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Abstract: Stones in agricultural fields pose a recurring challenge, particularly due to their
potential to damage agricultural machinery and disrupt field operations. As modern agriculture
moves toward automation and precision farming, efficient stone detection has become a critical
concern. This study explores the potential of thermal imaging as a non-invasive method for detecting
stones under varying environmental conditions. A series of controlled laboratory experiments and
field investigation, confirmed the assumption revealed that stones exhibit higher surface
temperatures than the surrounding soil, especially when soil moisture is high and air temperatures
are cooling rapidly. This temperature difference is attributed to the higher thermal inertia of stones,
which allows them to absorb and retain heat longer than soil, as well as to the evaporative cooling
from moist soil. These findings demonstrate the viability of thermal cameras as a tool for stone
detection in precision farming. Incorporating this technology with GPS mapping enables the
generation of accurate location data, facilitating targeted stone removal and reducing equipment
damage. This approach aligns with the goals of sustainable agricultural engineering by supporting
field automation, minimizing mechanical inefficiencies, and promoting data-driven decisions.
Thermal imaging thereby contributes to the evolution of next-generation agricultural systems.

Keywords: stone detection; remote sensing; precision agriculture; thermal imaging; drone imagery;
image processing; soil surface analysis; thermal inertia

1. Introduction

Soil texture plays a crucial role in determining the quality and productivity of agricultural land
[1,2]. A coarse texture with the high presence of stones can become problematic for both crop growth
and the efficient operation of machinery [1,3-5]. In particular, large stones over 150 mm cause severe
problems when present in more than 10 % of the arable layer [1]. On the other hand, also small stones
can cause substantial damage to machines [3,4]. Depending on their size and quantity, stones can
reduce the effectiveness of agricultural machines by up to 50 %, and even moderate amounts of
cobbles or boulders can significantly hinder tillage operations [1].

Due to the continuous removal of stones from fields over recent decades, there are relatively few
studies that have assessed the current extent of stone content in arable soils [6]. Despite this, stony
soils remain common in agricultural regions worldwide. In Western Europe, it is estimated that
around 30 % of cultivated land contains between 20-75 % coarse fragments within the top 20 cm of
soil [7,8]. In the Mediterranean basin over 60 % of farmland is affected by high levels of stoniness
[7,8]. Stoniness has also been reported to negatively impact the productivity of arable land in parts of
the Middle East [9]. The issue is further emphasized by records documenting the collection of several
tens of tons of stones per hectare from agricultural fields [10,11]. Additionally, modern stone-picking
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machines are designed to handle up to 50 tons of stones per hectare, underscoring the substantial
amount of stony material that can be present in cultivated soils [12].

Various mechanical solutions have been developed to reduce the coarse fraction within the top
layer of agricultural soils. These include machines that collect and remove stones from the field, on-
site stone crushers, or systems that bury stones deeper within the soil profile [1,5]. These machines
are highly specialized and, as a result, mostly are cost-inefficient [1,11,13]. Typically, expensive
equipment is only accessible to large-scale farms or agricultural contractors, while for smaller
farming operations, it is only profitable if fields are heavily affected by stoniness [1].

In contrast, on fields where stones occur only occasionally, investing in heavy-duty stone
removal machines is rarely cost-efficient. In these cases, stones must often be removed manually. This
involves workers systematically walking across fields to identify and remove larger stones—
especially during off-season months—before they can damage seeding, tilling, or harvesting
equipment [5,11]. However, manually screening large areas of farmland is both time-consuming and
labor-intensive. For small-scale farmers, who often operate with tight profit margins, this approach
can become economically unsustainable [14].

As digitalization continues to reshape agriculture, there is growing potential to integrate stone
detection into precision farming practices. Modern agricultural machinery is already equipped with
advanced sensors and systems capable of utilizing and visualizing digital geodata [15-17]. If
obstacles such as stones can be detected before they interfere with agricultural machinery, the field
work becomes significantly safer [18], while also minimizing equipment damage, reducing soil
compaction, and lowering labor costs. This early intervention enhances overall efficiency and
contributes to more sustainable farming practices. In this context, automated stone detection and
mapping emerges as a promising advancement in the evolution of precision agriculture.

During the last two decades, the technological progress of Unmanned Aerial Systems (UAS)
generally emerged [19] and thus also influenced the agricultural sector, especially in the continuously
growing field of precision agriculture [20]. Based on well-documented reviews in literature [21-26],
the most common fields applications of UAV in agriculture are crop health monitoring and disease
detection, growth monitoring and yield estimation, irrigation management, assessment of soil
properties and weed management. While there exists a plethora of scientific research on yield and
biomass monitoring, as well as diseases detection, the minority of research is published using the
potential of thermal sensors [27,28] and just recently an increasing number focusing on object
detection [29,30]. One study utilized thermal imaging to investigate plant stress [31]. Additionally,
another study investigated the potential of UAS-thermal imaging for crop abiotic stress monitoring
[32]. In terms of boosting UAS-thermal imaging techniques in precision agriculture, both studies
concluded that data-intensive procedures, experts and skilled personnel, as well as robust tools are
required to increase adoption of thermal imaging [31,32].

The objective of this study is to assess the general applicability of Unmanned Aerial System-
carried (UAS-based) thermal sensors for stone detection in agricultural fields. The goal is to reliably
identify stones not only on flat surfaces but also in more complex micro- terrain —such as potato,
peanut or asparagus ridges—and in areas where stones are partially buried. In such conditions,
LiDAR systems may fail to capture stones due to limited surface elevation contrast. Similarly,
conventional RGB imagery can lack sufficient visual contrast, as dust-covered stones often blend with
the surrounding soil. In addition, soil clods can closely resemble stones in both shape and appearance,
which increases the likelihood of false detections. Thermal cameras, on the other hand, are
increasingly integrated into agricultural machinery for applications such as yield estimation or
detection of plant diseases [33], and they represent a more accessible and practical solution than the
costlier and less widespread LiDAR systems. By leveraging temperature differences between
materials, thermal imaging offers a promising alternative for a more accurate stone detection.

This study aims to identify the optimal conditions for reliably distinguishing between soil and
stone surfaces using thermal imaging, both in controlled laboratory settings and under field
conditions. Specifically, rocks generally have a higher volumetric heat capacity than soil, leading to
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slower heating and cooling cycles [34-36]. This difference in thermal behavior should lead to a
significant contrast in surface temperatures, with stones showing more stable temperatures over time
and surrounding soil responding more rapidly to environmental changes. Due to variable
management practices on the field, soil texture and surface is often very heterogeneous, including
soil clods on fields. Additionally, soil moisture content influences soil temperature, soil reflectance
and soil heat storage capacity, with higher soil moisture content mitigating soil temperature
differences between day-time and night-time and higher heat storage capacity [37-39]. Thus, the
following hypotheses will be investigated:

(1) Thermal inertia effects lead to significantly higher surface temperatures for stone objects than
surrounding soil

(2) Clods indicate no significant temperature difference compared to the surrounding soil due
to the same parent material and thus comparable thermal behavior.

(3) Higher soil moisture contents will significantly increase magnitude of the temperature
difference between stones and soil.

(4) Thermal inertia effects lead to better detectability of stones on agricultural fields during daily
phases of rapid changes in ambient air temperature, e.g., sunrise and sunset, compared to midday.
Specifically, most significant disparities occur during the sunset phase.

2. Materials and Methods

To explore the applicability of UAV-based thermal imaging for detecting stones a field trial was
conducted prior to a series of controlled laboratory experiments. Later ones were conducted to
investigate the suitability of stone detection under easily controllable varying environmental
conditions. Laboratory experiments and field trials were conducted from March to June 2021 within
the context of the project AgriSens DEMMIN 4.0.

2.1. Field Experiment

The field experiment aimed to generally evaluate the potential of thermal imagery for stone
detection on agricultural fields and was conducted on March 30, 2021, on a field near the village
Bentzin, in Mecklenburg-Vorpommern (Germany). The trial encompassed data collection during the
morning, around midday and in the evening (see Table 1). The data collection was conducted using
a DJI M300 RTK drone equipped with the DJI Zenmuse H20T radiometric thermal imaging camera
(SZ DJI Technology Co. Ltd., Shenzhen, China). The spectral range of the camera is 8 — 14 um, the
focal length 13.5 mm, and the sensor resolution 640 x 512 pixels. The drone maintained a stable flight
at an altitude of approximately 50 meters, with an average flight speed of around 1m/s. In terms of
cultivation, the field was prepared for potato cultivation, so that the soil surface shows the typical
mounding structures. The field was prepared for potato harvesting, featuring a hill structure
characteristic of potato cultivation. The surface was free of vegetation, allowing rocks to be visually
distinguishable from the soil. On all three days prior to the field experiment, rain was recorded by
the two nearest weather stations within the German meteorological network (Anklam and
Greifswald [40]). The temperature and relative humidity during the flights were determined by
averaging the data from the two weather stations.

Table 1. Details on the conditions during the field experiment.

. Air ) Soil moisture
. Time of the Relative
Date (time) temperature . [%]
day humidity [%]
[°C]
30.03.2021 (06:30-07:00) Morning 10.7 83.0 ~20
30.03.2021 (10:45-11:30) Midday 17.8 63.6 ~20
30.03.2021 (20:30-21:00) Evening 13.4 76.8 ~20
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From each flight, 15 images were selected and one individual stone was evaluated per image.
Temperature data were extracted using the DJI Thermal Analysis Tool 3 software. The distance to the
object was set to the maximum allowable limit of 25 meters. The emissivity was set to an average
value between moist and dry soil, as indicated in the emissivity table from ThermoWorks [41].

Within the software, a circular selection tool was used to define the stone, and the mean
temperature of all pixels within the circle was recorded. To compare this with the surrounding soil,
a square selection was placed over the adjacent soil area that exhibited the highest temperature,
ensuring that the warmest portion of the soil was used for comparison with the stone.

2.2. Experimental Setup

Based on the preliminary experiences and findings of the field trial a series of laboratory
experiments took place from 4th to 10th June 2021 in a temperature-controlled climate chamber at the
geoecological laboratory of the Institute of Geosciences and Geography at Martin Luther University.
The setup consisted of two plastic containers, each approximately 55 x 35 x 35 cm in size, filled with
around 50 liters of soil (see Figure 1). The soil exhibited a high proportion of gravel and sand in the
particle size fraction >0.063 mm, and a low content of fine particles (silt and clay) in the fraction <0.063
mm. In each container, two large stones collected from an agricultural field were placed, along with
a soil clod, a compact, naturally formed or manually shaped lump of soil that resembles a stone in
appearance but consists entirely of compressed soil particles.

A calibration plate made of aluminum was centrally positioned between the two containers. This
plate quickly aligns with the ambient air temperature and serves as a reference to verify the
temperature readings of the thermal camera. Additionally, temperature sensors (RS PRO Type T,
Radionics Ltd., Dublin, Ireland) were installed to monitor ambient air temperature and surface
temperature of the calibration plate. Sensor data was recorded using a PerfectPrime TC0520 thermal
logger (PerfectPrime, New York, U.S.). Artificial lighting was provided by a daylight lamp with
around 2500 lux. To minimize external temperature influences and simulate natural soil conditions
as accurately as possible, the containers were fully insulated with Styrofoam on the sides and bottom.
Soil moisture monitoring was carried out using the ML3 ThetaProbe soil moisture sensor (Delta-T
Devices Ltd., Cambridge, United Kingdom). Approximately 1.5 m above the experimental setup, a
drone-mounted imaging system was installed to capture images from a top-down perspective. The
drone (DJI M300 RTK) was the same as during the field experiment.

Thermal images were recorded at one-minute intervals to monitor temperature variations over
time. However, only every fifth image was included in the analysis, as changes between consecutive
images were minimal. This approach reduced the amount of data to be analyzed and allowed for the
selection of a greater number of sample pixels.
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Figure 1. Experimental setup in the climate chamber under controlled conditions. (a) Setup without artificial
light; (b) setup with artificial light, (c) the soil containers with numbers 1 to 4 indicating stones, number 5
referring to the calibration plate, numbers 6 to 7 pointing at a soil clods, and number 8 marking the soil moisture

sensor.

2.3. Experimental Conditions

The experimental conditions were designed to replicate realistic temperature dynamics
occurring during usual stone collection periods (October-March) in agriculture, focusing on the
effects of radiative heating (sunlight) and soil moisture. This management period during an
agricultural management year offers no to low plant coverage and thus is most suitable for UAV-
based stone detection. By varying moisture levels, temperature trends (cooling, warming, stable), and
exposure to radiation, the experiments aimed to capture key thermal processes relevant to soil and
stone surfaces. The inclusion of both dry and moist conditions allowed for the assessment of
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moisture’s role in heat retention and dissipation. Additionally, gradual cooling and warming phases
simulated natural temperature fluctuations that occur under field conditions. A stable temperature
scenario with radiative input was also tested to analyze heat absorption under constant conditions.
The specific temperature changes and durations for each experimental condition are summarized in

Table 2.
Table 2. Overview of the experimental conditions.
Initial air Final air
Experimental Date and Soil moisture
. . temperature temperature
condition duration [h] [%]
[°C] [°C]
Dry+Cooling
04.06.2021, 7h 16.9 10.6 <10
(D+C)
Dry+Stable+Light
07.06.2021, 4h 17.3 17.6 <10
(D+S+L)
Moist+Stable+Light
08.06.2021, 4h 17.6 17.5 ~20
(M+5+L)
Moist+Cooling
09.06.2021, 7h 17.1 11.0 ~20
(M+C)
Moist+Warming
10.06.2021, 7h 10.6 16.8 ~20
(M+W)

2.4. Image Quality Control

Images were inspected for disruptions caused by sensor placement. Affected images were
replaced with the immediately preceding or succeeding image (+1 minute) to maintain consistency.
Further, the image sequences were examined for major perspective shifts caused by battery
replacements and sensor placement. This was done by visually comparing the first and last images
of each photo series, which spanned between 4 and 7 hours. Since no significant deviations were
identified, the sample point coordinates were defined once for the entire series of experiments.

2.5. Determination of Sample Pixels

For the image analysis, sample points were selected using a semi-randomized approach to
ensure a balanced distribution across the image. In each image half corresponding to the left and
right container, a mask was created to distinguish soil from stones. Within these masked regions, 20
random sample points were selected per category, resulting in an initial total of 40 sample points for
soil and 40 for stones per image.

To maintain consistency across the image series, sample point positions were visually inspected
in the first and last image of each series. Points too close to category boundaries, where minor shifts
in the image’s field of view could lead to misclassification, were excluded. After balancing the sample
points across both halves, 26 sample points remained for soil and 26 for stones (13 in each half per
category).

Additionally, five manually placed sample points were added in the central area of the
calibration plate and another five in the area of the soil clod. In total, 36 sample points were defined.
To reduce the influence of localized extremes, each sample point was expanded into a 5 x 5 pixel
square, with the originally selected pixel as the center. This resulted in 650 pixels for soil, 650 pixels
for stone, 125 pixels for the calibration plate, and 125 pixels for the soil clod. The final sample point
positions can be obtained from Figure 2.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Sample type

. Calibration plate
. Soil clod

Soil

. Stone

Figure 2. Distribution of sample points plotted on an exemplary thermal image displayed in grey scale.

2.6. Data Analysis and Statistical Testing

Temperature data from each pixel were extracted using the software DJI Thermal SDK v1.6
20240926 [42], which produced .raw files. These raw thermal data files were then converted into text
format with corresponding spatial coordinates. This conversion as well as the statistical analysis was
done in R Studio [43-50]. To assess statistically significant differences, the data were first tested for
normality. Depending on the outcome, either parametric or non-parametric statistical tests were
applied. In addition, general linear models were used to assess the effect of temperature change on
the difference between stone and soil temperature. Results with a p-value < 0.05 were considered
statistically significant.

3. Results

3.1. Field Experiment

In the field experiment, no statistically significant temperature difference between the stones
and the surrounding soil was observed during the morning and midday periods (see Table 3). In
contrast, the evening measurements showed a clear and statistically significant temperature elevation
in the stones compared to the soil.

Table 3. Temperature differences between stones and field soil during different times of the day.

Mean (Mn) or Standard Test

. L. median (Md) deviation (SD) or statistic
Time of the | Statistical . . .
difference interquartile (degrees of | p-value*
day test .
stones and soil range Q1-Q3 freedom)
K] (IQR)

Morning t-test 0.08 (Mn) 0.48 (SD) 0.65 (14) 0.529
Midday t-test 0.17 (Mn) 2.17 (SD) 0.31 (14) 0.762
Evening Wilcoxon 2.2 (Md) 1.55 - 2.55 (IQR) 120 (na) <0.001

* Testing, if the mean or median difference is significantly different from 0.
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Examining the thermal images of a representative field section containing a large stone, distinct
patterns throughout the day become visible (see Figure 3). In the morning, the thermal image showed
minimal contrast, indicating that both the stone and the surrounding soil had similar temperatures
following the cool night. Around midday, temperature differences became more apparent, though
not specifically between the stone and the soil. Instead, variations were visible across the terrain:
sloped areas at the potato ridges facing the sun exhibited higher temperatures due to solar exposure,
while the stone cast a visible shadow, appearing as a colder region. In the evening the stone distinctly
stood out as a warmer object.
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Figure 3. a) RGB image, b) thermal image in the morning at 7:06 a.m., c) thermal image around midday at 11:12
a.m. and d) thermal image in the evening at 20:28 p.m. of a stone in the field. Temperature scales are not
displayed, as the thermal range varies between images and the focus lies on the relative differences between the

stone and the surrounding soil.

3.2. Comparison of Thermal Camera and Surface Temperature Measurements

Comparing temperature measurements on the calibration plate, recorded by both the surface
temperature sensor and the thermal camera, revealed a gradually increasing discrepancy over time
(see Figure 4). While the surface sensor readings closely matched the set temperature of the climate
chamber, the thermal camera showed increasing deviations. During periods of decreasing ambient
temperature, the camera underestimated surface temperature, and during rising temperatures, it
overestimated. Based on these observations, further analyses are based on temperature differences
rather than absolute values.
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Figure 4. Temperature measurements on the calibration plate by the thermal camera (red) and the surface

temperature sensors (blue) for two of the five experiemental conditions (Dry + Cooling and Moist + Warming).

3.3. Temperature Differences Between Stones and Soil

In the experiment with cooling ambient air temperature and moist soil, the stones remained
consistently warmer than the surrounding soil (see Figure 5). The temperature difference between
the two surfaces gradually increased over time as the ambient temperature decreased. When soil
moisture was low, stones remained warmer than the soil for most of the experiment; however, the
temperature difference was comparatively small. During both, the moist and dry soil conditions,
rather than following a linear trend, the differences fluctuate around 0.5 K, with periods of steeper
increases followed by more gradual cooling phases. Notably, the rapid rise in fluctuations aligns

precisely with a sharp drop in ambient air temperature, which occurs periodically, decreasing by
approximately 1 K every hour.

Temperature difference [K]
[2.] 21meiadway iy

Soil warmer

-0.25
0:00 1.00 2,00 3.00 400 5.00 6:00 7:00
Time

Figure 5. Temperature difference between the stones and the soil for moist soil conditions (blue solid) and dry
soil conditions (blue dashed) measured by the thermal camera and mean surrounding air temperature (red)
during the M+C and D+C experimental conditions.

In the experiment with gradual ambient warming and moist soil, the stones generally exhibited
higher temperatures than the surrounding soil (see Figure 6). Only during the initial half hour the soil
was slightly warmer. The overall temperature difference was less pronounced than in the cooling
scenario. Nevertheless, even under warming conditions, the difference between stone and soil

temperatures increased steadily, though with smaller fluctuations than those observed during
cooling.
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Figure 6. Temperature difference between the stones and the soil for moist soil conditions (blue solid) measured
by the thermal camera and surrounding air temperature (red) during the moist and warming (M+W)
experimental conditions.

The experiments using a light source during the first two hours showed an initial warmer
ambient temperature of around 19.5 °C. Once the light was switched off, the temperature quickly
stabilized at around 17.5 °C (see Figure 7). In the experiment with moist soil, the stone surface
remained consistently warmer throughout the entire experiment. The temperature difference was
most pronounced shortly after the lights were turned off, as the ambient air cooled. In contrast, under
dry soil conditions, the soil was initially warmer than the stone surface. However, as the ambient air
temperature dropped, this trend reversed, with the stones becoming warmer than the soil. Despite
this shift, the temperature difference during the dry soil conditions remained smaller than under
moist soil conditions

2.0

05

Stone warmer
L e R L R R T L P 185

Temperature difference [K]
[2.] 2iniesadwal iy

0:00 1.00 2:00 3:.00

Figure 7. Temperature difference between the stones and the soil for moist soil conditions (blue solid) and dry
soil conditions (blue dashed) measured by the thermal camera and mean surrounding air temperature (red)
during the M+S+L and D+S+L experimental conditions.

In all five experimental conditions, the stones exhibited higher median temperatures than the
soil (see Table 4). The largest temperature difference was observed under moist soil conditions with
stable temperature and light exposure (M+5+L), where stones were significantly warmer than soil
(M+C), with a median difference of 1.21 K. Under moist conditions with ambient cooling, the stones
showed a similarly high median temperature difference of 1.17 K. Under dry soil conditions the
temperature difference between soil and stones was still positive, though much smaller with a
median of 0.28 K for cooling ambient temperature (D+C) and 0.03 K under the stable temperature
regime (D+5+L). In the latter case, the interquartile range was highly variable and included also
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instances in which the soil was warmer than the stones. The experiment with warming temperature
also had a relatively small median difference of 0.25 K (M+W). Overall, the median temperature
differences between stones and soil were significantly greater than zero in all experiments. However,
the interquartile ranges showed considerable variability, indicating different magnitudes of
temperature differences across experiments.

Table 4. Temperature differences between stones and soil under various experimental conditions.

Median p-value
Experimental difference Interquartile Wilcoxon W- (Wilcoxon
Conditions stones and soil | range (Q1-Q3) statistic signed-rank

[K] test)*

Dry+Stable+Light 0.03 -0.91-0.27 329 <0.01
Moist+Warming 0.25 0.15-0.36 3796 <0.001
Dry+Cooling 0.28 0.14-0.34 3637 <0.001
Moist+Cooling 1.17 1.01-1.26 3486 <0.001
Moist+Stable+Light 1.21 0.90-1.48 1176 <0.001

* Testing, if the median difference is significantly different from 0.

3.4. Temperature Differences Between Soil Clods and Stones

The differences between stones and the soil clod were generally similar to the differences
between stones and soil. The Wilcoxon signed-rank test confirmed that temperature differences
between stones and soil clods were all statistically significant (see Table 5). However, the direction of
the effect differed across the experimental conditions: While in the Dry + Stable + Light condition,
stones were slightly cooler than soil clods, stones were warmer in all other experimental conditions.
The greatest temperature difference was observed under Moist + Cooling conditions, where stones
were notably warmer than soil clods. Similarly, also the Moist + Stable + Light showed considerable
warming of stones compared to soil clods.

Table 5. Temperature differences between stones and soil clods under various experimental conditions.

Median . p-value
. . Interquartile . .
Experimental difference Wilcoxon W- (Wilcoxon
s . | range Q1-Q3 -~ .
Conditions stones and soil C] statistic signed-rank

clods [K] test)*

Dry+Stable+Light -0.14 -0.91-0.22 311 <0.01
Moist+Warming 0.30 0.27-0.38 3828 <0.001
Dry+Cooling 0.49 0.40 - 0.68 3655 <0.001
Moist+Cooling 1.63 1.42-1.90 3486 <0.001
Moist+Stable+Light 1.13 0.92-1.33 1176 <0.001

* Testing, if the median difference is significantly different from 0.

3.5. Effect of Soil Moisture on the Temperature Differences Between Stones and Soil

Experiments with higher soil moisture produced larger differences between stone and soil
surfaces (see Figure 8). For cooling ambient conditions, the Welch Two Sample t-test revealed that
the temperature difference under moist conditions was significantly higher than that of dry
conditions (t(154.34) = -37.0, p-value < 0.001, 95% confidence interval -0.95 to -0.86 K). Under dry
conditions, stones were on average only 0.25 K warmer than the surrounding soil, whereas under
moist conditions, the temperature difference amounted to 1.16 K (see Figure 8a).
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Under stable temperature conditions with initial lighting, the Wilcoxon rank-sum test produced
similar results to the Welch t-test. The temperature difference between soil and stones was
significantly larger under moist soil conditions (W = 23, p-value < 0.001). The median temperature
differences were -0.30 K for the low soil moisture and 1.18 K for the high soil moisture (see Figure
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Figure 8. Boxplots comparing temperature differences for a) cooling ambient air temperature conditions and b)

stable air temperature conditions with initial lighting.

3.6. Effect of Rapid Temperature Change on the Difference Between Stone and Soil Temperature

The relationship between the lagged absolute ambient temperature change rate and the
temperature difference between stones and soil was not consistent across all experimental conditions
(see Figure 9).

Two experimental conditions (Dry + Cooling and Dry + Stable + Light) showed a significant
positive effect of the ambient temperature change rate on the temperature difference between stones
and soil. In the Dry + Cooling condition, the predictor had a significant effect (3 =0.39, SE = 0.10, t(80)
= 3.81, p < 0.01), explaining 15.35 % of the variance (R? = 0.15). Under the Dry + Stable + Light
condition, the effect was even stronger (8 = 1.65, SE = 0.55, t(42) = 3.01, p < 0.01), with the model
accounting for 17.69 % of the variance (R? = 0.18). Both general linear models were statistically
significant.

In contrast, for the experiments with moist soil, the ambient air temperature change rate had no
significant effect on the temperature difference between stones and soil. The Moist + Cooling model
showed no significant relationship ( = 0.26, SE = 0.15, t(78) = 1.73, p = 0.09) and explained only 3.71
% of the variance (R?=0.04). Similarly, under the Moist + Stable + Light condition, the effect was non-
significant (3 = -0.26, SE = 0.29, t(44) = -0.90, p = 0.37), with the model explaining just 1.81 % of the
variance (R? = 0.02). Lastly, also the Moist + Warming condition produced no significant effect (3 = -
0.08, SE =0.11, t(83) =-0.75, p = 0.46), and the model accounted for less than 1 % of the variance (R? =
0.01).

Overall, significant positive effects of temperature change rate on the temperature difference
between stones and soil were observed only under dry conditions (D+C and D+5+L), whereas moist
conditions (M+C, M+W, and M+5+L) showed no meaningful relationship.
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Figure 9. Relationship between the absolute rate of ambient temperature change and the temperature difference
between stones and soil across five experimental conditions. Each condition is analyzed using the time lag that
produced the most pronounced effect in the regression, as specified in the legend. Solid lines represent

statistically significant regressions (p < 0.05), while dashed lines indicate non-significant relationships.

4. Discussion
4.1. Temperature Differences Between Stones and Soil

When aiming to distinguish individual objects from their background using thermal imaging,
strong temperature contrasts within the image are beneficial. The greater the differences in thermal
conductivity and heat capacity between materials, the more distinct the resulting thermal contrast
becomes. Together with the material’s density, these two properties define the thermal inertia [51].
While nonporous rocks typically have a specific heat capacity around 900 ] kg™ K [52], water present
in moist soil has a much higher heat capacity of over 4000 ] kg™ K1, while air has only about 1000 ]
kg K-'. Additionally, the organic content of soil can increase its heat capacity [53]. Therefore, moist
soil should retain more heat than dry soil or rock. However, when considering volumetric heat
capacity —which accounts for the material’s density —rocks emerge as superior [34]. Their higher
density allows them to store more thermal energy per unit volume, making them slower to cool and
more effective at retaining warmth compared to either dry or moist soil. Furthermore, stones have a
higher thermal conductivity than soil, enabling them to absorb and distribute heat more efficiently
[54]. In contrast, soil has a lower thermal conductivity due to its higher air content and lower density,
making it less effective at heat transfer [35,54].

In the first half of the experiment with additional lighting, the dry soil initially exhibited higher
surface temperatures than the stones. This changed once the light source was turned off and the
ambient air temperature dropped by a few degrees—at which point the stones retained more heat.
This behavior reflects the dry soil's lower thermal inertia, allowing it to respond quickly to
temperature changes, while the stones, with their greater heat storage capacity, accumulated thermal
energy more gradually and released it more slowly. This is inline with the results revealed from
satellite-based thermal inertia mapping, e.g., for soils moisture [39,55,56] and geology [57]. Similarly,
in the initial phase of the Moist + Warming experiment, moist soil showed slightly higher
temperatures than the stones. This may be attributed to the soil’s lower thermal conductivity, which
limits heat transfer into deeper layers, resulting in a faster rise in surface temperature. In contrast, the
stone likely conducted heat away from its surface into its interior. However, as the experiment
progressed, the stone surface became warmer than the moist soil, likely due to evaporative cooling
effects at the soil surface, which reduced its temperature despite ongoing warming. A similar effect
was observed in the experiment with moist soil under stable ambient conditions and initial lighting,
where stones maintained higher surface temperatures. This was likely due to evaporative cooling
reducing the soil’s surface temperature relative to the more thermally stable stones. Under cooling
conditions, both with dry and moist soil, the stone surfaces consistently remained warmer than the
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surrounding soil. This is consistent with their higher thermal inertia, allowing them to release stored
heat more gradually than the soil. In general, the results showed that stone surfaces were significantly
warmer than the surrounding soil, especially under moist soil conditions.

In field conditions, stones were significantly warmer than the surrounding soil only in the
evening as ambient temperatures dropped. This confirms that they retain and accumulate heat
throughout the day, resulting in a more pronounced temperature contrast in the evening. However,
in the morning, stones were not consistently colder than the soil, likely due to the continuous
evaporation from the moist soil and the fact that stones absorbed a substantial amount of heat over
the preceding days, which they retained.

In summary, while the difference in thermal inertia between soil and stone explains why stones
remain warmer during periods of decreasing ambient temperature, evaporative cooling also plays a
significant role under warming conditions. Therefore, the first hypothesis can only be partially
confirmed —specifically for moist soil under cooling conditions. Under other ambient scenarios, the
temperature differences appear more complex and are likely influenced by evaporative effects.

The second hypothesis, predicting similar thermal behavior between soil and soil clods, is
generally supported by the results. Although in one experimental condition the median temperature
of the clods was slightly higher than that of the stones—despite stones being warmer than the
surrounding soil —the overall difference was minimal. As seen in the graphical data (Appendix
Figures A1-A5), the temperature trends of soil and clods closely align, indicating that their thermal
behavior remains largely comparable.

Differences in thermal inertia between stones and soil are also used in other applications, such
as in archaeology. In particular, ancient building structures, such as houses or roads, can be detected
using infrared imagery [34,58]. In the case of subsurface architecture, structures like walls or
foundations, which retain heat differently than the surrounding soil, can be identified through
thermal imagery [34]. These thermal contrasts arise because the buried structures, with their distinct
material properties, exhibit a slower or different rate of cooling compared to the surrounding soil,
making them visible in the thermal image, even if they are not visible on the surface [34].

Overall, results from both the experiments and the field study —as well as observations from
practical applications—indicate that the ability of stones to retain heat longer can be effectively
captured using thermal imaging, particularly under conditions of high soil moisture and decreasing
ambient air temperature.

4.2. Effect of Soil Moisture

The experiments in this study revealed that, under both warming and cooling ambient
conditions, the temperature contrast between stones and soil was largest when soil moisture was
high. This can be attributed to the fact, that the stones were generally warmer than the soil and that
the evaporative cooling aditionally cooled the moist soil [59]. As water evaporates from moist soil,
energy is required to drive the phase transition from liquid to vapor [60]. This energy —the latent
heat of vaporization—is extracted from the surrounding environment [60]. As a result, less energy
is available to be released as sensible heat, leading to a net cooling of the soil surface [60]. This
process explains why the observed temperature difference between stones and moist soil can be
larger than between stones and dry soil.

The link between soil surface temperature and soil moisture has already been noted in earlier
studies [37,38]. A simple laboratory experiment using an infrared camera to monitor the surface
temperature of different soil types at different intial moisture contents clearly demonstrated that also
after 7 days, soils with a high initial moisture content of around 40 % were approximately 10 °C cooler
than soils with a lower initial moisture content of about 12 % [39]. The significance of this relationship
is further emphasized by numerous remote sensing approaches at medium and large scales that
utilize surface temperature as a key indicator of soil moisture [57,59,61-65]. Especially the capacity
of soil moisture to amplify surface temperature variability has found practical application, notably in
archaeological research [34,58]. In this context, the detection of ancient stone infrastructure has
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proven more effective under relatively moist soil conditions: The authors observed distinct thermal
contrasts between buried stone features and the surrounding soil, suggesting that moisture-driven
differences—potentially influenced by subsurface structures—enhance their visibility through
thermal imaging techniques [58]. Correspondingly, another study found that under prolonged arid
conditions, when no precipitation has occurred since the previous spring, soil and stone surfaces
exhibit nearly identical thermal properties. In that case, thermal surveys—even when conducted at
night—have yielded minimal archaeological visibility due to the lack of differential heat retention
[34]. The authors therefore conclude, that the soil moisture is a highly important factor in aerial
thermography, but also note that successful detection requires buried structures of sufficient size or
extent, as smaller features such as individual fieldstones may remain thermally indistinct [34].

The results of the present study are consistent with both theoretical expectations and empirical
evidence from laboratory as well as field research across disciplines. They highlight that soil moisture
plays a significant role in thermal imaging. Therefore, the third hypothesis—that soil moisture
amplifies the thermal contrast between stones and the surrounding soil — can be confirmed.

4.3. Effect of Rapid Temperature Changes

The theory of thermal inertia suggests that different materials heat and cool at varying rates,
which supports the expectation of greater temperature differences between stones and soil during
periods of rapid ambient air temperature fluctuations [51]. However, the results indicate that this
behavior is more complex and highly dependent on environmental conditions. A possible
explanation is that under moist soil conditions, the absolute thermal contrast between stones and soil
was generally higher, which diminished the relative influence of short-term ambient air temperature
fluctuations. In contrast, when the soil was dry, overall temperature differences were smaller, making
the setup more responsive to rapid changes in air temperature. This interpretation aligns with a
conceptual and numerical climate model, which shows that in moist environments, surface
temperature dynamics are predominantly governed by latent heat fluxes [66]. As a result, the role of
thermal inertia becomes negligible [66].

Also in the archeological context the most effective moment for thermographic imaging with
drones turned out to be directly after sunset, when surface temperature contrasts were strongest
[34,58]. Besides, that same study found that the sharp sequence of heating and cooling proved more
relevant than the absolute range of diurnal temperature variation.

Overall, the findings suggests that the rate of temperature change plays a more critical role in
environments where temperature contrasts between stones and soil are smaller. Thus, the fourth
hypothesis can be considered partially confirmed.

4.4. Opportunities and Limitations of the Study

Although the findings provide valuable insights, several limitations must be considered when
interpreting the results. Absolute temperature values could not be used, as during the experiments
under controlled conditions, the heat emitted by the drone itself may have affected the thermal
measurements, potentially introducing bias. Additionally, the temperature extraction tool used for
analyzing field data did not allow for setting the actual drone flight height of 50 m, as the software
had a maximum limit of 25 m. This discrepancy may have affected temperature readings and their
accuracy. Further, the field trial was conducted on a potato field with an uneven surface, where the
hilly structures created slopes that were more exposed to sunlight due to their angle. This uneven
exposure may have influenced temperature distributions across the field. Future studies should
incorporate mitigation strategies to reduce inaccuraccies. These measures include, among others (1)
keeping a minimum distance between the drone and target surface to reduce heat interference, (2)
using calibration targets in the scene for temperature correction as also suggested in [27], and (3)
terrain mapping to adjust for elevation effects.

Also, stones located beneath the soil surface were not considered in the analysis, which could
have influenced the overall understanding of temperature differences between stones and soil.
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However, as shown by previous studies [34], rocky areas - even if buried by a layer of soil - can be
detected. The ability to identify larger rocks even if only a part is visible on the surface is highly
important in the agricultural context, as large boulders can strongly damage machinery [3,4,67].
During preliminary tests UAS-based ground penetrating radar (GPR) was tested once, with
unsatisfying success, due to complex constraints in terms of flight planning. The system used could
only fly a maximum of 2m AGL and was a one-dimensional system. Consequently, it was not suitable
for use in larger-scale agriculture and the requirement for cross-flying at a very low flying altitude
compared to areas several hectares in size.

Overall, the potential of thermal imaging in agricultural applications warrants further
investigation. To improve the accuracy of object identification in the field, it may be beneficial to
collect image data over multiple days, increasing the likelihood of capturing optimal conditions.

4.5. Practical Implications and Implementation Outlook

Modern agricultural machinery is increasingly being equipped with standardised interfaces for
geoinformation technologies - including for stone detection. The challenge here lies less in the
technical feasibility than in the efficiency and practicality of data collection and processing. This study
shows the potential of thermal remote sensing for detecting surface stones, but emphasises the high
demands on sensor technology, flight planning, data processing and interpretation. Direct
implementation by farmers, especially on smaller farms, therefore seems unrealistic. Integration into
existing services offered by contractors or remote sensing providers who already use UAV systems
with RGB or multispectral sensors is more promising. Supplements using thermal imaging
technology and automated analyses, e.g., stone maps or action-related recommendations, could be
usefully embedded here. Specialist consultants could also play a central role in interpretation and
operational implementation, for example through targeted intervention strategies or cost-benefit
analyses. The data obtained also offers potential for long-term management strategies, for example
in soil protection or for optimising the use of machinery. In this context, thermal stone detection
should be seen as a modular component of digital agricultural systems. To promote its use, business
models for UAV-based detection, integrated software solutions and training concepts for advisors
should be developed in the future. The added value of the method ultimately results from its
embedding in economically viable, user-friendly services that support decision-making at farm level.

These reflections are based on the authors’ experience from multi-year research and stakeholder
engagement activities conducted within the AgriSens Demmin 4.0 project and its final workshops,
which brought together perspectives from practitioners, advisors, technology providers, and
researchers.

5. Conclusions

This study demonstrates that thermal remote sensing, when applied under suitable
environmental conditions, holds significant potential for detecting surface stones in agricultural
fields. By combining controlled laboratory experiments with UAV-based field data, it was shown that
differential thermal inertia and emissivity enable reliable stone-soil separation—especially during
periods of high soil moisture and declining ambient temperatures. Even minimal temperature
contrasts proved sufficient for detection, underlining the sensitivity of thermal imaging in resolving
thermophysical surface features.

This expands the established scope of UAV-based thermal applications, which include plant
water stress detection, phenotyping, yield estimation [27], and archaeological prospection [34], by
introducing stone detection as a novel agricultural use case. Especially in low stone-density fields,
thermal imaging combined with georeferenced data allows for targeted stone removal—reducing
unnecessary soil compaction and operational effort compared to conventional mechanical methods,
which remain better suited for high-density scenarios.

Compared to other remote sensing modalities, thermal imaging offers a unique advantage:
while RGB and multispectral imaging rely on reflectance differences—which may be minimal for dry
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stones on bare soil —and radar systems like SAR often lack the spatial resolution or surface sensitivity
for small stone detection, thermal sensors directly measure physical heat signatures. This makes them
especially effective for identifying thermally distinct features, independent of color, albedo, or
microwave scattering behavior.

However, the study also highlights critical parameters for maximising detection accuracy:

Sensor Fusion Potential: The integration of thermal data with multispectral or LIDAR sensors is
expected to improve object discrimination and spatial localisation of stones. The authors have already
carried out investigations into this, which go beyond the scope of this study. LiDAR, for example,
provides high-resolution topography and object height data, which could help to distinguish stones
from flat ground or vegetation artefacts. The data processing and development of evaluation
algorithms is extremely complex. Similarly, multispectral indices can help to mask out vegetation or
wet patches that interfere with thermal contrast.

Temporal optimization: The studies have shown the strong temporal effectiveness of thermal
imaging. Data acquisition should be focussed on times of maximum thermal contrast. The results
presented on the time-of-day strategies should be regarded as essential in future work processes and
developed further.

Advanced data processing: The integration of image processing algorithms and machine
learning methods can improve the reliability and scalability of stone detection. Techniques such as
supervised classification, thermal anomaly detection or convolutional neural networks (CNN) offer
promising possibilities for automatically distinguishing between stones and thermally similar objects
(e.g., clods, debris). In current research work, the authors are analysing this topic in detail and a
publication is in preparation.

Beyond agricultural applications, these findings open up possibilities in fields that require the
detection of small, thermally distinct objects embedded in complex environments—ranging from
wildlife conservation (e.g., locating ground-nesting birds) to cultural heritage detection or wildfire
monitoring.

Future work should focus on cross-sensor data fusion frameworks, adaptive flight planning
based on environmental parameters, and real-time onboard data processing to enable actionable
outputs directly in the field. Thermal imaging, when thoughtfully integrated into a multi-sensor
system, presents a scalable and cost-effective approach that aligns with the goals of precision
agriculture and sustainable land use management.
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Appendix A

The appendix Figures A1-A5 display temperature differences (Stone-Soil vs. Stone-Soil Clod)
to enable comparison of thermal behavior between soil clods and soil.
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Figure Al. Temperature differences between the stones and the soil (darkblue) and stones and soil clods

(lightblue) for dry soil conditions measured by the thermal camera and surrounding air temperature (red).
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