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Abstract

:

The accuracy of the positioning of the data collected by remote sensing platforms is of great importance in forest and wildlife surveys, salvage logging, soil disturbances after felling operations, fire risk management and many other forestry-based research. The significance of bark beetles in silver fir and Norway spruce stands is an essential factor that can affect the increase in biomass quantity and the reduction of its quality. Due to an Ips typographus (L.) outbreaks in the central part of Croatia from 2016 to 2021, salvage logging was performed in an area of 11,940 ha, with terrain slopes varying from 0 to 172.83%. Two plots of similar sizes (<5 ha) and different terrain conditions (flat vs. sloped terrain) were chosen and were measured in June 2022. Measurements included a total station, a real-time kinematic (RTK) GNSS (Global Navigation Satellite System) terrestrial receiver and an unmanned aerial system (UAS) in order to determine the accuracy of a digital terrain model (DEM) generated by a photogrammetric UAS. In total, 175 checkpoints were marked in the field. Four different GCP (Ground Control Point) classes (5, 10, 15 and 20) were used to compare validation points acquired from the original point clouds, imagery and orthophotos to the reference positions. This study showed that, in terms of a forest area recognition after conducted salvage logging, the use of 10 GCPs for terrain evaluation is necessary even in small areas below 5 ha and regardless of terrain slope.
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1. Introduction


Silver fir (Abies alba Mill.) and Norway spruce (Picea abies (L.) H Karsten) together amount to 11.8% of the total growing stock of Croatia and are, at the same time, the most common conifer tree species. Both species prevail in the forests of Gorski Kotar and Lika, which represent a significant ecological base for the most forested areas of the Republic of Croatia [1]. The damage caused by the effects of climate extremes (windstorms, heavy wet snow, ice storms etc.) leads to the outbreak of bark beetles which, as secondary pests, have favourable conditions for their development and a sudden increase in population [2]. Of the total volume of Norway spruce on the national level, 80% of the timber volume is in the highest DBH (Diameter-at Breast-Height) class, which is at the same time a high age for Norway spruce and a sign that these spruce forests are old and physiologically weak [3]. The significance of bark beetles in silver fir and Norway spruce stands is an essential factor that can affect the increase in biomass quantity and the reduction of its quality. Ips typographus (L.) is the most dangerous insect in European coniferous forests [4]. The main host of the spruce bark beetle is Norway spruce, the most common conifer of northern Europe and mountainous areas of central, southern and Western Europe [5]. Tomljanović et al. [6] state that forest disturbances such as bark beetles, windstorms or snowstorms directly affect the regeneration, biodiversity and productivity of the stands.



Mapping forest areas affected by natural disasters is a challenging and time-consuming task with high risks. Remote sensing is used on such occasions to provide valuable information on surface conditions. The use of unmanned aerial systems (UAS) enables fast and accurate data in forest and wildlife surveys [7,8,9,10,11], salvage logging [12,13], soil disturbances after felling operations [14,15] and fire risk management [16]. Mokroš et al. [13] state that the use of the global navigation satellite systems (GNSS) and remote sensing techniques seem to be suitable for the early-stage estimation of the extent of the disturbance. Miller et al. [17] report that satellite technology has advanced significantly, but legal limitations in using commercial satellite imagery and UAVs bring restrictions in scientific research.



Quality assurance of survey-grade global positioning is often overlooked or not understood and perceived uncertainties can be misleading [18]. The commercially available GNSS and multi-sensors integrated navigation systems are mainly focused on loose and tight integration strategies [19] where dense forest canopy and difficult terrain conditions bring more challenges during surveys. Mostly, 2–3 GCPs are considered a minimum (depending on the processing software in use), and some software tutorials [20,21,22] even state that 5–10 GCPs are usually enough even for large projects. Still, the same tutorials highlight that, if the topography of the area is complex, more GCPs will lead to more accurate reconstruction. On the other hand, some authors report that using GCPs is time-consuming and expensive. Therefore, they propose direct georeferencing without the need for any GCPs [23,24,25].



This study aims to evaluate the accuracy of a digital terrain model (DEM) generated by a photogrammetric UAS using a high-quality control, i.e., a total station and a GNSS-RTK device in a cut-block area after salvage logging, enforced by a bark-beetle outbreak. In addition, the purpose of this study is to show the possibility of using an engineering surveying method, i.e., a total station in forest research, a method that is rarely used in forestry surveys and with a distance measurement accuracy of a standard mode prism 2 mm + 2 ppm. The influence of the number of GCPs was investigated in the context of two different terrains, and the applicability of terrestrial measurements for determining the size of the salvage logging area.




2. Materials and Methods


2.1. Study Area


The study areas (Figure 1) are located in Gorski Kotar, Croatia, Plot 1, Sunger (φ 45°20′28″ N and 45°20′16″ N and λ 14°47′00″ E and 14°47′24″ E); and Plot 2, Carevići (φ 45°25′14′’ N and 45°25′12″ N and λ 15°00′03″ E and 15°00′14″ E).



The salvage logging in these two plots was performed in 2017 after a bark-beetle outbreak which, in the period from 2016 to 2021, affected 11,939.93 ha in the Gorski, Kotar, area and resulted in 262,927 m3 of cut timber in salvage logging. Due to an Ips typographus outbreak, a total of 3595 m3 of Norway spruce was cut in the study area which consists of two plots. The area of Plot 1 (Sunger) amounts to 4.549 ha, with a range of terrain slopes between 0.04%–2.47%, and a mean value of 1.32 ± 0.47%, while the area of Plot 2 (Carevići) is 3.057 ha, with a range of terrain slopes between 0.71%–46.93%, and a mean value of 17.52 ± 7.93%. Similar in size and tree species composition, these two plots differ in terrain characteristics, where Plot 1 is flat (771–775 m.a.s.l.—meters above sea level) and Plot 2 undulating (469–514 m.a.s.l.).




2.2. Used Equipment and Softvare


The measurements were made in June 2022 with a total station STONEX TS R35 WINCE, an RTK GNSS STONEX S900A terrestrial receiver and a UAS DJI Inspire 1 V2.0 (Figure 2), whose characteristics are shown in Table 1. The GCP and validation points were designed in orange cross-shaped cca 50 × 50 cm targets marked on the ground with an orange tree-marker spray. The coordinates of 175 GCP and validation points were measured using the GNSS-RTK device, and in order to increase the accuracy of the measurement, the occupy point (physical point where the total station is setup) and the backsight point (point that determines heading in a survey) were recorded by the arithmetic mean of three 10-s independent measurements [26]. The total station was used with a varying prism height of 2.0.–4.6 m depending on the visibility in the terrain. The differential correction data were gained using a real-time connection with the Croatian real-time positioning service, CROPOS. CROPOS has a declared accuracy of ±2 cm [27]. A total of 5, 10, 15 and 20 ground control points (GCPs) were established for the UAS accuracy evaluation on both plots. GCPs were used solely for the georeferencing and were not used in the final accuracy analysis with validation points [28]. A DJI Inspire 1 V2 UAV (unmanned aerial vehicle) with activated GLONAS+GPS technology was used. This is a rotary wing aircraft (quadcopter) controlled by a ground remote control. The aircraft was equipped with a Zenmuse X3 camera which is mounted on a 3-axis gimbal. This 20 mm (35 mm format equivalent; f/2.8) camera has a 12 MP sensor and can provide a ground sample distance (GSD) of 3.0 cm/pixel at the 70 m AGL flight altitude. The shutter speed of the camera can vary from 8-1/8000 s. For flight programming, the DJI GS Pro app was used. The shooting angle was parallel to the main path and a hover & capture mode at point methodology was used. The front and side overlap was 80% where the camera was at an angle of 90° according to the field. For photogrammetric work (point clouds, 3D models and orthophoto maps), Pix4D mapper was used. Altogether, 454 aerial images for Plot 1 and 373 images for Plot 2 were captured for processing.




2.3. Evaluation Methods


The goal of this study was to investigate the accuracy of a DEM generated by a photogrammetric UAS in two different cut-block areas after salvage logging, enforced by an Ips typographus outbreak. The evaluation of point cloud and orthomosaics accuracy was performed using 71, 66, 61 and 56 validation points on Plot 1, depending on the number of the used GCPs and 94, 89, 84 and 79 validation points on Plot 2, also varying due to a different number of GCPs in each analysis. After using each set of randomly chosen GCPs, i.e., 5, 10, 15 and 20, the accuracy of dense point clouds was evaluated using ArcGIS 10.1 and QGIS 3.16 software. Points were identified as centres of orange crosses (Figure 3). x and y coordinates were gained using identification that resulted in point shape file layers, while z coordinates were assigned using 2D coordinates and a DEM raster.



Four GCP configuration classes in the UAS image processing were used (Figure 4). Each configuration represents a different number of used GCPs and a different location in the UAS image processing.



The root mean square error was calculated for the coordinates of validation points gained from the orthophotos, point clouds and original imagery [28,29,30,31].


  R M S  E x  =       ∑   i = 1  n  Δ  x i 2   n     



(1)






  R M S  E y  =       ∑   i = 1  n  Δ  y i 2   n     



(2)






  R M S  E z  =       ∑   i = 1  n  Δ  z i 2   n     



(3)




where Δxi, Δyi and Δzi are differences between the reference coordinates and the coordinates gained from the UAS photogrammetric survey, while n is the number of points in each set.


  R M S  E  x y   =   R M S  E x 2  + R M S  E y 2     



(4)






  R M S  E  x y z   =   R M S  E x 2  + R M S  E y 2  + R M S  E z 2     



(5)







Positional error Δp was used to analyse within-group variability [19] for the horizontal position of each validation point on both plots:


  Δ  p i  =   Δ  x i 2  + Δ  y i 2     



(6)







Positional error gives a distance between the point position, i.e., validation points gained by a photogrammetric UAS survey, and the reference position. The interquartile range (IQR) × 1.5 was used in box-plot whiskers to show the variability of different GCP classes.





3. Results


The root mean square horizontal and vertical errors were calculated for Plots 1 and 2, depending on five variations in the number of used GCPs 5, 10, 15 and 20 (Figure 4 and Figure 5) on the area below five hectares after a salvage logging. The highest decline in error was between 5 GCPs and 10 GCPs on both plots. After the use of 10 GCPs, the increase in accuracy on Plot 1 was between 4 and 9 mm in the x coordinate and 1 and 5 mm in the y coordinate, and on Plot 2 it was between 14 and 34 mm in the x coordinate and below 5 mm in the y coordinate. On the other hand, the error in the z coordinate did not decrease with the rise of the used GCPs. On Plot 1, the lowest error was recorded at 10 GCPs RMSEz = 0.1255 m, after which it inclined for 2 and 3 mm for 15 and 20 GCPs, respectively. In Plot 2 the error in the z value was also the lowest at 10 GCPs at RMSEz = 0.1546 m, after which it inclined for 8 and 7 mm again for 15 and 20 GCPs, respectively.



All checkpoints were recorded by a total station and an RTK GNSS terrestrial receiver, and the x, y and z coordinates of 175 points on both plots were analysed (Table 2). The error for all three coordinates was below 1 cm, apart from the y coordinate in Plot 2.



Error in all three coordinates without using any GCPs is shown in Table 3. Expectedly, the highest error was in the z coordinate on Plot 2 (RMSEz = 15.0400 m) where the terrain is undulating, and the terrain slope varies from 0.71% to 46.93%. The lowest error was recorded in the x coordinate on Plot 1 (x = 0.4983 m).



The positional error of both plots is shown in Figure 6. Generally, the increase in the number of GCPs used for the alignment of original images reduced the positional error. In Plot 1, median values were Δp5GCP = 0.2305 m, Δp10GCP = 0.0403 m, Δp15GCP = 0.0562 m and Δp20GCP = 0.0424 m. Plot 2 followed a similar pattern with one exception—GCP class with ten points, Δp5GCP = 0.1500 m, Δp10GCP = 0.2220 m, Δp15GCP = 0.0817 m and Δp20GCP = 0.0507 m. This one exception in Plot 2 can be explained by difficulties connected to the identification of points depending on the level of zoom on relatively scarce point clouds brought by using a different tree-marker spray in Plot 2.




4. Discussion


There are many possibilities and benefits in using UASs in forest ecosystem research. When there is a need to identify damaged sites, especially after climatic extremes or bark-beetle outbreaks, the use of UASs has shown to be crucial for the harvesting management of salvage logging or in more specific pre-harvest, post-harvest and post-disturbance inventories when timely and accurate data are needed [6]. Researchers highlight that the use of UASs, which performances are constantly improving, will eventually replace the need for people in the field, thus reducing the price and time for surveying and reducing risks, especially in damaged sites with high-risk control. Effective management and integrated forest protection must successfully limit the increase of trees destroyed by bark beetles after extreme weather conditions [32]. In the forests of silver fir and Norway spruce, bark-beetle outbreaks represent a significant biotic factor in the last ten-year period.



The influence of the number and the position of GCPs has been studied widely. Generally, the number of used GCPs varies from 4 to 20, regardless of the studied area size. The area size is usually defined as small (<10 ha) [33], middle-sized (<100 ha) [32,34] and large (>100 ha) [28,29,34] in different fields of research, which usually correlates to land cover, and also varies but from an environmental point of view which may be related to the study of quarry sites and mining areas [29,30], urban areas [35,36], agriculture [37] and forests [28,38]. Forests are somewhat different from the rest as they are dense canopy; they still bring the biggest challenges in both aerial surveys and terrestrial surveying methods.



Placement of the GCPs requires a clear view of the sky to minimise GPS error due to the forest canopy and during postprocessing corrections [39], which, in this research, was possible due to a conducted salvage logging operation. Two plots of similar size (<5 ha) and different terrain conditions were measured using a total station, an RTK GNSS terrestrial receiver and a UAS in June 2022, in the same weather conditions and approximately the same hours of flight (from 11 to 14 h) and flight height (70 m). Totally, 175 checkpoints were marked in the field with an orange tree-marker spray. Four different GCP classes (5, 10, 15 and 20) were used to compare validation points acquired from the original point clouds, imagery and orthophotos to the reference positions. Generally, the values in RMSE decreased as the quantity of the GCPs increased, which is most visible in the horizontal accuracy (Figure 4) analysis and follows previous research [30,35,36]. The vertical variations in RMSE were recorded despite the increase in the number of GCPs [30,35,37]. The evaluation of the point cloud and the orthomosaic accuracy without the use of GCPs showed higher RMSE (still <4 m) and were just above 15 m for horizontal and vertical positions, respectively. The RMSE of all points recorded by a total station and an RTK GNSS receiver showed small variations, mostly below 7 mm horizontally and vertically, with one exception: RMSE y = 14 mm in Plot 2. Plot 2 was more challenging in terms of terrain survey due to the undulating terrain with slopes ranging from 0.71% to 46.93%, but also in the identification of marked checkpoints in the field, i.e., orange crosses (Figure 3). In Plot 2, we used a different tree-marker spray (EU production) than the locally produced one which was used in Plot 1, and the visibility of the centre of the crosses on Plot 2 were much lower. In addition, during the measurements with a total station and an RTK GNSS terrestrial receiver, one should pay special attention to the vertical position of the prism and the mapper, as deviations will bring errors in measurements.



UAS do provide on-demand, highly precise data with subcentimeter resolution for forestry research [17]. The same authors stated a great potential in PPK-derived (Postprocessing Kinematic) data in applied research and forest management situations without any use of GCPs. Also, they concluded that highly representative datasets provide the means to conduct tree measurements, which was, in their case, performed at an oak plantation of 207.29 m2 and a flat terrain.



The practicality of UAS in large areas after natural disturbances can be questioned together with the use of GCPs for georeferencing, but the most important question in such situations is to what extent of accuracy do foresters need in certain situations. This research showed that without using GCPs, root mean square errors for x and y coordinates were below 1 m in even terrains at Plot 1 (RMSEx = 0.4983 m and RMSEy = 0.7117 m) and below 4 m in sloped terrains at Plot 2 (RMSEx = 0.9313 m and RMSEy = 3.2359 m), while the z coordinate showed higher error on both plots, but was still smaller on even terrains (Plot 1 RMSEz = 2.6362 m and Plot 2 RMSEz = 15.0400 m). The level of accuracy desired would obviously be a function of the forest management issue under consideration, as some issues may require more highly accurate and precise estimates of areas. Again, some researchers question the time-efficiency component associated with the use of GCPs in applied forestry research [17]. This research was conducted in two days and merely because of waiting for the same weather conditions and approximately the same hours of UAS flights, i.e., from 11 h to 14 h. Recent forest-based accuracy assessments of UAS positions do not use total station as a high-quality control; the use of total station is often connected to agricultural [37] or quarry surveys [31,40]. In this research, we used both an RTK GNSS terrestrial receiver and a total station, which is in accordance to previous recommendations which stipulate that points on the ground need to be measured with at least state-of-the-art GNSS-RTK technology or engineering surveying methods based on total stations [41].




5. Conclusions


Unfortunately, climatic extremes can be expected in the near future, and with them bark-beetle outbreaks will usually follow in the period of one to three years after the extreme. The development of UASs will improve their performance and area of application for the same or lower price to ensure competitiveness, which will help in surveying disturbed forest areas. This study showed that in terms of an area recognition after salvage logging, the use of GCPs for original point clouds, imagery and orthophotos evaluation will bring more accuracy in area recognition, even in areas below five hectares. The placement of GCPs in a terrain can be time-consuming if many GCPs will be in use; still these results showed that 10 GCPs would be sufficient to gain accuracy. The use of 10 GCPs in this research gave RMSEx = 0.07 to 0.08 m on flat and sloped terrains (Plots 1 and 2), respectively, while RMSEy = 0.05 to 0.21 m. The highest error was recorded in the z coordinate, where RMSEz = 0.13 to 0.23 m in Plots 1 and 2, respectively. With the use of more GCPs, errors in x, y and z coordinates can be additionally reduced, but minimally.
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Figure 1. Study area (A) Plot 1—Sunger and (B) Plot 2—Carevići. 
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Figure 2. Equipment used in the research: (A) RTK GNSS STONEX S900A terrestrial receiver, (B) STONEX TS R35 WINCE total station and (C) UAS DJI Inspire 1 V2. 
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Figure 3. Identification of checkpoint centres using orange tree-marker spray. 
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Figure 4. Variations in the number of GCPs in Plot 1 and Plot 2. 
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Figure 5. Horizontal and vertical RMSE on Plots 1 and 2. 
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Figure 6. Positional error in Plots 1 and 2. 
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Table 1. Technical specification of the used equipment.






Table 1. Technical specification of the used equipment.





	
Total Station Stonex R35

	
RTK GNSS Receiver Stonex S900A

	
DJI Inspire 1






	
ANGLE

MEASUREMENT

(angle units)

	
DEG 360°/GON 400/MIL 6.400

	
Gimbal Zenmuse X3. Angular Vibration Range ±0.03°; Controllable Range Pitch: −90° to + 30°

Pan: ±320°

	
GPS: L1 C/A, L1C, L1P, L2C, L2P, L5

	
DJI Inspire 1

Gimbal Zenmuse X3. Angular Vibration Range ±0.03°; Controllable Range Pitch: −90° to + 30°

Pan: ±320°




	
GLONASS: L1 C/A, L1P, L2C, L2P




	
BEIDOU: B1, B2, B3




	
GALILEO: E1, E5a, E5b




	
QZSS: L1 C/A, L1C, L2C, L5




	
SBAS: L1, L5




	
DISTANCE

MEASUREMENT RANGE

	
Standard mode prism

3.000 m

	
Max Transmitting Distance up to 5 km.

	
3–4 Km in urban environment

Up to 10 Km with optimal conditions

	
Max Transmitting Distance up to 5 km.




	
Long mode prism

5.000 m




	
DISTANCE

MEASUREMENT

ACCURACY

	
Standard mode prism

2 mm + 2 ppm

	
GPS Hovering Accuracy: Vertical: 0.5 m

Horizontal: 2.5 m

	
Fixed RTK Horizontal

(8 mm + 1 ppm RMS)

	




	
Long mode prism

2 mm + 2.5 ppm

	
Fixed RTK Vertical

(15 mm + 1 ppm RMS)

	
GPS Hovering Accuracy: Vertical: 0.5 m

Horizontal: 2.5 m




	
LASER PLUMMET

(laser type)

	
635 nm

semiconductor laser

	
Operating Frequency 5.725–5.825 GHz & 2.400–2.483 GHz

	
2.1 + EDR, V4.0

	




	
POWER SUPPLY

(battery)

	
7.4 V/3.400 mAh Li-ion

	
Rechargeable and replaceable TB48, 5700 mAh, 22,8 V, 12,996 Wh

	
2 rechargeable and replaceable

7.2 V—3400 mAh

Intelligent lithium batteries

	
Operating Frequency 5.725–5.825 GHz & 2.400–2.483 GHz




	
POWER SUPPLY

(working time

(angle + distance meas.)

	
Up to 5 h

	
Depending on the intensity of the flight approximately 18 min

	
Up to 12 h (2 batteries hot swap)

	
Rechargeable and replaceable TB48, 5700 mAh, 22.8 V, 129.96 Wh




	
PHYSICAL

SPECIFICATION

(dimensions)

	
206 × 203 × 360 mm

	
438 × 451 × 301 mm

	
ɸ 157 mm × 76 mm

	
Depending on the intensity of the flight approximately 18 min




	
PHYSICAL

SPECIFICATION

(Weight including

Battery and tribrach)

	
6.1 kg

	
Take-off Weight 3060 g (including propellers, battery and Zenmuse X3 camera)

	
1.19 kg (with one battery)

1.30 kg (with two batteries)

	
438 × 451 × 301 mm
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Table 2. Root mean square error of all 175 checkpoints recorded by a total station and an RTK GNSS terrestrial receiver.
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	RMSE
	Plot 1
	Plot 2





	RMSEx
	0.0518
	0.0585



	RMSEy
	0.0309
	0.1412



	RMSEz
	0.0746
	0.0453
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Table 3. Root mean square error without the use of GCPs.
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	RMSE
	Plot 1
	Plot 2





	RMSEx
	0.4983
	0.9313



	RMSEy
	0.7117
	3.2359



	RMSEz
	2.6362
	15.0400
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