = 𝑑𝑚𝑖𝑛 − 1.0                                                  (26) 

where, all variables were previously defined. 

 

Next the parameter c is estimated: 

                                                               �̂�1 =
1

𝑧𝑚(1+(1−𝑧𝑚)2 ∑ 𝑘𝑖𝑧𝑚
𝑖4

𝑖=0 )
                                          (27) 

where, k0 = -0.21958; k1 = -0.00462; k2 = 0.166369; k3 = -11032; k4 = 0.023514; and zm 
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                                                                      𝑧𝑚 =
√𝐷𝑞

2−�̅�2

�̅�−�̂�1
                                                          (28) 

where, �̅� is the new arithmetic mean diameter computed at time 1; 𝐷𝑞 is the new computed 

quadratic mean diameter. 

 

Finally, parameter b is estimated: 

                                                                            �̂�1 =
�̅�−�̂�1

𝛤(
1

�̂�1
+1)

                                                     (29) 

where, all variables are previously defined. 

 

The computation of the Weibull parameters at times 1 and 2 with their insertion in Eq. (21) 

allows for the calculation of the actual diameter growth or movement (M) between DBH classes. 

This calculation, combined to the adjusted tree list at time 1 (from Eq. (18)) enables the calculation 

of the basal area of every diameter class at time 2. The summation of these basal areas results in 

the stand-level basal area that is consistent with the projected stand-level basal area from Eq. (16). 

 

2.4.2. For prediction purposes: applied to areas without inventory records 

The steps for the calculation of the Weibull parameters under a prediction scenario are 

simple and straightforward, since under this scenario only smooth unimodal distributions can be 

predicted by the lack of available inventory data. There is no need to adjust the tree list at time 1, 

but only to estimate whole-stand survival at time 2 (from Eq. (14)). For the purpose of this study, 

N1 equals 1111 TPH at t = 0. A total of five steps must be conducted to estimate parameters a, b 

and c to the future age or prediction age defined. The parameter estimates follow the percentile 

methodology proposed by McTague and Bailey (1987): 
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- First step, the 10th, 63rd and 90th diameter percentiles are predicted through the use of the 

prediction component of Eqs. (6), (7) and (8), respectively. Consequently, the 0th diameter 

percentile at time 2 can be estimated from Eq. (9). 

- Steps 2 – 5 are identical to the steps 2 – 5 described in section 2.4.1.2. 

 

The cumulative Weibull distribution can be calculated by inserting the estimated 

parameters a, b and c in Eq. (19). By computing the probability to the endpoint of a diameter class 

interval, and computing successive differences, it is possible to compute the frequency and 

estimate number of trees at each diameter class. Finally, it is possible to calculate basal area across 

all the diameter classes under the prediction scenario. The summation of these basal areas results 

in the stand-level basal area consistent to the predicted stand-level basal area from Eq. (15). 

 

2.4.3. Volume estimates 

The diameter distribution for either prediction or projection purposes is consistent with the 

stand-level basal area estimate. Therefore, to achieve full compatibility between the tree-level and 

stand-level volume estimates, individual-tree height is the only variable left to adjust. Stand 

volume estimates are obtained from Eq. (17). Meanwhile in the diameter distribution, the fitted 

Eq. (11) is used to estimate tree height for each diameter class. Finally, an individual-tree volume 

equation (Eq. 30 to predict individual tree total outside bark bole volume) such as the proposed in 

Scolforo et al. (2018f) is used to estimate total tree volume.  

                                   𝑙𝑛(�̂�) =  − 9.3536 + 2.0258 𝑙𝑛(𝐷𝐵𝐻) + 0.6973 𝑙𝑛(ℎ)                      (30) 

where, all variables are previously defined. 
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When the product of individual-tree volumes and stem per hectare by diameter class are 

summed across all the diameter classes in the future, an implicit estimate of stand volume is 

obtained. When stand volume is estimated (�̂�) (from Eq. (17)), the coefficient 𝑏0 of the fitted 

height-diameter equation in Eq. (31) must be iterated to ensure volume compatibility: 

∑ �̂�2𝑗𝑣2𝑗 = �̂�2
𝑛
𝑗=1 . 

              ln(ℎ̂𝑗) = (�̂�0 + 𝑏0) +  �̂�1𝑙𝑛(𝐻) +  �̂�2𝑙𝑛 (
𝐷𝑞

𝐷𝐵𝐻𝑗
) +  �̂�3𝑙𝑛 (

1

𝐷𝐵𝐻𝑗×𝑡
) +  �̂�4 (

1

𝐷𝐵𝐻𝑗
)        (31)  

where, all variables are previously defined. 

 

When full compatibility is achieved based on total stand volume, the system is able to 

generate estimates of multiple products, such as merchantable volume to any top diameter, or 

merchantable volume to any stem height.  

 

2.5. Validation 

For validation purposes only the rainfall exclusion plots were used. These plots served as 

an independent dataset to validate the system accuracy. All validation analyses were conducted 

assuming the error would compound from one variable and component equation to the next. 

Bias (T), Mean Absolute Error (MAE), Root Mean Squared Error (RMSE) and Model 

Efficiency (EF) were the validation statistics applied to evaluate the individual-tree models, while 

Bias was selected to validate the G & Y system. In addition, graphical analyses were used to assess 

the behavior of the estimates. 

                                                                    𝑇 =  
1

𝑛
∑ (𝑂 − 𝑃𝑟)𝑛

𝑖=1                                               (32) 

                                                                  𝑀𝐴𝐸 =  
1

𝑛
∑ |𝑂 − 𝑃𝑟|𝑛

𝑖=1                                           (33) 
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                                                                𝑅𝑀𝑆𝐸 =  √
∑ (𝑃𝑟−𝑂)2𝑛

𝑖=1

𝑛
                                                (34) 

                                                                   𝐸𝐹 = 1 −
∑ (𝑂−𝑃𝑟)2𝑛

𝑖=1

∑ (𝑂−�̅�)2𝑛
𝑖=1

                                                (35) 

where, 𝑃𝑟 is the predicted values; 𝑂 is the observed values; �̅�is the average of observed values; 𝑛 

is the number of observations. 

 

All the statistical analyses were performed under the software R (R Core Team, 2015) 

through the packages nlme (Pinheiro et al., 2016) and ggplot 2 (Wickham, 2009). 

 

2.5.1. Validation of the individual-tree models 

The use of the rainfall exclusion regime plots permits detection of bias of any individual-

tree equations and if these equations can be used under a drier climatic scenario. It is important to 

highlight that all the compounding errors from the stand-level estimates, also serve as inputs for 

these individual-tree equations. 

 

2.5.2. Validation of the eucalyptus growth and yield system 

For projection purposes: only plots at age 1 year were grown under a long-term projection 

scenario (greater than 3 years for clonal eucalypt plantations in Brazil). Therefore, the system for 

projection purposes was tested with respect to its flexibility to grow and update forest inventories. 

Finally, prediction and projection estimates (considering all cumulative compounding error 

through the system) were generated from the G & Y system to evaluate the predictive and 

projection capabilities of the system under a drier climatic scenario. 
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3. Results 

3.1. Diameter percentile modeling 

All the simultaneous compatible set of prediction and projection percentiles equations (10th, 

63rd, 90th diameter) displayed statistically significant coefficients (at alpha = 0.05) with proper 

signs. The 0th diameter percentile prediction equation also displayed only significant coefficients 

(at alpha = 0.05). The fitted coefficients of these equations reflect logical biological growth 

characteristics for clonal eucalypt stands. The fitted equations are: 

 

1) Compatible set of prediction and projection 10th diameter percentile equations: 

                      𝑙𝑛𝑃10̂ =  −0.21471 +  (1.2119 + 𝑏1𝑖)𝑙𝑛𝐷𝑞 + (−0.1718 + 𝑏2𝑖)𝑙𝑛𝐻               (36) 

                 𝑙𝑛𝑃10̂2 =  𝑙𝑛𝑃101 + (1.2119 + 𝑏1𝑖)(𝑙𝑛𝐷𝑞2 − 𝑙𝑛𝐷𝑞1) + (−0.1718 + 𝑏2𝑖)(𝑙𝑛𝐻2 − 𝑙𝑛𝐻1)          (37)  

where, 𝑏1𝑖 is -0.0670, 0.0575, 0.0398 and -0.0303 for the clonal groups A, B, C and D, respectively; 

𝑏2𝑖 is 0.0701, -0.0533, -0.0364 and 0.0196 for the clonal groups A, B, C and D, respectively. 

 

2) Compatible set of prediction and projection 63rd diameter percentile equations: 

                             𝑙𝑛𝑃63̂ =  0.0343 +  (0.9838 + 𝑏1𝑖)𝑙𝑛𝐷𝑞 + (0.0156 + 𝑏2𝑖)𝑙𝑛𝐻                (38) 

                    𝑙𝑛𝑃63̂2 =  𝑙𝑛𝑃631 + (0.9838 + 𝑏1𝑖)(𝑙𝑛𝐷𝑞2 − 𝑙𝑛𝐷𝑞1) + (0.0156 + 𝑏2𝑖)(𝑙𝑛𝐻2 − 𝑙𝑛𝐻1)          (39)  

where, 𝑏1𝑖 is 0.0056, -0.0161, -0.0083 and 0.0187 for the clonal groups A, B, C and D, 

respectively; 𝑏2𝑖 is -0.0067, 0.0146, 0.0065 and -0.0144 for the clonal groups A, B, C and D, 

respectively. 
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3) Compatible set of prediction and projection 90th diameter percentile equations: 

                             𝑙𝑛𝑃90̂ =  0.1279 +  (0.8935 + 𝑏1𝑖)𝑙𝑛𝐷𝑞 + (0.0880 + 𝑏2𝑖)𝑙𝑛𝐻                (40) 

                  𝑙𝑛𝑃90̂2 =  𝑙𝑛𝑃901 + (0.8935 + 𝑏1𝑖)(𝑙𝑛𝐷𝑞2 − 𝑙𝑛𝐷𝑞1) + (0.0880 + 𝑏2𝑖)(𝑙𝑛𝐻2 − 𝑙𝑛𝐻1)            (41)  

where, 𝑏1𝑖 is 0.0171, -0.0280, -0.0178 and 0.0287 for the clonal groups A, B, C and D, 

respectively; 𝑏2𝑖 is -0.0191, 0.0270, 0.0155 and -0.0234 for the clonal groups A, B, C and D, 

respectively. 

 

4) Prediction 0th diameter percentile equation: 

                 ln(𝑃10̂ − 𝑃0̂) =  (−0.4561 + 𝑏0𝑖) +  0.3525𝑙𝑛(𝑃63 − 𝑃10) +  0.5453𝑙𝑛𝑃10   (42)           

where, 𝑏0𝑖 is -0.0217, -0.1012, 0.1552 and -0.0323 for the clonal groups A, B, C and D, 

respectively. 

 

The fitted equations displayed unbiased and accurate predictions and projections of the 

diameter percentiles (Figure 3 and Table 3). It is worth mentioning that all validation analyses 

considered the compounding error effect caused by the stand-level estimates. This means that 

estimated dominant heights, basal area and survival were used as the inputs for the prediction and 

projection of the diameter percentiles. 

It is also important to highlight the accuracy of the diameter percentiles estimates using the 

independent dataset with the rainfall exclusion regime plots for validation. As a result, we can 

confirm the high flexibility of the stand-level equations, since their updated estimates for drier 

climatic conditions still provided highly accurate and unbiased diameter percentile estimates. The 

proper and accurate behavior of the equations under prediction and projection scenarios are crucial 

to the proposed G & Y system, since we aimed to produce a system capable to: 1) update forest 
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inventory for making short-, medium- and long-term projections using the new stand table 

projection method; 2) predict forest yield for afforestation using a statistical distribution-based 

stand table. 

 

Table 3. Validation statistics (T - cm, MAE - cm, RMSE - cm, and EF) of the fitted diameter 

percentile equations. 

Equations 
Prediction Projection 

T MAE RMSE EF T MAE RMSE EF 

0th (Eq. 42) -0.05 1.52 2.01 0.35 -0.38 1.51 1.95 0.30 

10th (Eqs. 36 and 37) 0.08 0.66 0.85 0.87 -0.21 0.47 0.63 0.89 

63rd (Eqs. 38 and 39) 0.00 0.61 0.75 0.90 -0.25 0.51 0.66 0.90 

90th (Eqs. 40 and 41) 0.00 0.72 0.86 0.86 -0.19 0.53 0.68 0.92 
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Figure 3. Agreement between the predicted and observed diameter percentiles at every clonal 

group through the use of the: Eq. (42) – 0th percentile - applied for prediction purposes a), Eq. (42) 

– 0th percentile - applied for projection purposes b), Eq. (36) – 10th percentile - applied for 

prediction purposes c), Eq. (37) – 10th percentile - applied for projection purposes d), Eq. (38) – 

63rd percentile - applied for prediction purposes e), Eq. (39) – 63rd percentile - applied for 

projection purposes f), Eq. (40) – 90th percentile - applied for prediction purposes g), Eq. (41) – 

90th percentile - applied for projection purposes h). 



 

210 

 

3.2. Individual-tree mortality modeling 

The adopted strategy of having random coefficient associated with the (DBHj – dmin + 1) 

variable proved to be valid (Figure 4). The fitted equation displayed a significant fixed �̂�1 

coefficient and the estimates generated from this equation when applied to the rainfall exclusion 

regime plots were satisfactory and unbiased (T = -0.13 TPH, MAE = 2.25 TPH, RMSE = 7.38 

TPH, EF = 0.99). 

Thus, the fitted individual-tree mortality equation: 

                                                 �̂�2𝑗 =  𝑛1𝑗{1 − 𝑒[(−1.1495+𝑏1)(𝐷𝐵𝐻𝑗−𝑑𝑚𝑖𝑛+1)]}                           (43) 

where, all variables are previously defined. 

 

It is worth highlighting that 𝑏1 is the coefficient to be iterated for every plot and projection 

simulation in order to result in consistent estimates (full compatibility) between the frequency 

(number) of trees in the DBH classes at t2 with �̂�2 (from Eq. (14)). This means ∑ �̂�2𝑗 =  �̂�2
𝑛
𝑗=1 . 
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Figure 4. Agreement between the predicted and observed number of trees in the DBH classes at 

every clonal group through the use of the Eq. (43).  

 

3.3. Individual-tree height modeling 

The generalized height-diameter equation proposed by Scolforo (2006) gave accurate and 

unbiased estimates for every clonal eucalypt group (T = 0.06 m, MAE = 0.60 m, RMSE = 0.86 m, 

EF = 0.97) (Figure 5). The significance (at alpha = 0.05) and the signs of the fitted coefficients 

ensured consistent individual-tree height modeling. The fitted individual-tree height equation 

follows: 
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        ln(ℎ̂𝑗) = (0.1434 + 𝑏0) +  0.8404𝑙𝑛(𝐻) − 0.5206𝑙𝑛 (
𝐷𝑞

𝐷𝐵𝐻𝑗
) − 0.0748𝑙𝑛 (

1

𝐷𝐵𝐻𝑗×𝑡
) − 0.1875 (

1

𝐷𝐵𝐻𝑗
)     (44)  

where, 𝑏0𝑖 is 0.0192, 0.0178, 0.0027 and -0.0396 for the clonal groups A, B, C and D, respectively, 

if the equation is used to estimate tree height in a forest inventory, otherwise this coefficient is 

iterated to achieve full compatibility in the G & Y system; all other variables are previously 

defined. 

 

When compatibility is achieved in the survival and basal area estimation at time 2, height 

becomes the variable left to adjust in order to provide the full compatibility in the G & Y system. 

Therefore, 𝑏0 is the coefficient to be iterated for every plot and projection/prediction simulation in 

order to provide consistency (full compatibility) between the individual-tree volume and stand 

volume estimates �̂�2 (from Eq. (17)). Compatibility for stand volume is achieved by satisfying the 

constraint that ∑ �̂�2𝑗𝑣2𝑗 = �̂�2
𝑛
𝑗=1 . 
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Figure 5. Agreement between the predicted and observed individual-tree heights at every clonal 

group through the use of the Eq. (44). 

 

3.4. Assessment of the G & Y system for long-term projections based on young eucalypt stands 

All the stand and individual-tree level equations were combined in the G & Y system. The 

system was then used to project the growth of young eucalypt stands. These projections allowed 

observation of the accuracy of the stand structure estimates generated from the developed G & Y 

system under long-term projections, which is critical for assisting forest planning. 

The overall results were extremely satisfactory, since estimates per diameter class are not 

biased (T = -0.99 m3.ha-1) and display good level of accuracy. Figure 6 shows the histogram of a 
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forest stand randomly chosen comparing the average observed volumes and the projected volume 

estimates across all the diameter classes at age 5 years (projected from age 1.5 years to age 5 

years). The level of agreement between the values generated for this stand used as an example 

shows the proper behavior of the G & Y system to be used under long-term projection simulation 

scenarios. It is worth highlighting that the validation results were obtained when applying the G & 

Y system for young eucalypt stands that faced drier climatic conditions.  

 

Figure 6. Average observed volumes at age 1.5 years a), average observed volumes at age 5 years 

b), projected volume estimates at age 5 years through the parameter recovery method c), projected 

volume estimates at age 5 years through the new stand table projection method d). Projection 

through the parameter recovery method (following the percentile methodology) was exemplified 

to demonstrate the superior and more realistic estimates provided by the new stand table projection 

method proposed in this study. 
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An example is also provided to demonstrate the sequence of calculations when using the 

developed G & Y system for projection purposes. Table 4 displays stand-level data of an average 

eucalyptus stand at age 1 year. This table provides the observed information of the young stand 

and the variables can be projected through the use of the set of equations developed in this study.  

 

Table 4. Stand-level data at age 1 year and the projected variables at age 6 years. 

Variable t1 Equation t2 

t (years) 1 - 6 

Cumulative SWD (mm) -67 - -420 

H (m) 9.1 Eq. 13 30.6 

N (TPH) 1104 Eq. 14 1096 

B (m2.ha-1) 4.3 Eq. 16 22.9  

V (m3.ha-1) 19.8 Eq. 17 292.8 

Dq (cm) 7.0 Eqs. 14 and 16 16.3 

0th percentile (cm) 3.8 Eq. 42 10.0 

10th percentile (cm) 6.2 Eq. 37 13.9 

63th percentile (cm) 7.2 Eq. 39 16.9 

90th percentile (cm) 7.7 Eq. 41 18.1 

 

Consequently, the Weibull parameters at age 6 years can be calculated. These parameters 

are functions of the diameter percentiles as described in the methods section (Table 5). 

 

Table 5. Weibull parameters computed at age 6 years. 

Parameter  Estimate Equation 

a2 9.04 Eq. 22 

b2 unadjusted 7.88 Eq. 23 

c2 2.98 Eq. 24 

b2 adjusted 7.89 Eq. 25 

 



 

216 

 

The next step consisted in the estimation of the number of trees by diameter classes at t1 (1 

year). The total number of trees estimated at age 6 years, however, must be compatible with the 

estimated survival at this same age. Thus, it is shown an example with coefficient b1 of Eq. 43 

being assumed equal to 0, and this same coefficient being iterated to guarantee consistency 

between the estimates by DBH classes and stand survival (Table 6). 

 

Table 6. Unadjusted and adjusted number of trees in the DBH classes at age 6 years. The stand-

level estimate of survival at age 6 is 1096 trees per hectare. 

DBHj_2 n1j Equation �̂�2𝑗 Equation �̂�2𝑗 

4 7 

Eq. 43 with b1 = 0 

5 

Eq. 43 with b1 = -0.3 

5 

5 35 31 33 

6 229 222 226 

7 542 536 540 

8 292 291 291 

Total 1104  1068  1096 

 

One critical task described in the methods section, is the computation of the Weibull 

parameters at time 1 (age 1 year) after mortality. Individual-tree mortality estimation followed the 

approach suggested by Cao and Baldwin (1999), which means that only the survivor trees are 

selected to grow in the proposed G & Y system approach of this study. Thus, since the consistent 

number of trees in the DBH classes were already estimated (Table 6), this information was used 

to recompute the mean DBH and Dq at age 1 year (Table 7).  
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Table 7. Recomputed mean DBH and Dq and the computed Weibull parameters at age 1 year after 

mortality. 

Variables Estimate 

Mean DBH (cm) - adjusted 6.96 

Dq (cm) – adjusted 7.00 

Weibull parameter a1 3.00 

Weibull parameter b1 4.29 

Weibull parameter c1 5.54 

 

The computed Weibull parameters at ages 1 and 6 years allowed for the computation of M, 

which represents the actual diameter growth or movement between DBH classes (Table 8). With 

the stand information displayed by the inventory plot at age 1 year, it is possible then to estimate 

the diameter growth by DBH classes, which represents the stand structure expected for this 

inventory plot at age 6 years. Important to note that basal area can be easily calculated through the 

DBH classes and the total basal area estimated at age 6 years is consistent with the basal area 

estimated from the stand basal area projection equation (Table 4). 
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Table 8. Diameter growth and basal area estimated at age 6 years.  

DBHj_1 �̂�1𝑗 of survival trees M* DBHj_2 �̂�2𝑗 �̂�2𝑗 (m2.ha-1) 

4 5 5.57 4 0 0.00 

5 33 5.95 5 0 0.00 

6 226 7.10 6 0 0.00 

7 540 8.96 7 0 0.00 

8 291 11.51 8 0 0.00 

9 0 0.00 9 2 0.01 

10 0 0.00 10 5 0.04 

11 0 0.00 11 31 0.30 

12 0 0.00 12 0 0.00 

13 0 0.00 13 204 2.70 

14 0 0.00 14 23 0.35 

15 0 0.00 15 22 0.38 

16 0 0.00 16 518 10.42 

17 0 0.00 17 0 0.00 

18 0 0.00 18 0 0.00 

19 0 0.00 19 143 4.05 

20 0 0.00 20 149 4.67 

Total 1096   1096 22.9 
* A clear example of the computation for M can be found in Avery and Burkhart (2002). 

 

Finally, volume by DBH classes is estimated. The coefficient b0 of the individual-tree 

height equation, Eq. (44), was iterated and this resulted in full compatibility in the G & Y system 

(Table 9). 
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 Table 9. Tree height and volume estimated at age 6 years.  

DBHj_2 �̂�2𝑗 Equation ℎ̂2𝑗 �̂�2𝑗 (m3.ha-1) Equation ℎ̂2𝑗 �̂�2𝑗 (m3.ha-1) 

4 0 

Eq. 44 with b0 = 0 

11.93 0.00 

Eq. 44 with b0 = 0.04 

12.42 0.00 

5 0 13.75 0.00 14.31 0.00 

6 0 15.42 0.00 16.05 0.00 

7 0 16.98 0.00 17.68 0.00 

8 0 18.45 0.00 19.20 0.00 

9 2 19.84 0.14 20.65 0.14 

10 5 21.17 0.36 22.03 0.37 

11 31 22.44 3.04 23.36 3.13 

12 0 23.67 0.00 24.64 0.00 

13 204 24.86 29.94 25.87 30.78 

14 23 26.00 3.99 27.07 4.10 

15 22 27.12 4.51 28.23 4.64 

16 518 28.20 126.79 29.36 130.37 

17 0 29.26 0.00 30.46 0.00 

18 0 30.29 0.00 31.53 0.00 

19 143 31.30 53.20 32.58 54.70 

20 149 32.29 62.78 33.60 64.55 

Total 1096   284.7   292.8 

 

3.5. Assessment of the G & Y system for long-term predictions 

In this assessment, all the stand and individual-tree level equations were combined in the 

system, however, the system was now evaluated under the long-term prediction scenario 

(predictions greater than 3.8 years) for the rainfall exclusion regime plots. 

The overall estimates displayed minimal bias (T = 3.30 m3.ha-1), and the unimodal 

distribution reasonably represented the overall forest productivity, where a stand randomly chosen 

was used as the example in the histogram (Figure 7). This means that the developed system can 
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also be used for assessing forest afforestation, since it provides reasonable estimates of expected 

stand structures.  

 

Figure 7. Comparison between the average observed volumes and the predicted volume estimates 

across all the DBH classes for a stand, where the time interval is 5 years (prediction interval from 

age 0 to 5 years). 

 

4. Discussion 

A G & Y system was developed to furnishes detailed outputs and displays consistency 

between individual-tree and stand-level estimates. The system of equations was derived for 

growing diameter classes over the projection interval that is consistent with the stand-level 

equations, and at the same time the system can be simplified and used for prediction purposes. 

Compatibility in the G & Y system mitigates the compounding error when estimating future stand 

structure. Additionally, this integrated G & Y system proved to be flexible and accurate when 

applied to rainfall exclusion regime plots. This is a remarkable result, since even with the increase 

of the system complexity the estimates are still well behaved. 

The fitted individual-tree models displayed unbiased and accurate estimates under the 

rainfall exclusion regime plots. It is worth noting the significance (at alpha at 0.05) and the proper 
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sign of the coefficients of these fitted equations, which ensures good properties for individual-tree 

growth estimation. The compatible set of prediction and projection for the 10th, 63rd and 90th 

diameter percentile equations, along with the prediction of the 0th diameter percentile equation, 

displayed stable estimates under short-, medium- and long-term (for both predictions and 

projections). This empirical evidence agrees with the findings of Bailey (1980), since the high 

stability of the percentiles estimates over time suggest that an individual-tree typically does not 

change its relative ranking over time within a diameter distribution. It is critical to emphasize this 

point, in that this is a key assumption in the developed G & Y system at the individual-tree level. 

The individual-tree mortality equation followed the approach suggested by Cao and 

Baldwin (1999). It is worth highlighting the accuracy of the estimates, since modeling survival is 

not an easy task in clonal eucalypt stands (Scolforo et al., 2018d). The degree of accuracy of the 

individual-tree mortality estimates was increased by adding the flexible coefficient 𝑏1, since this 

is the parameter estimated by numerical methods that ensures compatibility with stand survival 

estimates. 

The generalized height-diameter equation also delivered accurate estimates. Similar results 

were detected by Ribeiro et al. (2010), where the authors reported the flexible behavior of this 

generalized equation. This equation is a function of DBH and stand variables. Typically, there is 

no need to adjust individual-tree heights to achieve full compatibility in the system. When 

adjustments of tree height are required, the change in the estimated tree heights is minor and 

compatibility between individual-tree and stand volume estimates is easily achieved. 

The integration of accurate fitted individual-tree and stand-level equations in the 

compatible individual-tree and stand-level G & Y system resulted in good overall system 

performance. While each growth component was independently fitted, the compounding errors 
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appear to be trivial in the recursive system. Additionally, all the growth components consist of a 

compatible set of prediction and projection equations that were simultaneously fitted. These 

equations combined allowed the G & Y system to be capable to: 1) update forest inventory for 

making short-, medium- and long-term projections; 2) predict forest afforestation yields. 

To our knowledge this is the first effort for construction of a G & Y system with individual-

tree growth models that are compatible with stand-level estimates for clonal eucalypt stands in 

Brazil. There are several studies in Brazil focused on estimating site index (Tonini et al., 2006; 

Scolforo et al., 2013; Scolforo et al., 2016), while studies that have inspected the development of 

compatible individual-tree and stand-level G & Y systems for clonal eucalypt stands remain 

scarce. This system is flexible and it possesses explanatory ability to estimate forest growth even 

when applied to the rainfall exclusion regime plots. At the same time, the impact of a variety of 

future short-term climate scenarios on forest yield can be evaluated through the use of this system. 

Clonal eucalypt stands display a tremendous potential growth rate, which implies a typical 

rotation length for pulp production at 6 years. Therefore, any unusual climatic year can severely 

impact the stand productivity (Almeida et al., 2010). The system proposed in this study allows for 

consistent estimates, evident even with an independent dataset that contained rainfall exclusion 

plots. The flexibility of the developed equations and the structure architecture, suggest that the 

proposed approach is suitable for application with any commercial plantation species. The major 

difference is with respect to adapting the stand-level equations to account for effects that represent 

a major environmental limitation to forest yield.  In our case the water availability was successfully 

represented by the soil water deficit variable. 
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5. Conclusions 

The fitted individual-tree equations displayed accurate and unbiased estimates when 

applied to the rainfall exclusion regime plots. The proposed G & Y system displayed satisfactory 

estimates, even under long-term prediction and projection scenarios, which highlights its high 

flexibility for estimating clonal eucalyptus growth. 

The developed G & Y system is a powerful analytical tool that can serve to update 

inventory data along tropical Brazil and also to estimate growth of plantings for afforestation. The 

system becomes even more useful in simulation when it is used to create productivity scenarios by 

considering short-term climate variation scenarios. Finally the developed G & Y system contains 

the capability of displaying detailed outputs, which allows forest managers to consider 

merchandizing the clonal eucalypt stands into multiple products. 
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CHAPTER 8: OVERALL CONCLUSIONS 

 

This dissertation provides a framework for addressing the genotype x environment 

interaction into a growth and yield (G & Y) system for clonal eucalypt plantations in Brazil. The 

proposed G & Y system is sensitive to both clonal differences and climate variation, while 

providing either stand-level or tree-level estimates. 

The first issue addressed in this G & Y system was related to the development of 

generalized stem taper and tree volume equations. Lack of generalized taper and tree volume 

equations in the literature emphasized the need for developing equations capable of merchandizing 

multiple products. Therefore, the generalized equations allow for the estimation of total and 

merchantable tree volume as well as for the possibility of estimating upper-stem diameters and 

merchantable heights. 

Prior to the development of any prediction or projection growth equation, a clonal grouping 

approach was developed in order to mitigate any potential problem of small sample size and to 

quantify the genotype x environment interaction. The goal was to identify which clonal groups are 

sensitive to climate variation. The clonal grouping approach presented here is new to Brazil, since 

it reflects how clonal yield pattern is impacted by water availability (represented by the water 

deficit index). Additionally, the new approach aids in the deployment of superior clones as well as 

furnishing baseline information for scoring the productivity of new operational clones. 

The productive potential of forest stands in Brazil is commonly assessed through site index. 

Biased site index estimates are commonly generated for clonal eucalypt stands given the historical 

preference in Brazil for reliance on the guide curve method and the failure to account for climatic 

variation In fact, bias is prevalent in the entire G & Y system, since the top tier of a recursive 
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system of growth and yield equations naturally starts with dominant height (site index) modeling. 

This dissertation introduces the first effort to simultaneously develop a compatible set of prediction 

and projection dominant height equations for clonal eucalypt plantations in Brazil. The effect of 

water availability was also introduced into the compatible set of equations.  

Accurate estimates of site index are critical, however, previous efforts have been 

unsuccessful in alleviating the bias. On the other hand, stand survival estimation is typically 

neglected in clonal eucalypt stands in Brazil. The survival rate over time in a eucalypt stand 

displays large variability, which makes this important component of growth basically 

unpredictable. When survival over time in clonal eucalypt stands is only modeled as a function of 

stand age, certain limitations become evident. The proposed approach in Chapter 5 is innovative 

in this perspective, since an approach for modeling stand survival as a function of water availability 

was developed. It is worth mentioning that the new approach for estimating stand survival can 

address the effect of unusual droughts on survival as well as to test the survival x environment 

interaction for the clonal eucalypt groups in Brazil. 

In order to build a prognosis system (compatible individual tree and stand-level estimates) 

that produces accurate estimates and is sensitive to clonal and climate variation, an accurate and 

flexible stand-level G & Y system is first required. The results displayed by Chapters 3 – 5 and 

the compatible set of basal area equations and stand-level volume equations allow accurate 

predictions of forest yield for afforestation and updates to forest inventory, even under drier 

climatic conditions. Differently from previous stand-level G & Y systems produced for clonal 

eucalypt plantations in Brazil, the system proposed in Chapter 6 is governed by water availability, 

making it the first system capable of  predicting how short-term climate variation may affect forest 

production. 
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There is a strong support in Brazil for the development of G & Y systems that integrate 

climate variation at the stand- and tree-level for clonal groups. Thus, a new and very useful 

approach that links individual-tree and stand level growth models in clonal eucalypt plantations in 

Brazil was developed. The complete system of equations and components fully integrates the 

results from Chapters 2 to 6.  

Future work is needed to model the impact of disease on stand survival over time. This 

study employed a common spacing and tree density at all experimental sites. The impact of 

multiple spacing and densities on forest yield by clonal group has yet to be explored. Studying 

how a variety of stand densities impact forest production is relevant for decision making and forest 

finance. Future studies could also benefit from a variety of intensive silvicultural regimes including 

several fertilization treatments. 
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Appendix A. Fitted coefficients with their standard errors of the generalized PMS equation 

[Equation (1)]. 

Coefficient 
Traditional Eq (1) 

Estimates SE 

β1 0.8172 0.0389 

b1 – A1 0.028  

b1 – B2 -0.040  

b1 – C3 -0.123  

b1 – D4 0.082  

b1 – E5 -0.002  

b1 – G7 -0.053  

b1 – H8 -0.023  

b1 – K2 0.017  

b1 – P7 0.047  

b1 – Q8 -0.003  

b1 – R9 0.071  

β2 4.4284 0.2084 

b2 – A1 -0.030  

b2 – B2 0.043  

b2 – C3 0.130  

b2 – D4 -0.086  

b2 – E5 0.002  

b2 – G7 0.056  

b2 – H8 0.024  

b2 – K2 -0.018  

b2 – P7 -0.050  

b2 – Q8 0.004  

b2 – R9 -0.075  

β3 -0.0766 0.0059 

u0.10 -5.2853 0.2164 

u0.75 3.6266 0.0759 

u0.97 120.5895 3.3576 

 

 

 

 



 

232 

 

Appendix B. Fitted coefficients with their standard errors of the generalized dib equation 

[Equation (3)]. 

Coefficient Estimates SE 

β1 0.8386 0.0019 

b1 – A1 -2.58e-06  

b1 – B2 -2.85e-06  

b1 – C3 3.35e-06  

b1 – D4 2.86e-06  

b1 – E5 -3.90e-06  

b1 – G7 3.68e-06  

b1 – H8 -1.03e-06  

b1 – K2 2.65e-06  

b1 – P7 -1.96e-06  

b1 – Q8 -1.27e-06  

b1 – R9 1.04e-06  

β2 4.1429 0.0781 
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Appendix C. Fitted coefficients with their standard errors of the generalized total volume 

equation [Equation (4)]. 

Coefficient 
Traditional Eq (4) 

Estimates SE 

β0 -9.3536 0.0514 

b0 – A1 0.0172  

b0 – B2 -0.0118  

b0 – C3 -0.0513  

b0 – D4 0.0359  

b0 – E5 0.0079  

b0 – G7 -0.0279  

b0 – H8 -0.0027  

b0 – K2 0.0011  

b0 – P7 0.0049  

b0– Q8 -0.0075  

b0 – R9 0.0340  

β01 -0.1702 0.0048 

b01 – A1 0.0067  

b01 – B2 0.0038  

b01 – C3 0.0006  

b01 – D4 0.0131  

b01 – E5 0.0042  

b01 – G7 0.0015  

b01 – H8 0.0059  

b01 – K2 -0.0021  

b01 – P7 -0.0335  

b01– Q8 -0.0151  

b01 – R9 0.0149  

β1 2.0258 0.0187 

β2 0.6973 0.0080 
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Appendix D. Fitted coefficients with their standard errors of the generalized ratio volume 

equations [Equations (6)-(7)]. 

Upper stem height Top diameter 

Coefficient Estimates SE Coefficient Estimates SE 

α1 1.0915 0.0064 β4 -0.6349 0.0288 

a1 – A1 6.80e-03  b4 – A1 0.0195  

a1 – B2 -8.84e-05  b4 – B2 -0.0081  

a1 – C3 -1.32e-02  b4 – C3 -0.0113  

a1 – D4 8.38e-03  b4 – D4 0.0347  

a1 – E5 1.52e-03  b4 – E5 -0.0146  

a1 – G7 -7.58e-03  b4 – G7 0.0006  

a1 – H8 -2.06e-03  b4 – H8 0.0021  

a1 – K2 -9.19e-04  b4 – K2 0.0156  

a1 – P7 4.73e-04  b4 – P7 -0.0395  

a1 – Q8 -1.81e-03  b4 – Q8 -0.0137  

a1 – R9 8.57e-03  b4 – R9 0.0147  

α2 2.5947 0.0018 β5 5.2876 0.0242 

α3 2.6265 0.0025 β6 4.8945 0.0301 

 

 


