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Abstract

:

Forest ecosystems provide a range of services and function as habitats for many species. The concept of woodland key habitats (WKH) is important for biodiversity management in forest planning standards and certification schemes. The main idea of the WKH is to preserve biodiversity hotspots in the forest landscape. Current methods used in delineating WKH rely on costly field inventories. Furthermore, it is well known that the surveyor introduces an error because of the subjective assessment. Remote sensing may reduce this error in a cost-efficient way. The current study develops automated methods using airborne laser scanning (ALS) data to delineate geomorphological WKH, i.e., rock walls and stream gorges. The methods were evaluated based on a complete field inventory of WKH in a 1600 ha area in south-eastern Norway. The delineated WKH showed high detection rates, minor omission errors, but high commissions errors. Combining the delineation into a map of potential WKH suitable to guide field surveyors resulted in detecting all field reference WKH, i.e., a detection rate of 100% and a commission error of 25%. It is concluded that a higher degree of automatization might be possible to improve results and increase the efficiency of WKH inventories.
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1. Introduction


Forest ecosystems provide a range of services and are habitats for many species [1]. Forest management and activities influence the amount and quality of available habitats. In Europe, clear-felling is the primary driver of changes in forest ecosystems [2]. At the end of the last century, the impacts of forest management on biodiversity were recognized as an important issue. As a result, biodiversity management in forestry received increased attention [3], and the concept of woodland key habitats (WKH) was introduced as an addition to traditional forest protection in many countries, especially in the Nordic and Baltic countries [3,4,5].



The main idea of the WKH is to preserve small important biodiversity hotspots in the forest landscape [3]. The basic idea of the concept is that red-list species occur in clusters and are not randomly distributed in the forest landscape [6]. Thus, identifying the specific habitats where red-listed species are clustered provided an efficient and practical approach. The idea of delineating specific habitats was further incorporated into forest planning standards and certification schemes, such as Programme for the Endorsement of Forest Certification schemes (PEFC) and Forest Stewardship Council (FSC). Thus, routines and procedures for inventories of WKH were established [3,6]. These procedures are based on a field inventory and prior knowledge of the forest and consists of delineating pre-described habitats according to specified rules. The type and number of WKH vary substantially between countries, but some common groups of habitats exist. Timonen et al. [3] suggested that WKH in the Nordic and Baltic countries could be divided into seven main groups: (1) edaphic sites, (2) geomorphological sites, (3) hydrological sites, (4) sites based on dominating tree species and successional stage (mainly old stands with long continuity), (5) burned and other young successional stands developing after recent natural disturbances, (6) cultural biotopes, and (7) individual important trees. The methods used in delineating such WKH have experienced very little change during the last two decades and are still based on field inventories as a primary approach.



Contrary to the field-based methods applied for WKH inventories, forest-management inventories have changed drastically during the last two decades. Two decades ago, such inventories were based on intensive manual photointerpretation and field inventories. Nowadays, forest-management planning is mainly based on the combination of airborne laser scanning (ALS) and digital aerial imagery in many countries [7,8]. Combined with sample plots, important forest attributes such as timber volume, height, and basal area, are cost-effectively mapped over vast regions [9]. However, operationally delineating WKH is still based on extensive field inventories and benefits from remote sensing sources only to a limited degree, mainly from orthophotos. The subjectivity and, thus, differences between surveyors in assessing habitats is also a known problem that should be minimized [10,11]. Since remotely sensed data are already available for the forest management inventory, they are also available for WKH inventory; thus, the cost of incorporating these data into inventory protocols is minimal.



Remotely sensed data could be used in several ways to improve WKH inventories, for example, by performing a direct classification. In the remote sensing literature, there are documented methods for WKH related to deadwood [12,13,14], successional stages [15], special or old trees [16,17], areas with high herbaceous plant diversity [18,19] or hydrological features [20,21,22,23]. However, there are issues with the obtained accuracy, as some WKH can be modeled with small commission and omission errors, but other WKH types have significant errors of commission and omission, and thus remote sensing is less applicable. Nevertheless, using remote sensing to provide maps of potential WKH, preferably with small omission rates, that can be used as pre-information for field inventories is an appealing idea. The pre-information maps can guide the field crew to important locations, and the extent and attributes could be controlled. Such a use of remotely sensed data would provide a practical approach to overcome the issues related to the accuracy of remote-sensing products, while reducing the time and cost directed towards field inventories. In addition, the use of remote sensing may also provide more transparent, objective and predictable methods for WKH delineation. Hence, maps with potential WKH may also reduce the surveyor error inherent in the field inventories and provide a more objective and equal delineation between surveyors.



One of the seven main WKH groups is connected to geomorphological or topographical conditions. The WKH in the geomorphological group are rock walls, rock shelves, boulders, clay ravines, and stream gorges [3,6]. The humidity in these areas is essential for many species, and such spots act as habitats for many bryophytes and lichens [6]. The ALS technology used for the forest-management inventories was initially developed for terrain mapping, and there is extensive literature regarding the identification of landforms using such terrain data [20,21,24]. However, according to our knowledge, little has been done to identify biodiversity hotspots, such as WKH.



Remote sensing may also provide the attributes of delineated WKH either directly or by modeling. An essential criterion for valuing rock walls as a habitat for rare species is the aspect, which serves as a proxy for moisture. North or east-facing rock walls are often moister under Nordic conditions and typically have higher biodiversity, especially of red-listed bryophytes and lichens [25]. For stream gorges, the moistest areas are located in east or west-oriented habitats where sun radiation seldom reaches the gorge’s bottom.



The main objective of the current study was to develop methods using remotely sensed data to provide pre-information about the location and attributes of WKH. Specifically, we identified WKH connected to geomorphological conditions important for biodiversity in Norway using ALS. The two specific key habitats were rock walls and stream gorges. The identified areas were evaluated against reference data gathered manually in the field.




2. Materials and Methods


2.1. Study Area


The 1600 ha study area is located in the municipality of Gjøvik (60°55′ N, 10°34′ E, 300–600 m a.s.l.), Innlandet County, approximately 100 km north of Oslo, Norway (Figure 1). The area is actively managed and dominated by Norway spruce (Picea abies (L.) Karst.). Scots Pine (Pinus sylvestris L.) is found on dry ridges and mires, while deciduous species, mainly birch (Betula spp.), are scattered in the landscape.




2.2. Field Inventory


A traditional WKH field inventory was conducted in the study area during 2017 according to the updated field protocol for the Norwegian WKH inventories [26], which follows the EcoSyst framework [27]. Two different companies were involved in the inventory. Company A carried out the primary survey in subareas I and III (Figure 1). Furthermore, company B surveyed subarea I, using the same protocol. From the WKH, we used rock walls and stream gorges (Figure 1 and Figure 2). The field crew used a tablet with a simple global navigation satellite systems GNSS receiver in the WKH inventory. Thus, expected accuracy would be equal to what could be expected from mobile phones, likely around 5–13 m under optimal conditions [28] and larger errors are expected under closed forest canopies [29,30].



The majority of red-list species connected to rock walls require moist habitat. According to the WKH inventory protocol, a rock wall (Figure 2C,D) is defined as at least 3 m tall and with a slope of more than 80 degrees [26]. To be delineated, WKH usually have to reach a minimum size. However, there is no size requirement for rock walls stated in the protocol. The minimum area size for other WKH in Norway varies from 0.05 to 0.5 ha depending on the key habitat type [26]. Rock walls are often found in conjunction with stream gorges. Stream gorges are clear topographic landforms for which the stream provides moisture and humidity to the surrounding forest (Figure 2A,B). In addition, the stream carries nutrients, and thus richer vegetation types occur. According to the field protocol, stream gorges should be more than 25 m long, and the height from the bottom of the gorge to the top should be more than 5 m [26].



In total, 15 WKH were recorded by the two companies covering 21.51 ha (Table 1). The two companies identified nine rock walls covering 3.57 ha and six stream gorges covering 16.55 ha. Companies A and B recorded six and three rock walls in subarea I, respectively (Figure 1). None of the recorded rock-wall habitats overlapped. Company A recorded five stream gorges in both areas, while company B delineated one stream gorge. This stream gorge was also identified by company A in subarea I.




2.3. Remotely Sensed Data


ALS data were acquired on the 5th and the 15th of July 2018. The sensor was mounted on a fixed-wing aircraft flying at a maximum speed of 130 knots and approximately 900 m above ground level. The sensor used was the Leica ALS70-HP equipped with multiple pulses in air technology (MPiA) and operated at a wavelength of 1064 nm, with a pulse rate of two times 218.6 kHz and a scan angle of ±20°. It was flown with a side overlap of 44% and up to four returns per pulse were recorded, resulting in an average point density of 7.1 points m−2. The ground echoes were automatically classified using the progressive triangular irregular network-densification algorithm [31,32], implemented in the TerraScan software (Terrasolid Ltd., Helsinki, Finland).




2.4. Rock Wall Detection


First, a digital elevation model (DTM) was derived from triangulation irregular networks (TINs) from the ALS echoes classified as originating from the ground. Second, we computed the height difference within a three-by-three neighborhood window, i.e., maximum height minus minimum height. Raster cells with a height difference of more than 3 m were used to identify potential rock walls. We used three different resolutions of the DTM to detect possible rock walls. The resolutions were 0.27 m, 0.50 m, and 1 m, representing a slope in the three-by-three neighborhood of 79.8°, 71.6°, and 56.3°, respectively. Thus, by specifying the resolution and height difference we were able to account for both the slope and height threshold simultaneously as opposed to if we first had computed slope in an ordinary way [33] and then applied the height threshold. Third, for each DTM resolution, the potential rock wall pixels were identified and converted into polygons. A closing operation was performed on the polygons, i.e., a buffer of √2 m was applied to each of them, followed by a negative buffer of the same distance. Lastly, polygons smaller or equal to 250 m2 were removed from the potential rock walls. Furthermore, the potential rock walls derived from the different DTM resolutions were combined. The areas identified were given a score value representing an increased chance of correct identification. Initially, all areas identified with the 1 m resolution were given a score value of 3. Areas overlapping the delineation from a higher DTM resolution were updated, and scores of 2 (0.50 m) and 1 (0.27 m) were assigned. The length of the potential rock wall was derived from their minimum oriented bounding boxes [34].




2.5. Stream Gorges Detection


Stream gorges are a typical landform often visible in terrain models. To identify potential landforms that could be stream gorges, we used an ALS-derived DTM with a spatial resolution of 5 m to classify the area into different landforms. Using the methodology presented by Weiss (2001), we classified nine different landforms based on Topographic Position Index (TPI). The TPI compares the elevation in a raster cell to the mean elevation in a specified neighborhood. Thus, positive TPI values represent areas higher than their neighborhood, and negative TPI values represent areas that are comparatively lower. The TPI value and ecological interpretation vary according to the extent of the neighborhood used (Guisan et al., 1999). The combination of a small-scale and a large-scale TPI can be used to classify different landforms (Weiss 2001). A neighborhood of 50 m and 1000 m was used in this study based on preliminary trials and was assigned a score value of 1. Results of neighborhood combinations of 100 m and 1000 m and 300 m and 2000 m are also presented for comparison, with assigned score values of 2 and 3, respectively. Since elevation tends to have a spatial correlation, the range of TPI values increases with scale. Thus, we centered and standardized the TPI values. This allowed the use of the equations formulated by Weiss et al. [35] to classify the combinations of TPI grids. We used the canyons or deeply incised streams as the potential stream gorges areas from the landform classification.



Stream gorges were defined as at least 5 m deep and longer than 25 m. Thus, we used a stream network to evaluate the depth and length of the potential stream gorges. In the current study, we used the official river network of Norway from the Norwegian Water Resources and Energy Directorate. The stream height was derived from each raster cell of the 1 m DTM intersecting the stream. Similarly, the height of the border of the potential stream gorges was found. Then, each point at the stream was assigned the value of the spatially nearest height of the potential stream gorge border points. The difference between the stream height and the nearest stream gorge border height at 1 m resolution was computed. All points with a difference greater than 5 m and separated with less than 20 m were converted to individual line segments. The segments longer than 25 m (length criteria) were buffered using a 75 m buffer with a flat end, i.e., representing the maximum width of the stream gorge. The potential stream gorges intersecting with the buffer were maintained. Thus, areas that did not fulfill the depth criteria were removed.




2.6. Woodland Key Habitat Aspect


The aspect was computed within the field-recorded WKH. The computed aspect values were compared to the field-assessed value of the aspect. Since the ALS point cloud was readily available, we utilized it to compute the aspect instead of relying on raster-based methods. Raster-based methods introduce issues regarding decisions for parameters such as raster cell size, window size to compute aspect and how to aggregate individual cells for a delineated unit. Thus, we fitted the following linear model to the ground ALS echoes within each delineated unit:


  Z =  β 0  +  β 1  X +  β 2  Y + ε ,  








where Z is the height of the ALS echo, X and Y are the east and north coordinates,    β 0   ,    β 1    and    β 2    are parameters to be estimated,  ε  is the model error. Thus, the changes in Z based on X and Y are modeled and used to compute the aspect:


  a s p e c t =  (    180  π   )  a t a n  (  d y , − d x  )  ,  








where   d x =  β 1    and   d y =  β 2   . The value is converted to the compass direction in the interval 0–360°, according to the following rule:




	
if aspect < 0



	
  WKHaspect = 90 − aspect



	
else if aspect > 90



	
  WKHaspect = 360 − aspect + 90



	
else



	
  WKHaspect = 90 − aspect








Furthermore, the WKHaspect was converted to the four aspect classes recorded in the Norwegian WKH inventory: North (WKHaspect ≥ 315 & <45), East (WKHaspect ≥ 45 & <135), South (WKHaspect ≥ 135 & <225) and West (WKHaspect ≥ 225 & <315).




2.7. Accuracy Assessment


The results were evaluated based on the detection rate (both delineated in the field and computed from ALS data), omission error (field delineated WKH, but not found using the ALS data) and commission error (WKH identified using ALS data, but not identified in the field) [36]. A WKH was considered to have been detected using ALS data if the identified area intersected with the ground reference WHK map. The aspect was evaluated by comparing the ALS-derived and field recorded values. The agreement of aspect values was summarized with error matrices.





3. Results


3.1. Woodland Key Habitat Detection


During rock-wall detection, 492 areas were identified. Thus, commission errors were found to be large when using the initial detection. However, removing areas smaller than 250 m2 reduced the number of identified areas to 39 without influencing the detection rate and omission errors (Table 2). The field reference data were based on manual delineation and are not error-free. Using the ALS-derived DTM, we found that two reference polygons were prone to errors. First, one of the polygons seemed inaccurately positioned in field. This represents correct detection in the field, but with a location error of approximately 15–20 m (Figure 3A). The rock wall is situated in a gorge where GNSS signals might be poor because of high canopy cover [29,30] and terrain forms preventing GNSS signals reaching the receiver. Second, a polygon is erroneously delineated on a flat area and thus cannot be a rock wall (Figure 3B). By correcting field data for these two polygons and recalculating the detection rate and errors of omission and commission, all rock walls were detected with a score value of 2. However, the number of commissions is approximately four times larger than the number of detected rock walls. Hence, the commission errors are larger than desired. Many of these identified rock walls were associated with stream gorges. Stream gorges can be narrow, and rock walls naturally appear on the sides of the stream gorge. Thus, computing the errors based on both types of WKH reduced commission errors significantly (Table 3), thereby decreasing the erroneously automatically identified areas to less than 10.



The applied method provided a large detection rate for stream gorges (Table 4). Five out of six field-recorded stream gorges were identified. The omitted stream gorge had two sections deeper than 5 m of the ground reference gorge boundary. These sections were 21.2 m and 31.4 m long, respectively. Consequently, the depth and length criteria were fulfilled. This stream gorge was missed because it was classified as midslope drainage or shallow valley in the landform classification. However, one area was identified inside the omitted stream gorge using the procedure to detect rock walls. Thus, by combining the identified stream gorges and rock walls, the field crew would have visited all the ground reference stream gorges. The number of commission errors was six. Of these, three were located in areas with few or no trees. Thus, we could use a normalized digital surface model, or a canopy cover proxy derived from the ALS data to remove these. One of the commission errors delineated seems relevant as a stream-gorges habitat.




3.2. Woodland Key Habitat Aspect


The ALS computed aspect values calculated for the ground referenc rock walls revealed that four of the rock walls assessed as north-facing were east-facing when aspects were computed from ALS data (Table 5). There was an agreement in both field and ALS-derived aspect for one south-facing rock wall. Furthermore, one of the west-facing rock walls was calculated to be east-facing. However, the inspection of the ALS points used to calculate the aspect revealed that this error was caused by a mislocation of the ground reference data (Figure 4). The rock wall is situated in a stream gorge and includes a higher area towards the west. Thus, the computed values would be east-facing, correct for parts of the rock wall. The calculated aspect for stream gorge habitat was in agreement with the field assessment in all classes, of which three were north-facing, and three were east-facing (Table 5).





4. Discussion


The current study produced a map with pre-information about the location, extent and attributes of WKH (Figure 5). The agreement with the ground reference data was good in terms of detection rate, and omission errors were limited. The WKH in the geomorphological group are among the easiest to delineate using ALS data. Furthermore, ALS is commonly used in forest inventories and thus is readily available over vast areas. The difference between observers in vegetation and habitat mapping is a known problem [10,11]. Thus, the pre-information maps seem to be a promising tool to improve delineation and minimize differences between observers.



However, the current study presents some limitations, caused, among other things, by the limited number of field WKH. Nevertheless, the dataset is unique as a complete WKH map covering the entire area is seldom available. The quality of the field reference could also be questioned as some of the commission errors seem reasonable, but of course, other features such as forest structure, e.g., thinnings, may have led to the sites not being mapped in the field. Additionally, it is clear from the ALS data (Figure 3 and Figure 4) that geolocation issues in the digitization of WKH during the field inventory, including erroneous delineations, might be present.



We used an existing stream network that is not necessarily available in all areas or countries. Using this network instead of a DTM-derived stream network has benefits as it is part of an official map layer and thus is quality controlled. Nevertheless, a DTM-derived stream network could provide an option if an official network is absent. However, careful editing of the point clouds close to barriers such as bridges and culverts is necessary to avoid incorrect stream identification.



The idea that the ALS-based pre-information represents a correct observation if it intersects with a WKH from the field inventory might be ambitious. However, it is reasonable to assume that guiding the field crew to a potential location would result in a correct delineation. Thus, we believe that a map of pre-information would reduce the time consumption for field work. However, if the editing work on the preliminary boundary is extensive, this might not be the case. However, combining the ALS delineation of rock walls and stream gorges into one map leads to detecting all ground reference WKH, i.e., a detection rate of 100%. In addition, the resulting commission errors were reduced to five additional areas to be visited during the field inventory for a commission rate of approximately 25%. Thus, the number of sites to visit in the field (i.e., area to check) to delineate the WKH becomes considerably reduced.



The high commission errors represent a potential problem, but there are reasonable explanations for such mistakes, as mentioned above. First, the commission errors might have occurred in areas with forest cover or forest structure unsuitable for WKH delineation, e.g., clear-cut or young forests. Thus, other environmental qualities of the site are evaluated subjectively in the field and were found not to support a WKH. Using the vegetation returns from the ALS to compute crown coverage or the successional stage could potentially reduce some of these errors [15,37]. Second, they could represent correct delineation and omission using the field inventory since field inventory for the entire area can be difficult. Furthermore, rock walls represent smaller geomorphological features that the field crew could easily oversee in dense forests. However, the main idea in the current study is that these ALS-based delineations guide the field crew to potential sites before being accepted as a WKH, thus, making the high commission errors reasonable.



The current study concerned two WKH, namely, rock walls and stream gorges. In Norway, clay ravines are also a defined type of WKH, and in Scandinavian and Baltic countries, rock shelves, boulders, steep bluffs, etc., are found in the geomorphological group of WKH. The methods presented in this study can be modified to fit specific WKH definitions for a range of related habitats such as clay ravines and other landforms connected to the terrain slope. However, the accuracy needs to be evaluated for the specific WKH.



Aspect classes were derived for all field recorded habitats, and agreement was evaluated. The aspect class was also computed and added to the pre-information WKH map (Figure 5). The point-based method applied to the ALS ground point cloud ensures that the computed aspect represents the entire WKH. The overall result seems to be that the field crew indicated a north-facing aspect while the ALS-based aspect was computed to be east-facing. A reasonable explanation could be that the field crew had issues determining the correct aspect direction either through subjective decisions or experienced problems with the compass in field. Another reason is that the field crew could integrate a more general assessment of the aspect direction by evaluating surrounding areas or placing more weight on some parts of the WKH. Thus, field crews could better assess the scale to which aspect should be derived. Providing the aspect on the pre-information map would support such assessments.



The current study showed that directly translating a field inventory protocol might be challenging when developing a remote sensing product such as this. In the present study, the definitions regarding size or length of a rock wall were found to be missing. Furthermore, a stream gorge or a rock wall that has been harvested and is now clear-cut will dry out, and thus it would be less moist and less valuable as a habitat. There are requirements regarding suitable forest cover and structure, but the field manual does not explicitly state this. In the field, the surveyor should assess the requirements subjectively. An objective description of such requirements would benefit further automatization through remote sensing.



We believe that a considerable amount of time could be saved during field inventories if the field crew has access to such pre-information maps on tablets (Figure 5). The maps will guide the field crew to important areas without necessarily influencing detection accuracy. Furthermore, an expected result is improved geolocation and a better agreement between different field crews. Pre-delineated WKH borders can be accepted in the field; thus, errors caused by hand drawing on tablets, positional errors, and subjectivity are minimized.




5. Conclusions


The current study developed ALS data methods to identify geomorphological WKH, i.e., rock walls and stream gorges. A map of potential WKH that can be used as pre-information in the field inventory was developed. The delineation showed high detection rates, low omission errors, and a high number of commissions. The field inventory of WKH used in the current study presented some potential issues with the delineation. It underlined the need for more objective tools, as developed in this study, to support field inventories. Furthermore, a method to compute aspect, a critical WKH attribute, provided good results. Overall, the methods and evaluations presented indicate that a higher degree of automatization is possible to improve outcomes and increase the efficiency of WKH inventories.
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Figure 1. Study area and location of field delineated rock walls and stream gorges. 
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Figure 2. Examples of stream gorges (A,B) and rock walls (C,D). Pictures not from the study area. Photos by Rune Halvorsen licensed CC-BY-4.0 (A,C) and Hans Ole Ørka (B,D). 
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Figure 3. Errors in ground reference data. (A) The field observed rock wall assumed to be mislocated and (B) the field observed rock wall assumed to be wrong. ALS ground points are colored using height. Identified rock walls are colored white if recorded in the field and purple if identified automatically. 
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Figure 4. Locations of points used to calculate aspect for one west-facing rock wall where ALS ground points are colored using height and identified rock wall is colored white when matching ground reference data. 
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Figure 5. Pre-information map of potential rock walls and stream gorges in the extended study area. Letters refer to aspect; N = north, E = east, S = south, and W = west. 
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Table 1. Summary of field delineated rock walls and stream gorges by the two companies.
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	WKH
	Company
	n
	Total Area (ha)
	Mean Area (ha)
	Area Range (ha)





	
	A
	6
	3.54
	0.59
	0.02–2.65



	Rock walls
	B
	3
	0.03
	0.02
	0.00–0.02



	
	Total
	9
	3.57
	0.40
	0.00–2.65



	
	A
	5
	15.93
	3.19
	0.40–6.84



	Stream gorges
	B
	1
	2.01
	2.01
	-



	
	Total
	6
	17.94
	2.99
	0.40–6.84
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Table 2. Detection rate, errors of omission and commission errors for rock walls (>250 m2) with different score values compared to ground reference data (rock walls). The numbers in the parenthesis are presented with the corrected field reference data.
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	Score
	Detection Rate
	Omission Errors
	Commission Errors





	1
	5 (6)
	4 (2)
	17



	2
	7 (8)
	2 (0)
	9



	3
	7 (8)
	2 (0)
	1
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Table 3. Detection rate, errors of omission and commission errors for rock walls (>250 m2) with different score values compared to ground reference data (rock walls and stream gorges). The numbers in the parenthesis are presented with corrected field reference data.
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	Score
	Detection Rate
	Omission Errors
	Commission Errors





	1
	10 (11)
	5 (3)
	6



	2
	12 (13)
	3 (1)
	2



	3
	12 (13)
	3 (1)
	1
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Table 4. Detection rate, errors of omission and commission errors for stream gorges with different score values compared to ground reference stream gorge data.
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	Score
	Detection Rate
	Omission Errors
	Commission Errors





	1
	5
	1
	5



	2
	5
	1
	9



	3
	4
	2
	13
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Table 5. Comparison of ALS-derived and ground reference aspect for rock walls and stream gorges.
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ALS Aspect

	
Ground Reference Aspect




	

	
North

	
East

	
South

	
West






	
North

	
3

	

	

	




	
East

	
4

	
3

	

	
1 1




	
South

	

	

	
1

	




	
West

	

	

	

	
1








1 The observation represents error based on geolocation in Figure 4.
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