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Abstract 

   
Information on the growth of tropical trees is essential for the management of tropical forests. However, tree 

diameter measurements taken over irregularities result in negative diameter growth due to trunk shrinkage over 

time. The use of the close-range photogrammetric approach to harmonise diameter measurements of irregular 

trunk trees is likely to improve the diameter growth of these trees. This study uses close-range photogrammetric 

point cloud data and conventional measurements collected on 72 irregular trunk trees at Loundoungou to 

examine the diameter growth of irregular trunk trees in the Celtis forest in northern Republic of Congo. 

Significant differences were observed in the diameter above the irregularities and at 1.30 m from the ground 

between 2014 and 2021, suggesting the evolution of the trunk from 2014 to 2021. The relative change in 

diameter above the irregularities was 4 times greater than the diameter at 1.30 m above ground. Variations in 

trunk diameter growth were observed within each diameter type, with the rate of diameter growth above 

irregularities higher for the data set and for larger diameter trees. Diameter growth models using diameter at 

1.30 m above ground were best (lowest AIC and BIC), suggesting that diameter at 1.30 m above ground is, 

therefore, the most appropriate predictor for irregular trunk trees. The results of this study highlighted the 

ability of the close-range photogrammetric approach to detect diameter growth at 1.30 m above ground, which is 

important for improving forest carbon balance estimates and decision-making in tropical forest management. 
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Introduction 

Knowledge of tree growth is essential for 

understanding the dynamics of tropical forests 

(Clark and Clark, 1999; Clark et al., 2019). This 

information is often used to examine the growth 

response of tree species to anthropogenic and 

natural environmental variations (Clark et al., 2003; 

Nath et al., 2006; Feeley et al., 2007; Gourlet-Fleury 

et al., 2013; Fétéké et al., 2016). Tree growth is 

influenced both by intrinsic factors-ontogeny (Shen 

et al., 2014) and genotype (King et al., 2013) - and 

by extrinsic factors such as climate, altitude (Bonada 

et al., 2022), soil nutrients (Baribault et al., 2012), 

competition with surrounding trees (Aakala et al., 

2018; Rozendaal et al., 2020), strong winds 

(Coomes and Allen, 2007) and diseases 

(Lyytikäinen-Saarenmaa and Tomppo, 2002).  

 

In forest dynamics, tree growth can be defined as the 

increase in size of an individual tree over time 

(Weiskittel et al., 2011; Bowman et al., 2013). Among 

the most commonly measured dimensions for tree 

growth, such as height, volume, biomass and basal 

area, diameter is the most important and commonly 

used variable in forest management decisions 

(Kunstler et al., 2016; Wu et al., 2019). Diameter has 

many advantages, including the ease of having close 

relationships with other tree attributes such as height, 

volume and biomass (Chave et al., 2005, 2014; 

Feldpausch et al., 2011). Therefore, to describe 

natural forest dynamics, information on diameter 

growth is essential (Nath et al., 2006; Feeley et al., 

2007; Scolforo et al., 2017; Pereira et al., 2021). 

 

Irregular trunk trees pose a particular challenge in 

monitoring diameter growth (Sheil, 1995; Clark and 

Clark, 1996; Clark, 2002; Phillips et al., 2002; 

Metcalf et al., 2009; Cushman et al., 2014; Muller-

Landau et al., 2014; Talbot et al., 2014). Many 

tropical trees have irregularities that extend well 

beyond the standard measurement height of 1.3 m. In 

this case, it is recommended to take diameter 

measurements above the irregularities, but as the 

height of the irregularities increases with the 

diameter of the tree, it is often necessary to change 

the Point of Measurement (POM) of the diameter 

(Alder and Synnott, 1992; Sheil, 1995; Condit, 1998; 

Picard and Gourlet-Fleury, 2008). The new POM is 

generally located at a higher point, where the trunk 

has a smaller diameter due to the diameter shrinking 

as the height of the irregularities increases over time 

(Sheil, 1995; Clark and Clark, 1996; Metcalf et al., 

2009). Thus, a diameter taken at a new height will not 

be comparable to the initial diameter (Phillips et al., 

2002; Metcalf et al., 2009; Muller-Landau et al., 

2014) and considering them as such would lead to 

significant biases in estimates of biomass change 

(Clark and Clark, 1996; Cushman et al., 2014; 

Bauwens et al., 2021). 

 

The development of remote sensing technology such 

as Terrestrial Laser Scanning (TLS) and Close-Range 

Photogrammetry (CRP) has opened up new 

possibilities for obtaining diameter measurements at 

different heights along the trunk of tropical trees 

(Nölke et al., 2015; Bauwens et al., 2017, 2021; Momo 

Takoudjou et al., 2018; Celes et al., 2019; Martin-

Ducup et al., 2020; Akpo et al., 2020, 2021; Cushman 

et al., 2021; Witzmann et al., 2022). They have 

proven to be promising technologies for harmonizing 

the diameter measurement of irregular trunk trees at 

1.30 m above the ground in the tropics (Nölke et al., 

2015; Bauwens et al., 2017, 2021; Cushman et al., 

2021; Witzmann et al., 2022). Both remote sensing 

technologies (TLS and CRP) use overlapping images 

to generate three-dimensional (3D) point clouds. 

Currently, TLS and CRP are becoming powerful 

technologies for monitoring tree growth over time 

(Kaasalainen et al., 2014; Srinivasan et al., 2014; 

Sheppard et al., 2017; Hess et al., 2018; Luoma et al., 

2019; Mokroš et al., 2020; Yrttimaa et al., 2020, 

2022, 2023). Several studies have shown the ability of 

TLS and CRP to characterise changes in tree trunk 

shape in temperate forests during monitoring periods 

ranging from 9 months to 9 years (Luoma et al., 2019; 

Mokroš et al., 2020; Yrttimaa et al., 2020, 2022, 

2023). However, it is not known whether TLS and 

CRP can be used to detect changes in the trunk shape 

of irregular trunk trees over time in tropical forests. 
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A better understanding of the growth of irregular 

trunk trees could improve our knowledge of the 

dynamics of tropical forests in the face of 

anthropogenic pressure and climate change. Despite 

the advantages offered by new remote sensing 

technologies (TLS and CRP), little attention has been 

paid to the potential of these approaches in 

monitoring changes in the shape of irregular trunk 

trees over time (Bauwens et al., 2021). Therefore, we 

do not know if the diameter of irregular trunk trees 

obtained directly from close-range remote sensing 

can change over time, especially in Central Africa, 

which remains a relatively understudied area. The 

aim of this study is to examine the diameter growth of 

irregular trunk trees in the Celtis forest in the 

northern Republic of Congo. We addressed three 

research questions: (i) do the diameters obtained 

above the irregularities and at 1.30 m from the 

ground differ between 2014 and 2021? (ii) does the 

diameter growth obtained at 1.30 m from the ground 

differ from the diameter growth obtained above the 

irregularities? (iii) what is the best predictor of 

diameter growth between the diameter at 1.30 m 

above the ground and above the irregularities? 

 

Materials and methods 

Study site and sampling 

The study site was located in the Loundoungou-

Toukoulaka forest concession (17°31’17°34’’ E, 

02°18’02°22’’ N) managed by the company CIB-Olam 

in the north of the Republic of Congo. Annual rainfall 

averages 1600 mm with a distinct dry season 

(December to March), and the average annual 

temperature is 25°C. The topography is slightly 

undulating, with an altitude varying between 400 and 

460 m. The geological substratum consists of alluvial 

deposits (Fayolle et al., 2012). The vegetation of the 

area belongs to the Central African rainforests 

(Fayolle et al. 2014a) and, more specifically, to the 

Celtis semi-deciduous forest (Fayolle et al. 2014b). 

 

On this site, fieldwork was carried out in an 800-ha 

experimental set-up (DynAfFor project, 

www.dynaffor.org), which was described by Forni et 

al. (2019). Using DynAfFor forest inventories, we 

targeted 6 species of irregular trunk trees belonging 

to 6 genera and 4 families in 2014 and 2021 (Table 1). 

For each species, we sampled an average of 12 

individuals (range: 10 - 13 trees), representing a total 

of 72 trees.   

 

Photogrammetric measurement 

The images were acquired twice at the study site to 

cover a period of 7 years. The first was carried out in 

2014 and the second in 2021. The same image 

acquisition procedure was followed for both periods. 

The procedure involved removing all small plants and 

vines up to 2 m high around each tree within a 3 m 

radius, prior to image acquisition. Four 

photogrammetric targets were placed at the four 

cardinal points around each tree at a distance of less 

than 1m. The reference target was placed to the south 

to avoid backlighting and its height was measured 

using a pentadecameter. The targets were used to 

improve the alignment and scaling of the images. The 

diameter at breast height (DBH) was marked with 

blue paint, which provided additional information 

during model calibration. 

 

For image acquisition, two Nikon D90 and Nikon 

D5600 digital SLR cameras with a fixed zoom lens 

with a focal length of 16 mm were used in 2014 and 

2021, respectively. The cameras (focus, ISO and 

shutter speed) were set in automatic mode. All trees 

were photographed with these settings. A series of 

photographs were taken all around each tree 

following an image acquisition method similar to the 

"one panorama at each step" approach of Wenzel et 

al. (2013). At each step around the tree (1 m), 

photographs were taken with a high overlap (vertical 

panorama) and converging images. The lateral 

shooting distance around the tree was 2-3 m. 

 

Diameter measurement 

In addition to the phtogrammetric measurements, 

non-destructive quantitative diameter measurements 

were obtained at the tree level in 2014 and 2021. Tree 

diameter (DAB; in cm) was measured using a tape at 

chest height for less irregular trunks or 30 cm above 

any deformation (Picard and Gourlet-Fleury, 2008). 
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Photogrammetric processing 

For image processing, Agisoft Metashape Professional 

software (Agisoft LCC, St Petersburg, Russia) was 

used. Each series of tree photos was loaded into the 

software without any additional information. The 

photogrammetric workflow of this software consists 

of six phases, namely (1) target detection, (2) image 

alignment and sparse cloud generation, (3) scaling of 

the constructed 3D point clouds, (4) optimization of 

the sparse point clouds, (5) densification of the point 

clouds and (6) mesh construction. More details on the 

process of reconstructing these trees in three 

dimensions are described in Bauwens et al. (2017). 

The final product is a dense three-dimensional (3D) 

mesh point cloud containing XYZ coordinates. 

Finally, the generated mesh was saved and exported 

to Rstudio software to perform the cross-sections. 

The method used was carried out on a computer 

equipped with an AMD Ryzen 9 5900X processor (12 

cores - 3.7/4.8 GHz - 70 MB cache) with an Asus 

Prime X570-Pro - AMD X570 chipset and 64 GB 

DDR4 memory.  

 

To make the cross-sections along the trunk, Rstudio 

software was used to obtain cross-sections along the 

trunk using the packages 'sp' (Pebesma et al., 2012), 

'Raster' (Hijmans et al., 2013), 'lidR' (Roussel et al., 

2020). Firstly, the stem skeleton was created by 

digitising the contours of discs with a thickness 

varying between 2 and 5 cm every 20 cm along the z-

axis of the stem. The contours of the discs were 

automatically delimited. Each contour of the point 

clouds obtained using the splines function was then 

smoothed to generate a polygon. For sections of the 

disc where the smoothing was poorly adjusted due to 

occlusions, we proceeded by eliminating these 

occlusions and manually correcting the smoothing on 

the contour of the point clouds. The centre of each 

disc was automatically calculated as the point furthest 

from the edges of the polygon. All the resulting layers 

were saved in a "gpkg" file. The specific process 

details of this study are shown in Fig. 1. 

 

Before estimating the photogrammetric variables 

(diameter of the trees above the irregularities and at 

1.30 m from the ground), we first analysed the height 

of the trees generated from the 3D models in 2014 

and 2021. Fig. 2 shows the distribution of trees 

generated in 3D according to height classes in 2014 

and 2021. All the trees had an irregular structure, i.e., 

a bell shape in 2014 and 2021. Tree heights ranged 

from 4.1 to 19.90 m in 2014 and from 2.1 to 16.3 m in 

2021. Height classes III, II and V are better 

represented, with 21, 18 and 10 trees, respectively, in 

2021 than in 2014. However, height class VIII was 

better represented in 2014 with 9 trees than in 2021. 

However, in 2021, no trees were generated in height 

classes VI, VII and VIIII. In 2014, all the trees were 

generated at heights greater than 2.9 m. The 

imbalance in the height of the trees in 2014 and 2021 

meant that it was not possible to follow the cross-

sections above the irregularities during the growth 

period. This led us to consider the cross-section at 

1.30 m from the ground. In addition, the perimeter 

and surface area of the cross-sections were calculated 

for each tree. Since diameter is the variable more 

frequently used than basal area to quantify tree size in 

forestry science, the area and perimeter of each cross-

section at 1.30 m from the ground was converted into 

diameter. The area and perimeter of cross-sections 

were converted to diameter by calculating the 

diameter of a disc with the same area as the surface of 

the disc (Darea) and the diameter of a disc with the 

same perimeter as the perimeter of the disc (Dperim). 

The work of Bauwens et al. (2017) has already shown 

that Darea is a better predictor of above-ground 

biomass than Dperim. In this study, Darea was 

considered as an equivalent photogrammetric 

variable in 2014 and 2021. 

 

Monitoring changes and growth in irregular trunk 

trees 

Two variables describing tree size were taken into 

account in 2014 and 2021, namely DAB and Darea. Of 

the 72 irregular trunk trees measured, 19.44% and 

43.05% of the trees whose diameters were obtained at 

1.30 m above the ground (Darea) and above the 

irregularities (DAB), respectively were affected by the 

change in the point of measurement (POM). In order 

to work only with data free of any inconsistencies, 
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we eliminated the trees whose diameters were 

affected by the change in the point of measurement 

(POM). To monitor changes in tree diameters over 

the growing season, relative changes in diameter were 

first assessed on the remaining trees. Relative 

changes were evaluated using equation 1. 

 

                 (Equation 1) 

 

Where, change (%): the relative change in diameter 

above irregularities (DAB) or at 1.30 m above ground 

level (Darea), D: the diameter obtained in 2014 and 

2021. 

 

Diameter growth was then calculated from DAB and 

Darea using equation 2.     

 

              (Equation 2)       

 

With, ∆d: Diameter growth above irregularities (DAB) 

or at 1.30 m from the ground (Darea), D: the diameter 

obtained in 2014 and 2021. 

 

Data analysis 

To detect differences in tree diameters (DAB and 

Darea) between 2014 and 2021, the paired Student's 

t-test was performed to assess significant differences 

in DAB and Darea. 

 

To detect differences in tree diameter growth, 

analysis of variance (ANOVA) was performed with 

diameter types as a random factor and diameter 

growth as a fixed factor for (1) the entire data set and 

(2) the two tree diameter size classes, namely, (i) the 

lower and middle stratum, with small and large trees, 

most of which reached the canopy (D < 70 cm), (ii) 

the upper stratum corresponding to the largest trees, 

which were either in the canopy or emerging, with a 

diameter D > 70 cm. 

 

In order to identify the best predictor of diameter 

growth, the polynomial mixed effects model was fitted 

to the data. This was the polynomial mixed-effects 

model fitted to (i) all tree diameter class sizes, (ii) the 

lower and middle stratum tree diameter size class (D 

< 70 cm) and (iii) the upper stratum tree size class (D 

> 70 cm) with a random 'species' effect. DAB and 

Darea were predictors of diameter growth. The 

following mixed-effects polynomial model (equation 

3) was fitted to the data: 

 

  

Equation 3) 

 

With ∆d: the diameter growth obtained above 

irregularities or at 1.30 m from the ground (cm/year), 

D is one of the diameter predictors mentioned above 

(in cm); β and α are the intercept and slope of the 

model, respectively. Models were selected using the 

Akaïke Information Criterion (AIC) and the Bayesian 

Information Criterion (BIC). The best models are 

those with the lowest AIC and BIC. 

 

All statistical analyses were performed with the open-

source environment R (R Core Team, 2022) and using 

the packages 'lme4' for fitting linear mixed models 

(Bates et al., 2014), and 'ggplot2' for graphical output. 

The conditions of normality and homogeneity of 

variances were tested using the Shapiro-Wilk and 

Bartlett tests respectively before proceeding with the 

analyses. 

 

Results 

Relative changes in tree diameters during the 

growing period 

Changes in the diameters of irregular trunk trees were 

observed between 2014 and 2021. There were 

significant differences with DAB (t = 6.884; df = 40; 

P-value < 0.001) between 2014 and 2021 and with 

Darea (t = 11.509; df = 57; P-value < 0.001) between 

2014 and 2021, suggesting that trunk changes could 

be detected from the diameter above irregularities 

and the diameter 1.30 m ground obtained using the 

photogrammetric approach. The relative change in 

the DAB was 4 times greater than that of the Darea 

(Fig. 3), suggesting that the diameter above the 

irregularities changed faster than the diameter at 1.30 

m above ground level during the growth period. 
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Differences in diameter growth according to 

diameter measurement methods 

Diameter growth varied considerably between 

diameter measurement methods (Fig. 4a). Diameter 

growth obtained from the DAB was greater than that 

obtained from the Darea, suggesting that the rate of 

diameter growth obtained above the irregularities was 

greater than that obtained at 1.30 m above ground 

level. Diameter growth (Fig. 4b) also varied according 

to tree diameter class. For the diameter size class of 

trees in the lower and middle stratum (D < 70 cm), no 

significant difference was observed between the two 

diameter types (P - value = 0.167). 

 

Nevertheless, the Diameter growth obtained from the 

DAB was higher than that obtained from the Darea. 

For the size class of large diameter trees (D > 70 cm), 

significant differences were observed in diameter 

growth (P - value < 0.001).  Diameter growth 

obtained from DAB was greater than that obtained 

from Darea, suggesting that the growth rate of large 

trees obtained from DAB was greater than that 

obtained from Darea. 

 

Table 1. Characteristics of the species studied, including scientific names, family and sampling effort (n, 

number of trees sampled and diameter range) in 2014 and 2021. With DAB, diameter above irregularities in 

2014 and 2021. 

Scientific names Families n DAB in 2014 DAB in 2021 

Piptadeniastrum africanum (Hook. f.) Brenan Fabaceae 10 [33 – 123.31] [40.60 – 123] 

Celtis mildbraedii Engl. Ulmaceae 12 [38 – 84.94] [35 – 81.49] 

Manilkara mabokeensis Aubrev. Sapotaceae 12 [45.75 – 119.71] [45.34 – 143.43] 

Pterocarpus soyauxii Taub Fabaceae 13 [19.42 – 87.26] [24.20 – 102.36] 

Entandrophragma cylindricum  (Sprague) Sprague Meliaceae 13 [69.67 – 185.08] [59.30 – 175.45] 

Erythrophleum  suaveolens Brenan Fabaceae 12 [71.22 – 112.43] [67.96 – 142] 

 

Predictors of diameter growth in irregular trunk 

trees 

In all cases, the diameter growth models using Darea 

were better (lowest AIC and BIC) than the models 

using DAB (Table 2). These results based on a small 

number of samples suggest that the diameter growth 

model using Darea could significantly reduce the 

error in the diameter growth of irregular trunk trees. 

The Darea variable is therefore the most appropriate 

predictor for irregular trunk trees. 

 

Discussion 

Changes in tree diameter over the growing period 

Our results show changes in tree diameters between  

2014 and 2021. In general, paired Student's t-tests 

show that diameters (DAB or Darea) in 2021 are 

higher than in 2014, suggesting that trunk changes 

can be detected from the diameter above the 

irregularities and the diameter obtained at 1.30 m 

from the ground using the photogrammetric 

approach. These results are similar to those of 

Yrttimaa et al. (2020) in boreal forests, who also 

detected changes in tree diameter over time using the 

conventional method and the Terrestrial Laser 

Scanner (TLS) point cloud.  

 

The relative change in DAB was greater than that of 

Darea, suggesting that the diameter above the 

irregularities changed faster than the diameter at 1.30 

m above ground level during the growing period. 

 

The rate of change in DAB relative to the rate of 

change in Darea could be explained by the shrinkage 

of the tree trunk due to the increase in the height of 

the irregularities during the growing period (Sheil, 

1995; Clark and Clark, 1996; Metcalf et al., 2009). 

This means that the diameters of these trees above 

the irregularities have decreased more than the 

diameter at 1.30 m from the ground. Taking such 

diameters into account is likely to lead to biases in the 

estimates of forest tree growth and, therefore, the 

AGB and carbon pools and fluxes (Sheil, 1995; 

Phillips et al., 2002; Cushman et al., 2014; Muller-

Landau et al., 2014; Talbot et al., 2014).
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Table 2. Results of diameter growth models (∆d) obtained above irregularities (DAB) and at breast height 

(Darea). With MG: general model fitted with all data, D < 70 cm: model fitted using data from the size classes of 

small and medium diameter trees, D > 70 cm: model fitted using data from the size classes of large diameter 

trees. AIC: Akaïke information criterion, BIC: Bayesian information criterion. The best model is shown in bold. 

Type Models Fixed effect Random effect AIC BIC 

Intercept D D² Species Residual 

MG ∆dDAB -0.4898 0.0649 -0.00035 0.1795 3.3542 188.21 196.53 

∆dDarea 0.6555 1.1e-04 8.095e-06 0.0217 0.2384 124.44 134.75 

D < 70 cm ∆dDAB 10.471 -0.484 0.006084 1.598 5.095 70.57 72.56 

∆dDarea -0.220 0.058 -0.000760 0.000 0.413 48.32 50.31 

D> 70 cm ∆dDAB 13.7216 -0.2026 0.0008825 0.02333 4.68062 155.23 162.24 

∆dDarea -0.5230 1.9e-02 -6.70e-05 0.003872 0.223424 101.82 111.07 

 

Although it can be stated that changes in trunk shape 

do occur, the relative changes in DAB and Darea are 

not sufficient to explain the evolution of the shape of 

irregular trunk trees over the growing period. This 

study should be continued by taking into account 

indices ("taper", form factor, normal form quotient, 

stem slenderness) describing the shape of the trunk of 

irregular trunk trees in order to improve our 

knowledge of the evolution of the trunk over a long 

period of growth. In this study, the close-range 

photogrammetric approach was used to obtain 

diameter measurements. However, this approach 

showed its limitations in fully modelling the tree 

trunk due to occlusions caused by lianas on the trunk, 

backlighting phenomena or blurring in certain images 

under tropical forests (Bauwens et al., 2017; 

Cushman et al., 2021). In the future, it will be 

essential to use terrestrial or mobile lidar technology 

to improve the modelling of tropical tree trunks. 

 

Influence of tree size on diameter growth 

Diameter growth varied considerably between the 

diameter measurement methods, with the mean 

diameter growth obtained from the DAB higher than 

that obtained from the Darea, suggesting that the rate 

of diameter growth obtained above the irregularities 

was greater than that obtained at 1.30 m above 

ground level and highlighting the influence of the 

diameter point of measurement. These results differ 

from those of Metcalf et al. (2009) in South America, 

which showed that Darea increased more than DAB. 

The differences observed could be explained by the 

fact that these authors (Metcalf et al., 2009) have 

taken into account the trees affected by the changes in 

point of measurement. 

 

These mean ± Sd diameter growths were 2.55 ± 2.3 

cm/year with DAB and 0.75 ± 0.49 with Darea for all 

trees. Estimates of diameter growth with Darea alone 

ranged from 0.048 to 1.141 cm/year in Brazil (da Silva 

et al., 2002), from 0.5 to 1.8 cm/year in La Selva, 

Costa Rica (Clark and Clark, 1999) and from 0.71 to 

0.92 cm/year in Panama (Condit et al., 1995).  

 

 Diameter growth also varied according to the size 

class of large diameter trees (D > 70 cm), with DAB 

diameter growth higher than that of Darea, 

suggesting that the growth of large trees obtained 

from DAB was higher than that obtained from Darea. 

These differences could be explained by changes in 

DAB during the growth period as shown previously. 

The increase in the height of the irregularities could 

also explain the differences in DAB and Darea growth, 

as the size of the irregularities on the trunk was found 

to grow allometrically at faster rates than the tree 

trunks (Newbery et al., 2009), which would influence 

the rate of increase in DAB during the growth period. 

Even after eliminating the negative diameter growth 

due to changes in the diameter point of large trees, 

the use of the DAB continues to overestimate the 

diameter growth of irregular trunk trees. These 

overestimates can be explained by errors in 

measuring the diameter of large trees with the tape 

measure.   
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Fig. 1. Flow chart of this study. 

 

 

Fig. 2. Distribution of trees according to height classes in m in 2014 and 2021. With class I: [1-2.9]; class II: [3-

4.9]; class III: [5-6.9]; class IV: [7-8.9]; class V: [9-10.9]; class VI: [11-12.9]; class VII: [13-14.9]; class VIII: [15-

16.9]; class IX: > 17 m. 

Previous studies comparing repeated diameter 

measurements on the same trees have already 

reported measurement errors with the tape measure 

when the measuring tool is not oriented 

perpendicular to the vertical axis of the stem (Clark, 

2002; Phillips et al., 2002; Elzinga et al., 2005; 

Grogan and Schulze, 2008; Butt et al., 2013). Visual 

estimates of diameter, for which diameter  

measurements on the irregularities of large trees are not 

accessible, even with the use of a scale, also lead to 

significant errors (Grogan and Schulze, 2008; Muller-

Landau et al., 2014; Celes et al., 2019). In addition, these 

types of measurements are notoriously unreliable and 

lead to significant overestimates of the diametric growth 

of irregular trunk trees (Clark and Clark, 1996; Muller-

Landau et al., 2014).  
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Our results showed no difference in the DAB and 

Darea increases for the diameter size class of trees in 

the lower and middle strata (D < 70 cm), suggesting 

that the diameter measurement point does not 

influence the diameter growth of trees in the lower 

and middle strata. 
 

 

Fig. 3. Relative change in tree size attributes in 2014 and 2021. With blue colour: the relative change in diameter 

obtained above irregularities and red colour: the relative change in diameter obtained at breast height. The 

regression lines indicate the increase in attributes over the growth period. With DAB, diameter above the 

irregularities in 2014 (DAB14) and in 2021 (DAB21); Darea, diameter at 1.30 m from the ground in 2014 

(Darea14) and in 2021 (Darea21). 

 

Best predictor of diameter growth 

Models predicting diameter growth from Darea are 

best with the lowest AIC and BIC, suggesting that 

Darea may reduce errors in diameter growth. The 

importance of Darea has also been demonstrated in 

improving above-ground biomass growth in tropical 

forests in Central Africa (Bauwens et al., 2021) and 

South America (Cushman et al., 2014).
 

 

Fig. 4. Variation in diameter growth according to diameter measurement methods. With (a) variation in 

diameter growth obtained from diameter above irregularities and diameter at breast height, (b) variation in 

diameter growth according to the two diameter classes (D < 70: small and medium diameter class, D > 70: large 

diameter class) . The significance level (* p < 0.05; ** p < 0.01; *** p < 0.001) is indicated and the individual 

letters constitute the one-factor ANOVA test. 
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The results clearly show that standardising the 

diameter at 1.30 m from the ground would eliminate 

the errors in measuring the diameter of large 

irregular trunks trees, which are sometimes excluded 

from the analyses because of the problem of 

shrinkage of the tree trunk (Condit et al., 1993; Nath 

et al., 2006;  Dong et al., 2012; Ligot et al., 2022).  

 

As a result, measuring the diameter of irregular 

trunks at 1.30 m from the ground becomes the only 

alternative for improving the diameter growth of 

irregular trunk trees (Sheil, 1995; Metcalf et al., 

2009; Cushman et al., 2014; Muller-Landau et al., 

2014). Reducing uncertainties in the Diameter growth 

of irregular trunk trees would increase the overall 

carbon sink of tropical forests. This is very promising 

for monitoring tropical forests, which contain around 

55% of large-diameter irregular trunk trees (Ploton et 

al., 2020). 

 

Conclusion 

This study has provided new information on 

monitoring changes and Diameter growth in irregular 

trunk trees. Changes in the diameters of irregular 

trunk trees were observed between 2014 and 2021, 

with the relative change from the DAB greater than 

that from the Darea. The diameter growth obtained 

from the DAB was greater than that obtained from 

the Darea for all tree sizes and for the large diameter 

size class. No difference in diameter growth from 

DAB and Darea was observed for the diameter size 

class of trees in the lower and middle strata. The use 

of a diameter of 1.30 m from the ground in 

monitoring irregular trunk trees, therefore, becomes 

an opportunity to improve tree growth in tropical 

forests. Harmonising the measurement of the 

diameter of irregular trunk trees at 1.30 m above the 

ground and taking this into account in the 

development of allometric models in the tropics 

would, therefore, be a promising solution for 

improving estimates of the carbon balance of tropical 

forests. 
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