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Abstract

:

The project PROTECTFOREST deals with improvements in early bark beetle (e.g., Ips typographus and Pityogenes chalcographus) detection to allow for fast and effective response to initial infestation. The removal of trees in the early infestation stage can prohibit bark beetle population gradation and successive timber price decrease. A semiconductor gas sensor array was tested in the lab and attached to a drone under artificial and real-life field conditions. The sensor array was able to differentiate between α-pinene amounts and between different temperatures under lab conditions. In the field, the sensor responded to a strong artificial α-pinene source. The real-life field trial above a spruce forest showed preliminary results, as technical and environmental conditions compromised a proof of principle. Further research will evaluate the detection rate of infested trees for the new proposed sensor concept.
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1. Introduction


Climate change and the corresponding temperature increase have an impact on the stability of forest ecosystems, especially on the distribution and activity of xylophagous beetles [1,2]. The economic effect of a higher xylophagous beetle activity was quantified for Canada, with an average annual loss of 1274 million dollars of the net present value between 2009 and 2054 [3]. In the USA, the annual loss was 1500 million dollars between 1971 and 2000 (equivalent to 41% of total annual loss including fire, hurricane, tornado, ice, invasive species, landslides, and drought) [4]. In Germany, infestation from the last three years (2018–2020) led to wood loss of 178 mio m3 [5], which is 4.9% of the wood stock calculated by the national forest inventory in 2012 [6].



The bark beetles Ips typographus and Pityogenes chalcographus show very high fertility in hot and dry seasons [2,7]. They can have up to four generations per year at an optimal temperature of 30 °C [8]. Detecting such a pest outbreak between four months and one year after the initial infestation, e.g., by alternating crown color [9], is far too late, as the bark beetle population multiplies by a factor of approximately 203–1003 per female individuum [8,10,11,12]. It was reported that the detection of beetle infestation at a late stage within the spectral range of 450–890 nm was possible with a prediction efficiency of 64%. This approach is very sensitive to interactions with direct and scattered sunlight [13]. Comparable results were presented for the utilization of a hyperspectral camera [14]. This is a limited approach for pest control of aggressive species, e.g., Ips typographus, because early detection of green stage infestation is needed to prevent a gradation. Detecting trees in the red stage of infestation at low detection rates cannot prevent a gradation, though it could indicate larger areas with high infestation risk. Another approach is the utilization of satellite data for infestation extrapolation based on the easily identifiable grey infestation stage [15]. Although early detection methods are necessary in order to reduce timber losses caused by frequent bark beetle gradations, holistic approaches can allow a prediction system to narrow down the possible areas of infestation to optimize the search for green stage infestation.



Monoterpenes and especially α-pinene are considered to have an impact on global air quality [16], with forests as a major emission source [16,17,18]. A model study of Guenther et al. estimated the annual global forest volatile organic compound (VOC) flux at 1150 Tg C, with a share of 11% monoterpenes. A study by Berg et al. modeled the bark beetle attack with a low impact on overall forest emissions, although the emission impact of bark beetles on the overall tree mortality emissions was very high [19]. Monoterpene emissions differed between forest plant species [17]. In healthy conifer trees, the monoterpene emission is a function of the temperature-dependent vapor pressure that can be explained by the Clausius Clapeyron equation [20,21,22]. α-pinene was found to be emitted in a diurnal cycle in forests [16]. This shows that, in healthy plants, monoterpenes are emitted passively through the stomata.



Monoterpenes belong to the group of plant VOCs that increase in concentration after plant damage (inducible VOCs) [23] or drought stress [22,24]. Coniferous trees can emit increasing amounts of monoterpenes after an attack of xylophagous beetles by induced host defense mechanisms [25,26,27,28]. These emissions are caused by leaking resin from physically damaged resin channels below the bark and by the general stress response of the tree. The resin consists of resin acids and monoterpenes. The monoterpenes are a nonpolar solvent for resin acids that decreases their viscosity and enables their flow into the bark hole. There, the solvent evaporates, the resin acids start to polymerize, and the hole closes. This mechanism enables the tree to defend itself by “resinating” the beetle out of its bore hole and by successively closing the bore hole. The general stress response comprises the increase in monoterpene cyclase levels after damage to a 5 to 15 times higher level. Therefore, trees produce monoterpenes after physical damage to restore their host defense capability [29] and to passively emit more monoterpenes through the stomata [20,21,22]. The major resin components in economically relevant coniferous trees in boreal and temperate forests are monoterpenes and, among the group of monoterpenes, especially α-pinene [11,26,27,28,30]. This compound is an attractant for bark beetles as well [11,31]. It is usually emitted by infested trees in the early or “green” stage of the pest attack [25,27]. However, an increased emission in the yellow stage was reported as well [26]. Drought stress also has a strong impact on α-pinene emission. The effect of draught is discussed controversially in the literature, as both increases and decreases in emission rates were detected [22,24]. Table 1 shows an overview on the literature that quantified emissions from infested forest trees or forest trees under drought stress.



Bark beetle pheromones are produced and dispersed by the beetles and can be a cue for individuals of the same species to gather or disperse according to the nutritional state of the host plant [12,31,32]. Interspecific pheromone interactions among bark beetle species were reported as well [33]. The chemical ecology of bark beetles was reviewed by Blomquist et al., by Tittinger and Bloquist [31,34], and by earlier sources [35,36,37]. The concentration of bark beetle pheromones is several orders of magnitude lower than the concentration of α-pinene in forests [38]. The beetles are comprised of a biological detection system that is based on odorant-binding proteins (OBPs). The OBPs allow the selective binding of VOCs and their transportation to neurons in the beetles antennae for information processing [39,40,41]. Binding sites of OBPs and especially of the subgroup pheromone-binding proteins (PBPs) can be highly selective and low VOC concentrations can elicit a neuronal response [41].



Semiconductor metal-oxide gas sensors are feasible detectors for volatile organic compound (VOCs) classes in air, like monoterpenes. A semiconductor surface, e.g., tungsten oxide, changes its conductance when it is heated. At a constant and high temperature, e.g., 275 °C, the oxidation state of the oxygen atoms in the molecular tungsten oxide grid determines the conductance. When VOCs interact with the heated semiconductor tungsten oxide surface, they are thermally oxidized. The oxygen atoms in the tungsten oxide grid can also change their oxidation state due to the electron exchange in the thermally induced conversion of the VOCs. This electron exchange can oxidize or reduce the oxygen in the metal oxide. This leads to a conductance decrease in the metal oxide. The intensity of this decrease is usually not VOC-specific but VOC class-specific [42]. The VOC class selectivity can be improved by using several metal oxide sensors that exhibit different reaction intensities, thereby creating a VOC class-specific signal pattern. Earlier studies used a gas sensor below a quadcopter in the rotor down winds to obtain signals while flying through a large smoke plume [43]. This study investigates the monoterpene detection performance of an quadcopter semiconductor gas sensor system using α-pinene as a model compound. The sensor setup is based on three semiconductor gas sensors with different surface properties and a sampling option to sample the undisturbed air outside the rotor down winds.




2. Materials and Methods


2.1. Sensor Calibration


Synthetic air (100 °C, 1.5 L × min−1, 5.5 purity, 80% N2, 20% O2, Messer Industriegase GmbH, Siegen, Germany) was mixed with a molar 10−2 α-pinene dilution at different flow rates. The α-pinene flow rate was controlled by a syringe pump (LA 30, Landgraf Laborsysteme HLL GmbH, Langenhagen, Germany) at pump rates between 1.5 µL × min−1 to 15 mL × min−1. Due to the constant synthetic air flow, final molar concentrations between 10−8 to 10−4 were mixed. This α-pinene gas flow was led over the surface of three heated metal oxide sensors (GGS1330, metal: SnO2, 450 °C, 5 V, and 26 Ω; GGS2330, metal: SnO3, 400 °C, 4.5 V, and 25 Ω; and GGS5330, metal: WO2, 275 °C, 3 V, and 20.5 Ω; UST Umweltsensortechnik, Geschwenda, Germany) for three minutes, and the conductance was measured (signal processing technology by Cadmium GmbH, Regenstauf, Germany). Between stimuli, the mixing chamber, the heated connection tubes, and the sensor chamber were purged with synthetic air for three minutes.



Data Analysis of Sensor Calibration


Each α-pinene concentration was tested 13 times. The sensor signal decreased under the presence of the stimulus and reached an equilibrium state. This equilibrium state was maintained for three minutes. The mean sensor values of these three minutes were calculated. All mean values per concentration (10−8 to 10−4) and sensor (GGS1330, GGS2330, and GGS5330) were grouped to calculate the mean, standard deviation, median, upper and lower quartiles, minimum and maximum, and the variation coefficient to obtain the indices for signal stability and repeatability of the sensor responses. The mean of the mean values of three-minute stimuli sensor values were used to calculate a linear dose–response correlation for each sensor. All mean values of the three-minute stimuli per sensor were used to calculate a second-grade polynomial function as a dose–response curve for each sensor. This data was also used to calculate the significant differences between adjacent dose–response reactions with the t-test for unpaired samples. The coefficients of determination (R2) were calculated for all dose–response curves as a quality measure for the correlations.





2.2. Sensor Test


A custom-made wind tunnel was adjusted to a linear wind flow of 1 or 2 m × s−1. The sensor, as schematically depicted in Figure 1, was placed at a distance of 1.5 or 3 m on the level of the wind tunnel exit. Either 0.5 or 0.1 mL α-pinene (CAS number: 80-56-8, 98% purity, Merck KgaA, Darmstadt, Germany) were dropped on a filter paper (ROTILABO® Typ 113A, Carl Roth, Stuttgart, Germany), put in a closed petri dish, and placed directly in the wind flow at the exit of the wind tunnel. The sensor was activated, and the petri dish was opened for 3 min and closed for 3 min. This procedure was repeated six times. The first stimulus was not considered for the successive data analysis, as the longer preconcentration time always led to higher sensor signals. After each factor combination (distance, wind flow, and α-pinene concentration), the air in the room was exchanged by a high-performance hood. The factor combinations were repeated at room temperatures of 15 °C, 20 °C, and 25 °C.



Data Analysis of Sensor Test


The combination of the four selected factors resulted in 24 variations. Again, the three-minute equilibrium state of the sensor signals were used to calculate the mean sensor signals. All mean sensor signals were grouped to calculate mean, standard deviation, and correlation coefficient.



The sensor signals of GGS1330 and GGS2330 were related to the signal of GGS5330 in order to normalize the signals and, thus, to increase the comparability of the signals between different trials. This should compensate for the baseline shifts of the sensors and should reduce the effect of the baseline variation between the trials. Significant differences between distance, wind flow, and α-pinene concentration were tested with the t-test for unpaired samples, resulting in 72 pairwise comparisons. The effect of temperature on the sensor signals was analyzed with the Kruskal–Wallis test and the Conover Iman pairwise comparison with Bonferroni adaption, resulting in 16 triple comparisons. The level of significance was p < 0.05.





2.3. Sensor Field Test under Artificial Conditions


A pole that was 4 m high was placed in the botanical garden of the faculty of forest science and forest ecology, University of Göttingen, on 17 March 2020. The sky was clear, and the temperature was 15 °C, with wind speeds below 1 m × s−1 during the trials. A 15 × 20 cm tissue paper with approximately 10 mL of α-pinene was placed at the top of the pole. A drone (Hexacopter, Cadmium GmbH, Regenstauf, Germany) was equipped with the gas sensor system used for the lab experiments. A 55 cm long horizontal glass fiber capillary with a 0.8 mm diameter allowed for air sampling outside the rotor winds (Figure 2). The air was sucked by a pump (1420VP BLDC, Thomas Garden Denver, Fürstenfeldbruck, Germany) through this capillary at 1.5 L × min−1 and was led over the sensor surfaces. The drone was steered manually at approximately 4 m heights over a flat and rectangular area (approximately 40 m × 20 m), with the pole in the center. The minimum distance to the pole was 50 cm from the end of the horizontal capillary. The experiment was repeated one time (N = 1).



Data Analysis of Sensor Field Test under Artificial Conditions


The georeferenced resistance changes of the three sensors were inverted in order to display sensor reactions as upward peaks. The data were displayed as georeferenced dots, with the color indicating the concentration. The georeferenced points with sampled signal intensities were interpolated with the program ArcGIS Geostatistical Analyst (ESRI, Redlands, CA, USA) to a heat map by gradual point overlay and interpolated raster map generation.





2.4. Sensor Field Test above a Forest Stand


An approximately 40 m × 40 m test stand consisting of 100% spruce trees at different ages between 40 and 80 years at the Windgfällweiher lake, Baden-Württemberg, Germany, was assigned by the forest administration Fürst zu Fürstenberg. The test site was recorded with a multispectral imaging camera (Sequoia Parrot, Pix4D S.A., Prilly, Switzerland) at a height of 80 m with a 90% front and a 80% side overlap in order to create a digital surface model (DSM) with the heights above the ground (drone starting point as reference point) of the forest canopy.



One hundred waypoints were defined over the area, and the assigned height of the waypoints was calculated to be 10 m above the respective heights above the ground, with a lower limit of 20 m. The mikrocopter tool (V2.20, HiSystems GmbH, Moormerland, Germany) was used to transfer the waypoint data to the drone microcontroller.



The weather during the flight mission was slightly cloudy with temperature at 13 °C. The wind was measured with a DJI Mavic 2 Enterprise Zoom (Da-Jiang Innovations Science and Technology Co., Ltd., Nanshan, China) that flew at 27 m heights close to the stand. Wind speed and direction were calculated by a postprocessing IMU (internal measurement unit) data analysis algorithm (AirData, El Dorado Hills, CA, USA). The stand was searched for bark beetle infestation and trees with resin flow caused by physical damage. It was only possible to assess the status of the trees in the lower and middle stem compartments by sight; some trees with many branches in the lower stem compartment could not be completely assessed. All trees in the sampled area were georeferenced using the LogBuch GPS system (SDP Digitale Produkte GmbH, Waiblingen, Germany). The experiment was repeated one time (N = 1).



Data Analysis of Sensor Field Test above a Forest Stand


The DSM was generated by creating digital orthophotos (DOPs) using the software Metashape (V1.6.3, Agisoft, St. Petersburg, Russia). The resulting point cloud was used to calculate the height of each point with the reference of the drone starting position set to 0. In order to highlight damaged trees on the map, individual tree detection (ITD) was performed by identifying local minima in the inverted DSM using the watershed segmentation algorithm (ESRI, Redlands, CA, USA).



The recorded sensor data were displayed with geocoordinates as labels and normalized with the minimum and maximum sensor values for each sensor using R (V.4.0.3, R Core Team). The resulting sensor values were multiplied with each other to obtain a combined sensor response. The sensor values were canopy distance-corrected by assigning weights to the distance of the drone to the canopy in order to compensate for differences between programmed and actual flight paths. The values were normalized again to the mean of the minimum and maximum values to values between −0.75 and 0.26. The georeferenced sensor data were merged with the DSM using ArcGIS Geostatistical Analyst (ESRI, Redlands, CA, USA) to compute an interpolated heat map (universal kriging algorithm assuming autocorrelated errors to trend function): 80% of the sensor data was used to calculate the interpolation, and 20% was used to validate the accuracy of the interpolation.






3. Results


3.1. Sensor Calibration


The results of the sensor calibration are shown in Figure 3. The sensor conductance was increasingly reduced with increasing stimulus concentration, while concentrations below 10−6 did not show a clear and repeatable response and are, therefore, not displayed. At the exposition of the 10−6 concentration, only 7 out of 13 repetitions showed a clear response. The correlation between the stimuli means was very high (Table 2), but the variation in sensor values was high as well (Figure 3 and Table 2). A linear regression showed an acceptable correlation coefficient (Table 2). The GGS2330 showed the highest response to α-pinene.




3.2. Sensor Test under Lab Condition


The sensor test under lab conditions showed low variations in the five stimuli for each parameter combination (Table 3). In general, an increasing temperature decreased the signal relation between GGS1330 and GGS2330 to GGS5330 (Figure 4). Most of these differences were significant or highly significant, with GGS1330 at 0.5 mL, 3 m, and 2 m × s−1 and GGS2330 at 0.5 mL, 3 m, and 2 m × s−1 as the only exceptions. The higher α-pinene amount (0.5 mL) caused a higher signal relation at all temperatures in comparison to 0.1 mL. Out of the 24 compared data sets, 15 data sets (60%) showed significant or highly significant differences.



When using 0.5 mL α-pinene, an increase in the wind flow caused an increased sensor signal relation at 15 °C, while at higher temperatures, the wind flow had a decreasing effect. However, all data sets showed no significant differences between the two wind flows. The distance to the source had an inconsistent effect at 20 °C for six out of eight data sets recorded with 0.5 mL α-pinene. Four data sets showed a significant increase in the values and two showed significant decreases, which showed that there was no repeatable correlation between the two selected distances.



When using 0.1 mL α-pinene, the influence of the wind flow was low. Only two data sets out of 12 showed a significant difference (both GGS1330 and GGS2330 at 20 °C, 0.1 mL, and 1.5 m). At short distance, there was a tendency for higher signal relations (Figure 4), which complemented the tendencies of the 0.5 mL α-pinene amount.




3.3. Sensor Field Test under Artificial Conditions


The sensor field test under artificial conditions showed a response of all three sensors close to the pole with the strong α-pinene source (Figure 5). Sensor GGS1330 showed signals while flying north of the test field, and sensor GGS5330 showed signals scattered over the area. All three sensors responded in the northeast corner of the test field.




3.4. Sensor Field Test above a Forest Stand


Wind measurement with the drone resulted in an average wind speed of 4.5 m × s−1 from northwest. The heat map was calculated based on an interpolation of all three sensor signals (universal kriging, accuracy R2 = 0.477) and is shown in Figure 6. The calculated tree crown shapes are indicated with black lines. The infested trees and the trees with physical damage, which showed resin flow, are marked with dots.





4. Discussion


The three sensors tested in this study show different response intensities towards α-pinene (Figure 3 and Table 2). The sensor GGS2330 has a SnO3 surface, which allows for the detection of easily thermally oxidizable VOCs. The GGS1330 sensor has a SnO2 surface, which responds to VOCs that are more stable towards thermal oxidization, and the GGS5330 sensor has a WO3 surface, which responds to thermally reducible VOCs. α-Pinene is easily oxidizable at low temperatures [44], which explains the high response of the sensor GGS2330, the lower response of the sensor GGS1330, and the low response of the sensor GGS5330 in Figure 3. GGS2330 had the highest baseline and showed the steepest signal decrease at increasing concentrations, with the highest R2 for the linear correlation of all datapoints (Figure 3 and Table 2). These results correspond to former studies on oak wood emission detection [45] and to a study on the detection of standard chemicals (e.g., 2,4-nonadienal) with SnO2 and WO3 gas sensors [42].



The calibration data were not transformed, so the variation displayed in Figure 1 shows the variation in the raw data and takes into account the differences in the zero-signal values of each sensor at each trial. As the variation coefficients are between 12% to 42%, a reliable field concentration determination can only be achieved by field calibration, e.g., with the method presented by Schultealbert et al. 2017 [46]. However, a relative data analysis as presented in Figure 4 can be sufficient to identify infested trees, which can be located by the relative signal increase. Such an approach was demonstrated by Sauerwald in Paczkowski et al. [30] for thermally treated wood flakes. The highly significant differences between the factor 10 dilutions in Figure 3 suggest that the differentiation capacities of all three sensors are below a factor 10 difference in the range between 10−4 and 10−6. According to Kohl et al., a differentiation of a factor 2 difference is possible at a 10−6 concentration of 2,4-nonadienal detected with a ZnO/SnO2 sensor [42]. A study by Schüler et al. suggests that, under lab conditions, a much higher sensitivity in the sub ppb range accompanied by a good selectivity can be possible [47].



As described in Section 2.1 of this article, the sensors were run with constant heater resistances both in the lab and field experiments. These resistances can be changed and adapted to the detection of monoterpenes, including α-pinene, in order to further improve both the selectivity and the sensitivity of the sensor system [48]. An example of the impact of the heater resistance on the sensor signal by induced sensor surface temperature alternation is given by Sauerwald in Paczkowski et al. 2013 [30]. Temperature cycles over the sensor surface increased the signal selectivity, as selected temperatures showed a compound-specific response pattern. This concept can be used to improve detection by increasing the selectivity towards monoterpenes, including α-pinene, in complex gas mixtures. However, such gas mixtures would be rare above conifer forests, as, e.g., Giunta et al. [27] and Page et al. [25,26] both only found terpenes in the VOC pattern of healthy and infested conifer trees.



It is not possible to detect bark beetle pheromones with semiconductor gas sensors. As shown in Erbilgin et al. [38] the pheromone concentrations are far below the expected α-pinene levels at ratios between 50:1 to 5000:1. Under such circumstances, the α-pinene oxidation on the sensor surface will strongly superimpose the pheromone-induced conductance change, which will disable pheromone detection. This is one of many examples that show the lack of selectivity of semiconductor gas sensors [42]. Bark beetles derive a sensitive and selective biological VOC detection system based on odor-specific odor-binding proteins [31,34,39,40,42]. This allows the beetles to communicate on the basis of low pheromone concentrations in complex odor mixtures [38]. At present, it is not possible to use OBPs on sensor surfaces for reliable odor detection under field conditions [49].



Six out of 12 data sets showed significant differences between the two distances in the lab experiment (Table 2 and Figure 2). In three cases, the correlations were positive, and in three cases, the correlations were negative. Therefore, these significances are considered nonexplanatory. Apparently, the difference in the distances between 1.5 m and 3 m is neglectable from a practical point of view. Probably, complex odor dispersion is responsible for the contradictive results, as plumes of odor show a high spatial concentration distribution that is weakly correlated to the distance from the source [50,51,52,53]. A significant dilution of α-pinene will only occur at larger distances, which corresponds to studies on VOC dispersion in nature [50,54]. This indicates that temperature and source concentration determine the emission rate at short ranges between 1.5 m and 3 m and low wind speeds of 1 m × s−1 and 2 m × s−1 (Figure 4).



Relating this information to field conditions, the limit of detecting the first generation of bark beetles in spring will be the environmental temperature at this time of the year. As the flight time of the bark beetles can start at low degrees, the first attack of the bark beetle might not be detectable at all. In this case, secondary plant stress emissions can serve as cues for infestation after an early initial infestation. Also, bark beetles attracted by the pheromones of the first successful bark beetles can cause additional resin flow after an early initial infestation.



VOC vapor pressure is positively correlated with temperature (Clausius Clapeyron relation), while bark beetle breeding cycle time is negatively correlated with temperature [8]. Therefore, a warm and dry spring season will facilitate both beetle development and the detection probability of monoterpenes, e.g., α-pinene. Increasing temperatures in the course of the season will further improve the detectability of bark beetle infestation at an early stage by means of monoterpene emissions [2,8]. This concept can be compromised by stands under initial drought stress, which will emit increased amounts of monoterpenes such as α-pinene even if they are not affected by bark beetle infestation [22,24] (Table 1). This emission increase in the initial drought stage is caused by a higher temperature and a successive increasing vapor pressure of α-pinene. In such cases, the background level of monoterpenes could be too high to differentiate between infested and not infested trees.



Table 1 shows that the overall emission differences between infested and healthy trees can be high. The data in the table also show few exceptions, which indicates a variable emission response to infestation. Further research has to address and clarify this issue, and the proposed drone system can help establish a large data basis, either with sensor data or, e.g., with a sorbent tube sampling method and a successive laboratory analysis.



Stands weakened by drought stress will have a higher probability of intense and uncontrollable bark beetle infestations, so the proposed drone-based sensor detection concept with single tree identification is not practical (Table 1). After a longer drought period, the trees will emit less terpenes [22] (Table 1) and start to increase the terpene levels inside the needle and wood tissue due to stomata closure [24]. Stands under strong and continuous drought stress lose their ability to resinate, as the trees are less physiological active [25,26,27] and lose their ability to produce monoterpene cyclase [29]. Such stands are usually severely attacked by bark beetles [28], and the proposed detection concept is not applicable under these extreme circumstances. The drone-based sensor concept is applicable for healthy trees under initial bark beetle attack [28].



Table 1 shows the literature values on monoterpene and α-pinene emission from conifer trees. In most cases of bark beetle infestation, the emission ratio increases between 1.4–5.1, which shows a higher emission rate after the infestation. However, there are some inconsistencies in the literature. Page et al. reported an increase in the emission rate in the yellow stage after infestation [26], while in an earlier study, applying the same method resulted in increasing emissions in the green infested stage [25] (Table 1). Ormeno et al. sampled drought stress emissions of Pinus halepensis seedlings, and the result was a fluctuation of the emission ratio throughout the experiment (Table 1). The absolute values given by the authors should not be compared between studies using different methods. For instance, Ormeno et al. [24] and Blanch et al. [22] used three- and two-year-old seedlings for their drought experiments, respectively, while Page et al. used the lower branches of adult trees [25,26]. Amin et al. [28] sampled in the crown and compared the α-pinene emissions with the trunk emissions. The authors of this study found that the emission difference between infested and not infested trees are higher in the trunk, as the bark beetles attack this tree compartment directly. The α-pinene emitted at the trunk diffuses to the crown, where it is present at lower concentrations. A general stress response can add to these emissions by stomata gas exchange of monoterpenes [20,21,29]. The studies summarized in Table 1 indicate that the emission dynamic of infested trees is complex. The comparison between infestation-induced and drought-induced terpene emission shows that the assumptions on the limitations of the drone-based early bark beetle infestation presented above are reasonable. Intense drought can disable the possibility to detect bark beetle infestation at an early stage.



The sensor calibration data shown in Figure 3 and Table 2 can be displayed as an emission rate. In a comparative approach, the resulting values match the proposed emission intensities in Table 1 (sensor response at 10−6 equals 90 ng × h−1 or 1 ng × L−1). This does not take into consideration that the data in Table 1 are related to only one gram of dry or fresh biomass. Eighty-year-old spruce trees have a crown mass of approximately 40 kg [55]. Although these calculations are based on studies with different methodological approaches, there is a resemblance between the expected emissions from infested trees and sensor sensitivity. Additionally, there is a high order of magnitude between the sampled emissions from 1 g of biomass in the experiments listed in Table 1 and the expected amount of biomass in the field. This supports the feasibility of the drone-based sensor approach for early detection of bark beetle infestation.



Although the drone was able to locate the strong α-pinene source in Figure 5 (green dot), it also located another source (black circle). This source was a prunus domestica tree that caused a signal increase in the inverted signal. Trees emit isoprene and other volatile compounds during leave and bud development [56,57]. It is probable that the increasing physiological activity of the broad leave tree in march caused the weak signal in Figure 3 (black circle). These results confirm the measuring concept. However, false identifications are possible depending on the emission of monoterpenes or other VOCs. In cases where unspecific emissions of monoterpenes from plants are needed, e.g., for forest/atmosphere interactions [16,17,18,20], the sensor can provide valuable information for small-scale analysis or upscaling model approaches. It also allows us to investigate diurnal emission differences [18] or climate dependent emission dynamics [20,21,29]. In Figure 5, the interpolation of the sensor data led to artifact signals at larger distances to the sensor signal points, which did not correspond to high VOC concentrations.



Other sources of false positive sensor signals can be logging sites or trees broken by storm or ice, which emit very high concentrations of α-pinene. This suggests that the assessment of VOC emission is not enough to differentiate between false positive and positive signals. Optical assessments by drones, planes, or even satellite can add valuable information to identify the emission source. However, false-positive detections cannot be completely excluded.



The field trial was performed under unfavorable conditions, as the temperature was low and the wind was relatively strong (Ø: 4.5 m × s−1 or 8.7 knots), blowing northwest. Due to GPS inaccuracy the drone deviated from the programmed flight path and, therefore, maneuvered between 5 m and 15 m above the calculated DSM. This is both too high and too variable for consistent VOC detection performance. Therefore, the results in the heat map (Figure 6) have to be considered preliminary. It has to be mentioned that northwest of all bark beetle-infested trees there is a signal increase at a constant distance to the potential source, which could be caused by monoterpenes, especially α-pinene, that were emitted and distributed by the wind to the northwest. Due to the restrictions described above, there were many signal increases over the area. Therefore, consistency of the signal increases northwest of the sources does not confirm the measuring concept.



Bark beetle detection can only be performed during spring and summer, when the beetle is active and the temperatures are elevated. Therefore, no distinct correlation between the positions of the infested trees and the sensor signals are visible in Figure 6. It is possible that other sources, e.g., damaged twigs that were not visible from the ground or in the aerial survey, had an impact on the VOC distribution. The field trials have to be repeated at warmer temperatures, e.g., in springtime 2021, and under less wind influence. An improved GPS system, e.g., an RTK (real-time kinematic) GPS, has to ensure guidance of the drone along the precalculated flight path to maintain a constant distance above the canopy surface. Improved drone distance sensors that can detect small geometric structures, e.g., small branches and twigs, will allow the drone to fly closer to the canopies. This will improve the signal noise ratio of the monoterpene detection.



An economic feasibility study of the new bark beetle detection system (unpublished) showed that the drone sensor approach will be financially competitive against conventional early bark beetle detection by sight in steep areas, in areas with dense understory, and for large areas. The average costs per ha were estimated to be below 60 USD. Multiple flights throughout the vegetation period will be necessary in order to effectively prevent bark beetle gradation.




5. Conclusions


The drone-based semiconductor metal oxide sensor array is a promising new technology that allows for sampling of volatile emissions in the air. α-Pinene was detectable as an artificial source by a drone-based gas sensor, but the proof of principle above forest stands with trees in an early infestation stage still has to be performed. Technical barriers are the drone technology (close canopy flight by high-precision GPS and distance sensors) and the sensor selectivity. Further research will also address the VOC distribution dynamics in forest stands to understand the relation between detected VOCs above the crown and the position of infested trees under wind influence. The drone-based sensor can play an important role in understanding forest borne monoterpene emissions from an atmospheric research perspective. The approach can yield improved data for precision modeling, e.g., of drought stress-induced atmospheric emissions of forest stands.
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Figure 1. Schematic sensor setup that was used in the laboratory experiment (see Section 2.2) and that was attached to the drone for the field tests (see Section 2.3 and Section 2.4). 
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Figure 2. Picture of the PROTECTFOREST drone with the sensor system and capillary. 
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Figure 3. Sensor response (median, upper and lower quartiles, minimum, and maximum) to three concentrations of α-pinene (10−6, 10−5, and 10−4) for each sensor (GGS1330, GGS2330, and GGS5330), with N = 13: the conductance was reduced with increasing stimulus concentration. Concentrations below 10−6 are not shown as they did not elicit a sensor response. Significant differences between responses to adjacent concentrations were calculated with the t-test for unpaired samples and are indicated by stars (*** p < 0.001). 
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Figure 4. Sensor response of GGS1330 and GGS2330 in relation to GGS5330 (dimensionless) at different temperatures (°C) for the selected factor combinations of α-pinene amount (mL), distance to α-pinene source (m), and wind speed (m × s−1). Lines between the points do not indicate interpolation but improve readability. N was 5 for all combinations. 
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Figure 5. The heat maps generated from the inverted and interpolated sensor signals in conductance (S) (from top: GGS1330, GGS2330, and GGS5330, with N = 1): the sensors were attached to a drone that flew over a plane field with an α-pinene source held by a pole at 4 m heights (green dot). A prunus domestica tree is marked with a circle. Red indicates a high sensor response, and blue indicates a low sensor response. 
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Figure 6. The sensor signal heat map (inverted, normalized, all three sensor values multiplied, and height above crown corrected and interpolated by universal kriging with R2 = 0.477) with the calculated tree crown geometries (inverted DSM with the watershed algorithm) and manual assignment of the infested trees and trees that show resin flow from physical damage (visual stand assessment at the site). N = 1. 
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Table 1. Emission comparison between infested and not infested tree species (above) and emission comparison between tree species with and without drought stress (below) in the literature. a Emission ratio = emission (infested or drought stress)/emission (not infested or no drought stress). b The green infested stage always showed lower emission in comparison to the not infested stage.
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Tree Species

(Specification)

	
Compound

(Unit)

	
Emission

(Not Infested)

	
Emission

(Infested)

	
Infestation Stage

	
Emission Ratio a

	
Source




	
Pinus contorta

(canopy)

	
α-pinene

(ng × L−1)

	
1.1 ± 0.56

	
1.5 ± 0.6

	
unknown

	
1.4

	
[28]




	
2.6 ± 0.9

	
2.7 ± 1.1

	
1.0




	
Pseudotsuga menziesii (lower branches)

	
α-pinene

(ng × h−1 × gFM−1)

	
322 ± 166

	
813 ± 482

	
Green

	
2.5

	
[27]




	
Pseudotsuga menziesii (lower branches)

	
Total terpenes

(ng × h−1 × gFM−1)

	
870 ± 417

	
4472 ± 2759

	
Green

	
5.1

	
[27]




	
1515 ± 737

	
1472 ± 834

	
1.0




	
1695 ± 797

	
5881 ± 3685

	
3.4




	
571 ± 226

	
2480 ± 1094

	
4.3




	
284 ± 59

	
462 ± 189

	
1.6




	
557 ± 251

	
229 ± 68

	
0.4




	
842 ± 268

	
724 ± 243

	
0.9




	
948 ± 684

	
2124 ± 1782

	
2.2




	
Pseudotsuga menziesii (lower branches)

	
α-pinene

(ng × h−1 × gFM−1)

	
77

	
190

	
Yellow b

	
2.5

	
[26]




	
100

	
190

	
1.9




	
60

	
134

	
2.2




	
70

	
184

	
2.6




	
Tree Species

	
Compound

	
Emission

(No Draught)

	
Emission (Draught)

	
Draught Intensity

	
Emission Ratio a

	
Source




	
Pinus

halepensis

(seedlings)

	
α-pinene

(µg × h−1 × gDM−1)

	
23.9 ± 5.8

	
17.9 ± 1.3

	
2 weeks

	
0.7

	
[22]




	
5.6 ± 0.7

	
16.4 ± 5.3

	
4 weeks

	
2.9

	
[22]




	
8.8 ± 3.2

	
4.0 ± 1.3

	
6 weeks

	
0.5

	
[22]




	
30.7 ± 4.5

	
20.6 ± 4.8

	
8 weeks

	
0.7

	
[22]




	
10.9 ± 4.5

	
21.2 ± 5.8

	
10 weeks

	
1.9

	
[22]




	
34.2 ± 7.5

	
21.4 ± 4.8

	
12 weeks

	
0.6

	
[22]




	
Pinus

halepensis

(seedlings)

	
α-pinene

(%total VOC)

	
30.8 ± 10.6

	
60.0 ±14.3

	
1 week

	
1.9

	
[24]











[image: Table] 





Table 2. Descriptive statistics (mean, standard deviation, and variation coefficient) and dose–response curve regression analysis with coefficients of determination (R2) of the sensor responses (mean value over a three-minute stimulus) to the selected α-pinene dilutions of 10−6, 10−5, and 10−4.
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10−6

	
10−5

	
10−4






	
GGS1330, N = 13




	
Mean (S)

	
669,022

	
308,851

	
51,870




	
Standard deviation (S)

	
147,007

	
114,605

	
11,260




	
Variation coefficient (%)

	
22

	
37

	
22




	
R2 of mean

	
y = 51,595x2 – 514,955x + 1,132,382 R2 = 1.00




	
R2 of all values (linear)

	
y = 1,171,683x – 302,126 R2 = 0.83




	




	
GGS2330, N = 13




	
Mean (S)

	
1,622,037

	
990,640

	
171,820




	
Standard deviation (S)

	
193,071

	
15,4917

	
40,674




	
Variation coefficient (%)

	
12

	
16

	
24




	
Linear R2 of mean

	
y = −93,711x2 − 350,263x + 2,066,011 R2 = 1.00




	
R2 of all values (linear)

	
y = 2,748,138x − 736,822 R2 = 0.94




	




	
GGS5330, N = 13




	
Mean (S)

	
47,119

	
16,323

	
1551




	
Standard deviation (S)

	
10,525

	
6814

	
538




	
Variation coefficient (%)

	
22

	
42

	
35




	
Linear R2 of mean

	
y = 8011x2 − 54,830x + 93,938 R2 = 1.00




	
R2 of all values (linear)

	
y = −87,914x + 21,782 R2 = 0.83
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Table 3. The mean sensor response to the selected combinations of temperature (°C) and amount of α-pinene (mL) (row labels) and distance to α-pinene source (m) and wind flow (m/s) (column labels): for each parameter combination, five sensor signal means over a three-minute stimulus (S), standard deviation (S), and variation coefficient (%) are shown. The three data values are displayed above each other in the respective order for each data set. Low values correspond to high responses.
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GGS1330 (S), N = 5

	
GGS2330 (S), N = 5

	
GGS5330 (S), N = 5




	
°C

	
Amount

α-pinene (mL)

	
1.5 m;

1 m/s

	
1.5 m;

2 m/s

	
3 m;

1 m/s

	
3 m;

2 m/s

	
1.5m;

1 m/s

	
1.5m;

2 m/s

	
3 m;

1 m/s

	
3 m;

2 m/s

	
1.5 m;

1 m/s

	
1.5 m;

2 m/s

	
3 m;

1 m/s

	
3 m;

2 m/s






	
15

	
0.1

	
78.383

	
89.711

	
79.732

	
91.260

	
73.774

	
71.256

	
77.092

	
86.777

	
9.107

	
10.700

	
9.567

	
13.508




	
3.648

	
1.663

	
1.669

	
1.449

	
4.160

	
2.965

	
1.121

	
3.056

	
711

	
345

	
321

	
689




	
5%

	
2%

	
2%

	
2%

	
6%

	
4%

	
1%

	
4%

	
8%

	
3%

	
3%

	
5%




	
0.5

	
100.692

	
96.687

	
92.099

	
89.899

	
85.104

	
61.596

	
80.888

	
77.253

	
9.535

	
6.773

	
8.116

	
8.857




	
1.742

	
2.850

	
1.954

	
2.556

	
3.467

	
3.668

	
2.518

	
2.263

	
759

	
249

	
374

	
520




	
2%

	
3%

	
2%

	
3%

	
4%

	
6%

	
3%

	
3%

	
8%

	
4%

	
5%

	
6%




	
20

	
0.1

	
81.612

	
80.852

	
74.108

	
88.336

	
82.872

	
76.040

	
77.313

	
93.394

	
14.005

	
11.515

	
10.917

	
16.927




	
2.430

	
2.567

	
2.184

	
1.241

	
3.098

	
6.387

	
2.465

	
2.877

	
901

	
482

	
365

	
538




	
3%

	
3%

	
3%

	
1%

	
4%

	
8%

	
3%

	
3%

	
6%

	
4%

	
3%

	
3%




	
0.5

	
64.598

	
73.860

	
77.323

	
74.619

	
69.516

	
59.824

	
78.921

	
75.072

	
7.755

	
8.280

	
9.721

	
10.165




	
2.165

	
2.577

	
3.070

	
2.350

	
3.243

	
1.711

	
2.986

	
1.373

	
323

	
577

	
278

	
275




	
3%

	
3%

	
4%

	
3%

	
5%

	
3%

	
4%

	
2%

	
4%

	
7%

	
3%

	
3%




	
25

	
0.1

	
57.741

	
70.578

	
77.092

	
73.391

	
69.281

	
75.375

	
92.740

	
87.419

	
10.042

	
13.602

	
18.530

	
16.703




	
787

	
1.754

	
2.472

	
1.328

	
3.098

	
3.199

	
6.931

	
3.379

	
1.030

	
499

	
1.654

	
398




	
1%

	
2%

	
3%

	
2%

	
4%

	
4%

	
7%

	
4%

	
10%

	
4%

	
9%

	
2%




	
0.5

	
54.504

	
63.156

	
68.440

	
66.394

	
63.844

	
62.421

	
82.840

	
79.421

	
7.813

	
8.494

	
12.276

	
11.734




	
4.158

	
3.247

	
2.804

	
2.112

	
4.094

	
3.408

	
1.203

	
987

	
588

	
514

	
919

	
737




	
8%

	
5%

	
4%

	
3%

	
6%

	
5%

	
1%

	
1%

	
8%

	
6%

	
7%

	
6%
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