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Abstract

:

Some of the remnants of the Cumberland Plain woodland, an endangered dry sclerophyllous forest type of New South Wales, Australia, host large populations of mistletoe. In this study, the extent of mistletoe infection was investigated based on a forest inventory. We found that the mistletoe infection rate was relatively high, with 69% of the Eucalyptus fibrosa and 75% of the E. moluccana trees being infected. Next, to study the potential consequences of the infection for the trees, canopy temperatures of mistletoe plants and of infected and uninfected trees were analyzed using thermal imagery acquired during 10 flights with an unmanned aerial vehicle (UAV) in two consecutive summer seasons. Throughout all flight campaigns, mistletoe canopy temperature was 0.3–2 K lower than the temperature of the eucalypt canopy it was growing in, suggesting higher transpiration rates. Differences in canopy temperature between infected eucalypt foliage and mistletoe were particularly large when incoming radiation peaked. In these conditions, eucalypt foliage from infected trees also had significantly higher canopy temperatures (and likely lower transpiration rates) compared to that of uninfected trees of the same species. The study demonstrates the potential of using UAV-based infrared thermography for studying plant-water relations of mistletoe and its hosts.
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1. Introduction


In order for water to evaporate, the hydrogen bonds between the water molecules in the liquid phase need to be broken, which requires energy. In plant transpiration, this energy is withdrawn from the leaves, thus reducing leaf temperature. As a consequence, there is a linear relationship between leaf or canopy temperature and transpiration [1]. Since as early as the 1960s, scientists have tried to apply canopy temperature measurements for measuring plant water use and plant water status [2]. Nowadays, thermal remote sensing has many applications in agriculture, particularly in precision agriculture [3,4]. It is used primarily for assessing drought stress or transpiration (See the review by Maes and Steppe [1]) but has also applications in pathogen detection [5,6] and, as transpiration is a good indicator of growth vigor, to assess nutrient levels [7,8] and in plant breeding applications [9,10].



As the basic principles linking transpiration and thermal remote sensing are universal and scale-independent, thermal remote sensing can also be used to study plant-water relations in native vegetation such as forests [11,12,13,14,15]. Yet, applications in this area are relatively scarce. A first reason for this relates to difficulties in the interpretation of the canopy temperature (Tc) data. Meteorological factors influence Tc, and so do leaf and vegetation properties [1,14]. In agricultural research, Tc is therefore often normalized with a maximum and minimum temperature in the given conditions, and converted into an index, most often the Crop Water Stress Index (CWSI) [16]. These maximum and minimum temperatures are usually either measured directly from reference targets [17,18,19] or expressed as an empirical function of vapor pressure deficit [16,20,21]. In ecophysiological research, none of these approaches seem feasible, because it is practically not possible to install reference targets, and because empirical functions are species-dependent and require a dataset in unstressed conditions. Hence, conversion of Tc to transpiration or stomatal conductance data requires detailed meteorological data and is constrained by numerous assumptions [1,22].



The second reason for the relatively low number of applications in ecology research relates to data availability. Before UAV technology became available, high resolution thermal data were limited to either retrievals of manned airborne sensors, at resolutions of 1–10 m [15,23,24] or through infrared thermography from flux tower or forest crane sites, at cm resolution [25,26]. The emergence of UAV technology and availability of low-weight thermal cameras now facilitates thermal imagery, at cm resolution, of forests at relatively low cost, although the assessment of absolute temperatures from these uncooled microbolometer sensors as well as the processing of the data remains a concern [27,28].



This article focuses on the application of UAV-based infrared thermography and its potential to quantify the plant-water relations of mistletoe and its host. Mistletoes are a taxonomically diverse group of aerial hemiparasites of the order of Santales largely relying on their hosts for water and nutrients [29,30]. As mistletoe plants grow in the top of the canopy, traditional plant-based methods to study plant-water relations, such as sap flow, stomatal conductance or leaf water potential measurements, pose practical problems of accessibility and intrusiveness. Consequently, studies are often limited to a single [31,32,33] or a limited number of host plants, or focus either on infected or uninfected branches of one host tree [34] rather than on infected or uninfected individual trees. By providing measurements directly related to transpiration for a much larger number of mistletoe plants, as well as for infected and uninfected trees, UAV-based thermal remote sensing can be a valuable additional technique for studying plant-parasite interactions.



Despite their taxonomical diversity, the plant-water relations of different mistletoe species are remarkably similar. In all but a few studies [35,36], mistletoe plants were found to transpire more water than their hosts [31,33,37,38,39,40]. In order to do so, they develop a more negative water potential than the host by increasing the solutes in their tissue [34,36,39,41]. Still, despite early studies claiming otherwise, mistletoe is able to control stomatal conductance [32,33,42].



There are two common hypotheses as to why most (if not all) mistletoe species evolved towards higher water use than their hosts. The most accepted mechanism is that nitrogen limitation leads to N-parasitism [43]. Alternatively, the C-parasitism hypothesis [44] suggests that some mistletoe species are partially heterotrophic, and benefit from the host’s carbon to survive and grow. Accordingly, mistletoe requires a high transpiration rate to access sufficient nitrogen and, at least in some species, carbon [45].



As such, mistletoe infection can deplete the host of its water, nitrogen and carbon [46]. By depleting water availability, the photosynthesis rate of the host is also affected, decreasing carbon sequestration rate [34]. As a consequence, reductions in growth and in leaf area of host plants are commonly observed [47,48,49], further reducing the hosts’ capacity for carbon assimilation [47]. Finally, this can result in increased mortality of infected trees [41,48,49,50,51]. Within the framework of climatic change, where the frequency, duration and intensity of droughts may intensify, mistletoe infection may increase mortality rates of native vegetation [30].



In this pilot study, we focus on the effects of mistletoe infection in a Cumberland Plain Woodland (CPW) community. CPW is a highly diverse yet endangered ecological community found only in the Sydney Basin Bioregion, New South Wales, Australia. Its conservation is threatened by urbanization, altered fire regimes and invasive weeds [52,53]. In addition, this community, and the studied forest in particular, hosts a population of Box mistletoe (Amyema miquelii (Lehm. ex Miq.) Tiegh.) [54]. However, the exact extent of the mistletoe infection and its impact on the affected trees and the forest ecosystem as a whole are still largely unknown.



We therefore conducted a study tackling these two issues. First, we assessed the extent of the infection, through a detailed inventory of individual trees. Second, we investigated the plant-water relations of the mistletoe, and of infected and uninfected trees using UAV-based infrared thermography. The research questions of this study were as follows:

	
What is the extent of the mistletoe infection of the studied CPW remnant woodland?



	
Can UAV thermal imagery be applied to study differences in surface temperature between mistletoes, infected and uninfected trees?



	
What are the drivers of temperature differences between mistletoe and foliage of infected and uninfected trees?









2. Materials and Methods


2.1. Study Site


The study took place in a remnant of Cumberland Plain Woodland in New South Wales, Australia (33.615°–33.622°S, 150.723°–150.739°E) [55]. This woodland is located on the Hawkesbury campus of Western Sydney University. It is a TERN SuperSite [55] (Terrestrial Ecology Research Network, https://supersites.tern.org.au/supersites/cblp) and part of the OzFlux flux tower network. A 30 m tall eddy covariance tower was erected in the forest to measure carbon and water fluxes [54]. Vegetation has been monitored in detail since 2014 in a core area of one hectare, 50 m west of the flux tower. In the overstory, the site is dominated by Grey box (Eucalyptus moluccana Roxb.) and Red ironbark (Eucalyptus fibrosa F. Muell.) on the drier areas and by White feather honeymyrtle (Melaleuca decora (Salisb.) Britten) in the wetter areas [54,56]. The average canopy height of the eucalypt trees is about 23 m. The climate in this area is temperate-humid with average maximum temperature in summer of 29.6 °C and 17.2 °C in winter. Average precipitation recorded over the last 30 years was 813 mm.



The eucalypt trees in the stand face an infection of an endemic mistletoe, A. micelii. The extent of the infection was assessed by a forest inventory within the TERN-SuperSite core hectare plot (Figure 1) in October–November 2015. The position of each tree was assessed using an RTK precision GPS system (Ashtech Mobile Mapper 100 (Trimble, Sunnyvale, CA, USA)), the diameter at breast height (DBH) was measured and the height of the tree assessed with a forester vertex (Haglöf Model VL5, Haglöf Sweden AB, Langsele, Sweden). In addition, each tree was assigned a score (0–5) reflecting the severity of the mistletoe infection. The score reflects to the percentage of mistletoe foliage in the canopy, with a score of 1 indicating 1–20% of the foliage consists of mistletoe, and a score of 5 indicating that 80% or more of the foliage consists of mistletoe. The position and size of dead trees were also recorded.



Flux tower data were available at 30-min intervals and were downloaded from the OzFlux data portal (http://data.ozflux.org.au/portal/home.jspx).




2.2. UAV Flight Campaign


UAV flights were performed in summer and autumn of 2014 and 2015 over an area east of the flux tower and near the core plot of the TERN Supersite, which was established several months after the first flights were performed (Figure 1).



For the flights in the first summer season (February–June 2014), an AT8 octocopter (AerialTronics, Scheveningen, The Netherlands) was used. This UAV had a limited flight time of about 8 min, so take-off and landing took place from a gap in the forest, close to the flux tower. The UAV flew a pre-programmed waypoint flight of three (07/02/14, 20/02/14, 03/05/14) or four (17/04/14, 15/05/14, 16/06/14) parallel flight lines, each of 125 m long. The distance between each flight line was 25 m. Flight lines had an orientation of 110 degrees, which was also the constant heading of the UAV during the flights. Flight height was 60 or 90 m above ground level, flight speed was set at 1.5–2.5 m/s. The position of the UAV was logged on board the aircraft every 0.5 s.



For the UAV flights in the second summer season (December 2014–April 2015), a Vulcan hexacopter (Vulcan UAV, Gloucestershire, UK), equipped with an A2 flight control system (DJI, Shenzhen, China) was used—see [27] for a full description. Both the range (up to 2 km) and flight time (20 min) were longer, permitting take-off and landing outside the forest. For each flight, four flight lines were performed at a height of 90 m AGL, each 250 m long and with a distance of 25 m in between. The area covered previously with the AT8 flights was included in the second set of flights. An overview of the flight paths of two flights, one with the AT8 and one with the Vulcan UAV, is given in Figure 1. An overview of the dates and the meteorological conditions of each flight is provided in Table 1.



In both set-ups, the UAV was equipped with a Red-Green-Blue (RGB) and a thermal camera mounted on an AV200 gimbal (PhotoHigher, Wellington, New Zealand), which was set at nadir-looking during the flights. The RGB camera is a Canon S110 (Canon Inc., Tokio, Japan). This camera has a 12 MP CMOS (4000 × 3000 pixels) sensor and a focal length of 5.2–26 mm (35 mm equivalent 24–120 mm). It was set at 5.2 mm, which corresponds with a field of view (FOV) of 74° × 53°. At a height of 60 m and a canopy height of 20 m, it covered an area, at canopy height, of 60 m by 40 m, with a pixel resolution of 1.5 cm and vertical and horizontal overlap of 95% and 57%, respectively. At a height of 90 m, the covered area, at canopy height, was 105 m by 70 m and the pixel resolution was 2.6 cm, with vertical and horizontal overlap of 97% and 76%. The visual camera was programmed with CHDK to log continuously, taking an image every 1.1 s. When the camera was logging continuously, all image settings (ISO, shutter speed, white balance, F-number) remain the same.



The thermal camera is a FLIR SC305 (FLIR Systems, Inc., Wilsonville, OR, USA). It has a resolution of 320 × 240 pixels, a thermal accuracy of ±2 °C and a thermal sensitivity of 0.05 °C. For all flights, it was equipped with a 10 mm lens, giving it a field of view (FOV) of 45° × 34°. At a height of 60 m, the area covered at the canopy height is 33.1 m × 24.3 m, with a pixel resolution of 9.8 cm, and vertical and horizontal overlap of 83% and 25%, respectively. At 90 m altitude, each image covers an area of 58 m × 42.5 m and has a pixel resolution of 17.2 cm, with vertical and horizontal overlap of 93 and 57%. The camera was controlled through custom-written Python-based software on an on-board Linux computer (Olimex Ltd., Plovdiv, Bulgaria). In the first growing season, it logged continuously every 2–2.5 s, in the second growing season, software improvements enabled logging every 0.8 s.




2.3. Data Processing


The processing of the thermal images to canopy temperature (Tc) followed a three-step approach, as outlined in Section 2.1 of reference [27]. First, the at-sensor radiance observed by the sensor was corrected for atmospheric attenuation and converted into brightness temperature (Tbr). This was done using the ThermaCam Researcher Pro 2.10 software (FLIR Systems Inc), embedded in Excel 2010 (Microsoft, Redmond, WA, USA), by setting the distance to flight height (derived from the GPS log), and deriving humidity and atmospheric temperature from the flux tower measurements and by setting thermal emissity to 1. The thermal images were then exported as .mat files using a visual basic script. In Matlab R2015b (Mathworks Inc., Natick, MA, USA) they were converted to 16-bit tiff files with a set minimum and maximum temperature per flight, so that the same digital number (DN) corresponds to the same Tbr for each image of the flight [5].



Next, a correction was made for the bias in absolute temperature retrieval. As the thermal camera has a sensitivity of ± 2 °C, Tbr can have a systematic bias of ± 2 °C. To correct for this, the brightness temperature of the flux tower measurements (Tbr_tower, [K]) at the same time of the flight was calculated as Tbr_tower=Lout/σ0.25 with σ the Stefan-Boltzmann constant (5.675 10−8 W m−2 K−4) and Lout the longwave outgoing radiation (W m−2) measured at the tower. The overall mean Tbr of all images over the woodland site was calculated (Tbr¯) and the correction factor calculated as ΔTbr=Tbr_tower− Tbr¯. The corrected Tbr (Tbr_corr) of each image was then calculated as:


Tbr_corr = Tbr + ΔTbr



(1)







Third, the canopy surface temperature Tc was calculated as [1]


Tc=Tbr_corr4−(1−ε)σLinε4



(2)




with Lin (W m−2) representing the incoming longwave radiation, as measured at the tower, and ε (unitless) the thermal emissivity (a value of 0.985 was used).



All RGB images of the actual flights were selected and blurred images removed. Agisoft Photoscan Pro version 1.2.6 (Agisoft LLC, St Petersburg, Russia) was used to create georeferenced orthophotos. The RGB images of all flights were aligned as described in [27]. The base map was created from the flights on 20/07/14, and georeferenced using 6 GCPs with coordinates extracted from Google Earth (Google LLC) imagery as reference. These GCPs were identifiable features at the ground, such as the base of the flux tower, large logs on the ground and termite mounds. This base map was then used to extract GCPs for all the other flights. The base map and the other orthophotos were saved as geotif and opened in ArcMap 10.2.1 (ESRI, Redlands, CA, USA), and the camera positions of each image were exported.



In the area covered during all flights, 9 infected and 9 uninfected E. mollucana trees were selected for further analyses. Selected trees needed to be relatively easy to identify and distinguish, both on RGB and thermal imagery. The infected trees were of the class 2–3, i.e., they were infected with several, clearly detectable, mistletoe plants, but still had enough green dense eucalypt foliage to extract eucalypt canopy temperature. During a visit in the stand in February 2015, the selected trees were checked to make sure the species identification and the infection status were correct. The location of all trees was drawn as polygons in ArcMap and saved as a shapefile. An overview of the selected trees is given in Figure 2.



To align the thermal images, the initial thermal camera positions were derived from the optimized RGB image alignment (longitude, longitude, altitude, pitch, yaw and roll), based on the time stamp of the thermal images and RGB images and using a linear spline function, as described in reference [27]. After the initial alignment, 6–12 GCPs were identified from the RGB orthophotos of that flight and the camera positions were optimized. Our original plan was to extract surface temperatures from thermal orthophotos. However, we noticed that the thermal orthophotos were prone to artefacts, created during mosaicking, and canopy temperatures could not be extracted reliably from the orthophoto. As a consequence, we opted for deriving temperature data from the individual thermal photos, and exported individual georeferenced thermal images from Agisoft. The georeferenced images were opened in ArcMap, and overlaid with the shapefile of selected trees. This allowed us to identify the thermal image in which each selected tree was most visible (i.e., most central position in the image, so trees were looked at in near nadir-position). Next, the canopy surface temperature was extracted by manually drawing polygons of at least three and, if possible, five or more polygons of the canopy of each selected tree in ArcMap. The mean temperature of these polygons was then further used as the Tc for this tree. Of the trees infected with mistletoe, mistletoe canopy temperature was assessed using a similar approach. If a tree was not clearly visible in the center of on any thermal image, it was not included in the analysis for this day. An example of an RGB and thermal image with mistletoe infection is given in Figure 3.




2.4. Calculations of Anomaly in Soil Water Content, Potential Evaporation and Vegetation Stress


To analyze the conditions in which Tmist, Tuninf and Tinf diverge, three additional variables were derived from the flux tower data. First, the normalized anomaly of the soil water content (0–8 cm depth) at day i (SWCAn,i) was calculated as a z-score:


SWCAn,i=SWCi−SWC¯s(SWC)



(3)




with s(SWC) the standard deviation of SWC and SWC¯  the mean SWC. s(SWC) and SWC¯ were derived from the entire dataset of flux tower data, spanning 2014, 2015 and 2016.



Second, potential evaporation (λEp) was calculated after Maes et al. [57], where Ep is defined as the evapo(transpi)ration when the ecosystem is unstressed. In this site, as in most others, the best method was a radiation-based approach, with λEp = αMD (Rn − G). For this study, we recalculated αMD to be site-specific following the energy balance-based approach for selecting unstressed conditions, as described in [57]. Third, the vegetation stress factor VS was calculated as VS = 1 − λE/λEp and ranges between 0 (no stress at all) and 1 (maximal stress).




2.5. Statistical Analysis


A hot spot analysis test (Getis-Ord Gi) using the Spatial Statistics toolbox in ArcMap was used to check whether the distribution of the mistletoe infection in the inventory plot was homogeneous or not. The temperatures of the mistletoe versus the infected trees were compared with paired sample t-test, performed separately for each day. To test whether the surface temperature of uninfected trees differed from either Ts of the infected trees or of the mistletoes, a simple one-way Analysis of Variance (ANOVA) was used (repeated measures ANOVA was not used because Ts was not available for all selected trees of all flight days).





3. Results


3.1. Extent of Mistletoe Infection


In the core 1 ha plot, 478 trees were recorded with a diameter at breast height (DBH) above 10 cm, 191 of which were E. fibrosa trees, 150 were E. moluccana and 135 Melaleuca decora. E. moluccana trees were on average taller (19.2 ± 5.8 m) and had larger DBH (23.6 ± 11.9 cm) than E. fibrosa trees (height of 16.1 ± 5.5 m; DBH of 20.9 ± 16.1 cm), but differences were not significant. Melaleuca trees were thinner and smaller (height of 9.4 ± 5.5 m; DBH of 17.7 ± 9.4 cm) and were not infected by mistletoe. The map of the trees with mistletoe infection is shown in Figure 4a. The hot spot analysis revealed that the infection was not homogeneously distributed over the area, with areas of lower infection in the northwest and southeast corners, and hotspots of strong infection in the northeastern area of the plot (Figure 4b).



Both eucalypt species had a high degree of infection, with 69% and 75% of the E. fibrosa and E. moluccana trees infected, respectively (Figure 5a). The distributions of the severity of the infection were not statistically different among the two species (p-value of 2 sample Kolmogorov-Smirnov = 0.21). Respectively 10% and 7% of the recorded E. fibrosa and E. moluccana trees were dead. In Figure 5b, the data of the two species is pooled and the stage of infection of the different DBH-classes is given. There is a sharp decrease in the share of uninfected trees with increasing DBH classes. Eventually, as trees mature, almost all become infected, and the infection severity increases.




3.2. Comparison of Canopy Temperature of Infected and Uninfected Eucalypt Foliage and of Mistletoe


For all measurement days, canopy temperature of mistletoe canopy (Tmist) was significantly lower than that of the infected host tree, with mean absolute differences ranging between 0.3° and 2° (Table 2). Tuninf was on average 0.78 ± 0.73 °C lower than Tinf. On eight of the ten measurement days, uninfected canopy temperature (Tuninf) was lower than Tinf, this difference was significant on four days. Note that this was tested with a different statistical test (simple one-way ANOVA) than for the comparison of Tmist and Tinf. Tmist was slightly lower than Tuninf on seven of the ten days (mean difference −0.33 ± 0.41 °C), but this difference was only significant on one day (05/03/14).



Of the three main climatic drivers, incoming shortwave radiation had the highest correlation with (Tinf-Tmist) (Figure 6a–c). Larger values of (Tinf-Tmist) were only observed for high VPD, but not all days with high VPD had high values of (Tinf-Tmist) (Figure 6b). A clear correlation between the stress variables and (Tinf-Tmist) was lacking: The value of (Tinf-Tmist) was not influenced by the anomaly in available soil water content (Figure 6d), and although (Tinf-Tmist) was generally higher for days with high potential evaporation, (Tinf-Tmist) was relatively low at 20/02/2014 when Ep peaked. Meanwhile, three of the days with highest values of (Tinf-Tmist) were observed when the vegetation stress factor was highest, but (Tinf-Tmist) was also large in two days when VS was relatively low (Figure 6f). In a similar way, (Tinf-Tuninf) was mainly related to incoming shortwave radiation, but was not clearly related to either SWCAn, Ep or VS. Finally, (Tmist- Tuninf) was not correlated with any variable.





4. Discussion


4.1. Extent of Mistletoe Infection


Although the infection in the majority of trees was not severe (classes 1 or 2), 69% of the E. fibrosa and 75% of the E. moluccana were infected, and this increased to nearly 100% for the biggest trees (Figure 5). This is clearly higher than reported infection rates for other eucalypt forests in Australia [58,59,60,61,62] or for mistletoe infections outside Australia [50,63,64,65,66]. The reason for this high infection rate cannot be identified from this study, as it is often a complex interaction of environmental factors [62,67], as well as consequence of forest management, fire regimes and natural growth cycles of mistletoe [60,68].



The observation that bigger trees typically have a higher chance of becoming infected and are more severely infected agrees with observations in other studies [69,70]. The fact that the distribution of mistletoe within the sampled area is clumped is in agreement with other studies [59,66,70]. It is likely that at a larger scale (ha-level), mistletoe distribution is also not evenly distributed across the woodland, as Renchon et al. [54] mentioned mistletoe infection in this woodland was most severe in the vicinity of the tower.




4.2. Evaluation of Thermal Remote Sensing for Studying Mistletoe-Host Interactions


To our knowledge, this is the first study that used high resolution (UAV-based) infrared thermography to study plant-parasitic interactions. The lower temperature of mistletoe and higher temperature of infected foliage compared to uninfected eucalypt foliage, indicative of higher transpiration by mistletoe and reduced transpiration of infected canopy, are in agreement with studies using plant-based measurements (Section 4.3), and therefore confirm the potential of thermal remote sensing in this field. Similar to other high-resolution thermal remote sensing applications, the measurements on individual trees are less detailed and probably more error-prone than plant-based measurements, because of uncertainties in energy balance, e.g., due to differences in albedo, emissivity or in leaf area inclination distribution, and because microclimatic conditions can vary locally, affecting canopy temperatures and transpiration [71]. On the other hand, a much larger area with more individuals can be scanned. A combination of plant-based and high-resolution infrared thermography would probably be ideal.



As mentioned, thermal analyses were performed on individual thermal images rather than thermal orthophotos, because of artefacts in mosaicking of the latter. This was probably due to a combination of the relatively low horizontal overlap, the complex structure of the forest, with relatively open canopies, and the low resolution of the thermal imagery [27]. We noticed a trade-off between flight height and mosaicking quality—the lower the flight height, the more the software suffered to match the points adequately, given the complex structure of the forest. On the other hand, mistletoe plants were harder to identify on imagery captured at greater heights. Although using individual orthophotos is a more precise and reliable method, it is also very labor-intensive. In future research, we highly recommend using higher resolution thermal cameras with higher overlap for similar research.



The comparison of differences in canopy temperature acquired on different days requires caution, as climatic drivers influence (Tc-Ta) [1]. For instance, if SWin increases, so will (Tc-Ta), even if leaves maintain the same stomatal conductance (see Figure 5 in [1]). Hence, without correcting for the influence of climatic drivers, it is uncertain whether the observed increase (Tinf-Tmist) with increasing SWin is a consequence of differences in stomatal regulation or a simple consequence of the higher SWin. To correct for the influence of these climatic drivers, we estimated transpiration from the observed canopy temperatures, making use of the measurements from the nearby flux tower (see Supplementary materials). Overall, the influence of the climatic drivers and stress variables (SWCAn, λEp or VS) on the differences between estimated transpiration of infected foliage and either mistletoe or uninfected foliage (Figure S1) are very similar to those for the canopy temperature data (Figure 6). Hence, this suggests that not only differences in Tc, but also differences in transpiration peak with increasing radiation and that Tc is a relatively robust proxy of transpiration, at least in this study.




4.3. Consequences of Differences in Foliage Temperature between Infected and Uninfected Foliage and Mistletoe


At all sampling times (summer–autumn 2014 and summer–autumn 2015), Tmist was 0.3–2 K lower than Tinf (Table 2), with estimated transpiration of the infected eucalypt foliage 31–89% of that of mistletoe (Table S1). This indicates that mistletoe transpires more water than the infected host per unit leaf area, as has been observed directly for many other mistletoe species [31,33,37,38,39,40].



The dataset is limited to just 10 days of UAV flights, so we must be careful with the interpretation of the factors influencing the size of the difference in surface temperature and transpiration between infected host and mistletoe. Still, some trends seem clear. Recent literature found that the suppression of the infected host’s water use was particularly strong during drought periods [33,34,39], which raised concerns regarding the impact of mistletoe infection on ecosystems that are subject to severe drought stress events, as a consequence of global warming [30,46,49,50,72]. The results of our research do not allow us to unequivocally confirm this for this woodland—both for the anomaly in soil water content and for the vegetation stress factor, (Tinf-Tmist) was high in the days with highest VS, but was also high on days with moderate VS (Figure 5f). A similar observation was done for days with high VPD. It appears that particularly when incoming radiation is high, hosts are forced to close their stomata in favor of the higher transpiration of the mistletoes. Interestingly, Tuninf is more similar to Tmist than to Tinf—in fact, Tuninf is just slightly higher than Tmist throughout most measurement days. This suggests that (i) mistletoe does regulate its stomatal conductance, in a similar way but less conservative than its (uninfected) hosts, similar to observations in other studies [42,73] and (ii) that the downregulation of stomatal conductance under high levels of incoming radiation by the infected plants is a reaction to mistletoes leaking water, rather than an intrinsic property of the plant.



Such a downregulation in stomatal conductance is not necessarily a sign that the survival of the host trees is under direct threat. As Zweifel et al. [34] stated, a strict stomatal control of the infected host plant when faced with a water-consuming (hemi)parasite is an effective measure to protect the host from the acute threat of embolism. However, this does come at a cost of lower carbon gain, and less efficient use of N by the host—since a larger fraction of the nitrogen supply is taken up by the mistletoe, which does not reduce its water use. As such, in the longer term, a systematic downregulation of transpiration in summer conditions will lead to reduced growth and reduced competitiveness with uninfected trees in the stand [34].





5. Conclusions


Mistletoe infection in the studied area is high, with 69% of the Eucalyptus fibrosa and 75% of the E. moluccana trees infected and infection rates increasing with diameter class.



Canopy temperature of mistletoe foliage was always lower than that of eucalypt canopy of the infected tree and differences in canopy temperature increased when incoming radiation peaked. In these conditions, eucalypt foliage of infected trees had significantly higher surface temperature than that of uninfected trees of the same species. An exacerbation of the differences in temperature or transpiration with drought conditions could not be confirmed. Nevertheless, UAV-based infrared thermography provides a new method to study plant-water relations of mistletoe and their host plants, with canopy temperature serving as a relatively robust proxy for transpiration. However, improvements in sensor resolution and flight execution are needed for a more operational approach.
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Figure 1. Flight track of two flights, illustrating the difference in flight track with the two UAV systems used. Map created with Google Earth Pro (Google LLC., Mountain View, CA, USA). 
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Figure 2. Map overview of the infected and uninfected trees selected in the study. The background is the RGB orthophoto made on 30/01/2015. 
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Figure 3. RGB (top) and thermal image (bottom) of trees infected with mistletoe (Indicated with red circles; not all mistletoe infections are indicated). The temperature scale is indicated. The area covered is about 33 by 24 m. Imagery was taken on the flight of 07/02/2014. 
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Figure 4. (a) Overview plot of the species and stage of infection of the core plot of 1 ha. The size of the symbols is linearly related to the DBH of the trees. (b) Indications of areas with significantly higher and lower mistletoe infection, respectively, following hot spot analysis. 
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Figure 5. Distribution of the mistletoe infection. (a) Severity of the infection per species. (b) Distribution of uninfected, slightly infected (class 1 or 2), severely infected (classes 3–5) and dead trees per DBH class. DBH classes were defined as 10% classes according to the maximum observed DBH (83 cm). 
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Figure 6. Distribution of the differences between infected (Tinf) and uninfected (Tuninf) eucalypt canopy temperature, between infected eucalypt and mistletoe (Tmist) canopy temperature and between uninfected and mistletoe canopy temperature as a function of climatic drivers (a) air temperature, (b) vapor pressure deficit and (c) incoming shortwave radiation), (d) the normalized anomaly in soil water content, (e) potential evaporation and (f) the vegetation stress factor. 
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Table 1. Overview of the meteorological and soil moisture conditions during the 10 flights, obtained from the flux tower measurements. The time reflects the start of the UAV flight.
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	Date
	Hour
	Tair

(°C)
	VPD

(kPa)
	SWin

(W/m²)
	SWC

(-)
	λE

(W/m²)
	λEp

(W/m²)
	VS

(-)





	07/02/2014
	12:25
	25.6
	1.75
	1045
	0.08
	183
	464
	0.33



	20/02/2014
	11:52
	25.2
	1.90
	944
	0.22
	491
	509
	0.77



	05/03/2014
	11:59
	24.8
	1.10
	814
	0.18
	299
	483
	0.63



	17/04/2014
	16:14
	23.7
	1.79
	529
	0.12
	223
	350
	0.62



	15/05/2014
	13:34
	19.2
	0.84
	629
	0.09
	131
	265
	0.50



	16/06/2014
	13:09
	15.2
	0.76
	559
	0.10
	189
	275
	0.61



	22/12/2014
	11:58
	27.3
	1.44
	1001
	0.11
	244
	487
	0.41



	08/01/2015
	12:13
	27.1
	1.65
	1039