Grapevine volume estimation from UAV-based point clouds
using different methods and flight height

Leilson Ferreira 12*, Pedro Marques 2, Emanuel Peres 234, Raul Morais 234, Joaquim J. Sousa 35 and Luis Padua 234

1 Agronomy Department, School of Agrarian and Veterinary Sciences, University of Tras-os-Montes e Alto
Douro, 5000-801 Vila Real, Portugal; pedro.marques@utad.pt (P.M.)

2 Centre for the Research and Technology of Agro-Environmental and Biological Sciences,
University of Tras-os-Montes e Alto Douro, 5000-801 Vila Real, Portugal; eperes@utad.pt (E.P.);
rmorais@utad.pt (R.M.); luispadua@utad.pt (L.P.)

3 Engineering Department, School of Science and Technology, University of Tras-os-Montes e Alto Douro,
5000-801 Vila Real, Portugal; jjsousa@utad.pt (J.].S.)

¢ Institute for Innovation, Capacity Building and Sustainability of Agri-Food Production,
University of Tras-os-Montes e Alto Douro, 5000-801 Vila Real, Portugal

5 Centre for Robotics in Industry and Intelligent Systems (CRIIS), Institute for Systems and Computer

Engineering, Technology and Science (INESC-TEC), 4200-465 Porto, Portugal

Correspondence: Igomes@utad.pt (L.F.)

Supplementary Material



BBCH 81

BBCH 85

BBCH 89

25+

ki

0.0 -

-3
]

5

4480

75

5.0F

el | &P

%%%#@%

Volume (m?)

=
gL I

0.0F

G

$$$$$$

$$$#%%

75

b5

0.0

T

s The

Field aS as-S CH CH-5 VB

Figure S1. Boxplots of field volume and the evaluated methods at 30, 60, and 100 m flight height by phenological stage. Different
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letters show significant differences among methods within each flight height at p < 0.05.
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Table S1. Performance of the different methods using data obtained at 30 meters flight height (n = 216).

Method Parameter MAE RMSE MBE [CI95%] Sig. MAPE SMAPE Within 5% Within 10% Within 20% p CCC
CH — 1.79 2.11 1.78 [1.62; 1.93] * 92.15  57.15 0.02 0.02 0.06 0.69 0.32
CH-S — 0.54 0.77 0.31[0.22; 0.41] * 28.08  23.35 0.15 0.30 0.52 0.77 0.72
0.1 1.65 1.86 -1.65 [-1.77; -1.55] * 7210 114.14 0.00 0.00 0.00 0.67 0.05

0.2 0.87 1.09 -0.84 [-0.93; —0.75] * 36.36  46.80 0.03 0.09 0.19 0.76 0.35

0.3 0.59 0.78 -0.44 [-0.53; -0.35] * 2644 3040 0.07 0.16 0.40 0.78 0.62

0.4 0.50 0.68 -0.21[-0.3; -0.12] * 2358 2475 0.13 0.25 0.52 0.78 0.72

oS 0.5 0.47 0.67 -0.04 [-0.13; 0.05] ns 23.03 2229 0.16 0.33 0.59 0.77 0.75
0.6 0.48 0.70 0.09 [0; 0.19] * 2412 21.84 0.17 0.32 0.57 0.77 0.75

0.7 0.51 0.74 0.21[0.12; 0.31] * 25.81  22.19 0.18 0.34 0.56 0.76 0.73

0.8 0.55 0.80 0.31[0.21; 0.41] * 27.89  23.11 0.18 0.32 0.53 0.76 0.71

0.9 0.59 0.85 0.39 [0.29; 0.49] * 30.27 2444 0.16 0.31 0.50 0.76 0.69

1.0 0.64 0.90 0.46 [0.36; 0.57] * 3263 2585 0.13 0.26 0.46 0.76 0.67

0.1 1.68 1.88 -1.68 [-1.79; —-1.56] * 7322 116.82 0.00 0.00 0.00 0.67 0.05

0.2 0.94 1.16 -0.92 [-1.02; -0.83] * 3944  51.73 0.03 0.06 0.14 0.75 0.30

0.3 0.66 0.86 -0.56 [-0.65; —0.48] * 29.00 34.77 0.07 0.14 0.32 0.78 0.56

0.4 0.56 0.74 -0.38 [-0.47; -0.29] * 2542 2854 0.10 0.19 0.46 0.78 0.66

28-S 0.5 0.51 0.69 -0.25[-0.34; -0.17] * 2379  25.32 0.12 0.22 0.50 0.78 0.71
0.6 0.48 0.67 -0.16 [-0.24; —0.07] * 23.07  23.53 0.12 0.29 0.54 0.78 0.74

0.7 0.47 0.66 -0.09 [-0.17; 0] * 2286  22.52 0.13 0.31 0.60 0.78 0.75

0.8 0.46 0.66 —0.03 [-0.12; 0.06] ns 22.84 2192 0.16 0.33 0.60 0.78 0.75

0.9 0.46 0.66 0.01 [-0.08; 0.1] ns 2297 2157 0.17 0.33 0.60 0.78 0.75

1.0 0.46 0.67 0.05 [-0.04; 0.14] ns 23.18  21.39 0.19 0.33 0.61 0.77 0.75

0.10 0.72 0.98 -0.67 [-0.76; -0.58] * 28.43 3444 0.06 0.14 0.31 0.77 0.37

0.15 0.53 0.70 0.23 [0.14; 0.31] * 28.17  23.68 0.15 0.30 0.48 0.77 0.64

0.20 1.12 1.26 1.06 [0.96; 1.15] * 6145  43.39 0.05 0.09 0.15 0.78 0.43

0.25 1.88 2.01 1.86 [1.75; 1.96] * 100.20  62.62 0.00 0.01 0.04 0.78 0.26

VB 0.30 2.65 2.77 2.64 [2.53; 2.76] * 139.29  77.75 0.00 0.00 0.01 0.77 0.18
0.35 3.38 3.52 3.38[3.26; 3.51] * 175.58  89.10 0.00 0.00 0.00 0.77 0.13

0.40 4.15 4.29 4.15 [4; 4.29] * 214.55  99.09 0.00 0.00 0.00 0.77 0.10

0.45 4.98 5.12 4.98 [4.81; 5.13] * 258.59 108.02 0.00 0.00 0.00 0.73 0.08

0.50 5.61 5.76 5.61 [5.43; 5.79] * 289.36  113.80 0.00 0.00 0.00 0.75 0.07

CH: convex-hull; CH-S: convex-hull using 1 m slices; aS: alpha shape, aS-S: alpha shape 1 m slices; VB: voxel-based grid; MAE: mean absolute error; RMSE: root mean square error;
MBE: mean bias error and [CI95%]: bias with 95% confidence interval; Sig.: MBE with 95% CI (bootstrap, R=2000). *: significant bias (CI excludes 0); ns: non-significant, MAPE: mean
absolute percentage error; SMAPE: symmetric MAPE; Within 10%: % of estimates within + 10% of field-measured volume; p: Spearman’s rank correlation; CCC: Lin’s concordance

correlation coefficient.



Table S2. Performance of the different methods using data obtained at 60 meters flight height (1 = 216).

Method Parameter MAE RMSE MBE [CI95%] Sig. MAPE SMAPE Within 5% Within 10% Within 20% p CCC
CH — 1.68 2.05 1.58 [1.41; 1.75] * 85.49 54.00 0.05 0.05 0.10 0.63 0.29
CH-S — 0.66 0.94 -0.15 [-0.27; —0.02] * 31.10 32.36 0.10 0.21 0.42 0.62 0.54
0.1 2.02 222 -2.02 [-2.15; -1.89] * 89.79 164.11 0.00 0.00 0.00 0.22 0.01

0.2 1.58 1.81 -1.58 [-1.7; -1.46] * 68.64 108.54 0.00 0.00 0.00 0.39 0.06

0.3 1.16 1.43 -1.15 [-1.27; -1.04] * 50.19 72.50 0.02 0.05 0.09 0.51 0.19

0.4 0.92 1.18 -0.82 [-0.93; -0.71] * 40.46 54.20 0.03 0.09 0.23 0.58 0.34

oS 0.5 0.79 1.04 -0.58 [-0.69; —0.46] * 35.63 44.53 0.08 0.17 0.27 0.61 0.46
0.6 0.73 0.98 -0.39 [-0.52; -0.27] * 33.68 39.14 0.06 0.14 0.34 0.62 0.51

0.7 0.70 0.96 -0.25 [-0.37; -0.13] * 32.88 35.83 0.06 0.17 0.40 0.62 0.54

0.8 0.69 0.95 -0.12 [-0.25; 0] ns 32.67 33.51 0.12 0.19 0.38 0.63 0.56

0.9 0.69 0.97 -0.01 [-0.14; 0.11] ns 33.12 32.26 0.11 0.22 0.39 0.63 0.56

1.0 0.71 0.99 0.08 [-0.05; 0.22] ns 33.97 31.61 0.13 0.23 0.42 0.63 0.56

0.1 2.03 2.23 -2.03 [-2.16; -1.91] * 90.40 166.05 0.00 0.00 0.00 0.22 0.01

0.2 1.63 1.86 -1.63 [-1.75; -1.52] * 71.37 114.64 0.00 0.00 0.00 0.39 0.05

0.3 1.28 1.53 -1.28 [-1.4; -1.16] * 55.44 81.94 0.01 0.02 0.05 0.50 0.15

0.4 1.05 1.31 -1.01 [-1.12; -0.9] * 45.77 64.23 0.04 0.07 0.13 0.56 0.26

55-S 0.5 0.93 1.18 -0.84 [-0.95; -0.73] * 40.96 55.07 0.03 0.07 0.22 0.59 0.35
0.6 0.85 1.10 -0.71 [-0.82; -0.6] * 37.69 49.03 0.06 0.13 0.26 0.60 0.40

0.7 0.80 1.06 -0.62 [-0.74; -0.51] * 35.96 45.49 0.06 0.14 0.28 0.60 0.43

0.8 0.77 1.03 -0.55 [-0.68; —0.43] * 34.77 42.92 0.08 0.13 0.30 0.61 0.46

0.9 0.75 1.01 -0.5[-0.62; -0.38] * 33.89 41.06 0.07 0.17 0.31 0.61 0.47

1.0 0.73 0.99 —0.46 [-0.58; —0.34] * 33.26 39.59 0.06 0.19 0.31 0.61 0.48

0.10 1.39 1.65 -1.39 [-1.51; -1.27] * 58.45 86.71 0.00 0.00 0.03 0.37 0.06

0.15 0.78 1.11 -0.67 [-0.8; -0.56] * 31.14 39.12 0.08 0.18 0.33 0.44 0.23

0.20 0.66 0.92 0.07 [-0.06; 0.19] ns 32.36 29.68 0.13 0.26 0.44 0.48 0.40

0.25 1.09 1.28 0.83 [0.69; 0.95] * 58.59 42.82 0.04 0.09 0.18 0.52 0.32

VB 0.30 1.74 1.92 1.59 [1.44; 1.73] * 93.02 59.07 0.01 0.02 0.06 0.53 0.21
0.35 244 2.66 2.35[2.2;2.51] * 129.16 72.68 0.01 0.02 0.05 0.53 0.14

0.40 3.21 3.44 3.16 [2.97; 3.34] * 168.98 85.29 0.01 0.01 0.04 0.54 0.10

0.45 3.94 4.20 3.93[3.73; 4.12] * 206.83 95.02 0.01 0.02 0.03 0.56 0.08

0.50 4.69 4.96 4.68 [4.47; 4.9] * 24536  103.54 0.00 0.01 0.02 0.54 0.06

CH: convex-hull; CH-S: convex-hull using 1 m slices; aS: alpha shape, aS-S: alpha shape 1 m slices; VB: voxel-based grid; MAE: mean absolute error; RMSE: root mean square error;
MBE: mean bias error and [CI95%]: bias with 95% confidence interval; Sig.: MBE with 95% CI (bootstrap, R=2000). *: significant bias (CI excludes 0); ns: non-significant, MAPE: mean
absolute percentage error; SMAPE: symmetric MAPE; Within 10%: % of estimates within + 10% of field-measured volume; p: Spearman’s rank correlation; CCC: Lin’s concordance

correlation coefficient.



Table S3. Performance of the different methods using data obtained at 100 meters flight height (n = 216).

Method Parameter MAE RMSE MBE [CI95%] Sig. MAPE SMAPE Within 5% Within 10% Within 20% p CCC
CH — 1.71 2.10 1.49 [1.3; 1.69] * 87.42 56.87 0.05 0.07 0.14 0.55 0.26
CH-S — 0.75 1.05 -0.47 [-0.6; -0.35] * 34.37 43.88 0.09 0.18 0.36 0.57 0.45
0.1 2.16 2.36 -2.16 [-2.29; -2.05] * 97.16 189.18 0.00 0.00 0.00 0.29 0.00

0.2 1.90 2.10 -1.9 [-2.02; -1.78] * 84.32 147.96 0.00 0.00 0.00 0.36 0.02

0.3 1.59 1.81 -1.59 [-1.71; -1.48] * 70.22 112.42 0.00 0.00 0.00 0.47 0.08

0.4 1.28 1.51 -1.28 [-1.39; -1.17] * 56.47 84.58 0.00 0.01 0.04 0.54 0.18

oS 0.5 1.03 1.29 -0.99 [-1.1; -0.89] * 45.66 65.46 0.03 0.07 0.16 0.57 0.30
0.6 0.87 1.14 -0.75 [-0.88; —0.64] * 39.44 54.33 0.08 0.14 0.28 0.58 0.40

0.7 0.81 1.07 -0.57 [-0.69; —0.44] * 37.37 48.79 0.06 0.13 0.30 0.57 0.45

0.8 0.78 1.04 -0.43 [-0.56; —0.3] * 36.39 45.31 0.07 0.16 0.31 0.58 0.49

0.9 0.77 1.02 -0.3 [-0.45; -0.18] * 36.22 4291 0.08 0.18 0.33 0.58 0.51

1.0 0.76 1.03 -0.2 [-0.34; -0.06] * 36.30 41.14 0.11 0.17 0.37 0.58 0.52

0.1 217 2.36 -2.17 [-2.3; -2.05] * 97.40 190.07 0.00 0.00 0.00 0.29 0.00

0.2 1.94 2.14 -1.94 [-2.06; -1.82] * 86.16 153.22 0.00 0.00 0.00 0.35 0.02

0.3 1.69 1.90 -1.69 [-1.81; -1.58] * 74.69 122.78 0.00 0.00 0.00 0.45 0.06

0.4 1.45 1.67 -1.45 [-1.56; -1.35] * 64.10 99.40 0.00 0.01 0.02 0.53 0.12

5SS 0.5 1.25 1.48 -1.25 [-1.36; —1.14] * 55.57 83.10 0.01 0.02 0.05 0.56 0.20
0.6 1.12 1.36 -1.1[-1.21; -1] * 49.85 72.86 0.01 0.03 0.10 0.58 0.27

0.7 1.03 1.29 -0.99 [-1.1; -0.88] * 46.19 66.37 0.02 0.06 0.17 0.58 0.30

0.8 0.98 1.24 -0.92 [-1.03; -0.81] * 43.64 62.00 0.05 0.08 0.20 0.58 0.33

0.9 0.93 1.21 -0.86 [-0.98; -0.75] * 41.73 58.75 0.06 0.12 0.23 0.58 0.35

1.0 0.90 1.18 -0.81 [-0.93; -0.7] * 40.42 56.44 0.05 0.14 0.25 0.58 0.37

0.10 1.77 1.98 -1.77 [-1.89; -1.65] * 77.79 129.63 0.00 0.00 0.00 0.38 0.03

0.15 1.18 1.48 -1.18 [-1.3; -1.06] * 49.23 70.41 0.02 0.05 0.10 0.40 0.11

0.20 0.73 1.05 -0.52 [-0.64; -0.4] * 31.20 37.83 0.08 0.20 0.34 0.44 0.28

0.25 0.77 1.00 0.18 [0.04; 0.31] ns 39.01 35.13 0.10 0.19 0.34 0.45 0.37

VB 0.30 1.21 1.42 0.9 [0.75; 1.04] * 64.66 46.79 0.03 0.07 0.17 0.46 0.28
0.35 1.84 2.06 1.66 [1.49; 1.81] * 97.44 60.60 0.02 0.03 0.11 0.47 0.19

0.40 2.58 2.85 2.47[2.29; 2.66] * 135.90 74.25 0.00 0.02 0.05 0.47 0.12

0.45 3.28 3.58 3.22[3;3.42] * 170.86 84.66 0.00 0.02 0.05 0.49 0.10

0.50 4.04 4.38 4[3.75; 4.22] * 208.59 94.16 0.00 0.02 0.04 0.48 0.08

CH: convex-hull; CH-S: convex-hull using 1 m slices; aS: alpha shape, aS-S: alpha shape 1 m slices; VB: voxel-based grid; MAE: mean absolute error; RMSE: root mean square error;
MBE: mean bias error and [CI95%]: bias with 95% confidence interval; Sig.: MBE with 95% CI (bootstrap, R=2000). *: significant bias (CI excludes 0); ns: non-significant, MAPE: mean
absolute percentage error; SMAPE: symmetric MAPE; Within 10%: % of estimates within + 10% of field-measured volume; p: Spearman’s rank correlation; CCC: Lin’s concordance

correlation coefficient.



Table S4. Overall Performance of the different methods by flight height for the selected parameters.

Flight height Method MAE RMSE MBE [CI95%] Sig. MAPE SMAPE Within 5% Within 10% Within20% p CCC
CH 1.79 2.11 1.78 [1.62; 1.93] * 9215 57.15 0.02 0.02 0.06 0.69 0.32

CH-S 0.54 0.77 0.31[0.22; 0.41] * 28.08  23.35 0.15 0.30 0.52 0.77 0.72

30 aS (0.5) 0.47 0.67 -0.04 [-0.13; 0.05] ns 23.03 22.29 0.16 0.33 0.59 0.77 0.75
aS-S (0.8) 0.46 0.66 -0.03 [-0.12; 0.06] ns 22.84 2192 0.16 0.33 0.60 0.78 0.75

VB (0.15) 0.53 0.70 0.230.14; 0.31] * 28.17  23.68 0.15 0.30 0.48 0.77 0.64

CH 1.68 2.05 1.58 [1.41; 1.75] * 85.49  54.00 0.05 0.05 0.10 0.63 0.29

CH-S 0.66 0.94 -0.15 [-0.27; —0.02] * 31.10 32.36 0.10 0.21 0.42 0.62 0.54

60 aS (0.8) 0.69 0.95 -0.12 [-0.25; 0] ns 32.67 33.51 0.12 0.19 0.38 0.63 0.56
aS-S (1.0) 0.73 0.99 -0.46 [-0.58; —0.34] * 33.26  39.59 0.06 0.19 0.31 0.61 0.48

VB (0.20) 0.66 0.92 0.07 [-0.06; 0.19] ns 32.36  29.68 0.13 0.26 0.44 0.48 0.40

CH 1.71 2.10 1.49[1.3; 1.69] * 87.42  56.87 0.05 0.07 0.14 0.55 0.26

CH-S 0.75 1.05 -0.47 [-0.6; -0.35] * 3437 43.88 0.09 0.18 0.36 0.57 0.45

100 aS (0.9) 0.77 1.02 -0.3 [-0.45; -0.18] * 36.22 4291 0.08 0.18 0.33 0.58 0.51
aS-S (1.0) 0.90 1.18 -0.81 [-0.93; -0.7] * 4042 56.44 0.05 0.14 0.25 0.58 0.37

VB (0.25) 0.77 1.00 0.18 [0.04; 0.31] * 39.01 35.13 0.10 0.19 0.34 0.45 0.37

CH: convex-hull; CH-S: convex-hull using 1 m slices; aS: alpha shape, aS-S: alpha shape 1 m slices; VB: voxel-based grid; MAE: mean absolute error; RMSE: root mean square error;
MBE: mean bias error and [CI95%]: bias with 95% confidence interval; Sig.: MBE with 95% CI (bootstrap, R=2000). *: significant bias (CI excludes 0); ns: non-significant, MAPE: mean
absolute percentage error; SMAPE: symmetric MAPE; Within X%: % of estimates within + X% of field-measured volume; p: Spearman’s rank correlation; CCC: Lin’s concordance

correlation coefficient.



Table S5. Overall performance of the different methods by phenological stage for data acquired at 30 m flight height (n = 72).

Phezt":;’eg“al Method MAE RMSE MBE[CI95%] Sig. MAPE SMAPE Within5% Within10% Within20% p  CCC
CH 2.50 2.79 2.47 [2.17; 2.78] * 115.05 66.85 0.00 0.00 0.01 0.73 0.27

CH-S 0.78 1.07 0.54[0.32; 0.76] * 35.04 27.08 0.11 0.15 0.46 0.78 0.66

BBCH 81 aS (0.5) 0.59 0.90 0.09 [-0.12; 0.3] ns 25.08 21.73 0.24 0.35 0.63 0.78 0.71
aS-S (0.8) 0.59 0.89 0.1 [-0.1; 0.3] ns 24.99 21.60 0.19 0.36 0.67 0.78 0.71

VB (0.15) 0.66 0.90 0.09 [-0.13; 0.29] ns 29.35 25.57 0.13 0.28 0.44 0.74 0.60

CH 1.31 1.49 1.31[1.16; 1.48] * 75.04 49.70 0.01 0.01 0.10 0.67 0.31

CH-S 0.42 0.55 0.17 [0.06; 0.3] * 23.51 20.81 0.18 0.39 0.56 0.76 0.72

BBCH 85 asS (0.5) 0.41 0.53 -0.15[-0.27; -0.04] * 21.39 2241 0.13 0.35 0.56 0.75 0.72
aS-S (0.8) 0.40 0.52 -0.14 [-0.26; —0.02] * 21.02 21.77 0.11 0.32 0.56 0.75 0.72

VB (0.15) 0.49 0.61 0.29 [0.16; 0.41] * 28.61 23.85 0.14 0.25 0.44 0.73 0.61

CH 1.56 1.82 1.55[1.33; 1.78] * 86.37 54.89 0.04 0.06 0.07 0.55 0.24

CH-S 0.44 0.57 0.23[0.12; 0.35] * 25.69 22.15 0.17 0.35 0.56 0.67 0.69

BBCH 89 aS (0.5) 0.40 0.51 -0.08 [-0.19; 0.04] ns 22.63 22.73 0.13 0.31 0.60 0.68 0.72
aS-S (0.8) 0.40 0.49 -0.06 [-0.18; 0.05] ns 22.50 22.39 0.17 0.31 0.58 0.68 0.73

VB (0.15) 0.42 0.54 0.3 10.19; 0.39] * 26.54 21.63 0.18 0.36 0.54 0.72 0.63

CH: convex-hull; CH-S: convex-hull using 1 m slices; aS: alpha shape, aS-S: alpha shape 1 m slices; VB: voxel-based grid; MAE: mean absolute error; RMSE: root mean square error;

MBE: mean bias error and [CI95%]: bias with 95% confidence interval; Sig.: MBE with 95% CI (bootstrap, R=2000). *: significant bias (CI excludes 0); ns: non-significant, MAPE: mean

absolute percentage error; SMAPE: symmetric MAPE; Within X%: % of estimates within + X% of field-measured volume; p: Spearman’s rank correlation; CCC: Lin’s concordance

correlation coefficient.



Table S6. Overall performance of the different methods by phenological stage for data acquired at 60 m flight height (n = 72).

Phezt":;’eg“al Method MAE RMSE MBE[CI95%] Sig. MAPE SMAPE Within5% Within10% Within20% p  CCC
CH 1.94 2.39 1.69 [1.32; 2.07] * 89.03 54.67 0.04 0.04 0.10 0.54 0.26

CH-S 0.97 1.35 —-0.28 [-0.58; 0.02] ns 39.07 40.45 0.08 0.18 0.29 0.51 0.41

BBCH 81 aS (0.8) 0.99 1.34 -0.18 [-0.49; 0.12] ns 40.65 40.45 0.10 0.15 0.29 0.54 0.45
aS-S (1.0) 1.04 1.39 -0.6 [-0.9; -0.32] * 41.02 48.09 0.04 0.15 0.28 0.52 0.38

VB (0.20) 0.82 1.24 -0.27 [-0.56; 0] ns 31.69 32.38 0.11 0.28 0.47 0.42 0.31

CH 1.72 2.04 1.68 [1.41; 1.96] * 92.07 56.92 0.06 0.06 0.13 0.58 0.23

CH-S 0.62 0.76 -0.12 [-0.28; 0.06] ns 33.19 35.37 0.06 0.17 0.33 0.59 0.56

BBCH 85 aS (0.8) 0.67 0.80 -0.12 [-0.3; 0.06] ns 35.89 38.23 0.04 0.14 0.28 0.58 0.55
aS-5 (1.0) 0.70 0.84 -0.47 [-0.63; —-0.31] * 35.79 44.53 0.07 0.14 0.21 0.57 0.47

VB (0.20) 0.54 0.71 -0.05[-0.22; 0.11] ns 28.66 27.97 0.18 0.28 0.44 0.47 0.46

CH 1.39 1.65 1.38 [1.18; 1.59] * 75.37 50.42 0.04 0.06 0.07 0.63 0.30

CH-S 0.39 0.49 —0.04 [-0.15; 0.07] ns 21.06 21.26 0.15 0.29 0.64 0.71 0.75

BBCH 89 aS (0.8) 0.41 0.54 —-0.06 [-0.19; 0.07] ns 21.48 21.83 0.21 0.29 0.58 0.69 0.72
aS-S (1.0) 0.45 0.55 -0.3[-0.41; -0.19] * 22.97 26.14 0.07 0.28 0.46 0.70 0.68

VB (0.20) 0.61 0.71 0.52[0.41; 0.63] * 36.74 28.69 0.08 0.24 0.39 0.63 0.51

CH: convex-hull; CH-S: convex-hull using 1 m slices; aS: alpha shape, aS-S: alpha shape 1 m slices; VB: voxel-based grid; MAE: mean absolute error; RMSE: root mean square error;
MBE: mean bias error and [CI95%]: bias with 95% confidence interval; Sig.: MBE with 95% CI (bootstrap, R=2000). *: significant bias (CI excludes 0); ns: non-significant, MAPE: mean

absolute percentage error; SMAPE: symmetric MAPE; Within X%: % of estimates within + X% of field-measured volume; p: Spearman’s rank correlation; CCC: Lin’s concordance

correlation coefficient.



Table S7. Overall performance of the different methods by phenological stage for data acquired at 100 m flight height (n = 72).

Phezt":;’eg“al Method MAE RMSE MBE[CI95%] Sig. MAPE SMAPE Within5% Within10% Within20% p  CCC
CH 1.69 2.11 1.25[0.84; 1.64] * 76.65 51.61 0.07 0.11 0.22 0.48 0.29

CH-S 1.03 141 -0.75 [-1.02; -0.48] * 40.86 52.66 0.13 0.17 0.26 0.51 0.36

BBCH 81 aS (0.9) 1.03 1.35 -0.47 [-0.77; -0.17] * 42.54 49.41 0.07 0.13 0.24 0.52 0.43
aS-S (1.0) 1.18 1.55 -1.05 [-1.31; -0.79] * 4553 63.65 0.04 0.10 0.24 0.52 0.30

VB (0.25) 0.83 1.20 -0.3 [-0.57; -0.05] * 32.63 34.02 0.13 0.22 0.39 0.45 0.37

CH 1.75 2.10 1.57 [1.25; 1.9] * 96.47 62.62 0.08 0.10 0.13 0.47 0.21

CH-S 0.72 0.92 —0.45 [-0.64; —0.28] * 35.36 47.99 0.03 0.13 0.35 0.53 0.42

BBCH 85 aS (0.9) 0.73 0.90 -0.29 [-0.48; -0.1] * 37.16 46.86 0.04 0.13 0.29 0.53 0.47
aS-5 (1.0) 0.86 1.08 —0.82 [-0.99; —0.66] * 42.17 61.79 0.04 0.19 0.25 0.56 0.32

VB (0.25) 0.67 0.81 0.08 [-0.1; 0.26] ns 37.20 36.70 0.06 0.17 0.35 0.44 0.40

CH 1.70 2.07 1.65[1.37; 1.94] * 89.14 56.39 0.00 0.01 0.07 0.64 0.25

CH-S 0.51 0.66 -0.22 [-0.36; —0.07] * 26.88 31.00 0.11 0.25 0.46 0.65 0.64

BBCH 89 aS (0.9) 0.55 0.71 -0.15[-0.31; 0.02] ns 28.96 32.46 0.14 0.28 0.46 0.62 0.63
aS-S (1.0) 0.67 0.80 -0.58 [-0.7; -0.45] * 33.57 43.87 0.07 0.14 0.26 0.65 0.51

VB (0.25) 0.80 0.94 0.75[0.62; 0.89] * 47.21 34.65 0.13 0.18 0.29 0.60 0.41

CH: convex-hull; CH-S: convex-hull using 1 m slices; aS: alpha shape, aS-S: alpha shape 1 m slices; VB: voxel-based grid; MAE: mean absolute error; RMSE: root mean square error;
MBE: mean bias error and [CI95%]: bias with 95% confidence interval; Sig.: MBE with 95% CI (bootstrap, R=2000). *: significant bias (CI excludes 0); ns: non-significant, MAPE: mean

absolute percentage error; SMAPE: symmetric MAPE; Within X%: % of estimates within + X% of field-measured volume; p: Spearman’s rank correlation; CCC: Lin’s concordance

correlation coefficient.



Table S8. Overall performance of the different methods by grapevine variety for data acquired at 30 m flight height (n = 72).

Gf:;ie;;ne Method MAE RMSE MBE[CI9%] Sig. MAPE SMAPE Within5% Within10% Within20% p CCC
CH 1.54 1.79 1.51[1.29; 1.74] * 7654 51.42 0.01 0.01 0.07 0.84 050

, CH-S 0.4 064  -002[-0.17;0.14] ns  18.80 18.79 0.18 0.35 0.58 0.89 0.85
b:;?gia aS(05) 050 074  -037[-052;-023] * 20.90 23.98 0.17 0.29 0.56 0.89 079
aS-5(08)  0.50 073  -035[-051;-022] * 2046 2327 0.14 0.31 0.56 0.89 079

VB (0.15)  0.54 078  -011[-03;0.05] ns 2227 21.96 0.10 0.25 0.49 0.87 0.69

CH 242 2.73 2.41[2.12; 2.73] 12270  67.99 0.01 0.03 0.04 040 0.13

CH-S 0.85 1.09 0.75 [0.58; 0.94] * 4454 32.49 0.13 0.19 0.39 0.54 043

Tintocdo S (05) 0.6 0.82 0.37[0.21; 0.56] 3201 25.75 0.13 0.26 0.47 0.56 0.55
aS-5(08) 0.6 0.81 0.37[0.21; 0.55] 3210 25.76 0.14 0.26 0.51 0.54 055

VB (0.15) 0.6 0.76 0.48 [0.34; 0.61] * 3489 26.84 0.19 0.32 0.47 0.56 0.46

CH 141 1.63 14 [1.23; 1.61] < 772 52.04 0.03 0.03 0.07 078 037

_ CH-S 0.34 0.42 0.21 [0.13; 0.29] * 2091 18.77 0.15 0.35 0.60 0.87 0.86
1;‘;:;2&‘ aS (0.5 029 035  -0.14[-021;-0.07] * 16.20 17.13 0.19 0.44 0.75 0.87 0.88
aSS(08) 028 034  -012[-0.19;-0.04] * 1595 16.75 0.19 0.42 0.74 0.88 0.89

VB (0.15)  0.43 0.53 0.32[0.22; 0.41] + 2735 2225 0.15 0.32 0.47 0.86 0.72

CH: convex-hull; CH-S: convex-hull using 1 m slices; aS: alpha shape, aS-S: alpha shape 1 m slices; VB: voxel-based grid; MAE: mean absolute error; RMSE: root mean square error;
MBE: mean bias error and [CI95%]: bias with 95% confidence interval; Sig.: MBE with 95% CI (bootstrap, R=2000). *: significant bias (CI excludes 0); ns: non-significant, MAPE: mean
absolute percentage error; SMAPE: symmetric MAPE; Within X%: % of estimates within + X% of field-measured volume; p: Spearman’s rank correlation; CCC: Lin’s concordance

correlation coefficient.



Table S9. Overall performance of the different methods by grapevine variety for data acquired at 60 m flight height (n = 72).

Giaazfe‘:;“e Method MAE RMSE MBEI[CI95%] Sig. MAPE SMAPE Within5% Within10% Within20% p CCC
CH 124 156  096[0.66;125]  * 5874  43.74 0.11 0.11 0.18 077 049

. CH-S 087 123 -067[-092;-043] * 3496 4476 0.06 0.14 0.32 0.69 0.6
bZ:;ia aS(0.8) 084 117  -0.63[-086,-04] *  33.83  42.56 0.13 0.17 0.28 0.75  0.52
aS-5(10) 101 137 -092[-1.18-071] * 4116  56.02 0.06 0.14 0.19 0.69 0.38

VB(020) 085 126 -035[-0.65-0.09] * 3301 3678 0.08 0.22 0.38 043 028

CH 260  2.89 2.6 [2.3; 2.89] * 13190 7144 0.01 0.03 0.04 040 0.10

CH-S 075 096  045[026;0.64] * 3845  30.40 0.11 0.21 0.36 044 0.44

Tinto cio oS (0.8) 083 107  055[035077]  * 4224 3276 0.07 0.18 0.35 043 041
aS-6(1.0) 063 081  0.09[-0.1;027] ns 3031  27.55 0.06 0.24 0.43 042 051

VB(020) 059 073  036[021;051]  * 3350 2622 0.15 0.35 0.50 047 046

CH 121 136  1.19[1.04135  * 6582  46.83 0.01 0.01 0.07 0.83 044

, CH-S 036 043 -021[-03;-0.13] * 1991 2191 0.13 0.29 0.58 0.84 0.83
Tf(;;?cia aS(0.8) 040 048  -029[-0.37,-02] * 2194 2520 0.15 0.24 0.53 0.81 0.80
aS-5(1.0) 056 066 -053[-0.62-043] * 2831 3519 0.07 0.19 0.32 0.80 0.65

VB(020) 053 065  019[0.04;032]  * 3057 2604 0.14 0.22 0.43 061 058

CH: convex-hull; CH-S: convex-hull using 1 m slices; aS: alpha shape, aS-S: alpha shape 1 m slices; VB: voxel-based grid; MAE: mean absolute error; RMSE: root mean square error;
MBE: mean bias error and [CI95%]: bias with 95% confidence interval; Sig.: MBE with 95% CI (bootstrap, R=2000). *: significant bias (CI excludes 0); ns: non-significant, MAPE: mean
absolute percentage error; SMAPE: symmetric MAPE; Within X%: % of estimates within + X% of field-measured volume; p: Spearman’s rank correlation; CCC: Lin’s concordance

correlation coefficient.



Table S10. Overall performance of the different methods by grapevine variety for data acquired at 100 m flight height (n = 72).

Giaazfe‘:;“e Method MAE RMSE MBEI[CI95%] Sig. MAPE SMAPE Within5% Within10% Within20% p CCC
CH 134 182  074[035113]  * 6147  50.99 0.06 0.11 0.19 0.63 041

, CH-S 116 152 -097[-125-0.69] * 4898 7231 0.04 0.11 0.18 0.58 0.34
bZ:;ia a5(09) 109 141 -081[-1.07,-0.54] * 4717 6621 0.03 0.06 0.18 0.65 0.41
0S-S5 (10) 129 164 -122[-149;-0.96] * 5524  84.92 0.03 0.07 0.11 0.61 028

VB(0.25 096 130 -0.35[-0.65-0.08] * 3936 4507 0.08 0.17 0.26 044 036

CH 258 283  258(2.31;285  * 13179 7181 0.03 0.03 0.07 039 0.10

CH-S 058 073 -002[-0.18;0.15] ns 27.32 2678 0.13 0.24 0.47 048 0.57

Tintocio  aS(0.9) 072 089  028[0.08;048]  * 3487  30.48 0.10 0.25 0.39 047 051
aS-6(1.0) 063 082 -045[-0.61;-029] * 2664  31.53 0.08 0.28 0.47 050 0.50

VB (0.25) 067 079 0.45 [0.3; 0.59] + 3826 2950 0.14 0.25 0.42 048 0.37

CH 121 136  1.16[099;1.33]  * 6898  47.82 0.07 0.08 0.15 079 0.39

, CH-S 052 066 -043[-054-031] * 2681  32.55 0.10 0.19 0.42 0.77  0.63
T;;;:f; aS(0.9) 050 061 -038[-049;-027] * 2663  32.03 0.13 0.22 0.42 0.75  0.69
aS-6(1.0) 079 091 -078[-0.88;-0.67] * 3938  52.86 0.04 0.08 0.17 076 043

VB(0.25 068 082  044[027;059]  * 3942  30.80 0.08 0.15 0.35 0.58 045

CH: convex-hull; CH-S: convex-hull using 1 m slices; aS: alpha shape, aS-S: alpha shape 1 m slices; VB: voxel-based grid; MAE: mean absolute error; RMSE: root mean square error;
MBE: mean bias error and [CI95%]: bias with 95% confidence interval; Sig.: MBE with 95% CI (bootstrap, R=2000). *: significant bias (CI excludes 0); ns: non-significant, MAPE: mean
absolute percentage error; SMAPE: symmetric MAPE; Within X%: % of estimates within + X% of field-measured volume; p: Spearman’s rank correlation; CCC: Lin’s concordance

correlation coefficient.



