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Abstract: Background and Objectives: The recent use of Structure-from-Motion with Multi-View Stereo
photogrammetry (SfM-MVS) in forestry has underscored its robustness in tree mensuration. This study
evaluated the differences in tree metrics resulting from various related SfM-MVS photogrammetric
image acquisition scenarios. Materials and Methods: Scaled tri-dimensional models of 30 savanna
trees belonging to five species were built from photographs acquired in a factorial design with shooting
distance (d = 1, 2, 3, 4 and 5 m away from tree) and angular shift (α = 15◦, 30◦, 45◦ and 60◦; nested in
d). Tree stem circumference at 1.3 m and bole volume were estimated using models resulting from
each of the 20 scenarios/tree. Mean absolute percent error (MAPE) was computed for both metrics
in order to compare the performance of each scenario in relation to reference data collected using a
measuring tape. Results: An assessment of the effect of species identity (s), shooting distance and
angular shift showed that photographic point cloud density was dependent on α and s, and optimal
for 15◦ and 30◦. MAPEs calculated on stem circumferences and volumes significantly differed with
d and α, respectively. There was a significant interaction between α and s for both circumference
and volume MAPEs, which varied widely (1.6 ± 0.4%–20.8 ± 23.7% and 2.0 ± 0.6%–36.5 ± 48.7%
respectively), and were consistently lower for smaller values of d and α. Conclusion: The accuracy
of photogrammetric estimation of individual tree attributes depended on image-capture approach.
Acquiring images 2 m away and with 30◦ intervals around trees produced reliable estimates of stem
circumference and bole volume. Research Highlights: This study indicates that the accuracy of
photogrammetric estimations of individual tree attributes is species-dependent. Camera positions in
relation to the subject substantially influence the level of uncertainty in measurements.

Keywords: Photogrammetry; SfM-MVS; Image acquisition scenario; Mean absolute percent error;
Tree stem circumference; bole volume; Benin

1. Introduction

A comprehensive and precise three-dimensional representation of individual trees is important
for accurate appraisal of their biophysical attributes, such as morphology and growth. Fortunately, our
limitations in appreciating complex tree shapes and dimensionality are being gradually overcome with
affordable technological developments [1]. Recently, there has been an increase in the use of software
that combine the computer vision techniques of structure-from-motion and multi-view stereoscopy
(SfM-MVS) as a photogrammetric tool in forest research [2–6]. The SfM-MVS photogrammetric approach
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is based on algorithms that automatically generate the 3-D structure of a scene or object by matching
similar characteristics in a set of overlapping digital images. Unlike traditional photogrammetry,
SfM-MVS does not require knowledge of the spatial coordinates of a set of control points prior to
3-D reconstruction [7]. The potential of this technique to accurately resolve individual tree geometry
in relation to terrestrial laser scanning methods has been highlighted [2,8,9]. In their plot-based
comparative study, Liang et al. [2] reported stem count accuracies of 60%–84% and 92%–100% for data
derived from handheld camera and terrestrial laser scanners, respectively. In addition, breast height
diameters were found to deviate from reference values by 2.98–6.79 cm (SfM-MVS) and 2.92–3.36 cm
(laser scanning). Similarly, Huang et al. [8] reported a deviation of −1.13 cm and −0.77 cm for
SfM-MVS and laser scanning estimates of breast height diameter, respectively. Although SfM-MVS
photogrammetry presented a slightly lower performance with respect to manual measurements, these
studies provide good evidence of the viability of this approach in forest biometry.

The accuracy of individual tree metrics derived from SfM-MVS photogrammetry has been
extensively assessed in relation to traditional dendrometric methods [3–6]. Surovy et al. [5] reported
a root mean square error (RMSE) of 1.87 ± 2.23 cm between tape-measured and photogrammetric
estimates for circumference at breast height of Cryptomeria japonica. Miller et al. [4] showed that there
is a strong correlation (adjusted R2 = 0.97) between direct and SfM-MVS estimates of stem diameters
for small potted trees. In many cases, sub-centimetre accuracies (ranging from 2.11 to 5.96 mm) have
been obtained on breast height diameter of several species [4,6]. Reasonably accurate volumetric
measurements have also been achieved from SfM-MVS data. This was demonstrated by Koeser et
al. [10] who estimated the root system volume of Fraxinus pennsylvanica with an RMSE of 40.37 cm3

(12.3%). In the same vein, Miller et al. [4] previously reported similar errors for the stem volume of
standing trees.

Despite the established usefulness of SfM-MVS photogrammetry in forest biometry, this technique
still presents some limitations [2,11]. For example, image acquisition, processing and post-processing
can be time-consuming [12], depending on computational resources. Although data acquisition
seems simple and generally involves taking a series of overlapping photographs around the object
of interest [7] or better, photographing the target object from all possible perspectives at more or
less regular intervals; there is no consensus on camera positioning for an ideal image acquisition
strategy. Moreover, a wide range of image acquisition scenarios have been reported in previous
works [2,10,11,13]. In one of the first attempts at quantifying the effect of SfM-MVS data acquisition on
the accuracy of breast height diameters (DBH) based on forest plots, Liang et al. [2] tested different
image acquisition scenarios, following photographic paths on the inside and outside of sample plots in
combination with camera orientation (landscape or portrait). They found minor variations in DBH
across acquisition schemes with the lowest RMSE from landscape images taken on the outer path.
Forsman et al. [11] used a highly mobile multi-camera system, with up to five rig-mounted cameras and
achieved a remarkably lower image acquisition duration. However, accuracy was reduced (40% stem
detection success and RMSE up to 9.5 cm), mainly as a result of poor light penetration. A combination
of additional variables (e.g., mobile vs. stop-and-go capture; handheld vs. pole or gimbal-mounted
camera) in seven image acquisition schemes were similarly evaluated by Mokroš et al. [13].These
studies demonstrated the influence of the spatial distribution of imaging positions in relation to the
subject on the accuracy of SfM-MVS photogrammetry in forestry.

A recent review on the principles and practical considerations underpinning the application of
SfM-MVS in forestry [14] showed that the impact of the spatial configuration of data acquisition on its
accuracy has not been given proper attention. Specifically, a look at previous works on individual
tree mensuration revealed a variety of SfM-MVS image acquisition methods. The results of Huang et
al. [8] were based on a rectangular path with unspecified positions around imaging subjects. In some
studies, images were acquired at irregular intervals around target trees without a specific camera–tree
distance [3,15]. In contrast, Miller et al. [4] defined a regular distance between successive camera
positions. Additionally, image acquisition scenario in their study was based on two and three concentric
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circles around trees with a lateral inter-image shift of 0.5 to 1 m on the inner circle and 2.5 m on
the outer circle, respectively. Koeser et al. [10] acquired images following three different horizontal
planes with tree-camera distances varying between 1 and 2 m. However, a detailed description of
image acquisition scenarios were reported in more recent studies [6,16]. These authors kept a constant
tree–camera distance of 3 m with camera–camera distances of about 0.33 m [6] and 1 m [16]. The work
of Mulverhill et al. [17] was based on a quite different image acquisition scheme using a pair of cameras,
horizontally mounted at the end of a telescopic pole and equipped with fisheye lenses. This produced
a set of 12 images which were taken at two positions, perpendicularly to trees and at 2, 3, and 5 m
above the ground. To the best of our knowledge, no study has so far investigated the impact of
different SfM-MVS imaging strategies on the accuracy of individual tree metrics. Thus, it is necessary
to substantially standardize data collection for forestry applications of this technique for efficient
tree-level mensuration.

The aim of this study is to identify an optimal image acquisition scenario which will allow accurate
estimations of individual tree biophysical attributes. As such, several combinations of camera–subject
distances and angular shifts were explored on five savanna tree species with a view towards providing
the best tridimensional model, and realistic estimates of tree stem circumference and volume.

2. Materials and Methods

2.1. Site Description

The study location (11◦26′–12◦25′ N; 2◦48′–3◦05′ E) is in the Karimama district, which is 750 km
northwest of Cotonou in Benin Republic (Figure 1). This area is characterized by a mosaic of open
forests and savannas. It is located in the Sudanian tropical climate zone with a unimodal rainfall
distribution from late May to October. Annual rainfall ranges from 600 to 700 mm with a mean
temperature of 40 ◦C. However, during the harmattan, from November to March, temperatures can
considerably decrease to 25–12 ◦C [18].

2.2. Sampling and Reference Data Collection

The following five most abundant tree species in the study area were considered: Anogeissus
leiocarpa, Bombax costatum, Sclerocarya birrea, Terminalia laxiflora and Vitellaria paradoxa. A total of 30 trees
were sampled, with six trees per species taken randomly from each of the following breast height
diameter ranges: 10–20 cm, 20–30 cm, 30–40 cm, 40–50 cm, 50–60 cm and >60 cm. Understory vegetation
was cleared around each tree and conventional metrics were recorded, including circumference at breast
height (1.3 m), bole and total tree height. In order to estimate bole volume, additional circumference
measurements were taken at 0.1, 0.5, 1, 1.5, 2.5 m and at 1 m increments from 2.5 m to the end of the
main stem, just below the first branch, using a ladder. Volume was estimated for each successive stem
segment by Smalian’s formula [19], based on the quadratic mean of the circumferences measured at
the end of each stem segment, as follows

Vi =
1

8π
Li

(
C2

1i + C2
2i

)
where Vi is the volume of a stem segment i, Li its length, and C1i and C2i are the circumferences of
its ends.

Bole volume was obtained by summing the volume of all stem segments, successively.
All measurements were made directly on each tree using a graduated tape. Prior to this, measurement
levels were specified with a circle drawn around the stem using red paint. Breast height circumference,
bole height and full heights of the sampled trees are given in Table 1.
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Table 1. Descriptive statistics of the sampled trees.

Metric Species Mean S.D CV % Minimum Maximum

A. leiocarpa 135.40 78.70 58.14 46.50 275.00
B. costatum 127.30 60.30 47.36 44.00 198.00

CBH (cm) S. birrea 130.50 72.80 55.79 51.00 239.00
T. laxiflora 131.10 53.30 40.63 61.50 202.00
V. paradoxa 125.60 53.90 42.93 43.70 195.00

Total 130.10 60.40 46.62 43.70 274.90

A. leiocarpa 2.28 0.94 41.36 1.32 3.97
B. costatum 3.60 0.97 26.84 2.34 4.65

HStem (m) S. birrea 2.49 0.79 31.60 1.48 3.75
T. laxiflora 2.56 0.93 36.23 1.33 4.02
V. paradoxa 2.86 0.34 12.01 2.50 3.35

Total 2.78 0.91 32.69 1.32 4.80

A. leiocarpa 10.00 2.62 26.2 5.89 13.78
B. costatum 10.10 3.70 36.7 4.91 14.64

HT (m) S. birrea 10.14 3.23 31.87 6.20 13.00
T. laxiflora 9.54 2.02 21.14 6.30 11.50
V. paradoxa 9.34 2.06 22.11 6.46 12.60

Total 9.82 2.63 26.73 4.91 14.64

CBH: Breast height circumference, HStem: bole height, HT: Total height, S.D: Standard deviation, CV: Coefficient of
variation (n = 6).

2.3. Image Data Acquisition

Five concentric circles each of radius 1, 2, 3, 4 and 5 m were materialized on the ground around
each tree, using the stem as their centre. The circles were then divided into 15◦ angular sectors to
specify 120 potential photographic positions (photopoints), as shown in Figure 2. Thus, photopoints
consisted of a combination of five tree-to-camera distances (1, 2, 3, 4 and 5 m) with four regular
camera-to-camera positions based on 15◦, 30◦, 45◦ and 60◦ angular shifts. Image acquisition began on
the innermost circle and proceeded anticlockwise with an operator capturing photos at 15◦ intervals
all around the tree. Similar circular passes were completed based on 30◦, 45◦ and 60◦ camera–camera
positions, thereby amounting to four image acquisition scenarios at 1 m from the tree. The procedure
was repeated 2, 3, 4 and 5 m away from the tree. Thus, for a given tree, 20 photographic datasets,
corresponding to each of the 20 image acquisition scenarios, were generated. At each photopoint,
highly overlapping photographs (at least 50% vertical overlap between two consecutive photos) were
acquired from the base to the treetop. Following these image acquisition schemas, the number of
photos would be directly proportional to both shooting distance and angle around a tree. Thus, at 1 m,
for example, because of a reduced field of view, more photos would be required to cover the entire
stem, using the wide overlap upon which SfM-MVS algorithms rely. Conversely, less photos would be
needed farther from the tree. This also applies to shooting angles around a tree, as acquisition schemes
based on small angles (e.g., 15◦) would yield more photos than those with wider angles, regardless of
shooting distance.
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A Canon 77 D digital camera equipped with a Canon EF 50 mm f/1.8 STM lens was used throughout
image acquisition. This camera is small and lightweight, with a 22.3 × 14.9 mm sensor and a 7.6 cm
fully articulated LCD touch screen, which proved useful when shooting overhead on the ground.
The camera was held in portrait orientation to ensure maximum coverage of the stem. The operator
endeavored to capture vertically overlapping images in parallel to the tree from the base up before
moving to the next photopoint. Although our focus was on the main stem, photos were also acquired
from a ladder positioned on the designated photopoints. This was done to ensure that the upper
portions of the largest tree (height > 12 m) and their crowns were captured for 3-D modeling. Images
were saved in JPEG format at the highest resolution (6000 × 4000 pixels). Other important camera
settings were ISO: 100 and aperture priority mode (f/3.2).

2.4. Image Processing and Metric Estimation

Images were processed using Agisoft PhotoScan Professional version 1, now known as Agisoft
Metashape (Agisoft LCC, Saint Petersburg, Russia). PhotoScan uses Structure from Motion (SfM) to
simultaneously calculate camera parameters and orientations for each overlapping image pair, and a
sparse point cloud that represents matched features in a photographic dataset. This software then
applies multi-view stereo algorithms to the sparse point cloud to build a dense point cloud, which can be
converted into a textured tridimensional model. Photos from each acquisition scenario were imported
into the software environment. The next step was image alignment, which is controlled by four settings,
depending on the quality of the resulting sparse point. These settings are (1) “Accuracy”, (2) “Pair
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pre-selection”, (3) “Key points limit” and (4) “Tie points limit”. We set the highest accuracy to obtain
the best estimates of camera positions. Because the camera was not calibrated, the “Generic” image
pair pre-selection mode was used to match common features across image pairs. Default settings were
used for the number of key points and tie points (40,000 and 1000 respectively). The resulting sparse
point cloud model was optimized by carefully removing outliers as recommended. The most important
Metashape parameters at the second step are dense point cloud “Quality” and “Depth filtering”. These
were set to “high” and the recommended “Aggressive” depth filtering, respectively. Although more
steps are available after densification of point cloud to refine 3-D models in Metashape [20], all our
tree models were clear enough for metrics estimation and required no further processing. Finally, the
coordinate system of the scene was set in order to produce scaled models. This was done using the
guided marker placement approach, in which the software automatically calculates marker projections
on the rest of the photos (where markers are visible). Eight markers were placed both horizontally
and vertically on the markings of a ruler which was vertically pinned to the stem prior to image
acquisition (Figure 3). All marker projections were manually refined to minimize scaling uncertainties.
Scaled models were saved in a plain text file containing the XYZ coordinates of each point of the dense
point cloud.Forests 2019, 10, x FOR PEER REVIEW 8 of 16 

Figure 3. Scaled 3-D model of V. paradoxa. Image acquisition was on a circular path, 1 m from the stem,
based on 15◦ angular shifts.
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The coordinate file was analyzed using an open-source GIS application (Quantum GIS version
2.18). All XY points were filtered based on different heights (i.e., by selecting all points in the cloud at the
previously defined heights, such as Z = 0.1 m, at the base or Z = 1.3 m, at breast height.) and digitized
into a polygon shapefile layer. The resulting polygons represent the cross-section of the stem at the
desired heights. Two types of polygons were created, with the first taking into account the shortest
distance between two consecutive points, in a way to closely reconstruct the stem cross-sectional profile
(Figure 4a). The second polygon type was a simulation of tape-derived circumference measurements
for stems with irregular cross-sections. This was created by connecting the closest outermost pair of
points with a straight line (Figure 4b). Cross-sectional areas were obtained in QGIS for both polygon
types and their corresponding stem circumferences (C1 and C2 respectively) were computed for each
height. The main stem of the modeled trees was divided into segments following the heights defined
during field measurements with red paint, and the volume was estimated by Smalian’s formula [19].
Similar to field estimates, point cloud-based bole volume was obtained by summing the volume of
all stem segments, successively. Two types of volumes (V1 and V2) were calculated in relation to
circumference type (C1 and C2, respectively).
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2.5. Data Analysis

Because full 3-D models could not be reconstructed from all image acquisition scenarios, we
assessed the effect of shooting distance (d), angular shift (α) and tree species identity (s) on 3-D model
reconstruction using a logistic regression, as follows

Yi = B(πi) and g(πi) = b0 + b1αi + b2di + b3si

where Yi is a binomial variable (B(πi)); πi the probability of 3-D model reconstruction; αi, di and si
variables in image acquisition scenario for a given tree, i, and b0, b1, b2 and b3 regression coefficients.

In cases where full models were rendered, the effect of d, α and s was assessed on the proportion
of useful images for each acquisition scenario using a beta regression. The proportion of useful images
in a given imaging scenario (Pi) was defined as

Pi = 100×
Ni − ni

ni
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where Ni is the total number of images acquired on the field and ni the number of correctly aligned
images (i.e., those for which adequate texture information was available to reconstruct camera position).

Finally, the accuracy of SfM-MVS for breast height circumference and bole volume estimation was
assessed in relation to manual field estimates using mean absolute percent error (MAPE) as follows

MAPE = 100×

1
n

n∑
i=1

∣∣∣∣∣∣PS f M(i) − PM(i)

PM(i)

∣∣∣∣∣∣


where PSfMi and PMi are image-derived and manually estimated metrics for the ith tree and ni the
number of trees sampled, respectively. MAPEs were computed based on C1, V1, and C2, and V2, and
examined in an analysis of variance with the three factors (α, d and s). All means were separated using
the Waller-Duncan test.

3. Results

3.1. Individual Tree Model Reconstruction

The result of logistic regression results showed significant differences in 3-D model reconstruction
for angular shifts and species identity, with a significant interaction between these two variables (Table 2).
In contrast, shooting distance had no significant effect on 3-D model reconstruction. Regardless of
species identity, the probability of reconstruction was higher at 15◦ and 30◦ (more than 75% and 50%,
respectively) as opposed to 45◦ and 60◦, where 3-D rendering failed except for S. birrea (Figure 5A).
Data in Figure 5B confirm that shooting distance was not a determining factor in image acquisition for
all species.
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Table 2. Results of logistic regression of camera-tree distance (d), angular displacement (α) and species
identity (s) on 3-D model reconstruction.

Df Deviance Resid. Df Pr(>Chi)

NULL 599
d 4 7.02 595 0.135
α 3 348.80 592 <0.001 ***
s 4 74.98 588 <0.001 ***
α × s 12 30.63 576 0.002 **
d × α 12 10.90 564 0.538
d × s 16 17.95 548 0.327

d × α × s 48 16.39 500 >0.999

** Pr < 0.01; *** p < 0.001.

The results of beta regression showed that the success of model reconstruction differed across
angular shifts and species. There were significant differences in the proportion of correctly aligned
images, which decreased linearly with increasing angles (Figure 6). The highest proportion of
correctly aligned images was obtained at 15◦ and 30◦ (Figure 6A). B. costatum and S. birrea had the
highest proportion of correctly aligned images (Figure 6B). Species with the lowest 3-D reconstruction
probability were S. birrea, followed by T. laxiflora and A. leiocarpa, regardless of shooting distance,
whereas, at 30◦, S. birrea, A. leiocarpa and V. paradoxa had high proportions of aligned images (Figure 6C).
Image alignment failed at wider acquisition angles (45◦ and 60◦), except for S. birrea, which had more
than half its images correctly aligned.
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Figure 6. Proportion of useful images in relation to angular shift (A) and species (B). Predicted
probability of the reconstruction of species-specific 3-D models is also shown in relation to angular shift
(C). Ano: Anogeissus leiocarpa; Bom: Bombax costatum; Bir: Sclerocarya birrea; Ter: Terminalia laxiflora; Vit:
Vitellaria paradoxa. Means with different letters (a, b, c and d) are statistically different (Waller-Duncan
test, p < 0.05).
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3.2. Accuracy of Image Acquisition Scenarios

Mean absolute percent error on circumference at 1.3 m varied significantly across image acquisition
scenarios, with values ranging from 1.6% ± 0.4% (d = 2 m, α = 15◦) to 20.8% ± 23.7% (d = 4 m, α = 60◦)
(Table 3). All images taken 1 m from the tree produced the lowest MAPEs regardless of α. MAPE was
about fourfold greater for all acquisition scenarios with d ≥ 2 m and α ≥ 45◦. Greater angular shifts
(α ≥ 45◦) produced less accurate MAPE estimates.

Table 3. Mean absolute percent error (MAPE) of stem circumference at breast height for all combinations
of shooting distances and angular shifts.

α

15◦ 30◦ 45◦ 60◦ Mean ± SEM

d (m)

1 1.6 ± 0.5 aA 1.8 ± 0.6 aA 7.7 ± 17.8 bA 1.7 ± 13.3 aA 2.1 ± 0.9 A

2 1.6 ± 0.4 aA 2.2 ± 0.7 aA 8.1 ± 11.5 bA 7.4 ± 51.4 bB 2.5 ± 0.8 A

3 10.4 ± 2.9 aB 10.6 ± 4.0 aB 10.2 ± 2.6 aB 7.5 ± 4.7 aB 10.3 ± 1.9 B

4 14.5 ± 4.3 aC 15.5 ± 5.1 aC 18.2 ± 13.1 aC 20.8 ± 23.7 aC 15.7 ± 2.9 C

5 15.4 ± 3.1 aC 15.5 ± 3.8 aC 13.2 ± 12.2 aC 15.9 ± 0.0 aC 15.3 ± 2.1 C

Mean ± SEM 8.3 ± 1.5 a 9.2 ± 1.9 a 11.2 ± 3.1 a 11.6 ± 7.0 a 9.0 ± 1.1

Data are means ± standard error. Values in each row followed by different lowercase superscripts (a and b) are
significantly different, as are those with different uppercase superscripts (A, B and C) in each column (Waller-Duncan
test, p < 0.05).

Results are reported for 15◦ and 30◦ as imaging schemes based on wider angles (45◦ and 60◦)
failed to yield useful 3-D models. Shooting distance had a statistically significant effect on MAPE
based on C1, which was highest at 4 m and lowest at 2 m (Figure 7A,C). However, MAPE was not
significantly different at 1, 3 and 5 m (depicted by “ab” on corresponding bars). Although angular shift
was not significant, MAPE at 15◦ and 30◦ varied widely (≈0.4% to 0.9%, respectively) for V. paradoxa as
opposed to the other species (Figure 7B,D). Anogeissus leiocarpa had the highest MAPE on breast height
circumference at 15◦. The lowest errors were recorded on S. birrea and B. costatum at 30◦.
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Anogeissus leiocarpa; Bom: Bombax costatum; Bir: Sclerocarya birrea; Ter: Terminalia laxiflora; Vit: Vitellaria
paradoxa. Histogram bars with different letters (a and b) differ significantly (Waller-Duncan test,
p < 0.05).
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Mean absolute percent error computed from tree volume was also dependent on image acquisition
scenario and ranged from 2.0% ± 0.6% (d = 1 m, α = 30◦) to 36.5% ± 48.7% (d = 4 m, α = 60◦) (Table 4).
Generally, MAPE increased with both distance and angular shift.

Table 4. MAPE of stem volume estimation for combinations of shooting distances and angular shifts.

α

15◦ 30◦ 45◦ 60◦ Mean ± SE

d (m)

1 3.0 ± 0.7 aA 2.0 ± 0.6 aA 22.6 ± 45.2 bA 3.7 ± 16.6 aA 4.2 ± 2.4 A

2 2.5 ± 0.6 aA 2.6 ± 0.7 aA 7.9 ± 14.4 aA 6.6 ± 46.3 aA 3.1 ± 0.8 A

3 12.6 ± 3.7 aB 15.8 ± 5.9 aB 14.3 ± 6.6 aA 11.2 ± 4.1 aA 13.9 ± 2.8 B

4 22.4 ± 7.0 aC 18.8 ± 5.0 aBC 22.1 ± 35.8 aA 36.5 ± 48.7 aA 22.0 ± 4.6 C

5 24.6 ± 5.0 aC 25.0 ± 6.20 aC 26.2 ± 12.6 aA 33.7 ± 0.0 aA 25.0 ± 3.40 C

Mean ± SEM 12.2 ± 2.3 a 12.9 ± 2.6 a 17.5 ± 6.9 a 19.5 ± 13.9 a 13.3 ± 1.70

Data are means ± standard error. Values followed by different lowercase superscripts (a and b) in each row differ
significantly as do those with different uppercase superscripts (A, B and C) in each column (Waller-Duncan test,
p < 0.05).

Both angular shift and its interaction with species identity had a significant effect on MAPE based
on type 1 volume (V1) (Table 5). As with circumferences, error values computed using V1 and V2 were
significantly lower for 15◦ compared to 30◦ (Figure 8A,C). Mean absolute percent error on bole volume
was lowest in V. paradoxa and highest in A. leiocarpa at 15◦ (Figure 8B,D). However, shooting with 30◦

displacements yielded lower errors in T. laxiflora and S. birrea. Vitellaria paradoxa presented the highest
error at this angle (Figure 8B,D).
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leiocarpa; Bom: Bombax costatum; Bir: Sclerocarya birrea; Ter: Terminalia laxiflora; Vit: Vitellaria paradoxa.
Histogram bars with different letters (a and b) are significantly different (Waller-Duncan test, p < 0.05).
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Table 5. ANOVA summary results of MAPE of stem circumference and volume.

Significance (ANOVA Summary)

d α s d × α Interaction d × s Interaction α × s Interaction d × α × s Interaction

MAPEC1 0.010 * 0.108 0.087 0.666 0.974 0.007 ** 0.774
MAPEC2 0.011 * 0.103 0.113 0.643 0.976 0.007 ** 0.755
MAPEV1 0.756 0.039 * 0.073 0.191 0.913 0.023 * 0.913
MAPEV2 0.652 0.037 * 0.049 * 0.202 0.868 0.030 * 0.912

p values on 3-way ANOVA of shooting distance, angular shift and species identity on effects. Data are the means ±
standard error and the t-test results are shown (* p < 0.05 and ** p < 0.01).

The significant effect of angular displacement and its interaction with species identity obtained with
MAPEV1 was mirrored in MAPEV2 (Table 5). However, MAPEV2 differed significantly across species
and was lowest for 15◦ (Figure 8C). Specific MAPEV2 values were 0.603 (T. laxiflora), 0.695 (S. birrea),
0.926 (B. costatum), 1.495 (V. paradoxa) and 1.782 (A. leiocarpa). In line with MAPEV2, the widest variation
in MAPEV2 with α was recorded in V. paradoxa and A. leiocarpa (Figure 8D).

4. Discussion

4.1. Individual Tree Model Reconstruction by SFM-MVS

Optimal camera settings, position and orientation vis-à-vis an imaging subject are required
to ensure minimum uncertainties in photogrammetric measurements. This study showed that
image acquisition scenario for SfM-MVS photogrammetry influences the quality of the 3-D model
reconstruction of standing trees. The most useful tree models were obtained using 15◦ to 30◦ intervals
between consecutive camera positions on a circular path around trees. This is expected due to the
inherently higher overlap at these camera positions. Image acquisition scenarios with wider angles
(>45◦) between two consecutive shooting positions do not guarantee the high photographic overlap on
which SfM-MVS algorithms rely [21]. It was also noted that shooting distance had no effect on the
success of 3-D model reconstruction. This is mirrored in some previous studies [3,12], where shooting
distance was often not defined.

We demonstrated that the success of 3-D model reconstruction and subsequent metric estimation
is tree species-dependent. This is in line with the results of Morkoš et al. [6], who showed that root
mean square error on stem circumference estimated by SfM-MVS significantly differed across four
species, with lower values in Abies alba (0.36%) compared to Fagus sylvatica (0.95%). The five trees
investigated in the present study are representatives of four families, namely, Combretaceae (A. leiocarpa
and T. laxiflora), Bombacaceae (B. costatum), Anacardiaceae (S. birrea) and Sapotaceae (V. paradoxa). The
variation in model quality in relation to species identity may be due to differences in tree physiognomy.
During data collection, B. costatum and S. birrea were totally devoid of foliage as opposed to the
remaining tree species. The dense canopy and wide-spreading branches of V. paradoxa may explain
its low probability of 3-D reconstruction. Although most of the sampled trees here were of moderate
heights (6–10 m) and this posed no problem for SfM-MVS reconstruction, our study indicates that
tridimensional modeling of individual trees using terrestrial photogrammetry is not recommended for
higher trees. We may not have been able to render full 3-D models of trees exceeding 12 m without
using a ladder to capture their upper portions. The work of Fang and Strimbu [15] on loblolly pines
(approximate height = 24 m) confirms this. In their study, SfM-MVS diameter data could not be
obtained on the upper half of tree stems. However, with technological advances, it is expected that
terrestrial image acquisition would be supplemented by the use of small, low-cost and low-flying
unmanned vehicles, as demonstrated by Gatziolis et al. [1].

4.2. Accuracy of Image Capture Scenarios for Individual Tree Metric Estimation

Results showed that mean absolute percentage error computed between manual and image-derived
estimates of stem circumference, as well as volume, varied according to the image acquisition scenario.
Accurate tree metrics were obtained with angular shifts below 30◦ and at shooting distances between 1
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to 2 m around a tree, which correspond to arc lengths of 0.26 to 1.04 m, respectively. Values within this
range have been reported in previous studies [6,16]. So far, the effects of image capture scenarios on
tree metric estimation has only been assessed at the plot level [2,13]. Although direct comparisons
between plot-based and tree-level image collection methods may not be feasible, one relevant point can
be noted from these studies. The application of the mobile acquisition method (in which shooting is
done continuously [13]) to individual tree metric estimation may not produce useful data, as opposed
to the stop-and-go mode. Thus, the spatial configuration of camera positions around an imaging
subject remains one of the major determinants of success in SfM-MVS photogrammetry.

Tree metric estimation from the most useful image capture scenarios yielded an accuracy level
similar to those found in past studies. Bias values between SfM-MVS and manually measured breast
height diameters of 9.6% and 3.7% were reported by Miller et al. [4] and Morgenroth and Gomez [3],
respectively. Similarly, the difference in stem volume estimations between these two methods was in
the order of 12%, as in Miller et al. [4], although lower values have been reported [22].

The major limitation of this method lies in the time constraint associated with the use of a single
camera for image acquisition. However, Mulverhill [17] showed that individual tree metrics could be
accurately estimated in just four minutes of field work using a simple imaging method based on two
cameras. Furthermore, considerably shorter times (<2 minutes) have been reported in plot-based forest
inventories using more than two cameras [11]. These studies underscore the potential advantages of
SfM-MVS in forestry, especially in terms of cost and time efficiency. Although lightning conditions may
also constitute another drawback to the application of SfM-MVS, especially in dense forests [11], the
use of an external source of light such as built-in flash could be helpful [10]. However, this would be
the issue of least concern in physiognomically simple ecosystems such as savannas and other sparsely
forested habitats.

5. Conclusions

This study aimed at prescribing an optimal image acquisition scenario for a satisfactory 3-D model
reconstruction and subsequent metric extraction using savanna trees. Shooting distances ranging
from 1 to 5 m away from a tree subject were considered in conjunction with four angular shifts.
Our assessment of the 3-D model reconstruction potential of spatially different image acquisition
scenarios using five tree species underscored the importance of maintaining a very high degree of
overlap between consecutive image pairs. Thus, the accuracy of individual tree metrics estimated from
photogrammetric point clouds is tied to proximity to imaging subject. The use of multiple cameras
may reduce the time of photogrammetric data collection.
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