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Abstract: The use of remote sensing to estimate forest metrics has proven to be an 

excellent option for reducing cost and time in forest inventories. In areas with fragmented 
vegetation, digital aerial photogrammetry (DAP) can be applied, further reducing costs as it 
uses passive sensors. Therefore, integrated production system areas are good candidates 
for achieving positive results. We assessed whether DAP via unmanned aerial vehicle 
(UAV) equipped with an RGB camera is capable of estimating forest metrics such as 
diameter at breast height (DBH) and height in crop-livestock-forest integration (ICLF) and 
livestock-forest integration (ILF) systems, composed of native tree species under different 
management practices. Using height metrics and canopy cover metrics derived from the 
point cloud, we were able to fit regression models for estimating mean DBH and mean 
height. The predictive model for mean DBH achieved an R² of 0.540 and RMSE of 2.30 
cm, while the mean height model presented 0.640 and 1.30 m. We concluded that DAP is 
capable of estimating forest metrics in ICLF and ILF with low cost. 
 

Keywords: photogrammetry, dendrometry, remote sensing, point cloud 

 

ESTIMATIVA DE MÉTRICAS FLORESTAIS EM SISTEMAS INTEGRADOS DE 

PRODUÇÃO UTILIZANDO FOTOGRAMETRIA AÉREA DIGITAL 
 

Resumo: O uso de sensoriamento remoto para estimar métricas florestais vem se 
mostrando uma ótima opção para redução de custo e tempo em inventários florestais. Em 
áreas com vegetação fragmentada a fotogrametria aérea digital (FAD) pode ser aplicada, 
reduzindo ainda mais os custos, pois utiliza sensores passivos. Visto isso, áreas de 
sistemas de integrados de produção são candidatos a obterem bons resultados. 
Avaliamos se a FAD via aeronave pilotada remotamente (ARP) embarcada com câmera 
RGB, é capaz de estimar métricas florestais como diâmetro altura do peito (DAP) e altura 
em áreas de sistemas de integração lavoura-pecuária- floresta (ILPF) e integração 
pecuária-floresta (IPF), compostos por espécies arbóreas nativas sob diferentes manejos. 
Utilizando métricas de altura e cobertura de dossel da nuvem de pontos, foi possível 
ajustar modelos de regressão para a estimativa de DAP médio e altura média. O modelo 
preditivo de DAP obteve R² de 0,540 e RMSE de 2,30 cm, enquanto o da altura 
apresentou 0,640 e 1,30 m. Foi possível concluir que a DAP é capaz de estimar métricas 
florestais em áreas de ILPF e IPF com baixo custo.  
 

Palavras-chave: fotogrametria, dendrometria, sensoriamento remoto, nuvem de pontos 
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1. Introduction 
Traditional forest inventories are costly and time-consuming operations, primarily due to 
field campaigns and logistics (Almeida et al., 2020). To reduce cost and time, the use of 
remote sensing to estimate forest metrics has proven to be an excellent option. Therefore, 
the use of digital aerial photogrammetry (DAP) emerges as an alternative, as it uses 
passive sensors which are cheaper than active sensors (Goodbody et al., 2019; Almeida 
et al., 2020). Through technological advancements in remotely piloted aircraft (RPA), 
including lower equipment costs, ease of overflights, higher frequency of high-resolution 
image acquisition, coupled with the development of image processing techniques, the 3D 
products derived from DAP have shown satisfactory results in estimating forest metrics 
across different ecosystems (Goodbody et al., 2019; Cao et al., 2019; Almeida et al., 2020; 
D’Oliveira et al., 2021; Fu et al., 2021).  
The accuracy in estimating forest metrics from 3D products generated by DAP is linked to 
the quality of the digital terrain model (DTM) produced, as this is used in the normalization 
of the point cloud (Almeida et al., 2020; D’Oliveira et al., 2021). Studies show that DAP is a 
suitable option for estimating forest metrics in areas with fragmented vegetation, where the 
ground is clearly visible, enhancing DTM accuracy (Almeida et al., 2020; Queiroz et al., 
2023). Therefore, integrated production system areas such as crop-livestock-forest 
integration (ICLF) and livestock-forest integration (ILF) are candidates for achieving good 
results. This is because tree planting lines are implemented in rows separated by forage 
species. The present study aimed to evaluate the accuracy of the MDT generated through 
DAP, as well as extract the mean DBH (diameter at breast height) and the mean height 
through the 3D point cloud, developing prediction models for these variables in integrated 
production systems, such as ICLF and ILF. 
 

2. Materials and Methods 
2.1. Study area 
This study was conducted in experimental areas of integrated production systems at 

Canchim Farm, belonging to the Brazilian Agricultural Research Corporation – Southeast 

Livestock (EMBRAPA – CPPSE), located at coordinates 7568936.91 m S and 206447.21 

m E (UTM) in the municipality of São Carlos, São Paulo. The integrated systems consist of 

signalgrass pasture (Urochloa decumbens Stapf) intercropped with native forest species 

implemented in December 2007 and January 2008. They comprise planting rows arranged 

in three-line bands, spaced 22 m apart from the center line, with 2.5 m x 2.5 m spacing 

between individual trees, resulting in approximately 545 trees/hectare. The integrated 

systems are subdivided into two types: crop-livestock-forest integration (ICLF), named M 

(1.20 ha), N (1.90 ha), and G (2.14 ha); and livestock-forest integration (ILF), named K 

(3.76 ha) and L (4.00 ha). ICLF-M underwent one thinning and ICLF-N underwent two 

thinnings, resulting in approximately 365 trees/ha and 180 trees/ha, respectively. ICLF-G 

was not subjected to any management or thinning. ILF-K and ILF-L underwent two 

thinnings each, resulting in approximately 310 trees/ha each. 

 

2.2.  Data collection and processing 
First, the forest inventory was conducted between March and April 2022. DBH (cm) and 
height (m) were measured for all living trees within each of 30 plots, comprising six per 
area. Then the flights were performed with 85% front and side overlap at 120 m altitude, 
resulting in a GSD of 4.40 cm. The images processing was performed using Pix4D Mapper 
4.8.4 software (Pix4D Incorporation, 2023), including the generation of the orthomosaic, 
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DTM and point cloud. The DTM quality was assessed by comparing 87 field-collected 
GNSS points with DTM-derived estimates. Then, the point cloud was normalized using the 
DTM from Pix4D Mapper 4.8.4. Point cloud metrics were extracted using FUSION/LDV 
4.61 software (McGaughey, 2024). The regression analysis between the observed metrics 
in forest inventory and point cloud metrics was conducted in computational environment 
using the R software, version 4.4.1 (R Core Team, 2024). For selecting the best 
combination of explanatory variables, Bayesian Information Criterion (BIC), Coefficient of 
Determination (R²), and root mean square error (RMSE) values were analyzed. Shapiro-
Wilk test (5% significance) assessed residual normality of selected models, while Bartlett’s 
test evaluated homoscedasticity (Legendre & Legendre 2012). Multicollinearity was 
assessed using Variance Inflation Factor (VIF) (Montgomery, 2012). Predictive capacity of 
chosen models was evaluated via Monte Carlo cross-validation, with 1,000 random splits 
into training (80%) and validation (20%) datasets (Picard & Cook, 2012) After selecting 
prediction models for mean DBH and mean height, the variables that composed each 
model were rasterized with FUSION/LDV 4.6.1. Finally, the raster calculator in software 
QGIS 3.28.9 was used to spatialize the studied variables. 
 

3. Results and Discussion 
The generated DTM was satisfactory and presented R² of 0.985 and RMSE of 0.825 m, 

adequately representing the terrain reality of the study area. The results in this study were 

similar to those reported by Almeida et al. (2020), who obtained an R² of 0.980 and RMSE 

of 1.04 m. When generating a DTM from DAP in Brazilian savannah, Queiroz et al. (2023) 

achieved an adjusted R² of 0.990 and RMSE of 4.60 m after cross-validation. These areas 

are highly fragmented, allowing clear ground visibility, primarily due to their stratification 

and low canopy height (Ribeiro & Walter, 1998), which enables the creation of highly 

reliable DTMs (Almeida et al., 2020). 

The predictive model for mean DBH presented R² of 0.540 and RMSE of 2.30 cm after 

cross-validation, with two height metrics namely H020 (points above 0.20 m from the 

ground) and H40 (40% of point cloud points below this threshold). Despite exhibiting a 

relatively low R², the error was also considered low due to the close relationship between 

DBH and height in planted forests (Fu et al., 2021). In other forest types, additional metrics 

may be necessary for more accurate DBH estimation. For example, in Atlantic Forest 

areas, Almeida et al. (2020) achieved R² of 0.880 and RMSE of 0.800 cm using six 

variables, one Fourier transform metric (Amp06), four height metrics (HL3, HL4, HLskew, 

H01), and one canopy cover metric (CC%Hmean). The Fourier transform captured subtle 

details of vertical structure (Gonçalves, 2014), while height and cover metrics improved 

model accuracy. In poplar and metasequoia plantations, Cao et al. (2019) obtained R² of 

0.570 and RMSE of 5.17 cm using two canopy density metrics (D5, D7) and one canopy 

volume metric (closed). This error was substantially higher than in the present study, 

despite Cao et al. (2019) used LiDAR-derived DTM.  

The predictive model for mean height presented R² of 0.640 and RMSE of 1.30 m, with 

two height metrics (Hmean and H01) and one canopy cover metric (CCHmode). Hmean 

indicates the mean height of points, H01 represents the threshold below which 1% of the 

point cloud lies, while CCHmode represents the total points above the height mode 

threshold starting at 1.50 m. The model showed poorer fit but lower error when compared 

to Cao et al. (2019), who achieved R² of 0.830 and RMSE of 2.60 m using a model with 

two height metrics (H25, H95) and one canopy cover metric (D3). Conversely, better-fitting 
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models with lower error were obtained by Almeida et al. (2020), who achieved R² of 0.840 

and RMSE of 0.900 m, using two Fourier transform metrics (Amp08, Amp25) and four 

height metrics (HLkurt, H01, H05, H10). Thus, more complex metrics may improve 

precision and reduce error in estimating mean tree height. 

After fitting the predictive models, they were used to spatialize the mean DBH and mean 
height to the entire study area (Figure 1). 

 

 

Figure 1. Mean DBH and mean height specialization for the entire study area. 

 

4. Conclusions 
DAP proved to be an excellent option for generating products such as DTMs and point 
clouds in ICLF and ILF areas. Using metrics extracted from the point cloud, it was possible 
to adjust models for satisfactory estimation of mean DBH and mean height. This method 
provides forest managers with rapid access to information about the tree component, 
supporting decision-making regarding the need for forest management interventions, as 
well as the assessment of previously implemented management practices. As a final 
product, the spatial mapping of forest metrics enables the observation of growth trends 
across the area of interest where direct forest metric measurements were not conducted. 
In future studies, more sophisticated metrics to increase the R² value should be used, such 
as the Fourier transform, that can captured subtle details of the arboreal vertical structure. 
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