
  

Remote Sens. 2020, 12, x; doi: FOR PEER REVIEW www.mdpi.com/journal/remotesensing 

Supplementary file 

Individual Tree Attribute Estimation and Uniformity 
Assessment in Fast-Growing Eucalyptus spp. Forest 
Plantations Using Lidar and Linear Mixed-Effects 
Models 
Rodrigo Vieira Leite 1,*, Carlos Alberto Silva 2,3, Midhun Mohan 4, Adrián Cardil 5,  
Danilo Roberti Alves de Almeida 6, Samuel de Pádua Chaves e Carvalho 7,  
Wan Shafrina Wan Mohd Jaafar 8, Juan Guerra Hernández 9,10, Aaron Weiskittel 11, Andrew T. 
Hudak 12, Eben N. Broadbent 13, Gabriel Prata 13, Ruben Valbuena 14, Hélio Garcia Leite 1,  
Mariana Futia Taquetti 1, Alvaro Augusto Vieira Soares 15, Henrique Ferraço Scolforo 16,  
Cibele Hummel do Amaral 1, Ana Paula Dalla Corte 17 and Carine Klauberg 18 

1 Department of Forest Engineering, Federal University of Viçosa, Viçosa, MG 36570-900, Brazil; 
hgleite@ufv.br (H.G.L.); mariana.taquetti@ufv.br (M.F.T.); chamaral@ufv.br (C.H.d.A.) 

2 Department of Geographical Sciences, University of Maryland, College Park, MD 20740, USA;  
3 School of Forest Resources and Conservation, University of Florida, Gainesville, FL 32611, USA; 

c.silva@ufl.edu 
4 Department of Geography, University of California—Berkeley, Berkeley, CA 94709, USA; 

mid_mohan@berkeley.edu 
5 Tecnosylva, Parque Tecnológico de León, 24009 León, Spain; adrian.cardil@udl.cat 
6 Department of Forest Sciences, University of São Paulo, “Luiz de Queiroz” College of Agriculture 

(USP/ESALQ), Av. Pádua Dias, 11, Piracicaba, SP 13418-900,, Brazil; daniloraa@usp.br 
7 College of Forestry, Federal University of Mato Grosso, Av. Fernando Correa da Costa, 2367, Boa 

Esperança, Cuiabá, MT 78060-900, Brazil;  spccarvalho@ufmt.br 
8 Earth Observation Centre, Institute of Climate Change, National University of Malaysia (UKM), Bangi 

43600, Malaysia; wanshafrina@ukm.edu.my 
9 Centro de iniciativas empresariais, Fundación CEL. O Palomar s/n, 27004 Lugo, Spain; 

juan.guerra@3edata.es 
10 Forest Research Centre, School of Agriculture, University of Lisbon, Instituto Superior de Agronomia, 

1649-004 Lisboa, Portugal 
11 Center for Research on Sustainable Forests, University of Maine, 5755 Nutting Hall, Orono, ME 04469, 

USA; aaron.weiskittel@maine.edu 
12 US Forest Service (USDA), Rocky Mountain Research Station, RMRS, 1221 South Main Street, Fort Collins, 

CO 80526, USA; ahudak@fs.fed.us 
13 Spatial Ecology and Conservation Lab, School of Forest Resources and Conservation, University of Florida, 

Gainesville, FL 32611, USA; eben@ufl.edu 
14 School of Natural Sciences, Bangor University, Bangor LL57 2W, UK; r.valbuena@bangor.ac.uk 
15 Institute of Agricultural Sciences, Federal University of Uberlândia, Monte Carmelo, MG 38500-000, Brazil; 

alvaro.soares@ufu.br 
16 Department of Forestry and Environmental Resources, North Carolina State University, 2820 Raleigh, NC 

27695, USA; hfscolfo@ncsu.edu 
17 Department of Forest Engineering, Federal University of Paraná, Curitiba, PR 80210-170, Brazil; 

anacorte@ufpr.br 
18 Department of Forest Engineering, Federal University of São João Del Rei, Sete Lagoas, MG 35701-970, 

Brazil; klauberg@ufsj.edu.br 
* Correspondence: rodrigo.leite@ufv.br 

Received: 13 October 2020; Accepted: 29 October 2020; Published: date 
  



Remote Sens. 2020, 12, x FOR PEER REVIEW 2 of 5 

 

1. Characteristics and descriptive statistics of the Eucalyptus sp. stands used in the study 

Table S1. Descriptive statistics (mean ± standard deviation) of field measurements in the area of 
study. Ht = height; Dbh = diameter at 1.3 m above the ground; AGC = aboveground carbon. 

Stand Age Plot Species Genotype Ht (m) dbh (cm) AGC (Kg / tree ) 
S01 2.7 P1 SP05 GM01 15.3 ± 0.99 13.56 ± 1.44 31.43 ± 6.99 
S02 3.7 P2 SP01 GM04 19 ± 2.05 14.92 ± 2.30 42.12 ± 11.23 
S03 4.3 P3 SP05 GM05 18.9 ± 1.18 14.02 ± 1.22 36.56 ± 6.63 
S04 3.8 P4 SP01 GM03 17.2 ± 0.79 11.61 ± 1.04 24.2 ± 4.62 
S05 3.5 P5 SP01 GM03 20 ± 2.08 16.26 ± 2.67 51.39 ± 15.08 
S06 3.8 P6 SP01 GM03 19.5 ± 1.21 13.81 ± 1.56 36.12 ± 8.32 
S07 3.3 P7 SP03 GM08 13.2 ± 1.72 11.4 ± 2.17 21.57 ± 8.17 
S08 1.8 P8 SP05 GM02 10 ± 0.6 8.83 ± 0.71 11.18 ± 1.81 
S09 3.6 P9 SP04 GM06 20.2 ± 1.74 14.79 ± 1.48 41.86 ± 7.62 
S10 1.8 P10 SP05 GM02 10.3 ± 1.01 9.42 ± 0.92 12.92 ± 2.67 
S11 2 P11 SP05 GM02 11.9 ± 0.63 11.37 ± 0.92 19.76 ± 3.36 
S12 2.8 P12 SP04 GM06 15.5 ± 1.19 13.97 ± 1.92 33.75 ± 8.63 
S13 2.8 P13 SP04 GM06 15 ± 1.27 13.75 ± 1.8 32.18 ± 8.20 
S14 1.8 P14 SP05 GM02 11.4 ± 1.23 12.09 ± 1.35 21.99 ± 4.77 
S14 1.8 P15 SP05 GM02 11.2 ± 0.8 10.97 ± 0.88 17.9 ± 2.80 
S14 1.8 P16 SP05 GM02 10.9 ± 1.08 10.72 ± 1.42 17.13 ± 4.62 
S15 3.4 P17 SP02 GM07 18.3 ± 0.79 16.39 ± 2.34 49.62 ± 12.86 
S16 3.3 P18 SP03 GM08 15.3 ± 1.48 13.72 ± 2.03 32.53 ± 9.88 
S17 2.7 P19 SP03 GM08 16.1 ± 2.65 13.44 ± 1.75 31.91 ± 9.41 
S18 3.6 P20 SP01 GM04 21.1 ± 1.83 16.38 ± 2.48 53.01 ± 15.72 
S19 3.8 P21 SP01 GM03 21.3 ± 1.29 16.53 ± 1.39 53.12 ± 9.08 
S20 1.7 P22 SP05 GM01 10.9 ± 0.74 9.79 ± 1.00 14.31 ± 3.01 
S21 3.7 P23 SP01 GM04 20.8 ± 1.29 15.82 ± 2.00 48.68 ± 13.06 
S22 2.2 P24 SP03 GM08 11.1 ± 1.48 9.77 ± 1.25 14.51 ± 4.30 
S23 2.2 P25 SP05 GM02 12.7 ± 1.68 13.07 ± 1.63 27.01 ± 6.99 

2. Aboveground carbon (AGC) equation for estimating the tree-level AGC in the study 

The allometric model for AGC (kg/tree) was obtained based on the equation developed in [1]: 𝐥𝐧 𝑨𝑮𝑪 =  −𝟐. 𝟖𝟕 +  𝟏. 𝟗𝟔 𝒙 𝒍𝒏 𝒅𝒃𝒉 +  𝟎. 𝟒𝟒 𝒙 𝒍𝒏 𝑯 (1) 

Where: ln = neperian logarithm; AGC = aboveground carbon; dbh = tree diameter at 1.3 m above 
the ground; H = tree height. 

3. Descriptive statistics of tree lidar-derived crown metrics calculated from the detected trees 
(accuracy = 96.6%) in the airborne lidar survey 

Table S2. Summary statistics of lidar derived crown-metrics maximum height (HMAX), crown 
projected area (CPA), and crown volume (CV). 

Crown metrics Min 1st Qu. Median Mean 3rd Qu. Max 
HMAX 5.26 13.08 16.6 16.58 20.5 24.76 

CPA 0.2 2.87 4.35 4.58 6.03 13.31 
CV 1.08 17.51 26.27 27.54 35.51 106.15 

4. Results of testing the selected random effect (Stand ID) in different variables and their 
combinations. The best model was obtained when applying the random-effect only in the 
intercept (𝒃𝟎𝒋) and the parameter associated to crown height (HMAX, 𝒃𝟏𝒋). 
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Table S3. Statistics for the linear mixed-effect model (LME) using the Stand as random-effect variable 
considering intercept (𝒃𝟎𝒋) and slope (𝒃𝟏𝒋 , 𝒃𝟐𝒋  and 𝒃𝟑𝒋) combinations. RMSE= root mean square 
error, R2 = Coefficient of determination; AIC = Akaike information criterion. We tested all the 
combinations using the random-effect variable in the intercept as this would represent the simplest 
mixed-effect model. 

Attribute Mixed effect parameter RMSE RMSE% R² AIC 

Ht 

𝑢଴, 𝑢ଵ, 𝑢ଶ and 𝑢ଷ 1.15 7.17 0.9019 5025.14 𝑢଴, 𝑢ଵ and 𝑢ଶ 1.16 7.19 0.9013 4957.48 𝑢଴, 𝑢ଵand 𝑢ଷ 1.16 7.18 0.9015 4955.92 𝑢଴, 𝑢ଵand 𝑢ଷ 1.21 7.50 0.8925 5015.08 𝑢଴and 𝑢ଵ 1.16 7.21 0.9008 4952.01 𝑢଴ and 𝑢ଶ 1.21 7.51 0.8923 5009.14 𝑢଴and 𝑢ଷ 1.21 7.50 0.8925 5010.36 𝑢଴ 1.21 7.52 0.8921 5009.17 

dbh 

𝑢଴, 𝑢ଵ, 𝑢ଶ and 𝑢ଷ 0.04 6.99 0.8732 4632.87 𝑢଴, 𝑢ଵ and 𝑢ଶ 0.95 7.04 0.8715 4452.93 𝑢଴, 𝑢ଵand 𝑢ଷ 0.95 7.04 0.8715 4453.35 𝑢଴, 𝑢ଵand 𝑢ଷ 1.15 8.52 0.8120 4943.87 𝑢଴and 𝑢ଵ 0.95 7.05 0.8713 4447.46 𝑢଴ and 𝑢ଶ 1.16 8.60 0.8083 4945.88 𝑢଴and 𝑢ଷ 1.15 8.54 0.8110 4941.28 𝑢଴ 1.16 8.65 0.8060 4959.16 

AGC 

𝑢଴, 𝑢ଵ, 𝑢ଶ and 𝑢ଷ 4.40 13.33 0.9091 9444.55 𝑢଴, 𝑢ଵ and 𝑢ଶ 4.40 13.33 0.9091 9152.55 𝑢଴, 𝑢ଵand 𝑢ଷ 4.43 13.40 0.9081 9140.09 𝑢଴, 𝑢ଵand 𝑢ଷ 5.93 17.96 0.8349 9894.31 𝑢଴and 𝑢ଵ 4.44 13.44 0.9075 9119.29 𝑢଴ and 𝑢ଶ 5.98 18.11 0.8322 9896.69 𝑢଴and 𝑢ଷ 5.95 18.01 0.8339 9890.87 𝑢଴ 6.02 18.22 0.8301 9911.42 
LME: 𝑌௜௝ =   ൫𝛽଴ + 𝑏଴௝൯ + ൫𝛽ଵ + 𝑏ଵ௝൯  𝐻𝑀𝐴𝑋௜௝ + ൫𝛽ଶ + 𝑏ଶ௝൯  𝐶𝑃𝐴௜௝ + ൫𝛽ଷ + 𝑏ଷ௝൯ 𝐶𝑉௜௝ + 𝜀௜௝ 
Where: Yi is the response variable for the i-th tree of the j-th stand; 𝜷𝟎, 𝜷𝟏, 𝜷𝟐, 𝜷𝟑  are the fixed 
coefficients associated to the intercept, HMAX, CPA, and CV, respectively; 𝒃𝟎𝒋, 𝒃𝟏𝒋, 𝒃𝟐𝒋 and 𝒃𝟑𝒋, are 
the random coefficients for the j-th stand.eij  ~N (0,s2I)  and bj ~N (0, s2D) 
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5. Predictions of the linear-mixed effect model parameters using genotype (GM), species (SP) and 
stand (SID) as random-effect variable.  

Table S4. Parameters prediction for the models used to estimate tree height (Ht, m), diameter at 1.3 
m aboveground (dbh, cm) and aboveground carbon (AGC, kg tree-1). The standard deviation (sd) for 
the parameters 𝒖𝟐𝒊𝒋 and 𝒖𝟑𝒊𝒋 are not presented as the random-effect was considered only for the 
intercept and Hmax (see Table S3). 

Attribute Model Random effect Intercept Hmax CV CPA sd(𝒖𝟎𝒊𝒋) sd(𝒖𝟏𝒊𝒋) 
Ht 

LME 

GM 2.86783 0.783963 -0.011281 0.038298 4.31 0.22 
SP 3.84568 0.752109 -0.009068 0.028551 4.27 0.23 

SID 1.919593 0.825717 -0.007854 0.016937 4.58 0.26 
SID, SP, GM 1.919593 0.825717 -0.00785 0.016937 2.20 0.12 

LFE - 3.1582663 0.790761 0.0006602ns -0.0430492ns - - 

dbh 
LME 

GM -5.313682 1.023621 -0.003293 0.024358 12.22 0.58 
SP -2.586625 0.887925 0.003487 0.007301 14.49 0.75 

SID -11.1200 1.3560 0.0002021 -0.05065 14.62 0.68 
SID, SP, GM -11.825177 1.396906 -0.002643 -0.035634 5.80 0.30 

LFE - 5.334383 0.472429 -0.005097ns 0.094923 - - 

AGC 
LME 

GM -71.553130 5.604290 -0.015270 0.168020 74.23 3.63 
SP -57.683290 4.979220 0.018890 0.072930 82.67 4.31 

SID -97.263530 6.963557 -0.006557 -0.186658 94.22 4.44 
SID, SP, GM -97.263529 6.963557 -0.006557 -0.186658 40.44 2.00 

LFE - -14.94518 2.79161 -0.03197ns 0.5608 - - 
LFE: 𝑌௜ =   𝛽଴ + 𝛽ଵ 𝑥 𝐻𝑀𝐴𝑋௜ + 𝛽ଶ 𝐶𝑃𝐴௜ + 𝛽ଷ 𝐶𝑉௜ +  𝜀௜;  
LME: 𝒀𝒊𝒋 =   ൫𝜷𝟎 + 𝒖𝟎𝒊𝒋൯ + ൫𝜷𝟏 + 𝒖𝟏𝒊𝒋൯  𝑯𝒎𝒂𝒙𝒊𝒋 + (𝜷𝟐) 𝑪𝑷𝑨𝒊𝒋 + (𝜷𝟑) 𝑪𝑽𝒊𝒋 + 𝜺𝒊𝒋  
LME = Linear mixed-effect models; LFE = Linear fixed-effect model; GM = Genotype; SP = Species; 
SID = Stand ID; sd = standard deviation; RMSE = Root Mean Square Error; R² = coefficient of 
determination; AIC = Akaike Information Criterion; ns p-value > 0.05 for the t-test 

6. Linear-mixed effect model calibration for additional levels. 

The linear mixed-effect models (LME) can be recalibrated when it is necessary to apply it to a 

new dataset without the same levels of the random-effect variable used during the fitting process. To 

demonstrate it we fitted the LME model removing from the dataset three stands, which correspond 

to the random-effect variable. The model is then recalibrated by calculating the best linear, unbiased 

predictor for the random parameters based on Equation (S2) [2,3]. The recalibrated model is then 

applied to the three removed stands. 𝑎ො = (𝑍ᇱ𝑅෠ିଵ𝑍 + 𝐷෡ିଵ)ିଵ𝑍′𝑅෠ିଵ(𝑦 − 𝜇̂ (S2) 

Where: 𝑎ො  = matrix of predicted random parameters; Z is the design matrix associated with 
random parameters; 𝑅෠ = is the estimated variance-covariance matrix for residual errors of individual 
trees; 𝐷෡ = estimate of the variance-covariance matrix for the random parameters of the mixed-effect 
models; y is the vector of observations of the dependent variable (i.e., tree attribute); 𝜇̂ is the vector 
of estimated values using the model with fixed effect parameters only. 

The results of the calibrated model were compared to a linear fixed-effect model (LFE) fitted 
using only the three levels removed to fit the LME. The LME yielded better results (Figure S1). This 
indicates that few samples might not yield robust LFE regression models while LME might benefit 
from the recalibration of a previously fitted robust model. 
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Figure S1. Scatterplot comparing recalibrated linear mixed-effect model and fixed-effect models 
(LME and LFE, respectively) for estimating aboveground carbon (AGC). R2 = coefficient of 
determination; %RMSE = Root Mean Square Error. 
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