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Abstract

:

High numbers of large ungulates are locally accompanied by high levels of damage to field crops, causing economic losses and increased costs for the protection of agricultural fields. Quantifying the levels of damage can be problematic, with the degree of accuracy depending on the method used. The aim of this study was to compare the accuracy, workload and cost of four methods commonly used for estimating damage to wheat fields caused by large ungulates (esp. wild boar) in the Czech Republic. The results suggest that the manual processing of aerial photographs (“Uncrewed Aerial Systems [UAS] with Operator Delineation Method”) was very laborious and the least accurate method, with a high risk of error. In comparison, the automatic evaluation of aerial images (“UAS Crop Height Method”) and the “Ground-Based Assessment” both provided similar results when carefully analyzed and were equally demanding. The “Yield Method”, comparing the net yield from damaged and undamaged areas, provided the same result of assessment and was the least laborious, although it does require the existence of comparable areas and for the conditions to be created in advance before the method is used. Equivalent results were achieved by the UAS Crop Height Method, which we recommend using in cases where the Yield Method cannot be applied.
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1. Introduction


At present, the Central European landscape is characterized by a high number of large ungulates that are able to find sufficient food and shelter [1,2,3], despite significant changes to their habitat and strong anthropogenic pressure. The existing regulatory factors, such as unfavourable environmental conditions, natural mortality and hunting, are insufficient for significantly reducing their abundance; indeed, populations of some species are growing [4,5], leading to increased conflicts with human interests [6,7,8]. The most significant issues at present include health risks to humans and livestock [9,10], traffic accidents [11], impacts on biodiversity and the ecological stability of ecosystems [12] and, perhaps the most widespread and economically significant issue, damage to field crops and forest stands [13,14].



Field crops and woody plants in forests are a very often preferred component in the diet of large ungulates. These feeding preferences reduce crop yields and threaten forest growth and species composition [15,16]. In addition to direct consumption, other activities, such as trampling, lying [17,18] or uprooting [19], can be a serious source of damage. At sites with a high number of ungulates, their overall impact may fundamentally limit landscape management [20,21]. Therefore, there is a real need for the development of tools that will reduce the damage to tolerable levels, such as an increased regulation of herbivore populations, improving local environmental conditions and/or increasing the supply of alternative natural food and preventative measures to reduce the risk of damage, alongside the use of reliable and practicable damage estimation methods [22,23]. Damage estimation methods are particularly important for farmers as they provide direct evidence of the scale of damage and can provide indisputable data on the amount of damage when negotiating for compensation. At present, however, there is no standard methodology available, especially for field crops, and the methods that are used tend to be too laborious, expensive or imprecise. We therefore decided to evaluate the accuracy, labor and cost of the most frequently used methods for estimating damage to agricultural crops by large ungulates. The most commonly used method for the estimation of field crop damage in use today is the “Walking Method”, also known as the “Ground-Based Assessment”. This requires the observer to walk through the crop and estimate the extent or proportion of damage to partial plots [24]. This method can be very laborious in the case of large fields or the need for high precision. In more recent years, walking has often been replaced by aerial photography using unmanned aerial vehicles, or drones (“UAS Crop Height Method” and “UAS with Operator Delineation Method” [25]), which are easily available and are constantly being updated with sensors and software that can also be used to calculate the actual damage caused by game to the field crops [26,27,28,29]. Using a drone to determine the damage in fields is not laborious, but it requires special equipment and knowledge of the calculation, which makes this method difficult to access for common practice. In addition to the methods listed and tested by us, there is also a great potential for using images taken from drones in the use of vegetation indices obtained from multispectral images (e.g., Normalized Difference Vegetation Index [30], Enhanced Vegetation Index) and textural feature extractions [25]. The indices are additionally usable for verifying the homogeneity of the conditions of the compared fields within the last method, which we tested. The use of these methods in practice is very suitable for estimating the overall extent of damage, but very problematic from the point of view of quantifying the resulting damage [31]. Therefore, in our study, we also included a method that calculates the value of the loss, regardless of the overall extent of the damage. A fourth option is the “Yield Method”, which is based on a comparison of the yields from damaged and undamaged areas [32]. The Yield Method is promising as it can accurately show low level or difficult to detect damages at relatively low cost; however, its applicability is limited by two factors, i.e., the requirement of comparative areas with the same potential yield and the need for verification that the damage in the area was not caused by other factors.



The aforementioned methods have their advantages and disadvantages or require the fulfilment of specific conditions for their use. If it is necessary to quantify wildlife damage to field crops, it is necessary to take into account the degree of accuracy required, as well as the costs, labour and a whole range of other factors, in addition to the environmental conditions of the area of interest and the surrounding area.



Therefore, the aim of this study was to compare the accuracy, workload and cost of the four commonly used methods, i.e., the Ground-Based Assessment, the UAS Crop Height Method and the UAS with Operator Delineation Method, compared to the reference Yield Method, in an effort to identify the most appropriate method for estimating the damage to agricultural crops by large ungulates, using the example of winter wheat.




2. Materials and Methods


2.1. Study Area


The 208,700 m2 field monitored in this study lies in the south-eastern part of the Czech Republic, near the town of Vyškov (49°19′13.7″ N 16°56′39.5″ E). The field, which was sown with winter wheat (Triticum aestivum; JINDRA CPG variety, Limagrain Central Europe Cereals, s. r. o.), is bordered on two sides by extensive forest, the other sides being bordered with fields of barley (Hordeum vulgare) and wheat. No mechanical means for preventing animals from entering the monitored area (e.g., fences) were in use, nor any means for disturbing or repelling animals. In addition to wild boar (Sus scrofa), roe deer (Capreolus capreolus) also occur sporadically in the monitored area, although their impact on the field is believed to be negligible. Prior to monitoring, the wheat crop was growing well and evenly, and there was no sign of damage by herbivores until ripening. From the milky ripeness stage on, however, the field was regularly visited by wild boar, and visible damage, in the form of laid and trampled areas of various shapes and sizes, gradually developed (see Figure 1).



A neighbouring field with a similar area (21.04 ha), on which the same crop was grown using identical technology, was used as a comparative area for the Yield Method. Both fields had almost identical soil conditions (Haplic Cambisol), southern exposure and altitude (380–420 m ASL) and had been cultivated with the same crops in the previous few years. This comparison field was not damaged by wild boar as disturbance factors (e.g., road, cycle path and sidewalk) ensured the animals remained in quieter fields closer to the forest edge. Similarly, there was no damage attributable to other factors, such as mistakes when using agricultural equipment. Due to their similar environmental conditions and recent yields, the two areas were therefore considered to be comparable in terms of their production potential.




2.2. Ground-Based Assessment


Damage to the field (damaged area was defined as an area with trampled plants whose height was lower than 30 cm—this height corresponded to the height of the combine cutter bar; it was not possible to collect the plants with the harvesting machine) was mapped two days before harvest in the month of July, at which time the entire area was checked by assessing adjoining 12 m wide strips. To collect the data, observers systematically followed a line through the center of the strip and used a hand-held GPS device to record any damage to the vegetation (esp. trampling and lying of wild boar). The size (in m2) of each damaged part of the study area was then determined, along with the percentage of damage in relation to the total area.



Small damaged areas of up to 15 m2 were recorded on the GPS device as a point at the approximate center of the area, and the actual size (in m2) and proportion of damage were estimated directly in the field. Larger damaged areas were recorded in the GPS device as polygons whose shape and size corresponded to the area damaged. In this case, the observers walked along the border of the damaged area. The extent of damage in these larger areas was estimated in the field and the actual area damaged was calculated later. At the same time, the entire area was checked (within the assessment in the 12 m wide strips) for the presence of yield losses caused by factors other than wild boar, such as agricultural machinery (e.g., tracks from the machines).




2.3. UAS Crop Height Method


In this case, the level of damage was estimated based on differences between two 3D models of the terrain surface, i.e., the damaged field and an undamaged control. The model surfaces were created using automatic image scanning of the area of interest by an unmanned aircraft (drone), one model surface being without vegetation and the other being of the pre-harvest field. Imaging with wheat crops was carried out two days before harvest and the uncropped soil was imaged one month after harvest (in the month of August). Prior to scanning, seven ground control points were affixed over the entire area, allowing the assignment of coordinates and an altitude system to the models. In this case, the accuracy of the model was determined by the accuracy of the ground control point specification [33]. To ensure maximum accuracy, the points were specified using a Topcon Hyper Pro geodetic GNSS station using the RTK method of the CZEPOS network, with a resulting accuracy of 20 mm in the horizontal component and 30 mm in the vertical component.



The images were taken using a DJI S800 drone [34] equipped with a Sony NEX 5R 16 Mpix digital camera fitted with a Voygtlander Super Wide Heliar 15 mm lens. The flight path of the drone was set so that the entire area was systematically covered by individual images (377 in total), with a 95% overlap longitudinally and 75% overlap transversely. The drone automatically adhered to a set flight level of 150 m above the ground (ground resolution = 4.31 cm pix−1). This procedure guaranteed the visibility of each point of the area of interest in at least nine images, allowing for the creation of a very accurate 3D model.



Two 3D models of the surface were created from the acquired images using the Agisoft PhotoScan software, version 1.4.4, and according to the SfM method [35]. The models thus created were then subtracted from each other in ArcGIS 10.1, the resulting threshold being based on a selected limit value of 30 cm (which corresponded to the height of the combine cutter bar). Vegetation higher than 30 cm was considered undamaged and vegetation less than 30 cm was considered damaged (esp. trampling and lying of wild boar).




2.4. UAS with Operator Delineation Method


The orthophoto images taken using the UAS Crop Height Method were also used for this method. With the images displayed at a 1:100 scale in ArcGIS 10.1, the damaged polygons were manually marked using the Shapefile Feature Class tool. In this case, damage detection of lying and trampling depended on the subjective assessment of the observer.




2.5. Yield Method


As both fields were harvested at the same time and using the same harvesting technique, any loss in production caused by damage was determined as the difference in the yields between similar areas of the undamaged and damaged fields. The sufficient similarity of these comparative areas is determined using yield potential maps and is determined statistically. The applicability of both fields for this method was also verified by comparing their historical yields (five-year series), which in the case of wheat, were 5.4 ± 0.3 t ha−1. The percentage damage for the Yield Method was calculated from the yield loss in t ha−1 damaged and undamaged part (see [32]).




2.6. Data Analysis


The Ground-Based Assessment, UAS Crop Height Method and UAS with Operator Delineation Method were all based on a basic square unit of 100 m2, of which there were 2173 square units in total. The damage percentage of each square was obtained from the ratio of the damage to the total area of the square. The damage of the square was calculated in ArcGIS 10.1 for each method separately (from manual recording in the GPS device within the Ground-Based Assessment; from 3D model within the UAS Crop Height Method; from manual marking within the UAS with Operator Delineation Method). Squares with a defined damage percentage were grouped into classes of damage rate (0–5%, 5–10%, etc.) for comparison with the number of damaged squares between methods. The total size of the damaged area was determined using these individual squares. Finally, the average damage with 95% confidence intervals was also calculated for each method (from the damage percentage of squares). As the data obtained did not meet the conditions of even distribution, the non-parametric Kruskal-Wallis test and the multiple comparison test were used to determine whether these three methods all gave the same results. All calculations were performed in STATISTICA 12 [36] and evaluated for a significance level of α = 0.05.





3. Results


In total, 109.87 tons of wheat (5.265 t ha−1) were harvested from the damaged wheat field, and 116.69 tons (5.546 t ha−1) from the undamaged field. Damage in the monitored area caused by factors other than wild boars was insignificant and was not taken into further consideration.



The damage calculated using the UAS with Operator Delineation Method was almost two times greater than that described by the other methods (Figure 2, Table 1), the percentage damage being significantly different at p < 0.001 (Kruskal-Wallis), while a multiple-comparison test indicated no significant difference in the percentage damages detected by the Ground-Based Assessment and UAS Crop Height Method (p > 0.05). A significantly higher damage rate was recorded in the 0–5% class using the Ground-Based Assessment and UAS Crop Height Method, whereas the UAS with Operator Delineation Method recorded around half this rate. On the other hand, the damage rate was significantly higher in classes covering damage of 5–40% using the UAS with Operator Delineation Method (Figure 3). In the case of the UAS with Operator Delineation Method, the occurrence of higher categories was less frequent and the UAS Crop Height Method found the highest value.



Based on the data obtained using the four methods, a cost table was compiled that included time consumption as a factor (Table 2). The most expensive method, although the least work intensive for the contracting party, was the evaluation by drone imaging, which was provided by an external service (at a fixed price of EUR 740). While it was possible to use our own drone, we lacked the necessary knowledge of damage assessment using geoinformation procedures and statistical systems. Our results suggest that the UAS with Operator Delineation Method was 12 times more time-consuming than the other methods, with working with the map proving particularly exhausting. Overall, therefore, the UAS Crop Height Method appeared to be more efficient and, potentially, more accurate than the other methods. Although the classic Ground-Based Assessment tends to be the most laborious, requiring a large amount of time spent in the field to obtain reliable data, it provided accurate results (compared to the reference Yield Method) when damaged surfaces were carefully assessed. The Yield Method, costing only EUR 70, proved to be both the cheapest and the least laborious method; however, it not only requires appropriate harvesting equipment, but also the availability of an equivalent comparison area.




4. Discussion


4.1. Comparison of Method Results


We found very similar damage ranges for wild boar in the monitored field using the Ground-Based Assessment, UAS Crop Height Method and Yield Method, while the UAS with Operator Delineation Method produced results approximately two times greater than those obtained using the other methods. Overall, the Yield Method appears to provide the most accurate estimate, particularly as the conditions for its application proved ideal. As such, we consider the Yield Method to be the reference level for our study. The damage levels estimated using the Ground-Based Assessment and UAS Crop Height Method were very similar to those provided by the Yield Method over the 5–6% range, indicating that both of these methods may be used in practice in terms of accuracy, with both methods providing results close to reality when carefully executed under ideal conditions, i.e., over a relatively small area (ca. 20 ha in our case) with no other sources of damage other than from the species in question. Wild boar mainly damage grain crops by creating trampled and rolled areas that are clearly distinguishable from undamaged areas of the field [18]; however, where the crop has been damaged by wild ruminants, such as roe deer, for example, then the assessment of damage will be less accurate as ruminants only tend to nibble the wheat ears, meaning any damage is generally less noticeable. Furthermore, damaged areas may be “diffused” or non-continuous where wild boars have not rolled in the field and, consequently, the wheat remains at almost its original height. Consequently, ruminant damage can be difficult to detect using either the Ground-Based Assessment or through image analysis [17]. This inability to detect less distinct diffused damage is the main reason that damage estimates based on walking and visual inspections often lead to significantly lower estimates than other methods [37]. Owing to the lack of damage caused by other species, the damaged areas in the field being monitored were therefore easily distinguishable visually, whether using the set height directly in the field or using automatic evaluation methods. Under such conditions, the UAS Crop Height Method has a high potential for accurately estimating wild boar damage (including grazing [27]) as the damage caused can be relatively easily detected by the drone’s sensors, thereby significantly reducing the need for time in the field.



One factor that can impair the damage accuracy of both the Ground-Based Assessment and the UAS Crop Height Method is the ability of plants to partially compensate for damage caused in the early stages of growth [38]. In such cases, damaged and undamaged plants may be of equal height; however, the difference in production can be significant [39]. Consequently, damage assessment using drones requires close inspection. While it is possible to obtain an even higher resolution using the UAS Crop Height Method, and thus an even more precise resolution of damage, by imaging from a lower flight level, this would require a significant increase in the desktop analysis of the resultant data.



The significant overestimation of damage when using the UAS with Operator Delineation Method could be explained by an inaccurate determination of damaged area boundaries from the aerial photograph, which proved particularly difficult in our case. When walking through the crop, for example, damaged areas were clearly identifiable from a close range, whereas it was difficult to accurately distinguish damaged and undamaged areas in the image due to the relatively low resolution.



While the damage estimates obtained using the Yield Method were considered to be the most accurate in this study, the results cannot be simply generalized. Although the method can be very accurate, even when damage is less noticeable, such as when caused by ruminant species or caused in the early stages of development [38,40], applying the method under inappropriate conditions [32] could significantly distort the damage estimate or even lead to clearly meaningless results. The validity of this method and the accuracy of the estimate are largely dependent on the existence and use of two fields with the same conditions, one of which will be undamaged. This can be very problematic in practice and can represent potential sources of significant error. When searching for a comparison field (without damage), yield potential maps (or vegetation indices, etc.) can be used, which indicate similar soil productivity based on known variables. If only part of the harvested field is damaged, the yield can be obtained for both the damaged and the undamaged part of the field, and these results can then be compared. Of course, the conditions of homogeneous production of both parts must be fulfilled [32].




4.2. Economic Evaluation of the Methods


The estimated damage using the four methods in this study varied greatly in terms of the time, cost, technical equipment and know-how needed. The Yield Method proved to be the cheapest and least laborious and required no specialized equipment (Table 2). However, to be successful, two essential conditions must be fulfilled: (i) the existence of a comparable area that can be credibly demonstrated to have a similar yield potential; (ii) a visual inspection of the damaged area proving that there has been no other cause of damage other than the factor of interest [32]. If these two conditions are met, it is possible to use the differences in yield to estimate the total damage. Multiple data sources can be used to compare the yield potential of the two areas being compared, including the evaluation of the soil and habitat conditions, agricultural technology employed, total achieved yields, yield maps in recent years, yield comparisons of small areas from both stands, multispectral satellite data from Sentinel-2A/B and Landsat 8 [41] and estimates of the total biomass from aerial photographs [42].



If, for some reason, it is not possible to use the Yield Method, significantly more time and/or technology will be needed to obtain sufficiently credible results. Among the three other methods tested (see Table 2), the most laborious was the UAS Crop Height Method, followed by manual marking of the damaged areas (UAS with Operator Delineation Method), with the latter being the least accurate. While the careful inspection of the images obtained could provide relatively accurate results, we do not recommend this method due to the high risk of error and the level of work intensity required.



A significantly more accurate estimate was achieved, with less cost, by the Ground-Based Assessment and using the UAS Crop Height Method. The difficulties associated with the UAS Crop Height Method can be divided into three components: (i) the actual field work required; (ii) the office work required; (iii) the time needed to calculate the models. In our case, field work meant the distribution and measurement of ground control points and the actual drone photography time, totalling around 1 h per photography session (before and after harvest). The manual office work consisted of marking the insertion points on the images and the actual analysis of the data, totalling around 3 h, while the time needed to calculate detailed 3D models of the surface and terrain came to around 10 h. On the other hand, the model calculation required no manual input and, as such, the 10 h refers only to “machine time”. The second drone session, used to obtain a terrain model, can be omitted when a detailed terrain model of the area of interest is already available, e.g., from aerial laser scanning.



The Ground-Based Assessment proved to be more laborious and expensive. However, the need for professional staff and the time required makes this method unsuitable at a larger scale. Further, the damage assessment must take place just prior to harvesting, and it is usually not possible to spend so much time evaluating damage during this period. In addition, walking in dense stands may not be possible and it is likely that the observers themselves will cause secondary damage during the walk [32]. On the other hand, the method can be used to refine the total damage estimates using other methods, and could also identify damage caused by ruminant species [37] or other factors (e.g., wind, water or nutrient deficiencies, machinery, grain falling from the ear due to overripening).



Most estimates of damage are carried out to quantify any economic losses to production [27]; thus, the cost of the selected method and its accuracy will also significantly affect its potential use in practice. For example, in our model calculation, we estimated 6% damage to the wheat crop, with an estimated value of approximately EUR 1210 (Table 2). Consequently, the method used for quantifying damage should not be disproportionately costly as it would unnecessarily add to the economic cost to the farmer.




4.3. Management Implications


Our study compared the results and costs of estimating damage to field crops caused by large herbivores. In addition to the precise economic evaluation of all the evaluated methods, the results of this study are particularly important in terms of the potential use of two cost-effective damage estimation methods. These are a method based on 3D models of the terrain obtained using drones and a method using a comparison of yields on damaged and undamaged plots (Yield Method). The principle of the Yield Method is simple, but its use is significantly limited by the lack of suitable comparison plots. We propose conditions that significantly expand the use of this method. 3D models of the terrain are advantageous in cases where the crops are greatly damaged. The higher the evaluated stand and the lower its damaged parts, the more accurate the result can be achieved. The optimal case is corn damaged by wild boars, which break whole plants. We suggest 30 cm as the minimum difference in the height of the damaged and undamaged part. The Yield Method, on the other hand, makes it possible to estimate damage even where the damage is not visually obvious. For the applicability of this method, it is advisable to have accurate data on the crop yields in recent years, to grow crops in smaller, separate areas with a precisely defined size and, if necessary, to have smaller areas in reserve on which damage will be excluded by fencing. Such a setting will enable the reliable application of the very cheap and accurate Yield Method.





5. Conclusions


Damage on field crops can be accurately estimated by all of the tested methods. The use of the traditional Ground-Based Assessment makes sense, especially for small areas and for damage that is clearly visible. If the extent of the damage can be difficult to estimate, e.g., due to the poor permeability of the vegetation, or the area is larger than several hectares and the damage is scattered over it, this method does not make economic sense. For larger areas with very clearly visible damage, we recommend the use of drones with the automatic evaluation of the size of the damaged areas. For cases where the damage is not very obvious, we highly recommend the Yield Method as the most appropriate, at relatively low cost, particularly at larger scales. The main challenge for the application of the Yield Method is the existence of undamaged plots with similar yield potential. We recommend growing crops on smaller separate areas in order to increase the probability of obtaining data from a similar undamaged area and to minimize the influence of other factors that can affect the yield potential, such as soil fertility, crop management practices and microclimatic conditions. When selecting areas that are expected to have similar productivity, yield potential maps can also be used. In areas with a high risk of damage, we recommend fencing small plots on which the yield potential will be estimated. At the same time, we recommend supplementing the comparison of yields with a full-scale inspection of stands using drones, which will exclude the influence of other possible factors that can distort the estimate. With high-quality processing, we recommend the Yield Method as the most effective method.
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Figure 1. Part of the study area, showing different levels of damage detection based on the three methods. Note: (A) = orthophoto of part of the damaged field, (B) = damage detected using the Ground-Based Assessment, (C) = damage detected using the UAS Crop Height Method, (D) = damage detected using the UAS with Operator Delineation Method. 
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Figure 2. Comparison of mean percentage damage (with 95% confidence intervals) for the four damage evaluation methods used. Note: Confidence intervals could not be calculated for the Yield method because the percentage damage was calculated in a different way than for the three remaining methods. 
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Figure 3. Damage rate estimated using three of the damage estimation methods. 
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Table 1. Calculation of loss of production in the damaged field.
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	Method
	Loss in Yield (%)
	Loss in Yield (tons) *





	Ground-Based Assessment
	5.13
	5.94



	UAS with Operator Delineation Method
	10.49
	12.14



	UUAS Crop Height Method
	5.76
	6.67



	Yield Method
	5.36
	5.89







Notes: * Loss in yields (tons) was recalculated from the net yield of the undamaged field (5.546 t ha−1).
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Table 2. Time and financial cost of individual methods for evaluating field damage.
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	Method
	Field Data

Collection for the Total Area (h)
	Office/Data Analysis (h)
	Total Time (h)
	Human Labor Costs (35 EUR per h) 1
	Technical Equipment
	Know-How





	Ground-Based Assessment
	20
	1
	21
	735
	GPS device, computer
	**



	UAS with Operator Delineation
	2
	60
	62
	2170
	drone + camera, computer
	**



	UAS Crop Height
	2
	3
	5
	175
	drone + camera, computer
	***



	Yield
	1
	1
	2
	70
	appropriate harvesting machine, yield data
	*



	Drone (contractually)
	-
	-
	-
	740
	-
	-







Notes: 1 The cost of human labor without taking into account know-how and technical equipment; Know-how requirements * low, ** medium, *** high; h = hours.
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