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Modeling Biometric Attributes from Tree Height Using
Unmanned Aerial Vehicles (UAV) in Natural Forest Stands

Modelacion de atributos biométricos a partir de la altura del arbol usando
vehiculos aéreos no tripulados (VANT) en rodales de bosques naturales
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ABSTRACT

This study estimated biometric attributes of individual trees from the automated measurement of tree height (THUV) by using
images from unmanned aerial vehicles (UAVs). An experiment was carried out in a natural forest stand in the north of Mexico by
using a DJI P4 multispectral equipment and regression analysis. The results show that total tree height (TH) is successfully estimated
from UAV images, as the automated estimation of total height (THUV) reaches a R?> = 0,95 and a RMSE = 0,36 m. Consequently,
THUV was statistically reliable to generate allometric equations (R > 0,57) regarding the canopy height model (CH), diameter
at breast height (DBH), basal diameter (BD), above-ground biomass (AGB), volume (V), and carbon contents (C). It is concluded
that the estimation of total height with UAVs is a viable option to improve efficiency in forest inventories. However, increased
efforts towards the configuration of modern technologies and statistical algorithms are needed; future research challenges remain,
particularly in the densest forests areas.
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RESUMEN

Este estudio estimo los atributos biométricos de arboles individuales a partir de la altura total estimada automaticamente mediante el
uso de imdgenes de vehiculos aéreos no tripulados (VANT). Se llevd a cabo un experimento en un rodal de bosque natural en el norte
de México utilizando un equipo multiespectral DJI P4 y andlisis de regresion. Los resultados muestran que la altura total del arbol (TH)
se estima con éxito a partir de imagenes de VANT, ya que la estimacion automdtica de la altura total (THUV) alcanza un R? = 0,95 y un
RMSE = 0,36 m. En consecuencia, el THUV fue estadisticamente confiable para generar ecuaciones alométricas (R* > 0,57) con respecto
al modelo de altura del dosel (CH), el didmetro a la altura del pecho (DAP), el didmetro basal (BD), la biomasa superficial (AGB), el
volumen (V) y el contenido de carbono (C). Lo que se concluye es que la estimacion de altura total con VANT es una opcion viable para
mejorar la eficiencia en los inventarios forestales. Sin embargo, se requieren mds esfuerzos orientados a la configuracion de tecnologias
modernas y algoritmos estadisticos; persisten los desafios de la investigacion futura, particularmente en las dreas boscosas mas densas.
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MODELING BioMETRIC ATTRIBUTES FROM TREE HEIGHT USING UNMANNED AERIAL VEHICLES (UAV) IN NATURAL FOREST STANDS

Introduction

Forest inventory methods are subject to constant changes
that allow reducing costs and destructive effects while
achieving accurate estimations. Conventional methods
for biometric estimations are usually derived from
destructive sampling, with a subsequent negative impact
on the ecosystem. In addition, they use empirical models
that require manual measurements, which are costly and
inaccurate (Pena et al., 2018).

Unmanned aerial vehicle (UAV) technology has great potential
as a suitable tool for the scientific community (Brede et al.,
2019). Its use avoids destructive sampling and excessive time
consumption, including high spatial and spectral resolutions.
Previous studies in Mexico and other places around the
world have used this technology in plantations, where there
is a regular arrangement of individual trees (Pefa et al., 2018;
Gallardo-Salazar et al., 2021). However, there is limited or
no research whatsoever in Mexican natural forest stands
because of their structural complexity. UAVs make it possible
to obtain digital images with increased spectral and spatial
resolutions (Tu et al., 2019), and UAV digital color images
have been increasingly applied in vegetation analysis due to
their advantages (high resolution, high frequency, and easy
operation) (Skorobogatov et al., 2019). Thus, information
from UAV digital color images can be related with some field
information for individual trees and stand variables.

It is well known that forest biomass includes the largest
carbon sinks in terrestrial ecosystems (Ciais et al., 2013;
Sinha et al., 2015). Even so, traditional estimates of forest
inventories based on allometric relationships remain a
challenge in forest modeling (Chave et al., 2014). For
instance, tree height is a typical parameter to quantify the
commercial and ecological value of a stand, since it allows
calculating the volume, biomass, and carbon contents,
besides being an indicator of site quality (Krause et al., 2019).
However, to the best of our knowledge, in Mexican forests,
this variable is still estimated with field techniques based
on trigonometric principles, which is time consuming and
biased. Particularly, the estimation accuracy usually depends
on the technician’s experience, with the error that implies
over- or underestimating reality in irregular mixed-species
and high-density forests.

In northern Mexico, Ejido El Brillante, municipality of
Pueblo Nuevo, state of Durango, has a great diversity of
species and provides several forest ecosystems services that
contribute to forest conservation and the social economy
of its inhabitants. Thanks to their constant search for
appropriate actions and policies, this Ejido has a sustainable
management certification (Figueroa et al., 2013). Besides, it
has been open to accept and promote modern technologies
to refine the knowledge of its forest stands and improve
their productivity.

The aim of this study was to assess parameters such as
canopy height (CH), diameter at breast height (DBH), basal
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diameter (BD), above-ground biomass (AGB), volume (V),
and carbon contents (C) using estimations via allometric
equations, all of them based on the automated valuation
of tree height (THUV) measured from UAV images. It was
hypothesized that THUV is a statistically reliable predictor
of such attributes.

Materials and Methods

Study area and data acquisition

The study area is located inside Ejido El Brillante, in the
municipality of Pueblo Nuevo, Durango, Mexico. It is
considered to be a site of great ecological, economic, and
environmental importance. Its vegetation includes a mixture
of pine and oak species with similar ecological preferences.
The dominant elements of the vegetation are various species
of pine (Gonzalez et al., 2012), like Pinus cooperi C.E. Blanco,
coexisting with P. teocote Schied. Ex Schltdl. and Cham., P.
durangensis Martinez, P. leiophylla Schiede ex Schitdl. and
Cham., and P. strobiformis Engelm. Figure 1 illustrates the
geographical location of the study area.
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Figure 1. Location of the study area corresponding to Ejido El Brillante
in northern Mexico
Source: Authors

In a previously selected forest area, data were collected
at ground level over a delimited 100 x 100 m plot. The
following variables were recorded for each tree (DBH > 7
cm): diameter at breast height (DBH, cm) and diameter at
the base of the tree (DB, cm), measured with a diametric
tape; height at the base of the live crown (HLC, m) and total
height (TH, m), measured rigorously, mainly telescoped
and in some cases involving tree climbing; and the lower
tree crown width (CDM, m) and higher tree crown width
(CDG, m), taken with measuring tape to calculate the
average tree crown area (CA, m?). The distribution of the
measured variables and their relationship with UAV images
is represented as a flow chart in Figure 2.

Using DBH as a predictor variable, the above-ground tree
volume and biomass were estimated using allometric
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equations, which had been previously done by Navar (2009)
in the forests of northwestern Mexico. Biomass estimates
were transformed into annual carbon accumulation (C),
whose content was calculated while assuming a 50%
concentration (Rodriguez et al., 2016).

A flight was conducted to obtain and compile aerial
photographs of the study area, with overlaps between the
images and lines of 80 and 75%, respectively. This flight took
place on February 21, 2021, which was a sunny day, with
favorable wind conditions (<25 kph) and temperatures of
14-25 °C. A DJI Phantom 4 Multispectral (P4M) quadcopter
was flown over the study area. The P4AM camera has a total
of six imaging sensors: five multispectral sensors (i.e., blue,
green, red, red-edge, and near-infrared bands) and 1 RGB
sensor, all with a 2 MP global shutter. The focal length of
the PAM camera is 5,74 mm, the image size is 1600 x 1300
pixels, and the sensor size is 4,87 X 3,96 mm. The flight
plan for automatic image collection was programmed with
the DJI Ground Station Pro application (www.dji.com/mx/
ground-station-pro).

A quadruple grid was established (Figure 3), covering the
study area corresponding to 1 ha. The flight height was 70
m above ground level, with an angle of 90° for the first two
grids and 70° for the last two grids.

Since the P4M operates under the principle of direct onboard
georeferencing, it was not necessary to geo-reference the
images; this quadcopter has a Global Positioning System
(GPS) that geotags the coordinates of each image taken.
Once the images were captured, photogrammetric and
computer vision procedures were applied using the free
and open-source OpenDroneMap software (ODM, www.
opendronemap.org).
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Figure 3. Flight lines in the study area to generate point clouds
Source: Authors

Data processing

For data processing, this study employed a computer with
an AMD Ryzen 3900x processor, with 24 cores at 3.8 GHz,
an integrated NVidia Quadro p620 quadcore 2 GHz video
card, and 32 GB of RAM, running a Linux operating system
based on Ubuntu, i.e., Pop! OS version 22.04 Its.

A photogrammetric procedure was applied to the captured
RGB images using ODM. This software uses the modern
Structure from Motion (SfM) and Multi-View Stereo
(MVS) algorithms, which generates a 3D point cloud of
1 000-20 000 points m? (Puliti et al., 2020), producing a
digital surface model (DSM) and a digital elevation model
(DTM), which are in turn used to orthorectify each image
and construct an orthomosaic. Finally, the total tree height
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Figure 2. Flow chart of stages of field measurements and unmanned aerial vehicle (UAV) image pre-processing to generate allometric equations

Source: Authors

INGENIERIA E INVESTIGACION voL. 43 No. 2, Aucust - 2023 3 of 8


http://www.dji.com/mx/ground-station-pro
http://www.dji.com/mx/ground-station-pro
http://www.opendronemap.org
http://www.opendronemap.org

MODELING BioMETRIC ATTRIBUTES FROM TREE HEIGHT USING UNMANNED AERIAL VEHICLES (UAV) IN NATURAL FOREST STANDS

(canopy height model) was calculated from the elevation
difference between DSM and DTM, detecting the top of
the trees. This process was performed using the RStudio
statistical software (R Core Team, 2020) and applied to
the elevation models calculated by two methods (RGB and
multispectral images). The P4M operates under the principle
of direct onboard georeferencing, so the acquired images
were directly georeferenced through GPS capabilities during
the course of the flight. It was not necessary to use the real-
time-kinematic (RTK) system, since the P4AM manufacturer
reported that the georeferencing system can reach vertical
and horizontal location accuracies of +0,1 and +0,3 m,
respectively (https://www.dji.com/p4-multispectral/specs).

The ForestTools package of the R statistical software (R Core
Team, 2020) allowed calculating the height (H, m) and other
parameters useful for modeling individual attributes. The
vector and raster files created in R studio were processed in
the free and open-source QGIS 3.16.2-Hannover software.

From 30 randomly selected trees, the estimates of the tree-
level attributes obtained with the UAV were compared to
those rigorously measured in the field. First, all the variables
were correlated to identify linear relationships in order
to explore statistic correspondences between attributes.
Through linear regression procedures, allometric equations
were generated (Equation 1); the fulfilment of regression
assumptions was verified (Gujarati et al., 2012).

The summary description of the variables used in the
regression is shown in Table 1, while the correlation matrix
for the variables is illustrated in Figure 4.
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Figure 4. Correlation matrix of studied variables

Note: The highest correlation was observed for THUV—TH relationship
(p = 0.8979) and poorest for THUV—CDG (p = 0.2930). THUV = tree
height measured from UAV; DB = diameter at base height (cm); DBH =
diameter at breast height (cm); CDM = lower tree crown width (m); CDG
= higher tree crown width (m); CH = tree crown height (m); TH = total
tree height (m); CA = tree crown area (m?); V = calculated tree volume
(m?®); B = calculated biomass (kg); C = calculated carbon content (kg).
Source: Authors
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In order to test the goodness of fit, the determination
coefficient (R?), the root mean square error (RMSE), and
Akaikes’s information criterion (AIC) were considered as
fitting statistics for model classification. Although there
are multiple regression approaches (Gujarati et al., 2012),
a linear regression model (Equation 1) was used to relate
the total tree height measured from UAV (THUV) with other
individual tree variables.

yi:ﬂ0+ﬁ1xi+8[ (1)

where vy, is the dependent variable (THUV) vector; x,
represents the matrix of values of independent variables for
the studied relationships (DB, DBH, CDM, CDG, CH, TH,
CA, V, B, O); B, (i = 0,1) is the vector of the intercept and
slope parameters; and g, represents the error vector [ ~idd
N(w,0)].

Table 1. Descriptive statistic for used variables in the correlation and
regression analysis

Variable Statistics

Min 1stQu Median Mean 3rd Qu Max
THUV 5,300 8,945 10,390 11,774 11,960 21,230
DB 15,000 30,500 38,500 41,730 51,000 84,000
DBH 10,000 25,000 30,500 33,270 41,750 68,000
CDM 2,700 5,100 6,600 6,673 8,375 11,300
CDG 2,900 5,925 7,200 7,869 9,050 15,000
CH 2,070 2,925 4,350 6,472 7,275 21,000
TH 8,600 14,320 16,000 16,820 17,980 29,000
CA 6,158 24,683 37,410 46,154 59,107 124,690
\ 0,339 1,019 1,163 1,166 1,379 1,780
B 42,580 347,310 547,920 846,9601 124,5103 437,040
C 21,290 173,660 273,960 423,480 562,2501 718,520

Note: THUV = tree height measured from UAV images; DB = diameter
at base height (cm); DBH = diameter at breast height (cm); CDM =
lower tree crown width (m); CDG = higher tree crown width (m); CH
= tree crown height (m); TH = total tree height (m); CA = tree crown
area (m?); V = calculated tree volume (m?); B = calculated biomass
(kg); C = calculated carbon content (kg); Qu = quantile.

Source: Authors

The ten allometric relationships were fitted by Im in RStudio
(R Core Team, 2020), and the RMSE, R?, and AIC fitting
statistics were calculated with the residuals of each model.

Results

A total of 479 RGB images were collected and processed to
generate the digital elevation model (DEM) and the digital
surface model (DSM), whose difference resulted in the
canopy model via the ODM algorithm (Figure 5).

Since the height obtained by the UAV (THUV) explains the
height measured in the field (R* = 95%, RMSE = 0,36 m),
this was the explanatory variable that produced the results
of Table 2 for the top six relationships (CH-THUV, B-THUYV,
C-THUV, DBH-THUV, DB-THUV, and V-THUV). The highest
accuracy was achieved by the CH-THUV relationship, and
the poorest one by the V-THUV relationship. The tree crown
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height can also be estimated as a function of the tree height
measured from UAV images. This allometric relation had
R? = 0,6567 and values of 3,166 m and 137,6294 for the
RMSE and AIC statistics, respectively. Regarding the top six
allometric relations, only for the DBH-THUV and DB-THUV
models, the intercept parameters are not significant (equal
to zero at a 5% significance level).

According to the fitting statistics, CH is an attribute
remarkably well modelled by the THUV, with a 65% of the
total variability explained by the model. Furthermore, the
THUV acceptably predicted B, C, and V with R* > 0,61, and
DBH and DB with R* > 0,57. The statistical significance
values (Pr(>| t |)) strengthen the assertion (Table 2),
indicating a non-random relationship. The linear relationship
between the numerical predictors was also verified, where
the residuals were randomly distributed around zero, with
constant variability along the x-axis. The rest of the variables
had no satisfactory models (Figure 6).
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Figure 5. 3D perspective view of the study area based on the canopy
height model
Source: Authors
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Figure 6. Residuals of the top six relationships

Note: THUV = tree height measured from UAV; CH = tree crown height (m); B = biomass (kg); C = calculated carbon content (kg); DBH =
diameter at breast height (cm); DB = diameter at base height (cm); V = tree volume (m?): (a) CH-THUV relationship; (b) B-THUV relationship; (c)
C-THUV relationship; (d) DBH-THUV relationship; (e) DB-THUV relationship; (f) V-THUV relationship.

Source: Authors
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Discussion

The findings of our study indicate that tree height is one
of the parameters that can be best estimated with UAVs.
This result agrees with Krause et al. (2019) and Karpina et al.
(2016). As it is well known, the maximum error allowed for a
typical forest management inventory is 10% of the standing
volume, considering the entire forest property, which is
valid for practical purposes (SEMARNAT, 2006).

Total height estimation becomes relevant because it is rarely
subject to precision evaluations, knowing that, in dense
forests stands, it is difficult to visually detect this variable
from the ground. The occlusion of branches, neighboring
trees, and the ruggedness of the relief complicate the
inspection of the top of the trees and, consequently, its
precise estimation, so it usually depends on the good
judgment and experience of the forest technician. Although
the aim of this study was not to evaluate the quality of the
estimations made by technicians, it is evident that indirect
measurements lead to a bias that should be reduced. This
error is exacerbated when the data have been obtained by
several different technicians, as well as when the forest
stands are very dense. Thus, an important limitation is
that automated tree height detection was disrupted by the
presence of overlapping crowns. Consequently, in the near
future, we suggest including more sophisticated sensors to
prevent this. Drones can have an important role in forest
management, but progress is incremental.

Quantitative analysis during data processing made it clear
that the accuracy of the estimations is highly dependent on
the density of points to generate the cloud, as previously
documented in Krause (2019). Therefore, we recommend
increasing the number of flight lines and testing different
camera settings according to technical possibilities. It
is known that the application of Structure from Motion

(SfM) algorithms works by matching equal pairs of points
located on overlapping images, and the correct generation
of output results depends on the quantity of points in the
cloud. For instance, Pefia et al. (2018) argue that a good
quality of the UAV images allows for the easy detection of
such points, which could be improved by optimizing the
values of image contrast, saturation, and brightness. The
correct measurement of height has direct implications in the
calculation of volume, biomass, and carbon content, among
others, which has a direct impact on decision-making for
forest management. From a practical point of view, this
strategy allows enhancing the use of individual tree-level
attribute measurements, saving time and improving
certainty.

For the estimation of CH, DB, DBH, V, B, and C based on
height (THUV), it was found that the models explain more
than 57% of the variability in the data. It is advisable to
perform a stratification of crown size classes because it is
well known that dimensions and arrangement of branches
play a major role in the estimation of volume (Gallardo-
Salazar and Pompa-Garcia, 2020).

These findings can contribute to global efforts to
understand the magnitude of carbon contributions to
ecosystem dynamics (Dubaya et al. 2020). For example,
Brede et al. (2019) report that global estimates are biased,
requiring validation of pilot sites for calibration. Thus,
stand datasets such as this one, with high resolution and
high heterogeneity, are ideal for this purpose. The ability
to acquire information from multispectral remote sensing
potentially broadens its application, given the large amount
of low-cost data collected in a short period of time. In that
sense, our data collection and processing appeared to be
efficient (e.g., an experienced team would require 3 to 6
days for a 1,0 ha plot) and to be consistent with similar
research (Wilkes et al., 2017).

Table 2. Parameter estimates, standard error, and fitting statistics for the studied relationships

Relationship Parameter Estimate  SE

t-value Pr(>|t}) RMSE R? AIC

a -4,8871 1,7402 -2,808 <0,0001

CH-THUV 3,166 0,6567 137,6294
a 0,9647 0,1381 6,987 <0,0001
a 907,14 288,85 -3,140 0,00443

B-THUV 525,500 0,6227 403,4491
a 148,98 22,92 6,500 <0,0001
a -453,57 144,43 -3,140 0,00443

C-THUV 262,700 0,6227 367,4054
a 74,49 11,46 6,500 <0,0001
a 4,2807 4,8861 0,876 0,3900

DBH-THUV 8,889 0,6114 191,3136
2,4620 0,3877 6,351 <0,0001
a 7,6251 6,2128 1,227 0,2320

DB-THUV 11,300 0,5729 203,8049
2,8966 0,4929 5,876 <0,0001
0,4849 0,1247 3,889 <0,0001

V-THUV 0,2270 0,5703 0,5616

s 0,0578 0,0098

5,840 <0,0001

Note: THUV = tree height measured from UAV images; DB = diameter at base height (cm); DBH = diameter at breast height (cm); CH = tree crown
height (m); V = tree volume (m?); B = biomass (kg); C = calculated carbon content (kg). SE = standard error of parameters; RMSE = root mean
square error; R? = coefficient of determination; AIC= Akaike information criterion.

Source: Authors
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The efficient application of these technologies to large forest
areas would depend on benefit-cost ratios in the framework
of forest management programs. For those interested
in replicating these technologies, it is advisable to seek
partnerships, with the consequent benefit of generating
multipurpose knowledge. For example, the resulting
products offered at stand level by the sensors used in this
work seem to promise attractive perspectives that should be
addressed in future studies (phenology and stand dynamics,
among others).

The challenge posed by constructing tree geometry and
counting at the individual tree level in the whole forest
seems to be a limitation of this study when compared to
regular plantations (Tu et al., 2019). The cameras of our
UAV have limitations, such as low efficiency in closed forest
areas due to the relatively poor penetrating capacity of
natural light. Consequently, the allometric equations could
improve the estimations of forest attributes. However,
in future research, tree metrics could be estimated by
combining many types of equations and several regressions
(Chave et al., 2014; Gujarati et al., 2012). As shown by
the literature (Lin et al., 2018; Jones et al., 2020), accurate
individual tree attributes extraction is improved by choosing
tree height as predictor variable. Nevertheless, we recognize
that, even though the UAV’s image-based total height
estimations were very capable predictors, there are still a
lot of challenges for better predicting tree attributes. As a
complementary strategy, it is advisable to complement the
current efforts with different sensors such as terrestrial laser
scanning, including a larger sample size with sophisticated
remote sensing platforms and other modeling strategies
(Brede et al., 2019; Gao et al., 2021). To the best of our
knowledge, this is the first study in Mexico that documents
the generation of allometric equations in natural forests
upon the basis of UAV images.

Finally, we recognize that, although destructive methods for
estimating biomass and carbon content are often reported
to be reliable (Karpina et al., 2019), our results offer the
advantage of being able to make faster and less expensive
re-measurements and adjustments depending on stand
structure and dynamics. Under a multitemporal perspective,
the periodical re-measurement of forest attributes also
represents a source of indicators on the response of site
productivity to the hydroclimatic variations faced by forests
(Pompa-Garcia et al., 2021). Thus, our findings, in terms of
the use of total height measured using UAVs (THUV), offer
a promising future in forest resource management towards
precision forestry.

Conclusions

This study reports that height measurements from
unmanned aerial vehicles (UAVs) show proficiency
in estimating tree measurements in an unevenly aged
pine stand. Currently, direct tree height measurement
represents a large operational effort. However, it is

possible to generate efficient biometric height estimates
using UAV images while avoiding destructive sampling.
The long times required for individual field estimations
are considerably reduced by our methodology. Its
extensive implementation depends on the technical and
financial possibilities of forest managers, so institutional
partnerships are recommended. It was also found that
increasing flight missions produce better resolutions,
which translates into better possibilities for periodic and
permanent monitoring, in order to generate long-term
series. Our estimates of biomass, volume, carbon content,
and diameters can be calibrated and validated in future
studies, which could also support mission estimates on a
sort of hectometric-scale.

Despite the promising results, certain limiting factors that
merit further research can be highlighted. For instance, a
range of models and deep statistical analysis are important,
as well as highly technical requirements and trained
personnel. It is therefore advisable to test more sophisticated
approaches.

Acknowledgements

We would like to thank COCYTED, DendroRed; ITES,
FCFyA-UJED, Ejido El Brillante. Furthermore, we are
particularly grateful to Jaime de la Cruz Alemdn, Roxana
Meza Aragén, Manuel Delgado Avila, Martin Delgado,
Minhoru Meza Aragon, Daniel Rocha Rodriguez, Jesis
Soto Garcia, Basilio Lugo Camacho, Jests Andrés Rosales
Herndndez, Heriberto Aragén Guevara, Ever Alfredo Flores
Delgado, Yordy Arath Adame Villanueva, and Ramiro
Martinez Acosta.

Funding

The Science and Technology Council of the State of Durango
(COCYTED) and Mexican National Science and Technology
Council (CONACYT) projects (A1-S-21471) have funded this
research.

CRediT author statement

Conceptualization and experimental design, MP-G; software,
EDV-V and JLG-S; field data gathering, EDV-V, FJH, and JBV;
formal analysis, GQ-B and MP-G; investigation, FJR-F and
JCH-D; resources, FJR-F and RS-M; writing (original draft),
MP-G and GQ-B; writing (review and editing), RDV-C,
JCH-D, MP-G, FJH, EDV-V, JLG-S, RS-M, and FJR-F; project
administration, MP-G; funding acquisition, MP-G, FJR-F, and
JB-V. All authors contributed to writing the manuscript and
approved its definitive version for publication.

Conflicts of interest

The authors declare no conflict of interest.

INGENIERIA E INVESTIGACION voL. 43 No. 2, Aucust - 2023 7 of 8



MODELING BioMETRIC ATTRIBUTES FROM TREE HEIGHT USING UNMANNED AERIAL VEHICLES (UAV) IN NATURAL FOREST STANDS

References

Brede, B., Calders, K., Lau, A., Raumonen, P., Bartholomeus,
H. M., Herold, and M., Kooistra, L. (2019). Non-destructive
tree volume estimation through quantitative structure mo-
delling: Comparing UAV laser scanning with terrestrial LI-
DAR. Remote Sensing of Environment, 233, 111355. https://
doi.org/10.1016/j.rse.2019.111355

Chave, J., Rejou-Mechain, M., Burquez, A., Chidumayo, E., Col-
gan, M. S., Delitti, W. B. C., Duque, A., Eid, T., Fearnside, P.
M., Goodman, R. C., Henry, M., Martinez-Yrizar, A., Mugasha,
W. A., Muller-Landau, H. C., Mencuccini, M., Nelson, B. W.,
Ngomanda, A., Nogueira, E. M., Ortiz-Malavassi, E., ... Vieille-
dent, G. (2014). Improved allometric models to estimate the
aboveground biomass of tropical trees. Global Change Biolo-
gy, 20(10), 3177-3190. https://doi.org/10.1111/gch.12629

Ciais, P., Sabine, C., Bala, G., Bopp. L., Brovkin, V., Canadell,
J., Chhabra, A., DeFries, R., Galloway, J., and Heimann, M.
(2013). Carbon and other biogeochemical cycles. In IPCC
(Eds.), Climate Change 2013: The Physical Science Basis. (pp.
465-570). Cambridge University Press.

Dubayah, R., Blair, J. B., Goetz, S., Fatoyinbo, L., Hansen, M.,
Healey, S., Hoffton, M., Hurtt, G., Kellner, J., Luthcke, S.,
Armston, J., Tang, H., Duncanson, L., Hancock, S., Jantz, P.,
Marselis, S.,Patterson, P. L, Qi, W., and Silva, C. (2020). The
global ecosystem dynamics investigation: High-resolution
laser ranging of the Earth’s forests and topography. Science
of Remote Sensing, 1, 100002.

Figueroa, E. G., Arrieta, D. D, Moreno, L. H., Gonzdlez, H. M.,
and Monsivdis, B. M. (2013). La percepcion del clima orga-
nizacional en el personal de produccién de un ejido forestal
en México. Revista Global de Negocios, 1(2), 81-89. https://
ssrn.com/abstract=2327258

Gallardo-Salazar, J. L., Carrillo-Aguilar, D. M., Pompa-Garcia,
M., and Aguirre, S. C. (2021). Multispectral indices and in-
dividual-tree level attributes explain forest productivity in a
pine clonal or-chard of Northern Mexico. Geocarto Interna-
tional, 37(15), 441-4453. https://doi.org/10.1080/1010604
9.2021.1886341

Gallardo-Salazar, J. L., and Pompa-Garcifa, M. (2020). Detecting in-
dividual tree attributes and multispectral indices using unman-
ned aerial vehicles: Applications in a Pine clonal orchard. Remo-
te Sensing, 12(24), 4144. https://doi.org/10.3390/rs12244144

Gao, Y., Quevedo, A., Szantoi, Z., and Skutsch, M. (2021). Mo-
nitoring forest disturbance using time-series MODIS NDVI
in Michoacdn, Mexico. Geocarto International, 36(15), 1768-
1784. https://doi.org/10.1080/10106049.2019.1661032

Gonzdlez-Elizondo, M. S., Gonzdlez-Elizondo, M., Tena-Flores,
J. A., Ruacho-Gonzdlez, L., and Lopez-Enriquez, I. L. (2012).
Vegetacion de la Sierra Madre Occidental, México: una sin-
tesis. Acta Botanica Mexicana, 100, 351-403. https://doi.
0rg/10.21829/abm100.2012.40

Gujarati, D. N., Porter, D. C., and Gunasekar, S. (2012). Basic
econometrics. Tata McGraw-Hill Education.

Jones, A. R., Raja Segaran, R., Clarke, K. D., Waycott, M., Goh,
W. S., and Gillanders, B. M. (2020). Estimating mangrove
tree biomass and carbon content: A comparison of forest
inventory techniques and drone imagery. Frontiers in Marine
Science, 6, 784. https://doi.org/10.3389/fmars.2019.00784

[ 80f8  INGENIERIA E INVESTIGACION voL. 43 No. 2, AucusT - 2023

Karpina, M., Jarzabek-Rychard, M., Tymkdw, P., and Borkows-
ki, A. (2016). UAV-Based automatic tree growth measure-
ment for biomass estimation. The International Archives of
the Photogrammetry, Remote Sensing and Spatial Informa-
tion Sciences, XLI-B8, 685-688. https://doi.org/10.5194/ispr-
sarchives-XLI-B8-685-2016

Krause, S., Sanders, T. G. M., Mund, J. P., and Greve, K. (2019).
UAV-Based photogrammetric tree height measurement for
intensive forest monitoring. Remote Sensing 11(7), 758. ht-
tps://doi.org/10.3390/rs11070758

Lin, J., Wang, M., Ma, M., and Lin, Y. (2018). Aboveground Tree
Biomass Estimation of Sparse Subalpine Coniferous Forest
with UAV Oblique Photography. Remote Sensing 10(11),
1849. https://doi.org/10.3390/rs10111849

Navar J. (2009). Allometric equations for tree species and
carbon stocks for forests of northwestern Mexico. Forest
Ecology and Management, 257(2), 427-434. https://doi.or-
g/10.1016/j.foreco.2008.09.028

Pefia, J., M, Castro, A. D., Torres-Sanchez, )., Andijar, D.,
San Martin, C., Dorado, J., Fernandez-Quintanilla, C., and
Lopez-Granados, F. (2018). Estimating tree height and bio-
mass of a poplar plantation with image-based UAV techno-
logy. AIMS Agriculture and Food, 3(3), 313-326. https://doi.
org/10.3934/agrfood.2018.3.313

Pompa-Garcia, M., Camarero, J. J., Colangelo, M., and Gallar-
do-Salazar, J. L. (2021). Xylogenesis is uncoupled from forest
productivity, Trees, 35, 1123-1134. https://doi.org/10.1007/
s00468-021-02102-1

Rodriguez-Veiga, P., Saatchi, S., Tansey, K., and Balzter, H. (2016).
Magnitude, spatial distribution and uncertainty of forest bio-
mass stocks in Mexico. Remote Sensing of Environment, 183,
265-281. https://doi.org/10.1016/j.rse.2016.06.004

SEMARNAT (2006). Norma Oficial Mexicana. NOM-152-SE-
MARNAT-2006: Que establece los lineamientos, criterios y
especificaciones de los contenidos de los programas de ma-
nejo para el aprovechamiento de recursos forestales madera-
bles en bosques, selvas y vegetacion de zonas. http://www.
diariooficial.gob.mx/nota_detalle.php?codigo=5064731&-
fecha=17/10/2008

Skorobogatov, G., Barrado, C., and Salami, E. (2019). Multiple
UAV systems: A survey. Unmanned Systems, 8(2), 149-169.
https://doi.org/10.1142/s2301385020500090

Sinha, S., Jeganathan, C., Sharma, L. K., and Nathawat, M. S.
(2015). A review of radar remote sensing for biomass es-
timation. International Journal of Environmental Science
and Technology, 12, 1779-1792. https://doi.org/10.1007/
s13762-015-0750-0

R Core Team (2020). Language and environment for statistical
computing. R Foundation for Statistical Computing. https://
www.R-project.org/

Tu, Y. H., Johansen, K., Phinn, S., and Robson, A. (2019). Mea-
suring canopy structure and condition using multi-spectral
UAS imagery in a horticultural environment. Remote Sen-
sing, 11(3), 269. https://doi.org/10.3390/rs11030269

Wilkes, P., Lau, A., Disney, M., Calders, K., Burt, A., Gonza-
lez de, T. J., Bartholomeus, H., Brede, B., and Herold, M.
(2017). Data acquisition considerations for Terrestrial Laser
Scanning of forest plots. Remote Sensing of Environment,
196, 140-153. https://doi.org/10.1016/j.rse.2017.04.030


https://doi.org/10.1016/j.rse.2019.111355
https://doi.org/10.1016/j.rse.2019.111355
https://doi.org/10.1111/gcb.12629
https://ssrn.com/abstract=2327258
https://ssrn.com/abstract=2327258
https://doi.org/10.1080/10106049.2021.1886341
https://doi.org/10.1080/10106049.2021.1886341
https://doi.org/10.3390/rs12244144
https://doi.org/10.1080/10106049.2019.1661032
https://doi.org/10.21829/abm100.2012.40
https://doi.org/10.21829/abm100.2012.40
https://doi.org/10.3389/fmars.2019.00784
https://doi.org/10.5194/isprsarchives-XLI-B8-685-2016
https://doi.org/10.5194/isprsarchives-XLI-B8-685-2016
https://doi.org/10.3390/rs11070758
https://doi.org/10.3390/rs11070758
https://doi.org/10.3390/rs10111849
https://doi.org/10.1016/j.foreco.2008.09.028
https://doi.org/10.1016/j.foreco.2008.09.028
https://doi.org/10.3934/agrfood.2018.3.313
https://doi.org/10.3934/agrfood.2018.3.313
https://doi.org/10.1007/s00468-021-02102-1
https://doi.org/10.1007/s00468-021-02102-1
https://doi.org/10.1016/j.rse.2016.06.004
http://www.diariooficial.gob.mx/nota_detalle.php?codigo=5064731&fecha=17/10/2008
http://www.diariooficial.gob.mx/nota_detalle.php?codigo=5064731&fecha=17/10/2008
http://www.diariooficial.gob.mx/nota_detalle.php?codigo=5064731&fecha=17/10/2008
https://doi.org/10.1142/s2301385020500090
https://doi.org/10.1007/s13762-015-0750-0
https://doi.org/10.1007/s13762-015-0750-0
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.3390/rs11030269
https://doi.org/10.1016/j.rse.2017.04.030

