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Abstract: Crop damage caused by wild animals, particularly wild boars (Sus scrofa), sig-
nificantly impacts agricultural yields, especially in maize fields. This study evaluates two
methods for assessing maize crop damage using UAV-acquired data: (1) a deep learning-
based approach employing the Deepness plugin in QGIS, utilizing high-resolution RGB
imagery; and (2) a method based on digital surface models (DSMs) derived from LiDAR
data. Manual visual assessment, supported by ground-truthing, served as the reference
for validating these methods. This study was conducted in 2023 in a maize field in Cen-
tral Poland, where UAV flights captured high-resolution RGB imagery and LiDAR data.
Results indicated that the DSM-based method achieved higher accuracy (94.7%) and sensi-
tivity (69.9%) compared to the deep learning method (accuracy: 92.9%, sensitivity: 35.3%),
which exhibited higher precision (92.2%) and specificity (99.7%). The DSM-based method
provided a closer estimation of the total damaged area (9.45% of the field) compared to
the reference (10.50%), while the deep learning method underestimated damage (4.01%).
Discrepancies arose from differences in how partially damaged areas were classified; the
deep learning approach excluded these zones, focusing on fully damaged areas. The
findings suggest that while DSM-based methods are well-suited for quantifying extensive
damage, deep learning techniques detect only completely damaged crop areas. Combining
these methods could enhance the accuracy and efficiency of crop damage assessments.
Future studies should explore integrated approaches across diverse crop types and damage
patterns to optimize wild animal damage evaluation.

Keywords: crop damage; wild boar; Sus scrofa; maize; UAV; RGB imagery; LiDAR; digital
surface model; deep learning; precision agriculture; remote sensing

1. Introduction

Damage to crops caused by wild animals is a common cause of significant reductions
in crop yields. One of the wild animal species that causes the most damage in Europe is the
wild boar (Sus scrofa) [1-3]. One of the most frequently damaged crops by wild boars is
maize, which is a source of food for wild boars from sowing to harvesting. Immediately
after sowing, corn seeds are often eaten by wild boar, and thus, the plant population is
reduced, which in the case of maize is the reason for a significant reduction in yields. The
greatest feeding activity of wild boars in crops is most often observed in the summer, from
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June to September [4]. Damage to croplands is often intense, causing significant economic
losses in many European countries [5-7]. Depending on the country, farmers may apply for
compensation for damage caused by wild animals—including wild boars—from insurance
companies, public administration institutions, or other institutions responsible for paying
compensation for crop damage. However, this requires a fairly accurate and objective
determination of the extent of damage, which is often difficult due to the pattern of the
damage, its dispersion over the entire field area, and the irregular shape of the damaged
areas. Therefore, photos taken from UAVs are often used to assess the damage, and
then various methods of processing these photos are used to obtain a quick and accurate
assessment of the extent of the damage [8-13].

Due to the low cost of acquisition, RGB photos are most often used in practice, from
which orthophotos are generated that help to manually determine the areas damaged by
wild animals [12,14,15]. When using multispectral cameras, it is possible to use vegetation
indices, such as NDVI, as long as the damaged areas are characterized by lower values of
vegetation indices. This method can be used during the growing season, when the plants
are still green, because at the time of harvesting, when the entire plant canopy is dry and
for the entire area of the cultivated field, the values of vegetation indices are very low. In
addition to optical imaging, digital surface models (DSMs) can be used to assess the crop
damage area. The preparation of such models is possible using data from RGB photos
acquired by UAV or using a LiDAR sensor [12,15-17]. The use of LIDAR sensors to assess
areas of crop damage is currently limited due to the much higher price of such sensors
compared to RGB cameras.

Depending on input data, crop species, growth stage, the pattern of crop damage, and
other factors, various methods for the classification of images are applied to evaluate the
extent of the area of crop damage [14-16,18]. When one variable is used for classification—
for example, the value of the vegetation index (e.g., NDVI) or plant height assessed on
the basis of a DSM—classification can be made by setting a threshold value for such
a variable. When many variables are used for classification, for example, individual
bands of RGB or multispectral images, multivariate classification methods are used. Such
methods can be very simple decision trees [19] or more complex methods such as cluster
analysis [20], machine learning [21], or deep learning techniques [22,23]. The choice of
classification method often depends on the crop, type of damage, and plant development
stage. Due to their ease of application, automatic classification deep learning methods
based on models that have been trained using data on crop damage for certain crops are
becoming increasingly popular. One such model is the Corn Field Damage Segmentation
deep learning model in the ONNX (Open Neural Network Exchange) format [24], which
can be applied as the plugin Deepness for QGIS software [25]. This classification method
allows for the use of RGB orthophotos and for very quick detection of the damaged areas
caused by wild boars in fields of maize.

The aim of this study is to compare the results of maize crop damage classification
using two methods, i.e., a deep learning method using the plugin Deepness for QGIS
software based on RGB imagery; and classification based on plant canopy height evaluated
using a DSM (digital surface model) based on LiDAR data. The results were compared
with the reference crop damage area selected using a visual assessment of the UAV imagery
supported by on site inspection of the field.

2. Materials and Methods
2.1. Study Area and Data Acquisition

This study was conducted in 2023 in Central Poland in a maize field located at the
Experimental Station of Warsaw University of Life Sciences, Wilanéw-Obory (52°04'2" N
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21°08'55" E) (Figure 1). The climate of the location according to Képpen—Geiger classifica-
tion is classified as Dfb-humid continental climate [26]. The yearly average temperature in
2023 was 10.7 °C; in the warmest months, July and August, the average monthly tempera-
ture was about 21 °C. Total yearly precipitation was about 570 mm. The predominant soil
type for the studied field is Luvisols: https:/ /soilgrids.org/ (accessed on 3 December 2024).
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Figure 1. Field of maize (border of the field marked in red) with the part of the field analyzed in this
study (border of the field marked in blue) (a) and location of the field on the map of Poland (b).

Data for this analysis were collected during UAV flights conducted on September
18, 2023. High-resolution RGB imagery was captured using a DJI Mavic 3 UAV flying at
an altitude of 80 m, with a forward overlap of 80% and a side overlap of 80%, ensuring
comprehensive coverage of the study area. The DSM was generated using data collected
with the DJI L1 sensor mounted on a Matrice 350 RTK UAV flying at altitudes of 60, 70, and
80 m with a forward overlap of 50%. The DJI L1 sensor achieved up to two returns per
pulse and a point density of 480 points per square meter.

The total area of the field was 18.49 ha but it has an irregular shape and no clear border,
and, for the analyses, the rectangular part within the field had an area of 8.23 ha. This area
was selected because it contains different patterns of crop damage, is more convenient for
the calculation of the percentage of damage, and clearly defines the boundaries of the area
taken into account in the analyses.

2.2. Data Analysis

The crop damage areas were selected using three methods. The first method was a
manual selection of crop damage areas based on a visual assessment of high-resolution
RGB orthophoto imagery supported by ground-truthing (Figure 2). The areas of crop
damage were hand-drawn on the map at a high magnification. This was performed by
a person (an expert) who has experience in identifying crop damage and had previously
been in the field, where they directly observed the damage caused by animals. This method
allowed for precise identification of damage caused by wildlife across the studied field.
The total reference crop damage area was determined to be 8642 m?, which represented
10.50% of the total analyzed area. The damaged areas varied significantly in size: the
smallest patches covered approximately 1 m?, whereas the largest contiguous damaged
area—which is defined as an individual polygon (island polygon) separated from the other
polygons with crop damage—reached 3775 m?. Such variability highlights the irregular
nature of crop damage patterns caused by wild animals, which often exhibit a scattered
distribution across the field.

The second method of crop damage detection utilized a digital surface model (DSM)
derived from LiDAR data acquired during a UAV flight conducted at the end of September
2023. Additionally, a digital elevation model (DEM) was created from airborne LiDAR
data obtained in May 2022. These datasets were processed and analyzed using DJI Terra
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software, which facilitated the generation of DSMs and DEMs from the LiDAR point clouds.
The final crop height map was created by subtracting the DEM (which is the surface of
the ground level) from the DSM (which is the surface of plants), enabling the estimation
of maize plant heights and the identification of areas affected by damage (Figure 3). The
analysis was performed using raster layers with a spatial resolution of 1 m (1 x 1 m pixels).
This resolution was used because the distance between the rows of maize was 0.75 m, and a
higher resolution, e.g., pixel size 0.5 m or smaller, could cause the areas between the maize
rows to be treated as areas without plants. The derived height layer effectively delineated
areas where the plant canopy had been reduced due to wildlife activity, as evidenced by
the lower height values relative to surrounding undamaged crop areas.

Figure 2. Part of the field analyzed in this study (border of the field marked in blue) with the reference
crop-damage areas selected manually based on visual assessment (a) and photos presenting examples
of crop damage by wild animals (b,c).
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Figure 3. Estimated crop height as a difference between DSM (for August 2023) and DEM (for
May 2022).

The third method involved automated crop damage detection using deep convolu-
tional neural networks (CNNs) and transformers trained on imagery from maize fields
across Poland [27]. The model was developed based on RGB imagery, at an average spatial
resolution of 3 cm per pixel, from 14 different locations, with over 360 ha of area overall.
This makes it possible to use the method on images collected using inexpensive, popular,
consumer-grade UAVs. The model can be applied using the incorporated Depness plugin:
https:/ /plugins.qgis.org/plugins/deepness/ (accessed on 3 December 2024). The Deepness
plugin allows users to easily perform segmentation, detection, and regression on raster
orthophotos with custom ONNX neural network models. The analysis was performed
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using the Deepness plugin integrated into QGIS 3.40 software. The input data consisted
of an RGB raster with a high spatial resolution of 2.1 cm (pixel size 2.1 x 2.1 cm), which
is similar to the spatial resolution of the orthophotos used for the development of the
model, enabling the detailed identification of crop damage patterns. The RGB orthophoto
used as input for the deep learning model was generated using DJI Terra software. The
deep learning model segmented the input imagery into damaged and undamaged areas,
generating a damage mask for further comparison with the reference dataset. Figure 4
presents the areas of crop damage identified by the neural network alongside the manu-
ally selected reference areas. While the automated segmentation successfully delineated
damaged zones, partial crop damage—where individual plants or small groups of plants
remained intact—posed challenges for accurate classification, highlighting the need for
further refinement of the model.

0 50 100 150 200 250 300

e
damaged area selected using Deepness plugin - p— —  — Y
[ damaged crop (reference area)

Figure 4. Estimated crop damage area using deep neural networks together with reference area of
crop damage (manual selection based on visual assessment).

3. Results

For each method of evaluation of crop damage, the total damaged area was calculated.
The results are presented in Table 1. The largest area of crop damage was selected manually
based on visual assessment (10.50% of the total studied area). The main reason for such a
result is a selection of continuous areas of crop damage, where not all plants were damaged
by wild animals. In such areas, individual plants or groups of a few plants are still growing
and are not damaged. An example of such areas is presented in Figure 5. It is not clear
whether the entire area should be treated as damaged or whether small undamaged areas
should be distinguished within such areas and treated as undamaged crops. The best
method in such a case will probably be a detailed mapping of crop yield but this is outside
of the scope of this study. A similar area of crop damage to the reference was observed
for the method based on the difference between LiDAR-derived DSM and DEM (9.45% of
the total studied area). The smallest damaged area was found for the method using deep
neural networks (4.01% of the total studied area); this was mainly because the areas where
the crop was partially damaged were treated as not damaged.

Table 1. The total estimated area of crop damage of maize based on three different methods.

Method of Evaluation Total Area (inm?)  Percentage of the Field
Manual (based on visual assessment) 8642 10.50%
Based on DSM and DEM o
(difference below 1.5 m *) 7781 9-45%
Using deep neural networks 3303 4.01%

* Typical height of maize plants in late growth stages is about 2-3 m. Maize plants are much higher than most
weeds, and their height is usually not above 1 m. Because of that height, 1.5 m was selected as a threshold, which
allows for distinguishing between undamaged maize plants versus areas without any plants or areas where there
are only weeds.
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Figure 5. Part of the field presenting crop damage areas using manual selection (areas marked by
blue line) based on visual assessment.

Assuming that manually selected areas of crop damage are true damage, which can be
treated as a reference damaged area, parameters of classification accuracy were calculated.
Table 2 presents areas of crop damage classified correctly, i.e., in accordance with the
reference crop damage; such areas are presented as true positives (IPs). In addition,
false positives (FPs) are areas incorrectly identified as damaged areas; true negatives (TN)
are areas correctly identified as undamaged areas; and false negatives (FN)s are areas
incorrectly identified as undamaged.

Table 2. Areas (in m?) of damaged or undamaged crops in accordance with the reference area, which
was selected manually as crop damage.

Method of Evaluation Based on DSM Using Deep Neural Networks
True positive (TP)—classified correctly as crop damage 6037 3047
False positive (FP)—classified incorrectly as crop damage 1744 256
True negative (TN)—correctly identified as undamaged 71,924 73,412
False negative (FN)—incorrectly identified as undamaged 2605 5595

Based on the results presented in Table 2, the parameters in accordance with classifica-
tion were calculated as follows:

Accuracy = (TP + TN)/(TP + TN + FP + FN);
Precision (Positive Predictive Value) = TP /(TP + FP);
Sensitivity (True Positive Rate) = TP/ (TP + FN);
Specificity = TN/(TN + EP).

The method of crop damage evaluation based on a DSM was characterized by higher
accuracy (0.947) in comparison to the method using deep neural networks (0.929) (Table 3).
Accuracy indicates the percentage of correctly classified areas to the total area of the study.
In this case, higher accuracy for the method based on a DSM was due to the greater area
of TP, i.e., the area classified correctly as crop damage in accordance with the reference
area of crop damage. Higher precision was observed for the method of crop damage
evaluation based on classification using deep neural networks (0.922) in comparison to
precision for the method based on a DSM (0.776). It was mainly caused by a very small
area of FD, i.e., an area classified incorrectly as crop damage for the method based on
deep neural networks. Sensitivity for both methods was far from optimal, i.e., for the
method based on a DSM, it was equal to 0.699, and 0.353 for the method using deep neural
networks, which are quite low values. The low sensitivity for the method using deep neural
networks was caused mainly by a small area classified correctly as crop damage (3047 m?),
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which was about 2 times lower in comparison to the method based on a DSM (6037 m?).
Sensitivity is a very important parameter in the evaluation of the performance in such cases
because it presents how much of the damaged area was omitted in the classification. Both
methods showed a fairly large omission of damaged areas due to the presence of groups
of individual plants that were not damaged. These groups of individual plants were not
treated as crop-damaged areas, and especially for the method using deep neural networks,
such areas were excluded as damaged crops. This is visible in Figure 6, where crop damage
selected, using a DSM and DNN:s, is presented together with the reference crop damage
for the selected part of the study area. The specificity for both methods was high, with the
method based on a DSM at 0.976 and the method using deep neural networks at 0.997; this
was caused by large areas of TN, i.e., the areas correctly identified as undamaged, for both

methods of classification.

Table 3. Parameters of classification in accordance with the reference area, which was selected

manually as crop damage.

Method of Evaluation Based on DSM Using Deep Neural Networks

Accuracy = (TP + TN) /(TP + TN + FP + EN) 0.947 0.929
Precision (Positive Predictive Value) = TP /(TP + FP) 0.776 0.922
Sensitivity (True Positive Rate) = TP /(TP + FN) 0.699 0.353

Specificity = TN/(TN + FP)

0.976 0.997

Damaged crop based on DSM
[ Reference crop damage &

i Damaged crop based on DNN 28
§ [ Reference crop damage e

Figure 6. Part of the field presenting crop damage classified by DSM (a) and selected using DNN—
deep neural networks (b) together with the reference area selected by manual selection based on

visual assessment.
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4. Discussion

The results of this study demonstrated that the DSM-based method for crop damage
evaluation exhibited higher accuracy and greater sensitivity compared to the method utiliz-
ing deep neural networks; however, it showed lower precision and slightly reduced speci-
ficity. All methods performed similarly in areas where the crops were entirely damaged but
discrepancies occurred in regions where undamaged plants remained. In particular, the
deep neural network-based method failed to classify areas containing partially damaged
crops as “damaged”. This suggests that while the deep neural network method is suitable
for detecting areas of total crop loss, it is less effective when some plants remain intact.
Nonetheless, this method offers significant advantages—it does not require costly LIDAR
sensors, and relies on RGB imagery, which can be captured using low-cost UAV-mounted
cameras. Furthermore, the data analysis process is largely automated, making crop damage
detection quick, simple, and cost-effective. In contrast, the DSM-based method achieves
higher accuracy but demands more expensive LiDAR sensors and an accurate digital
elevation model (DEM) of the field area, which may not always be readily available. A
comparable study on maize crop damage caused by wild animals was conducted in Poland
by Aszkowski et al. [27], where deep convolutional neural networks were applied to ana-
lyze 13 maize fields. The reference damage areas were manually delineated through visual
assessment. The study reported sensitivity (the true positive rate) ranging from 0.29 to
0.90 (mean: 0.69) and precision between 0.56 and 0.85 (mean: 0.73). The higher sensitivity
observed in that study compared to our results is likely due to the uniformity of the crop
damage patterns. The damaged areas in their study lacked individual or small groups of
undamaged plants, making the classification task simpler. This highlights that detecting
damaged areas without undamaged plants is considerably easier. The crop damage pat-
terns observed in our study were more complex and heterogeneous as the damage occurred
throughout the entire vegetation period—from sowing to full plant maturity. Wild boars
consumed corn seeds immediately after sowing and later destroyed entire plants, contribut-
ing to the irregular damage patterns observed in our study. A similar study was conducted
by Rutten et al. [8] in Belgium, where crop damage by wild boar was analyzed across
79 fields. The researchers applied machine learning methods with GEOBIA (Geographic
Object-Based Image Analysis) on UAV RGB imagery. The reported overall accuracy ranged
between 84.5% and 96.5%, depending on the reference data used, which aligns closely
with the results of our study. However, key parameters such as sensitivity—crucial for
assessing the effectiveness of damage detection methods—were not provided, limiting the
ability to make detailed comparisons between studies. Additionally, Samiappan et al. [28]
conducted a study in the USA on maize crop damage caused by wild boar. The study
employed segmentation-based fractal texture analysis and support vector machines for the
automatic classification of UAV RGB imagery. Reference damage areas were collected using
ground-truthing with GPS receivers. Five maize fields were analyzed, and the reported
overall accuracy ranged from 64.9% to 77.7%. This accuracy was notably lower compared
to our study, primarily due to a high error of omission, which ranged between 28.5%
and 40.8%

In our previous study on the evaluation of crop damage in maize using UAV-derived
data, a DSM was successfully used for the evaluation of areas damaged by wild boar [15]. In
that study, a spatial filter with the “edge” option was applied, which allowed the selection
of most of the areas in which maize was damaged. The pattern of the damaged crop was
different from that of this study as there were many damaged areas scattered throughout
the field. However, each damaged area was relatively small, usually about a few to a
dozen square meters. This allowed for the use of filtering and, thus, the determination of
damaged areas. In the case of the current study, the pattern of the damage was different



Agronomy 2025, 15, 238

9of 12

because some damaged areas were large, even covering thousands of square meters. In
this case, the use of a spatial filter did not allow for precise selection of the damaged areas
of maize. This is mainly because the spatial filter detects atypical pixels in comparison to
neighboring pixels at a certain distance. Suppose the area of crop damage is very large. In
that case, crop damage is “typical” for such an area, and “not typical” is undamaged crop
because the method based on the application of spatial filter for the DSM is not universal
and other methods, e.g., DSM based on LiDAR data, should be used for such cases.

The problem with correctly assessing the area of crop damage caused by wild animals,
especially wild boar, concerns not only maize but also many other crop species [29-33].
Other crops that are damaged very often by wild boar are wheat, potato, rapeseed, and
grassland. In the case of wild boar, large seasonal and spatial variations in crop damage
are observed, and it affects the occurrence of various types of crop damage in different
crops and at their different crop stages. This causes different types of crop damage and
their large heterogeneity [34,35]. This is the reason why developing automatic damage
detection is not easy, especially if the crop damage is not total and only part of the plants
are damaged [36]. In recent years, different methods of automatic crop damage detection
based on UAV-derived data, including RGB imagery and LiDAR data, were developed
for different types of crop damage and crop species [37-42]. Various methods of machine
learning, deep learning, convolutional neural networks, and other classification methods
are applied to the classification of imagery for the automatic detection of damaged field
areas of crops. Depending on the type of crop damage, crop species, and growth stage,
different approaches can be more efficient in the automatic classification of crop damage.
This automatic method of crop damage evaluation should not only be of high accuracy
but also be low cost, i.e., cheaper in comparison to methods based on ground-truthing
measurements [8,27,43].

Table 4 summarizes the advantages and disadvantages of various methods of damage
classification in maize based on drone-derived data, taking into account both the authors’
own results and those of other researchers.

Table 4. Main advantages and disadvantages of various methods of damage classification in maize
based on drone-derived data.

Method of Evaluation Manual Selection Based on DSM Using Deep Neural Networks
Accuracy high moderate to high low to high
Time-consuming very high moderate low
Costs of data acquisition low moderate to high low
Costs of data analysis hlgh costs due to.h1gh moderate low .(assummg that the model
time consumption is already developed)

Overall assessment of
the method

low costs, easy application but

easy to apply only in small good efficiency but in case of atvpical cro
areas, time-consuming on requires expensive damace azg rac Caf
large fields LiDAR sensors e y

be insufficient

In summary, each method has certain drawbacks, and it is difficult to indicate the best
method for detecting damage in maize. In small areas/fields, this may be estimated by
drawing damaged areas manually using drone-derived orthophotos. In larger areas, the
most cost- and time-effective method is the use of deep neural network models; however,
these may be unreliable in the case of atypical patterns of crop damage. Damage estimation
using a DSM may become widespread in the future if the cost of LIDAR sensors decreases.
Another method can be considered, e.g., based on other variables such as vegetation indices
like NDVTI, if the crop damage is during intensive vegetation of the crop and the plants are
completely damaged (not green) [44].
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5. Conclusions

The purpose of this study was to evaluate damage to maize crops caused by wild
animals, specifically wild boars, using UAV-based RGB imagery and LiDAR data. Manual
selection based on visual assessment, classification using digital surface model (DSM) data
derived from LiDAR data, and automated segmentation using a deep learning model
were examined.

Based on the manual method, which served as the reference, 10.50% of the field
area was damaged. The DSM-based method showed high accuracy (94.7%) and sensitivity
(69.9%) in identifying damaged areas, with a total damage estimate of 9.45%. In spite of this,
there was a slight decrease in precision because some undamaged areas were misclassified.
The deep learning model achieved the highest precision (92.2%) and specificity (99.7%)
but its sensitivity was significantly lower (35.3%), underestimating the total damaged
area at 4.01%. As a result, partly damaged areas where undamaged plants were present
were excluded.

DSM-based methods are more accurate in quantifying large damaged areas, even
where some groups of plants within such areas were undamaged. The combination of both
methods, the DSM and a deep learning model, as a spatial union of these two areas of
crop damage could provide a comprehensive approach to crop damage assessment, taking
advantage of each method’s strengths. Future studies should combine these approaches
and evaluate their effectiveness across various crop types and damage patterns. Another
future direction is the development of a more comprehensive deep learning model based
not only on RGB data but also on multispectral and/or LiDAR data.

Results of other studies proved that the evaluation of crop damage using various
machine learning methods can be an effective tool for the detection of maize crop damage
caused by wildlife; however, different patterns of crop damage may be a factor that makes
their precise determination difficult.
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