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Abstract

:

Considering the uncertainty of upper-stem diameter measurements and the fact that there are few studies on the accuracy of diameters using the Mantax Black caliper with Gator Eyes (Haglöf, Långsele, Sweden), the aim of this research is to check laser caliper reliability in upper-stem diameter measurements. The study was conducted in Parc Aventura Braşov (Romania), where a target tree was marked with visible signs at 1 m, 3 m, 5 m, 7 m, 9 m, and 13 m above the ground, and the diameters of the six sections were measured using a conventional caliper and climbing equipment. Later on, 14 forest mensurationists used a laser caliper to measure the diameters of the marked sections 13 m away from the tree, maintaining the direction of measurement. Each user performed repeated independent measurements of the upper-stem diameters, resulting in 14 data sets with 10 values for every section and a total number of 840 observations. Applying ANOVA for all the sections, we found that there are significant differences between the data sets collected by many users, and the pairwise t-test and the Benjamini-Hochberg method showed significant differences. Taking into account the analysis of the individual errors in measuring the upper-stem diameters using a laser caliper, we were able to identify the data sets affected by abnormal errors. By measuring the diameters along the stem up to 13 m above the ground using a laser caliper, one out of 2.4 measurements up to one out of approximately 1.5 was determined with an error below 2 cm. At heights above 5 m, a maximum of one out of five measurements was affected by errors above 4 cm. In addition, it was noted that there is generally a tendency to underestimate the upper-stem diameter and volume estimate when the laser caliper is used for the measurements. The absolute mean error varied between 1.46 cm and 2.52 cm along the stem and the root mean squared error varied between 1.84 cm and 3.04 cm. Nevertheless, general uncertainty about this subject remains, because if we measure upper-stem diameters without contact with the trunk, we will never know whether a single reading shows a negligible error to be used for calibrating taper equations or for increasing volume estimation accuracy. Consequently, we recommend that when used for this purpose, diameters should be measured several times, by experienced users who have proven their skill in measurements that yield smaller errors.
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1. Introduction


Over time, two types of tools for measuring tree diameters have been defined in forestry, which entail either contact with the tree or remote measurements, without contact with the tree [1]. Traditionally, foresters have used contact tools, such as conventional calipers and diameter tapes. The last decades have witnessed an increase in the development of tools for diameter measurement that do not require contact with the tree stem, which were designed based on caliper and rangefinder principles [1]. Noncontact dendrometers include optical calipers, rangefinder dendrometers, and optical forks. Usually, to estimate complex characteristics of trees or forest stands, the diameter at breast height is measured, and to increase accuracy, some mathematical models include an upper-stem diameter as a predictor. Measuring diameters along the stem at great heights above the ground can be extremely difficult without noncontact devices, as the conventional caliper can be used thusly only together with climbing equipment and by specialized personnel.



This is why alternative methods which combine various measuring techniques have been sought. For example, Crosby et al. [2] evaluated the feasibility of measuring upper-stem diameters from photos, using a hand-held camera 10 m away from the tree, and they found accurate and precise estimates. More recently, Rodríguez-García et al. [3] estimated breast height diameters and upper-stem diameters from stereoscopic hemispherical images of trees located at distances ranging from 0 to 15 m away from the device. Additionally, Perng et al. [4] proposed the stereoscopy method based on two spherical panoramas taken at a known distance directly on top of each other to measure the diameter at breast height and upper-stem diameters at 2 m and 3 m above the ground.



Recent advancements in laser technology have enabled the accurate measurement of upper-stem diameters [5]. Kalliovirta et al. [6] tested the laser-relascope, a combination of a relascope and a dendrometer, which uses distance and angle to determine the diameter of a tree, under typical forest conditions. In 2006, Henning and Radtke used a laser scanner to acquire data for measurement and three-dimensional modeling of standing trees [7]. Terrestrial laser scanning (TLS) can be used to obtain stem curves of standing trees [8] and it is also recommended in forest inventory because measurements can acquire millimeter-level of detail [9]. Lovell et al. [10] proposed a method for measuring the diameter of tree stems in a forest using the intensity of returns from a scanning light detection and ranging (LIDAR), for a high proportion of trees, even for trees that are partially obscured from view. Vastaranta et al. [11] compared the accuracy in treewise field measurements with different laser-based methods in practice such as a laser-relascope, a laser-camera, and a TLS, and found a standard error in breast height diameter measurements which is similar to the last two methods.



In a simpler fashion, breast height diameters and upper-stem diameters can be measured using a laser caliper or a smartphone app. Weaver [12] compared laser caliper measurements collected at distances up to 12 m from each tree to contact caliper measurements and emphasized the fact that forest characteristics and measurement distance may play a role in remote diameter measurement accuracy. In addition, Ucar et al. [13] compared direct caliper measurements to the remote measurements collected from a laser caliper and a smartphone at distances of 0.5 m, 1.0 m, and 1.5 m from each tree and found that all the remote dendrometers underestimated the mean diameter compared to the direct caliper measurements, regardless of forest types and distances. TRESTIMATM, a smartphone app for forest sample plot measurements was evaluated by Vastaranta et al. [14]. The app can estimate forest inventory attributes, including the diameter of the basal area median trees, based on imagery collected from the sample plots using the camera in the smartphone.



Moreover, upper-stem diameters can be estimated based on form quotients values and by measuring breast height diameter. For many years, upper-stem diameters could be predicted at any height along the stem from taper equations derived from stem analysis data, using the standing tree measurements of the breast height diameter and the total tree height. However, there is a limitation in the use of such models to estimate upper-stem diameters for trees from other populations [15]. A segmented taper equation based on two inflection points of the stem improved diameter predictions along the stem [16]. Poudel et al. [17] evaluated the performance of five different taper equations in estimating upper-stem diameters for Douglas-fir trees and found that variable-exponent taper equations performed better in terms of root mean squared errors than a simple polynomial taper equation. The ability of variable-exponent taper equations can also be improved by an additional upper-stem diameter measurement [18].



Upper-stem diameters have been used in the last decades for calibrating taper equations with a view to modeling a more exact stem profile for a given tree [19]. Trincado and Burkhart [20] used upper-stem diameter measurements to estimate random effects parameters using an approximate Bayesian estimator, a method that can increase taper equation flexibility in the prediction of profile curves for trees growing under different site and management conditions. Thus, they improved the predictive capability of the taper equation, mainly in the lower portion of the bole [20]. Cao and Wang [21] confirmed that an additional upper-stem diameter measurement clearly helped improve the diameter estimate of a taper equation. Furthermore, different taper models that included an upper-stem diameter as an additional tree-level predictor were compared to taper models with breast height diameter and total height as tree-level predictors. Sabatia [22] demonstrated that a taper equation that included an upper-stem diameter measured at half the distance between breast height and the tree tip led to the most accurate estimations of the stem diameters, and the greatest decreases in the diameter estimation errors occurred in the upper half of the tree bole.



The importance of an accurate measurement or estimation of upper-stem diameters lies in the possibility of using taper functions to predict total stem volume and merchantable volume [16] up to various upper stem diameters [23] or using a wide variety of current and future merchantability standards, under different rules for scaling wood volume [15]. The introduction of upper-stem diameter as a third variable can gain the efficiency of merchantable height and volume estimation for a given tree [19]. Last but not least, equations for estimating tree volume have been elaborated according to three variables, i.e., total tree height, diameter at breast height, and upper-stem diameter. For example, the best Finnish national allometric volume equations use diameter at a height of 6 m as a predictor [8].



Many upper-stem diameters are of interest for the estimation of various tree and forest stand characteristics. A diameter at 3/10 of the tree height was used to estimate individual stem volume [24,25] and the median diameter of the stem profile area [26]. For the greatest improvement of the variable-exponent taper equations, the additional upper-stem diameter should be measured between 4/10 and 5/10 of the height above breast height [18]. Measurement of the midpoint upper-stem diameter can be utilized for optimum gains in the accuracy of diameter estimates along the stem by calibrating taper equations [5,21]. For the same reason, Sabatia and Burkhart [27] investigated upper-stem diameters measured at 3/10–7/10 and 2/10–8/10 of the tree height for loblolly and radiata pine, respectively, and diameters at the absolute heights of 5.3 m and 6.0 m. They identified the upper-stem diameters measured at 6/10 of the total height as the best for localizing the segmented taper equations to new trees [27].



On the other hand, the measurement errors in upper-stem diameters and in their heights along the stem affect the precision and bias of the estimates [18]. Bell and Groman [28] found that the upper-stem diameters determined by the Barr and Stroud FP12 optical dendrometer are highly accurate under field conditions and they underlined that the volume growth of the upper stem can be accurately estimated on standing trees by making repeated measurements after long intervals. Preliminary tests for the accuracy of a prototype version of the Criterion dendrometer showed that the instrument measured diameters accurately, but not heights [29]. The reliability in measuring upper-stem diameters up to 11.0 m in height was tested for the Barr and Stroud FP15 and Criterion 400 dendrometers by Williams et al. [30] and they concluded that as the distance increased, the variability of the stem diameter measurements increased for both instruments. At the same time, Parker and Matney [31] found that Criterion 400 and Tele-Relaskop produced the smallest mean differences in diameter measurements at 1.3 m and 5.0 m above the ground in contrast to Wheeler Pentaprism. The use of the Criterion RD1000® optical dendrometer as a non-destructive approach is efficient for measuring upper-stem diameters up to 13.3 m in height [32]. Stenman [33] studied the performance of this dendrometer for measuring breast height diameter and diameter at 6 m above the ground as a possibility to replace the use of the parabolic caliper in forest inventory activities. The instrument presents certain limitations, mainly influenced by stand characteristics and the instrument’s operability [32]. McCaffery et al. [34] evaluated the performance of using various hand-held tools for measuring upper-stem diameters at 1/3 and 6/10 of the total tree height and they recommended True Pulse 360 to be used by experienced and inexperienced users. Furthermore, Cao [5] emphasized that laser technology instruments can be used for outside-bark diameter measurements required to calibrate the results from a taper equation.



The effects of measurement errors in upper-stem diameters on stem volume cannot be overlooked. Using Criterion RD1000® and True Pulse in a non-destructive manner for estimating the volume of standing trees and developing merchantable equations, Rodriguez et al. [35] found no clear advantage of the destructive methods. Arias-Rodil et al. [36] recommended the use of an upper-stem diameter considering the increase of the stem volume estimate accuracy, mostly up to 7–10%. The error in measurement of the upper-stem diameters makes the greatest contribution to the total uncertainty of the stem volume estimates [24]. The uncertainty of the upper-stem diameter measurements at 5.27 m above the ground using the Criterion RD1000® dendrometer and the Haglöf caliper equipped with Gator Eyes was propagated through a taper model into estimates of individual-tree volume [37]. Westfall et al. [37] pointed out that field measurements are preferable to taper predictions when zero or very small deviations occur in field measurements. The relationship between the measurements of stem diameter and their implications for tree- and stand-level errors were studied by Paul et al. [38] through repeated measurements of individual trees across various stands. They found that the shape and size of the trees, as well as the stem height at which the measurement was taken influenced slightly and significantly the diameter errors. Moreover, the uncertainty of the individual stem volume estimates is not as important for the nationwide assessments of growing stock volume, but it is relevant for assessing the accuracy of remote sensing applications [24].



Westfall et al. [37] highlighted that there is a tendency to be over-optimistic in the accuracy of field measurements. They recommend the use of unbiased model predictions for upper-stem diameters when systematic field measurement deviations exceed ±0.2 cm [37]. Nevertheless, upper-stem diameter measurement is expensive and has a relatively high standard deviation [24] compared with breast height diameter measurement based on traditional data collection, a case in which Luoma et al. [39] found no statistically significant differences between the independent measurements taken by four individual users. Taking into account that there are few studies on the accuracy of upper-stem diameters using a laser caliper, this research aims to check laser caliper reliability in upper-stem diameter measurements. The objectives of the research paper were the following: (i) collecting repeated measurements of upper-stem diameters using a laser caliper by many users; (ii) analyzing the variation of the data and the measurement errors of the upper-stem diameters using a laser caliper; (iii) studying the variation in the errors of volume estimates among users.




2. Materials and Methods


2.1. Data Collection


The study was conducted in Parc Aventura Braşov which was designed for outdoor sports, in a natural beech stand located near the Noua neighborhood in Braşov city (Romania). Firstly, the study tree was chosen, namely, a Fagus sylvatica L. individual (GPS coordinates: 45°36′48.1968″ N and 25°38′11.2272″ E), selected so that it could be pruned, equipped with a platform to allow climbing, and so that the surrounding vegetation could ensure visibility at least in one direction to measure the upper-stem diameters using a noncontact caliper. The target tree (Figure 1) has a breast height diameter of 40.8 cm and a total height of 27.6 m, and at 11 m above the ground, it has a platform set over a stem protector to avoid damaging the tree through the existing thematic routes. Specialized personnel of the park, authorized to work at heights, made visible marks on the tree stem in the chosen direction of measurement using blue chalk to highlight the stem sections located at 1 m, 3 m, 5 m, 7 m, 9 m, and 13 m above the ground. The stem section 11 m above the ground was excluded from the study due to the impossibility to measure because of the equipment attached to the tree. Initially, the heights were measured using tape and later on verified using Nikon Forestry Pro (Nikon Vision, Tokyo, Japan) and Vertex IV (Haglöf, Långsele, Sweden). The upper-stem diameters were measured at the marked heights, on the established direction of measurement, with an accuracy of 1 mm using a conventional caliper, a contact instrument. These values of the upper-stem diameters were considered true values in the calculation of the errors of measurement of the diameters along the stem using a laser caliper.



Later, using a Mantax Black caliper with Gator Eyes (Haglöf, Långsele, Sweden), without knowing the true values of the diameters along the stem, 14 forest mensurationists (U1–U14) measured the upper-stem diameters of the marked sections 13 m away from the tree, maintaining the direction of measurement (Figure 1). The 13 m distance between the users and the tree was established taking into account the maximum height of the section where the upper-stem diameter was measured. The direction of measurement of the upper-stem diameters using contact and noncontact instruments was maintained in order not to introduce errors caused by the deviation of the shape of the cross-section in relation to the shape of the circle, similar to the methodology applied by McCaffery et al. [34]. Each user performed repeated independent measurements of the upper-stem diameters, resulting in 14 data sets with 10 values for every section, with a total of 84 data sets. In the studied sections of the upper-stem diameter, 140 measurements were made using a laser caliper, resulting in a sample size of 140 observations. This way, the large number of repetitions supported by the knowledge of the true values of the upper-stem diameters allows a pertinent determination of the diameter measurement error. This study is based on a total number of 840 measurements of the upper-stem diameter made using a laser caliper at the level of six sections whose heights reach up to 4.8/10 of the total tree height. The results of the measurements were read with an accuracy of 1 mm from the laser scale, specially printed on the Mantax Black caliper. Generally, each individual remote caliper measurement allows up to 30 s [12].




2.2. Data Analysis


To achieve the second objective of the study, the Shapiro-Wilk and d’Agostino-Pearson tests were chosen to verify the normality of each of the 84 data sets. This double-check was applied to the cases where the presence of outliers was detected, due to the fact that it may account for a non-normal result. Next, to analyze the variation of the data collected by and between the users, ANOVA was applied for each stem section, considering 14 groups assimilated to the 14 data sets of diameters taken by users at each stem section. By using ANOVA, we tested the null hypothesis (H0: All the diameter means obtained by the users for a stem section are equal). When the ANOVA results showed a p-value < 0.05, the null hypothesis was rejected, and we could conclude that there were significant differences between the groups.



Furthermore, the Pairwise t-test and the Benjamini-Hochberg method were applied to find all the significant differences between the groups including the data sets of stem diameters at 1 m, 3 m, 5 m, 7 m, 9 m, and 13 m above the ground, measured by all 14 users. At the 95% significant level, there is a significant difference between the groups when the p-value < α.



In this stage, we could not exclude (drop out) the outliers because we knew that each measurement was affected by errors, and the mean diameters of the stem sections as well. Therefore, the analysis of the performance when a laser caliper was used to measure the upper-stem diameters should be conducted by error analysis. As such, the individual errors made by the operators in measuring the upper-stem diameters in each studied section were calculated. The error (Ed) was computed as a difference between the stem diameter measured with a noncontact (laser) caliper (dNC) and the true diameter taken with a contact (conventional) caliper (dC) in the studied sections (Equation (1)).


   E d  =  d  N C   −  d C   



(1)







Additionally, the error histogram was analyzed for each upper-stem diameter, with a view to studying the frequency of errors grouped into categories of 1 cm.



For gaining knowledge of measurement errors, the mean error (MEd) and the root mean squared error (RMSEd) were calculated by measuring the upper-stem diameters using a laser caliper (Equations (2) and (3)) for each data set and all samples of the stem sections.


  M  E d  =  1 n   ∑   (   d  N C   −  d C   )   



(2)






  R M S  E d  = ±      ∑     (   d  N C   −  d C   )   2   n     



(3)







In Equations (2) and (3), n represents the size of the data set (10) or the sample size (140) of each stem section. For an objective analysis, the error of measurement of the upper-stem diameter was quantified using the absolute mean errors (AMEd) (Equation (4)).


  A M  E d  =  1 n   ∑   |   d  N C   −  d C   |   



(4)







The data analysis from both perspectives allowed in the end, to identify the data sets in which the users recorded significant differences as opposed to many other users in the study, as well as the abnormal values of the stem diameters, with absolute errors of the diameters above 4 cm. These abnormal data sets were dropped out, and the error computation was repeated.



To achieve the third objective of this study, the volume of the stem part below the section of 10 m (v10) was estimated by applying Huber’s formula (Equation (5)) using stem diameters at 1 m, 3 m, 5 m, 7 m, and 9 m above the ground (d1, d3, d5, d7, and d9), comprised from sections of 2 m in length.


   v  10   =  ∑   v i  =  ∑  l ×  g i  =  ∑  l × 0.785 ×  d i 2  = 0.785 × l  (   d 1 2  +  d 3 2  +  d 5 2  +  d 7 2  +  d 9 2   )   



(5)




where vi are the volumes of the sections, l is the section length, and gi is the cross-sectional areas at 1 m, 3 m, 5 m, 7 m, and 9 m above the ground.



Next, to analyze the variation of the volume estimates by and between the users, ANOVA was also applied, considering 14 groups assimilated to the 14 data sets of partial volumes estimated by users. By using ANOVA, we tested the null hypothesis (H0: All the volume means obtained by the users are equal). The Pairwise t-test and the Benjamini-Hochberg method were also applied to find all the significant differences between the groups including the data sets of partial volumes estimated by all 14 users.



Thus, for analyzing how individual errors made by the operators in measuring the upper-stem diameters using a laser caliper reflect on partial stem volume, individual volume errors were calculated. The volume error (Ev) was computed as a difference between the partial stem volume estimated with Huber’s formula when using a noncontact caliper (vNC) and the true partial stem volume estimated with Huber’s formula when using a contact caliper (vC) (Equation (6)).


   E v  =  v  N C   −  v C   



(6)







Finally, the mean error of the volume estimates (MEv), the absolute mean errors of the volume estimates (AMEv), and the root mean squared error of the volume estimates (RMSEv) were calculated to synthesize the diameter errors’ impact on the volume of the stem part below the section of 10 m. MEv, AMEv, and RMSEv were computed for each user and for all users also, using Equations (2)–(4) in which diameters were replaced with volume estimates.





3. Results


Almost all the data sets were normal (78 out of 84), except the measurements taken by user 2 at the section height of 9 m and by user 7 at the section height of 1 m according to the Shapiro-Wilk test, but confirmed to be normal by the d’Agostino-Person test, and by user 5 at the section heights of 7 m and 13 m, by user 6 at the section height of 13 m and by user 12 at the section height of 7 m according to the d’Agostino-Person test, and also, confirmed to be normal distributed by the Shapiro-Wilk test. Within the diameter data sets collected by the users, the coefficient of variation ranged from 0.82% to 4.33% at a height of 1 m, from 0.93% to 5.90% at a height of 3 m, from 0.76% to 6.15% at a height of 5 m, from 1.23% to 4.84% at height of 7 m, from 1.23% to 7.26% at height of 9 m, and from 0.90% to 6.72% at height of 13 m, respectively.



By cumulating the measurements made by the users into a sample for each studied section, six samples of 140 observations resulted, characterized in the data in Table 1.



It is noticeable that both at the data set level as well as at the sample level, there is an increase in the variation of the measurements taken using a laser caliper in proportion to the height. The coefficient of variation of the upper-stem diameter in the repeated measurement of the same section has the lowest value at 1 m above the ground and it increases at heights greater than 5 m by approximately 8–9%. This means that more measurements are necessary when using a laser caliper to measure upper-stem diameters at heights greater than 5 m.



By applying ANOVA for all the sections of the stem diameter measurements, the results showed that p-value < 0.05, so we rejected the null hypothesis and concluded that there are significant differences between the data sets collected by many users (Table 2). Not all 14 users obtained the same mean diameter of the studied sections along the stem, even though the variances were not the same. These results were confirmed by the Kruskal-Wallis test.



Next, by applying the pairwise t-test and the Benjamini-Hochberg method, significant differences between the data sets of the stem diameters measured by 14 users in the studied sections were found. The significant comparisons are shown in Appendix A, Table A1, Table A2, Table A3, Table A4, Table A5 and Table A6. The data sets of the diameters were analyzed in pairs for each stem section, resulting in 91 mean diameter differences between users. Except for 37 pairs out of 91 at a height of 1 m, 27 pairs out of 91 at a height of 3 m, 17 pairs out of 91 at a height of 5 m, 15 pairs out of 91 at a height of 7 m, 14 pairs out of 91 at height of 9 m, and 24 pairs out of 91 at height of 13 m, respectively, the differences between the mean diameters computed by each user were significant.



The comparisons showed mean diameter differences higher than 4 cm with a frequency between pairs of 1.09%, 15.38%, 26.37%, 37.36%, 31.86%, and 25.27% in the cases of the stem sections at 1 m, 3 m, 5 m, 7 m, 9 m, and 13 m, respectively.



In the following stage, the errors recorded by the users in measuring the upper-stem diameters were calculated, taking into account the true size of the upper-stem diameters measured using a conventional caliper and climbing equipment. Figure 2 shows the results of applying Equation (1) to all the diameters measured with a laser caliper, according to the users and the sections along the stem.



The analysis of the individual errors made by the operators in measuring the diameters using a laser caliper shows a better grouping of the point cloud around the horizontal axis when measuring the upper-stem diameter at 1 m height. Additionally, it is noticeable that at heights greater than 5 m, there is a higher chance of occurrence of individual errors above 4 cm. Thus, the analysis of the frequency of individual errors of diameters according to the measurement level becomes interesting and useful in formulating the conclusions. By including the individual errors into classes of errors of 1 cm, the histograms presented in Figure 3 resulted in the studied sections along the stem.



We observe that by using a laser caliper, the chance to underestimate the upper-stem diameters by 1 cm is 22.14% in the case of the section at 1 m above the ground, 19.29%, and 15.00% in the cases of the sections at 13 m and 5 m, respectively. At the heights of 3 m, 7 m, and 9 m, the negative errors of 1 cm had a lower than 12.86% frequency. At the same time, the chance to overestimate the upper-stem diameters by 1 cm is 20.00% in the case of the section at 1 m above the ground and 19.29% in the case of the section at 5 m. At the heights of 3 m, 7 m, 9 m, and 13 m, the positive errors of 1 cm had a lower than 13.57% frequency.



Furthermore, the frequency of errors below 2 cm was 69.29%, 55.71%, 49.28%, 42.14%, 45.00%, and 65.00% in measuring the upper-stem diameters at 1 m, 3 m, 5 m, 7 m, 9 m, and 13 m above the ground, respectively. We can state that in the section starting from 1 m high, one out of 2.4 measurements using a laser caliper was determined with an error below 1 cm and one out of approximately 1.5 measurements was determined with an error below 2 cm. On the other hand, the frequency of errors above 4 cm in measuring the diameters using a laser caliper was 2.86%, 5.72%, 21.43%, 17.15%, 20.00%, and 12.86% at 1 m, 3 m, 5 m, 7 m, 9 m, and 13 m above the ground, respectively. This implies that when using a laser caliper, one out of 35 measurements of the diameter at 1 m above the ground, and one out of 17.5 measurements of the diameter at 3 m above the ground, respectively, had an error above 4 cm. Referring to the measurement of the upper-stem diameter at heights greater than 5 m, maximum 1 out of 5 measurements was affected by errors above 4 cm. Considering all the negative and positive errors, the frequency to underestimate is higher than the frequency to overestimate the upper-stem diameters at 1 m, 5 m, 7 m, and 9 m above the ground. From all 840 upper-stem diameter measurements, 58.10% were underestimated.



The results obtained by using ANOVA followed by the pairwise t-test and the Benjamini-Hochberg method on the one hand, and by analyzing the individual errors in measuring the upper-stem diameters using a laser caliper, on the other, have allowed for highlighting the data sets affected by abnormal errors. Initially, it was not possible to attribute the label of abnormal values to the data sets that showed significant differences which were collected by different users, in order to avoid the exclusion of the data sets that proved more accurate. Furthermore, an outlier was identified once in the analysis of the 84 data sets collected by the 14 users, while the presence of outliers was rare in the analysis of the six samples with 140 observations each. That is precisely why the abnormal data sets were identified only after identifying the errors of measurement of the diameters, and the decision to exclude them from the six samples was taken. Table 3 indicates the data sets of the stem diameter measurements proposed for exclusion, as well as their characteristics.



After the exclusion of the data sets from the sample, indicated in Table 3, the size of the sample decreased to 130 observations at the height of 3 m, 120 observations at the heights of 7 m and 13 m, and 110 observations at the heights of 5 m and 9 m, respectively. The descriptive statistics of the upper-stem diameters for the new samples are shown in Table 4.



As expected, at the level of the samples from the studied sections, the exclusion of the abnormal data sets caused a decrease in the variation of the measurements made using a laser caliper. This is visible by decreasing the standard error of the mean, as well as the standard deviation and the coefficient of variation. For example, at 5 m, 9 m, and 13 m above the ground, the standard deviation of the measurements decreased by more than 0.5 cm, and consequently, the coefficient of variation decreased as well, by more than 2%, thus increasing the reliability of the measurements.



Afterward, by applying Equations (2)–(4) for the six samples before and after the exclusion of the abnormal data sets, MEd, AMEd, and RMSEd were obtained (Table 5).



We can observe that generally there is a tendency to underestimate the upper-stem diameter when a laser caliper is used. This idea is supported by the mean error values both for the original samples, as well as for the samples without abnormal data sets. The absolute mean error varied between 1.46 cm and 2.52 cm along the stem in the case of the original samples and its values seem to increase in relation to the height, except for the section marked at 13 m. The root mean squared error varied between 1.84 cm and 3.04 cm for the original samples and showed a tendency to increase with height, except for the case of the section marked at 13 m. After the exclusion of the abnormal data sets, both AMEd and RMSEd had smaller values compared with the original samples, but they remained at sizes that denote the existence of uncertainty in measuring the upper-stem diameters using a laser caliper.



If the section height was not taken into account, MEd of all the 840 repeated measurements of the upper-stem diameter using a laser caliper was −0.59 cm, and by excluding the abnormal data sets, −0.57 cm, indicating an average underestimation of measuring the diameter of approximately 6 mm. Under the same conditions, AMEd was 2.11 cm, 1.77 cm, respectively, and RMSEd was 2.62 cm, 2.19 cm, respectively.



Finally, by applying Equation (5) the true volume of the stem part below the section of 10 m was 0.974 m3 which represents approximately 65.73% of the total stem volume according to volume tables. Table 6 exhibits descriptive statistics of the volume estimates when the laser caliper was used for measuring upper-stem diameters.



By applying ANOVA for all the volume estimates, the results showed that p-value < 0.05, so we rejected the null hypothesis and concluded that there are significant differences between the mean volumes estimated by many users (Table 7). Not all 14 users obtained the same mean volume of the studied tree.



Next, by applying the pairwise t-test and the Benjamini-Hochberg method, significant differences between the means of the partial stem volume computed by 14 users were found. The significant comparisons are shown in Appendix A, Table A7. The means of the partial stem volume were analyzed in pairs, resulting in 91 mean volume differences between users. Except for 10 pairs out of 91, the differences between the mean volumes computed by each user were significant. The comparisons showed a mean volume difference higher than 0.1 m3 with a frequency between pairs of 51.65%.



Figure 4a shows the variation of the individual errors of volume estimates and it reflects how individual errors made by the operators in measuring the upper-stem diameters using a laser caliper influenced the accuracy of the partial stem volume depending on users. The frequency of errors below 5% was only 32.14% in estimating partial stem volume when using a laser caliper, respectively 55.71% in the case of errors below 10% (Figure 4b). On the other hand, the frequency of errors above 20% in estimating the volume using a laser caliper and Huber’s formula was 5.71%. This implies that when using a laser caliper, one out of 17.5 volume estimates had an error above 20%. Considering all the negative and positive errors, the frequency to underestimate is higher than the frequency to overestimate the volume. From all 140 volume estimates, 52.86% were underestimated.



Table 6 reveals MEv, AMEv, and RMSEv values for each user respectively for all users also. The mean error of the volume estimates varied between users from −0.192 m3 (−19.71%) to 0.137 m3 (14.06%). There are users who overestimated the partial stem volume and users who underestimated the volume in a higher measure. Taking into account all users MEv was −0.033 m3, representing −3.31%. The absolute mean errors of the volume estimate varied between users from 0.020 m3 to 0.192 m3 and the root mean squared error of the volume estimates varied from 0.025 m3 to 0.194 m3. Considering all users AMEv was 0.091 m3, representing 9.39% and RMSEv was 0.110 m3, representing 11.27%.




4. Discussion


As many know, any measurement of the stem diameter is affected by errors caused by the instruments used, by the operators, or the deviation of the shape of the stem cross-section from the circular form. When upper-stem diameters are measured, the factors listed before are added to the influence of the error of measurement of the section height. Accepting the notion of a diameter of stem cross-section implies that we assimilate the shape of the cross-section to the shape of the circle. However, two consecutive measurements of the diameter of a given section will be different, even in the case when the same operator performs independent measurements using a contact instrument, maintaining the direction of measurement. What is more, two users that measure the diameter of the same section using a conventional caliper will record different values, even if the section is marked with a visible sign painted on the tree. Certainly, in the case of using a conventional caliper to measure the stem diameter at heights accessible to the operator, the variation of the repeated measurements is smaller compared with the use of noncontact instruments at great heights. For instance, Luoma et al. [39] found a standard deviation of 0.3 cm in measuring the breast height diameter using a contact caliper for 319 trees by four trained mensurationists. Our study which involved 14 mensurationists to measure the stem diameters using a laser caliper resulted in a standard deviation of 1.56 cm in the section from 1 m and between 2.25 cm and 2.93 cm for the sections ranging between 3 m and 13 m. Consequently, the increase in the variation of the values resulting from the size of the same diameter measured using a laser caliper is related to a certain degree of uncertainty or unreliability in the resulting values. The reading error of the upper-stem diameters on the instrument scale is not higher than 1 mm, but the largest component of the error is the subjectivity of the operator in estimating the tangent between the two laser points and the tree stem in the section targeted for diameter measurement.



Weaver et al. [40] used a laser caliper to measure breast height diameter at 1.37 m above the ground from distances up to 12 m from each tree and showed that most of the errors in diameters were <0.8 cm in measuring from distances <6 m. By measuring diameter at 1 m above the ground 13 m away from the tree, our study identified 42.14% of cases where the errors were <1 cm, and for 69.29%, the errors were <2 cm. Furthermore, based on the research performed on 3 forest types, Ucar et al. [13] observed that the absolute mean error of breast height diameters collected using a laser caliper from smaller distances from the tree (0.5 m, 1.0 m, and 1.5 m) was 1.0 cm–1.4 cm. The results are comparable with the ones we found when using a laser caliper to measure the section diameter at 1 m above the ground in which AMEd was equal to 1.46 cm. Moreover, Ucar et al. [13] outlined that the laser caliper measurements showed a noticeably larger amount of variation in diameter values than the smartphone measurements.



The manufacturer recommends using a laser caliper both for measuring tree diameters from a distance when there are obstacles to reaching a tree, as well as for measuring upper-stem diameters and branch sizes without having to climb [41]. In most cases, the errors in the diameters measured with a laser caliper were studied when the breast height diameter was measured from various distances, due to the ease of determining the true values in this section. Our study quantified the errors in measuring upper-stem diameters using a laser caliper, and in what follows, the results are discussed in relation to the performance of other noncontact instruments used in measuring diameters along the stem.



Using the stereoscopy method, Perng et al. [4] found an MEd ranging from −18.28 cm to 0.87 cm in the cases of upper-stem diameters at 3 m higher than 40 cm and ranging from −0.94 cm to −0.05 cm for diameters lower than 40 cm. Their results indicate a tendency to underestimate diameters through this method, which is highlighted in our study as well, relative to the use of a laser caliper. Moreover, by using stereoscopic hemispherical images to estimate upper-stem diameters, Rodríguez-García et al. [3] identified a clear relationship between the height of the stem sections and the accuracy of the diameter estimation. They noticed that as the section for which the diameter is estimated is lower, the accuracy of estimating the diameter is higher. In addition, the probability of interference with foliage and branches is higher in the upper part of the stem [3]. The results in our study for AMEd and RMSEd also confirm this conclusion in the case of using a laser caliper to measure upper-stem diameters at heights up to 9 m. At 13 m height, the results were better as opposed to the lower sections, and the errors were comparable with those obtained for the sections 1 m and 3 m above the ground. We cannot fully justify this fact, but as observed while collecting the data, there might have been irregular measuring conditions along the stem from the point of view of light. The intensity of natural light during the daytime, the Sun’s position in relation to the studied tree stem and to the neighboring trees, and the chosen direction of measurement varied. Nevertheless, based on the correlation analysis between the light conditions and the remote measurement accuracy performed by Weaver et al. [40], the light conditions were not significantly correlated with the accuracy in diameter measurements at breast height.



Using Criterion RD1000® for upper-stem diameter measurements, Bizatti et al. [32] observed a tendency for overestimation. They found an MEd value of 3.87 cm and 5.21 cm in the case of measuring the upper-stem diameter at heights lower than 7.3 m, and at heights ranging between 7.3 m and 13.3 m, respectively. Our study indicated an underestimation, in general, of the stem diameter, measured using a laser caliper, at heights up to 13 m above the ground, and the MEd value which indicated the highest mean error was −1.19 cm. This comparison makes the use of the laser caliper feasible for measuring upper-stem diameters. Furthermore, we found AMEd values that range between 1.46 cm and 2.52 cm in measuring the stem diameters up to 13 m using a laser caliper, while Bizatti et al. [32] reported an AMEd value of 6.61 cm, and 7.68 cm, respectively, in measurements of stem diameters at heights up to 7.3 m and between 7.3 m and 13.3 m, respectively, made using Criterion RD1000®. Stenman’s study [33] emphasized the fact that measuring the diameter at 6 m above the ground using Criterion RD1000® resulted in errors differentially, depending on species. The author found MEd values of 0.19 cm, 0.20 cm, and −0.25 cm, and RMSEd values of 1.29 cm, 1.79 cm, and 2.30 cm, in the case of Scots pine, Norway spruce, birch, and other species, respectively. In contrast, at heights of 5 m and 7 m above the ground, our study which used a laser caliper to measure the stem diameter of beech indicated higher values of MEd and RMSEd.



By taking into account a wider range of tools for measuring upper-stem diameters, we can compare our results obtained after using a laser caliper with those obtained by Parker and Matney [31]. They reported MEd values of −0.61 cm, 0.48 cm, and −1.32 cm in measuring the stem diameter at 5 m above the ground using the tools Criterion 400, Tele-Relaskop, and Wheeler Pentaprism, respectively. Our research indicated an MEd value of −1.19 cm for the section at 5 m for the original sample and −0.88 cm for the sample without abnormal data sets. On the other hand, Williams et al. [30] found an MEd value of 0.34 cm in measuring the upper-stem diameters at heights up to 11 m using Barr and Stroud FP15 and 0.12 cm using a Criterion 400 dendrometer. The measurements made in our study, using a laser caliper along the stem up to 13 m above the ground, are characterized by an MEd value of −0.59 cm. By using a laser-relascope, the diameters at breast height were overestimated by 0.13 cm, while the standard error of measurements was 0.82 cm [6]. Similar results regarding the standard error in measuring the basal diameter were obtained by Vastaranta et al. [11] after using a TLS, a laser-relascope, and a laser camera. Using LIDAR, Lovell et al. [10] found an MEd value of 4.3 cm at breast height in a site where the diameter range was 7 cm–86 cm. What is more, Henning and Radtke [7] derived upper-stem diameters up to 13 m using a TLS, and their results showed an MEd value smaller than 1 cm for sections below the base of the live crown. Additionally, based on TLS, Liang et al. [8] realized stem curves, with RMSEd values of approximately 1 cm.



Our study showed that when a laser caliper was used for measuring upper-stem diameters, 5 (U2, U8, U9, U12, and U13) out of 14 experienced users produced volume estimates of the stem part below the section of 10 m which return MEv, AMEv and RMSEv values lower than 0.05 m3 (5%). Among volume estimates, only 32.14% reflected individual errors lower than 5%. The findings of this research article are very important, especially in the process of verifying the quality of volume measurements in practice and in research projects.



Finally, the accuracy in upper-stem diameter measurements at heights up to 13 m above the ground using a laser caliper proved to be similar in many situations, to the one that resulted after using other noncontact instruments. Furthermore, the training of the users regarding the laser caliper for measuring stem diameters is much simpler. Still, general uncertainty concerning this subject remains, because non-contact with the trunk in measuring upper-stem diameters, will not allow us to know whether one reading has a negligible or admissible error to be used for the calibration of taper equations or for increasing the volume estimation accuracy. For errors above 4–5%, the volume precision gained by measuring an upper-stem diameter is not worth the effort in the field which first presupposes locating the section and then measuring the stem diameter [36]. That is why we recommend that when aimed for this use, diameters should be measured multiple times, by experienced users who have proven their skill in measuring with smaller errors.




5. Conclusions


The research performed over time to estimate the measurement accuracy of upper-stem diameters using various noncontact instruments has shown that in general, there is uncertainty regarding the measurements, which questions their use for increasing the estimation precision of certain dendrometric characteristics. Our results indicate the fact that when skilled mensurationists use a laser caliper, one out of 2.4 up to one out of approximately 1.5 measurements of the upper-stem diameter at heights up to 13 m presented an error below 2 cm. Errors above 4 cm recorded in measuring the stem diameter at heights of 1 m or 3 m were accidental, and at heights of over 5 m, they were present in a maximum of one out of five measurements.



Our research highlighted the fact that there is a tendency to underestimate the values of diameters and volume estimates in relation to the true values when using a laser caliper to measure upper-stem diameters. Along the stem up to 13 m height, in samples without abnormal data sets, AMEd varied from 1.46 cm to 2.23 cm, and RMSEd varied from 1.84 cm to 2.64 cm. Finally, our study showed that when skilled mensurationists use a laser caliper, by measuring the upper-stem diameters up to 13 m, MEd was only −0.57 cm, AMEd was 1.77 cm, and RMSEd was 2.19 cm. Additionally, one out of three experienced users produced volume estimates that return MEv, AMEv, and RMSEv values lower than 0.05 m3 (5%). These results show the relative potential of the laser caliper in measuring upper-stem diameters by many users, under the conditions of a diverse range of instruments available on the market that can involve a higher budget and a certain level of specialization.
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Appendix A


Table A1, Table A2, Table A3, Table A4, Table A5 and Table A6 show the differences between the mean diameters computed by each user when a laser caliper was used to measure upper-stem diameters at heights of 1 m, 3 m, 5 m, 7 m, 9 m, and 13 m above the ground. The results of the pairwise t-test and the Benjamini-Hochberg method highlighted a significant difference between the mean diameters obtained by the users when p value < α, at the 95% significant level.
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Table A1. Differences between mean diameters obtained by each user when a laser caliper was used to measure upper-stem diameters at a height of 1 m. The red values denote significant differences between the mean diameters obtained by the users.






Table A1. Differences between mean diameters obtained by each user when a laser caliper was used to measure upper-stem diameters at a height of 1 m. The red values denote significant differences between the mean diameters obtained by the users.





	
Mean Diameter Differences between Users on the Stem Section at Height of 1 m, cm

	
Mean Diameter Differences between Users on the Stem Section at Height of 1 m, cm




	
Users

	
U1

	
U2

	
U3

	
U4

	
U5

	
U6

	
U7

	
U8

	
U9

	
U10

	
U11

	
U12

	
U13

	
U14




	
U1

	
-

	

	

	

	

	

	

	

	

	

	

	

	

	




	
U2

	
3.22

	
-

	

	

	

	

	

	

	

	

	

	

	

	




	
U3

	
1.14

	
2.08

	
-

	

	

	

	

	

	

	

	

	

	

	




	
U4

	
1.08

	
2.14

	
0.06

	
-

	

	

	

	

	

	

	

	

	

	




	
U5

	
3.19

	
0.03

	
2.05

	
2.11

	
-

	

	

	

	

	

	

	

	

	




	
U6

	
3.14

	
0.08

	
2.00

	
2.06

	
0.05

	
-

	

	

	

	

	

	

	

	




	
U7

	
1.84

	
1.38

	
0.70

	
0.76

	
1.35

	
1.30

	
-

	

	

	

	

	

	

	




	
U8

	
3.43

	
0.21

	
2.29

	
2.35

	
0.24

	
0.29

	
1.59

	
-

	

	

	

	

	

	




	
U9

	
2.46

	
0.76

	
1.32

	
1.38

	
0.73

	
0.68

	
0.62

	
0.97

	
-

	

	

	

	

	




	
U10

	
2.19

	
1.03

	
1.05

	
1.11

	
1.00

	
0.95

	
0.35

	
1.24

	
0.27

	
-

	

	

	

	




	
U11

	
0.80

	
2.42

	
0.34

	
0.28

	
2.39

	
2.34

	
1.04

	
2.63

	
1.66

	
1.39

	
-

	

	

	




	
U12

	
4.44

	
1.22

	
3.30

	
3.36

	
1.25

	
1.30

	
2.60

	
1.01

	
1.98

	
2.25

	
3.64

	
-

	

	




	
U13

	
2.23

	
0.99

	
1.09

	
1.15

	
0.96

	
0.91

	
0.39

	
1.20

	
0.23

	
0.04

	
1.43

	
2.21

	
-

	




	
U14

	
3.26

	
0.04

	
2.12

	
2.18

	
0.07

	
0.12

	
1.42

	
0.17

	
0.80

	
1.07

	
2.46

	
1.18

	
1.03

	
-
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Table A2. Differences between mean diameters obtained by each user when a laser caliper was used to measure upper-stem diameters at a height of 3 m. The red values denote significant differences between the mean diameters obtained by the users.






Table A2. Differences between mean diameters obtained by each user when a laser caliper was used to measure upper-stem diameters at a height of 3 m. The red values denote significant differences between the mean diameters obtained by the users.





	
Mean Diameter Differences between Users on the Stem Section at Height of 3 m, cm.

	
Mean Diameter Differences between Users on the Stem Section at Height of 3 m, cm




	
Users

	
U1

	
U2

	
U3

	
U4

	
U5

	
U6

	
U7

	
U8

	
U9

	
U10

	
U11

	
U12

	
U13

	
U14




	
U1

	
-

	

	

	

	

	

	

	

	

	

	

	

	

	




	
U2

	
4.58

	
-

	

	

	

	

	

	

	

	

	

	

	

	




	
U3

	
1.41

	
5.99

	
-

	

	

	

	

	

	

	

	

	

	

	




	
U4

	
0.56

	
4.02

	
1.97

	
-

	

	

	

	

	

	

	

	

	

	




	
U5

	
4.86

	
0.28

	
6.27

	
4.30

	
-

	

	

	

	

	

	

	

	

	




	
U6

	
3.82

	
0.76

	
5.23

	
3.26

	
1.04

	
-

	

	

	

	

	

	

	

	




	
U7

	
0.86

	
3.72

	
2.27

	
0.30

	
4.00

	
2.96

	
-

	

	

	

	

	

	

	




	
U8

	
4.44

	
0.14

	
5.85

	
3.88

	
0.42

	
0.62

	
3.58

	
-

	

	

	

	

	

	




	
U9

	
2.24

	
2.34

	
3.65

	
1.68

	
2.62

	
1.58

	
1.38

	
2.20

	
-

	

	

	

	

	




	
U10

	
4.85

	
0.27

	
6.26

	
4.29

	
0.01

	
1.03

	
3.99

	
0.41

	
2.61

	
-

	

	

	

	




	
U11

	
0.91

	
3.67

	
2.32

	
0.35

	
3.95

	
2.91

	
0.05

	
3.53

	
1.33

	
3.94

	
-

	

	

	




	
U12

	
3.88

	
0.70

	
5.29

	
3.32

	
0.98

	
0.06

	
3.02

	
0.56

	
1.64

	
0.97

	
2.97

	
-

	

	




	
U13

	
1.32

	
3.26

	
2.73

	
0.76

	
3.54

	
2.50

	
0.46

	
3.12

	
0.92

	
3.53

	
0.41

	
2.56

	
-

	




	
U14

	
3.25

	
1.33

	
4.66

	
2.69

	
1.61

	
0.57

	
2.39

	
1.19

	
1.01

	
1.60

	
2.34

	
0.63

	
1.93

	
-
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Table A3. Differences between mean diameters obtained by each user when a laser caliper was used to measure upper-stem diameters at a height of 5 m. The red values denote significant differences between the mean diameters obtained by the users.






Table A3. Differences between mean diameters obtained by each user when a laser caliper was used to measure upper-stem diameters at a height of 5 m. The red values denote significant differences between the mean diameters obtained by the users.





	
Mean Diameter Differences between Users on the Stem Section at Height of 5 m, cm.

	
Mean Diameter Differences between Users on the Stem Section at Height of 5 m, cm




	
Users

	
U1

	
U2

	
U3

	
U4

	
U5

	
U6

	
U7

	
U8

	
U9

	
U10

	
U11

	
U12

	
U13

	
U14




	
U1

	
-

	

	

	

	

	

	

	

	

	

	

	

	

	




	
U2

	
1.72

	
-

	

	

	

	

	

	

	

	

	

	

	

	




	
U3

	
3.45

	
5.17

	
-

	

	

	

	

	

	

	

	

	

	

	




	
U4

	
0.78

	
2.50

	
2.67

	
-

	

	

	

	

	

	

	

	

	

	




	
U5

	
3.57

	
1.85

	
7.02

	
4.35

	
-

	

	

	

	

	

	

	

	

	




	
U6

	
4.65

	
2.93

	
8.10

	
5.43

	
1.08

	
-

	

	

	

	

	

	

	

	




	
U7

	
0.51

	
1.21

	
3.96

	
1.29

	
3.06

	
4.14

	
-

	

	

	

	

	

	

	




	
U8

	
2.62

	
0.90

	
6.07

	
3.40

	
0.95

	
2.03

	
2.11

	
-

	

	

	

	

	

	




	
U9

	
2.38

	
0.66

	
5.83

	
3.16

	
1.19

	
2.27

	
1.87

	
0.24

	
-

	

	

	

	

	




	
U10

	
0.12

	
1.60

	
3.57

	
0.90

	
3.45

	
4.53

	
0.39

	
2.50

	
2.26

	
-

	

	

	

	




	
U11

	
1.87

	
3.59

	
1.58

	
1.09

	
5.44

	
6.52

	
2.38

	
4.49

	
4.25

	
1.99

	
-

	

	

	




	
U12

	
2.63

	
0.91

	
6.08

	
3.41

	
0.94

	
2.02

	
2.12

	
0.01

	
0.25

	
2.51

	
4.50

	
-

	

	




	
U13

	
0.21

	
1.93

	
3.24

	
0.57

	
3.78

	
4.86

	
0.72

	
2.83

	
2.59

	
0.33

	
1.66

	
2.84

	
-

	




	
U14

	
5.59

	
3.87

	
9.04

	
6.37

	
2.02

	
0.94

	
5.08

	
2.97

	
3.21

	
5.47

	
7.46

	
2.96

	
5.80

	
-
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Table A4. Differences between mean diameters obtained by each user when a laser caliper was used to measure upper-stem diameters at a height of 7 m. The red values denote significant differences between the mean diameters obtained by the users.






Table A4. Differences between mean diameters obtained by each user when a laser caliper was used to measure upper-stem diameters at a height of 7 m. The red values denote significant differences between the mean diameters obtained by the users.





	
Mean Diameter Differences between Users on the Stem Section at Height of 7 m, cm.

	
Mean Diameter Differences between Users on the Stem Section at Height of 7 m, cm




	
Users

	
U1

	
U2

	
U3

	
U4

	
U5

	
U6

	
U7

	
U8

	
U9

	
U10

	
U11

	
U12

	
U13

	
U14




	
U1

	
-

	

	

	

	

	

	

	

	

	

	

	

	

	




	
U2

	
3.14

	
-

	

	

	

	

	

	

	

	

	

	

	

	




	
U3

	
0.07

	
3.07

	
-

	

	

	

	

	

	

	

	

	

	

	




	
U4

	
1.24

	
1.90

	
1.17

	
-

	

	

	

	

	

	

	

	

	

	




	
U5

	
6.02

	
2.88

	
5.95

	
4.78

	
-

	

	

	

	

	

	

	

	

	




	
U6

	
5.74

	
2.60

	
5.67

	
4.50

	
0.28

	
-

	

	

	

	

	

	

	

	




	
U7

	
0.60

	
3.74

	
0.67

	
1.84

	
6.62

	
6.34

	
-

	

	

	

	

	

	

	




	
U8

	
4.01

	
0.87

	
3.94

	
2.77

	
2.01

	
1.73

	
4.61

	
-

	

	

	

	

	

	




	
U9

	
1.55

	
1.59

	
1.48

	
0.31

	
4.47

	
4.19

	
2.15

	
2.46

	
-

	

	

	

	

	




	
U10

	
1.54

	
1.60

	
1.47

	
0.30

	
4.48

	
4.20

	
2.14

	
2.47

	
0.01

	
-

	

	

	

	




	
U11

	
2.01

	
1.13

	
1.94

	
0.77

	
4.01

	
3.73

	
2.61

	
2.00

	
0.46

	
0.47

	
-

	

	

	




	
U12

	
4.06

	
0.92

	
3.99

	
2.82

	
1.96

	
1.68

	
4.66

	
0.05

	
2.51

	
2.52

	
2.05

	
-

	

	




	
U13

	
7.05

	
3.91

	
6.98

	
5.81

	
1.03

	
1.31

	
7.65

	
3.04

	
5.50

	
5.51

	
5.04

	
2.99

	
-

	




	
U14

	
8.29

	
5.15

	
8.22

	
7.05

	
2.27

	
2.55

	
8.89

	
4.28

	
6.74

	
6.75

	
6.28

	
4.23

	
1.24

	
-
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Table A5. Differences between mean diameters obtained by each user when a laser caliper was used to measure upper-stem diameters at a height of 9 m. The red values denote significant differences between the mean diameters obtained by the users.






Table A5. Differences between mean diameters obtained by each user when a laser caliper was used to measure upper-stem diameters at a height of 9 m. The red values denote significant differences between the mean diameters obtained by the users.





	
Mean Diameter Differences between Users on the Stem Section at Height of 9 m, cm.

	
Mean Diameter Differences between Users on the Stem Section at Height of 9 m, cm




	
Users

	
U1

	
U2

	
U3

	
U4

	
U5

	
U6

	
U7

	
U8

	
U9

	
U10

	
U11

	
U12

	
U13

	
U14




	
U1

	
-

	

	

	

	

	

	

	

	

	

	

	

	

	




	
U2

	
3.73

	
-

	

	

	

	

	

	

	

	

	

	

	

	




	
U3

	
0.93

	
2.80

	
-

	

	

	

	

	

	

	

	

	

	

	




	
U4

	
1.04

	
2.69

	
0.11

	
-

	

	

	

	

	

	

	

	

	

	




	
U5

	
5.92

	
2.19

	
4.99

	
4.88

	
-

	

	

	

	

	

	

	

	

	




	
U6

	
5.49

	
1.76

	
4.56

	
4.45

	
0.43

	
-

	

	

	

	

	

	

	

	




	
U7

	
1.06

	
2.67

	
0.13

	
0.02

	
4.86

	
4.43

	
-

	

	

	

	

	

	

	




	
U8

	
4.47

	
0.74

	
3.54

	
3.43

	
1.45

	
1.02

	
3.41

	
-

	

	

	

	

	

	




	
U9

	
2.69

	
1.04

	
1.76

	
1.65

	
3.23

	
2.80

	
1.63

	
1.78

	
-

	

	

	

	

	




	
U10

	
1.75

	
1.98

	
0.82

	
0.71

	
4.17

	
3.74

	
0.69

	
2.72

	
0.94

	
-

	

	

	

	




	
U11

	
2.07

	
1.66

	
1.14

	
1.03

	
3.85

	
3.42

	
1.01

	
2.40

	
0.62

	
0.32

	
-

	

	

	




	
U12

	
4.54

	
0.81

	
3.61

	
3.50

	
1.38

	
0.95

	
3.48

	
0.07

	
1.85

	
2.79

	
2.47

	
-

	

	




	
U13

	
9.36

	
5.63

	
8.43

	
8.32

	
3.44

	
3.87

	
8.30

	
4.89

	
6.67

	
7.61

	
7.29

	
4.82

	
-

	




	
U14

	
8.19

	
4.46

	
7.26

	
7.15

	
2.27

	
2.70

	
7.13

	
3.72

	
5.50

	
6.44

	
6.12

	
3.65

	
1.17

	
-
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Table A6. Differences between mean diameters obtained by each user when a laser caliper was used to measure upper-stem diameters at a height of 13 m. The red values denote significant differences between the mean diameters obtained by the users.






Table A6. Differences between mean diameters obtained by each user when a laser caliper was used to measure upper-stem diameters at a height of 13 m. The red values denote significant differences between the mean diameters obtained by the users.





	
Mean Diameter Differences between Users on the Stem Section at Height of 13 m, cm

	
Mean Diameter Differences between Users on the Stem Section at Height of 13 m, cm




	
Users

	
U1

	
U2

	
U3

	
U4

	
U5

	
U6

	
U7

	
U8

	
U9

	
U10

	
U11

	
U12

	
U13

	
U14




	
U1

	
-

	

	

	

	

	

	

	

	

	

	

	

	

	




	
U2

	
0.06

	
-

	

	

	

	

	

	

	

	

	

	

	

	




	
U3

	
0.28

	
0.34

	
-

	

	

	

	

	

	

	

	

	

	

	




	
U4

	
0.15

	
0.21

	
0.13

	
-

	

	

	

	

	

	

	

	

	

	




	
U5

	
1.97

	
1.91

	
2.25

	
2.12

	
-

	

	

	

	

	

	

	

	

	




	
U6

	
0.15

	
0.21

	
0.13

	
0.00

	
2.12

	
-

	

	

	

	

	

	

	

	




	
U7

	
4.71

	
4.77

	
4.43

	
4.56

	
6.68

	
4.56

	
-

	

	

	

	

	

	

	




	
U8

	
2.14

	
2.08

	
2.42

	
2.29

	
0.17

	
2.29

	
6.85

	
-

	

	

	

	

	

	




	
U9

	
0.59

	
0.53

	
0.87

	
0.74

	
1.38

	
0.74

	
5.30

	
1.55

	
-

	

	

	

	

	




	
U10

	
2.12

	
2.18

	
1.84

	
1.97

	
4.09

	
1.97

	
2.59

	
4.26

	
2.71

	
-

	

	

	

	




	
U11

	
4.22

	
4.28

	
3.94

	
4.07

	
6.19

	
4.07

	
0.49

	
6.36

	
4.81

	
2.10

	
-

	

	

	




	
U12

	
1.83

	
1.77

	
2.11

	
1.98

	
0.14

	
1.98

	
6.54

	
0.31

	
1.24

	
3.95

	
6.05

	
-

	

	




	
U13

	
3.67

	
3.61

	
3.95

	
3.82

	
1.70

	
3.82

	
8.38

	
1.53

	
3.08

	
5.79

	
7.89

	
1.84

	
-

	




	
U14

	
1.28

	
1.22

	
1.56

	
1.43

	
0.69

	
1.43

	
5.99

	
0.86

	
0.69

	
3.40

	
5.50

	
0.55

	
2.39

	
-









Table A7 shows the differences between the mean partial volumes estimated by each user with Huber’s formula when a laser caliper was used to measure upper-stem diameters at heights of 1 m, 3 m, 5 m, 7 m, and 9 m above the ground. The results of the pairwise t-test and the Benjamini-Hochberg method highlighted a significant difference between the mean volumes obtained by the users when the p-value < α, at the 95% significant level.
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Table A7. Differences between mean partial volumes obtained by each user with Huber’s formula when a laser caliper was used to measure upper-stem diameters. The red values denote significant differences between the mean volumes obtained by the users.
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Mean Volume Differences between Users, m3

	
Mean Volume Differences between Users, m3




	
Users

	
U1

	
U2

	
U3

	
U4

	
U5

	
U6

	
U7

	
U8

	
U9

	
U10

	
U11

	
U12

	
U13

	
U14




	
U1

	
-

	

	

	

	

	

	

	

	

	

	

	

	

	




	
U2

	
0.172

	
-

	

	

	

	

	

	

	

	

	

	

	

	




	
U3

	
0.024

	
0.197

	
-

	

	

	

	

	

	

	

	

	

	

	




	
U4

	
0.031

	
0.141

	
0.056

	
-

	

	

	

	

	

	

	

	

	

	




	
U5

	
0.248

	
0.076

	
0.272

	
0.217

	
-

	

	

	

	

	

	

	

	

	




	
U6

	
0.240

	
0.068

	
0.264

	
0.209

	
0.008

	
-

	

	

	

	

	

	

	

	




	
U7

	
0.040

	
0.132

	
0.064

	
0.009

	
0.208

	
0.200

	
-

	

	

	

	

	

	

	




	
U8

	
0.198

	
0.026

	
0.223

	
0.167

	
0.049

	
0.041

	
0.159

	
-

	

	

	

	

	

	




	
U9

	
0.118

	
0.055

	
0.142

	
0.086

	
0.130

	
0.122

	
0.078

	
0.081

	
-

	

	

	

	

	




	
U10

	
0.112

	
0.061

	
0.136

	
0.080

	
0.136

	
0.128

	
0.072

	
0.087

	
0.006

	
-

	

	

	

	




	
U11

	
0.038

	
0.135

	
0.062

	
0.006

	
0.210

	
0.202

	
0.002

	
0.161

	
0.080

	
0.074

	
-

	

	

	




	
U12

	
0.207

	
0.035

	
0.231

	
0.176

	
0.041

	
0.033

	
0.167

	
0.008

	
0.089

	
0.095

	
0.169

	
-

	

	




	
U13

	
0.206

	
0.034

	
0.231

	
0.175

	
0.042

	
0.034

	
0.166

	
0.008

	
0.089

	
0.095

	
0.169

	
0.001

	
-

	




	
U14

	
0.305

	
0.132

	
0.329

	
0.273

	
0.057

	
0.065

	
0.265

	
0.106

	
0.187

	
0.193

	
0.267

	
0.098

	
0.098

	
-
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Figure 1. Studied tree (a) and sketch of field data collection (b). 






Figure 1. Studied tree (a) and sketch of field data collection (b).
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Figure 2. Errors variation in stem diameter measurement using a laser caliper depending on section height and users. The red lines enclose the values with the error range of ±4 cm in relation to the true diameters and the red dashed lines enclose the values with the error range of ±2 cm in relation to the true diameters. 






Figure 2. Errors variation in stem diameter measurement using a laser caliper depending on section height and users. The red lines enclose the values with the error range of ±4 cm in relation to the true diameters and the red dashed lines enclose the values with the error range of ±2 cm in relation to the true diameters.
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Figure 3. Histograms of errors in stem diameter measurement using a laser caliper for different sections. 
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Figure 4. Errors variation (a) and histogram of errors (b) in partial stem volume estimated with Huber’s formula when using a laser caliper. The red lines enclose the values with the error range of ±0.1 m3 in relation to the true volume and the red dashed lines enclose the values with the error range of ±0.05 m3 in relation to the true volume. 






Figure 4. Errors variation (a) and histogram of errors (b) in partial stem volume estimated with Huber’s formula when using a laser caliper. The red lines enclose the values with the error range of ±0.1 m3 in relation to the true volume and the red dashed lines enclose the values with the error range of ±0.05 m3 in relation to the true volume.
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Table 1. True values and corresponding descriptive statistics of the upper-stem diameters measured with a laser caliper.






Table 1. True values and corresponding descriptive statistics of the upper-stem diameters measured with a laser caliper.





	
Instrument Type

	
Contact Instrument

	
Noncontact Instrument




	
Section Height, m

	
True Stem Diameter, cm

	
Descriptive Statistics of Stem Diameters




	
Mean ± Standard Error, cm

	
Median, cm

	
Standard Deviation, cm

	
Coefficient of Variation, %






	
1

	
41.2

	
40.22 ± 0.13

	
40.30

	
1.56

	
3.88




	
3

	
34.9

	
35.00 ± 0.19

	
35.35

	
2.25

	
6.43




	
5

	
34.2

	
33.01 ± 0.23

	
33.50

	
2.67

	
8.10




	
7

	
32.6

	
32.16 ± 0.25

	
31.75

	
2.92

	
9.08




	
9

	
32.4

	
31.54 ± 0.25

	
31.40

	
2.93

	
9.27




	
13

	
29.0

	
28.83 ± 0.21

	
28.60

	
2.51

	
8.69
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Table 2. ANOVA single factor applied to stem diameter measurements using laser caliper by many users for multiple readings at the same sections along the tree stem, α = 0.05.






Table 2. ANOVA single factor applied to stem diameter measurements using laser caliper by many users for multiple readings at the same sections along the tree stem, α = 0.05.





	
Section Height, m

	
Sources

	
SS 1

	
df 2

	
MS 3

	
F

	
p-Value






	
1

	
Between Groups

	
197.4694

	
13

	
15.1899

	
13.6207

	
<0.0001




	
Within Groups

	
140.5160

	
126

	
1.1152

	

	




	
Total

	
337.9854

	
139

	
2.4315

	

	




	
3

	
Between Groups

	
553.2040

	
13

	
42.5541

	
35.5804

	
<0.0001




	
Within Groups

	
150.6960

	
126

	
1.1960

	

	




	
Total

	
703.9000

	
139

	
5.0640

	

	




	
5

	
Between Groups

	
825.2097

	
13

	
63.4776

	
47.2817

	
<0.0001




	
Within Groups

	
169.1600

	
126

	
1.3425

	

	




	
Total

	
994.3697

	
139

	
7.1537

	

	




	
7

	
Between Groups

	
1017.1360

	
13

	
78.2412

	
58.7592

	
<0.0001




	
Within Groups

	
167.7760

	
126

	
1.3315

	

	




	
Total

	
1184.9120

	
139

	
8.5245

	

	




	
9

	
Between Groups

	
1044.9280

	
13

	
80.3790

	
70.0553

	
<0.0001




	
Within Groups

	
144.5680

	
126

	
1.1473

	

	




	
Total

	
1189.4960

	
139

	
8.5575

	

	




	
13

	
Between Groups

	
718.7812

	
13

	
55.2908

	
45.3407

	
<0.0001




	
Within Groups

	
153.6510

	
126

	
1.2194

	

	




	
Total

	
872.4322

	
139

	
6.2764

	

	








1 SS represents sum of squares. 2 df represents degrees of freedom. 3 MS represents mean square.
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Table 3. Abnormal data sets of stem diameters taken using laser caliper.
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Data Sets Identifiers

	
Number of Significant Differences between Mean Diameters Compared to the Other Users

	
Number of Differences Higher Than 4 cm between Mean Diameters Compared to the Other Users

	
Mean Error of Stem Diameter, cm




	
Section Height, m

	
User






	
3

	
U3

	
12/13

	
7/13

	
−3.75




	
5

	
U3

	
12/13

	
6/13

	
−5.89




	
U11

	
13/13

	
6/13

	
−4.31




	
U14

	
12/13

	
7/13

	
3.15




	
7

	
U13

	
11/13

	
7/13

	
3.46




	
U14

	
12/13

	
10/13

	
4.70




	
9

	
U1

	
12/13

	
6/13

	
−4.52




	
U13

	
13/13

	
10/13

	
4.84




	
U14

	
13/13

	
8/13

	
3.67




	
13

	
U7

	
12/13

	
11/13

	
−4.87




	
U11

	
12/13

	
9/13

	
−4.38
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Table 4. Descriptive statistics of the upper-stem diameters measured with a laser caliper after the exclusion of the abnormal data sets.






Table 4. Descriptive statistics of the upper-stem diameters measured with a laser caliper after the exclusion of the abnormal data sets.





	
Section Height, m

	
Descriptive Statistics of Stem Diameters without Abnormal Data Sets




	
Mean ± Standard Error, cm

	
Median, cm

	
Standard Deviation, cm

	
Coefficient of Variation, %






	
3

	
35.30 ± 0.18

	
35.60

	
2.04

	
5.77




	
5

	
33.32 ± 0.19

	
33.70

	
2.00

	
5.99




	
7

	
31.41 ± 0.22

	
31.10

	
2.37

	
7.55




	
9

	
30.94 ± 0.20

	
31.10

	
2.06

	
6.67




	
13

	
29.58 ± 0.16

	
29.80

	
1.79

	
6.06
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Table 5. Mean error (MEd), absolute mean error (AMEd), and root mean squared error (RMSEd) in measuring upper-stem diameters using a laser caliper for six sections along the stem.






Table 5. Mean error (MEd), absolute mean error (AMEd), and root mean squared error (RMSEd) in measuring upper-stem diameters using a laser caliper for six sections along the stem.





	
Section Height, m

	
Diameter Errors Computed for Original Samples, cm

	
Diameter Errors Computed for Samples without Abnormal Data Sets, cm




	
MEd

	
AMEd

	
RMSEd

	
MEd

	
AMEd

	
RMSEd






	
1

	
−0.98

	
1.46

	
1.84

	
−0.98

	
1.46

	
1.84




	
3

	
0.10

	
1.92

	
2.24

	
0.40

	
1.78

	
2.07




	
5

	
−1.19

	
2.28

	
2.92

	
−0.88

	
1.69

	
2.17




	
7

	
−0.44

	
2.49

	
2.94

	
−1.19

	
2.23

	
2.64




	
9

	
−0.86

	
2.52

	
3.04

	
−1.46

	
2.02

	
2.52




	
13

	
−0.17

	
1.97

	
2.50

	
0.58

	
1.53

	
1.88
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Table 6. Descriptive statistics of the partial stem volume estimated with Huber’s formula using a laser caliper and errors of volume estimates.
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Users

	
Descriptive Statistics of Partial Stem Volume

	
Volume Errors, m3




	
Mean ± Standard Error, m3

	
Median, m3

	
Standard Deviation, m3

	
Coefficient of Variation, %

	
MEv

	
AMEv

	
RMSEv






	
U1

	
0.806 ± 0.015

	
0.795

	
0.049

	
6.059

	
−0.168

	
0.168

	
0.173




	
U2

	
0.979 ± 0.008

	
0.976

	
0.026

	
2.690

	
0.005

	
0.020

	
0.025




	
U3

	
0.782 ± 0.010

	
0.785

	
0.032

	
4.063

	
−0.192

	
0.192

	
0.194




	
U4

	
0.838 ± 0.009

	
0.838

	
0.028

	
3.351

	
−0.136

	
0.136

	
0.139




	
U5

	
1.054 ± 0.011

	
1.057

	
0.034

	
3.237

	
0.080

	
0.080

	
0.087




	
U6

	
1.046 ± 0.009

	
1.054

	
0.029

	
2.780

	
0.072

	
0.072

	
0.078




	
U7

	
0.846 ± 0.009

	
0.841

	
0.027

	
3.206

	
−0.128

	
0.128

	
0.130




	
U8

	
1.005 ± 0.005

	
1.011

	
0.016

	
1.557

	
0.031

	
0.031

	
0.035




	
U9

	
0.924 ± 0.009

	
0.927

	
0.029

	
3.114

	
−0.050

	
0.050

	
0.057




	
U10

	
0.918 ± 0.012

	
0.910

	
0.037

	
4.021

	
−0.056

	
0.056

	
0.066




	
U11

	
0.844 ± 0.004

	
0.843

	
0.013

	
1.527

	
−0.130

	
0.130

	
0.130




	
U12

	
1.013 ± 0.007

	
1.012

	
0.021

	
2.087

	
0.039

	
0.039

	
0.044




	
U13

	
1.013 ± 0.008

	
1.012

	
0.026

	
2.547

	
0.039

	
0.041

	
0.046




	
U14

	
1.111 ± 0.015

	
1.116

	
0.046

	
4.170

	
0.137

	
0.137

	
0.144




	
All users

	
0.941 ± 0.009

	
0.963

	
0.105

	
11.186

	
−0.033

	
0.091

	
0.110
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Table 7. ANOVA single factor applied to partial stem volume estimated with Huber’s formula when using a laser caliper by many users, α = 0.05.
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	Sources
	SS 1
	df 2
	MS 3
	F
	p-Value





	Between Groups
	1.4197
	13
	0.1092
	113.3965
	<0.0001



	Within Groups
	0.1213
	126
	0.0010
	
	



	Total
	1.5410
	139
	0.0111
	
	







1 SS represents sum of squares. 2 df represents degrees of freedom. 3 MS represents mean square.
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