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Abstract

:

Birch trees are abundant in central and northern Europe and are dominant trees in broadleaved forests. Birches are pioneer trees that produce large quantities of allergenic pollen efficiently dispersed by wind. The pollen load level depends on the sizes and locations of pollen sources, which are important for pollen forecasting models; however, very limited work has been done on this topic in comparison to research on anthropogenic air pollutants. Therefore, we used highly accurate aerial laser scanning (Light Detection and Ranging—LiDAR) data to estimate the size and location of birch pollen sources in 3-dimensional space and to determine their influence on the pollen concentration in Poznań, Poland. LiDAR data were acquired in May 2012. LiDAR point clouds were clipped to birch individuals (mapped in 2012–2014 and in 2019), normalised, filtered, and individual tree crowns higher than 5 m were delineated. Then, the crown surface and volume were calculated and aggregated according to wind direction up to 2 km from the pollen trap. Consistent with LIDAR data, hourly airborne pollen measurements (performed using a Hirst-type, 7-day volumetric trap), wind speed and direction data were obtained in April 2012. We delineated 18,740 birch trees, with an average density of 14.9/0.01 km2, in the study area. The total birch crown surface in the 500–1500 m buffer from the pollen trap was significantly correlated with the pollen concentration aggregated by the wind direction (r = 0.728, p = 0.04). The individual tree crown delineation performed well (r2 ≥ 0.89), but overestimations were observed at high birch densities (> 30 trees/plot). We showed that trees outside forests substantially contribute to the total pollen pool. We suggest that including the vertical dimension and the trees outside the forest in pollen source maps have the potential to improve the quality of pollen forecasting models.
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1. Introduction


Birch (Betula sp.) is one of the main tree species growing in forests, especially in Northern and Central Europe [1]. Birch species are light-demanding, cold-hardy, pioneer trees that easily associate with ectomycorrhizal fungi; additionally, these species are resistant to air pollution and are commonly planted as ornamental trees in cities. Birch efficiently disperses a large amount of seeds and pollen by wind, which represents a good adaptation to variable environmental conditions [2]. An adverse effect of the intensive production of birch pollen is that this pollen is a dominant trigger of allergies in Europe, accounting for an average of 19.6% of clinically relevant sensitizations among patients with inhalant allergen sensitizations; specifically, this value reaches a maximum of 49.1% in Denmark [3]. Moreover, the number of birch pollen-sensitized patients is continuing to increase [4]. The increase may be caused by recent climate warming and higher CO2 concentrations, which enhance pollen production and advance and prolong the pollination period [5,6]. Nevertheless, the occurrence of birch allergy symptoms depends primarily on the presence of allergens, i.e., birch pollen in the air [7].



Birch pollen is able to move far from its source, reaching clinically relevant concentrations at distances greater than 1000 km from the source [8,9]. However, in Central and Northern Europe, where birch trees are abundant, local birch populations are the most important sources of pollen [10,11,12]. This result is confirmed by the higher pollen concentration that coincides with the local flowering period, rather than the pollen concentration connected with distant sources [9]. Usually, birch pollen forecasts are prepared using large-scale models [13,14] that generally rely on pollen source maps as important inputs [15,16]. These maps are frequently prepared by predicting the occurrence of a species after applying a set of predictors [17], using species distribution data from National Forest Inventories [18], or by combining pollen data with land-use types within the top-down approach [19]. All of these methods result in the creation of pollen inventories, i.e., the aggregation of all available data on the abundance and distribution of a particular allergenic species [15]. However, the approaches mentioned above rarely include areas other than forests, whereas birch trees can be abundant in urban areas or wastelands [20,21].



Based on forest inventories, it is relatively easy to indicate the main sources of birch pollen on a regional or continental scale [22]. However, the assessment of pollen inventories for urban and agricultural areas is much more difficult [23], mainly due to the lack of information about urban trees [21]. In recent years, urban street trees were identified and mapped in many cities [24], with New York City being a great example (NYC Parks 2017, https://tree-map.nycgovparks.org). Such street and park tree mapping allows for the creation of an urban inventory of allergenic trees and makes it possible for allergy sufferers to plan their outdoor activities, e.g., selecting meeting places that do not have allergenic trees [25,26]. Nevertheless, wastelands and agricultural areas are rarely considered in the creation of pollen inventories.



Additionally, the vertical dimension of the tree pollen inventory has been neglected. However, this dimension is important because mature birch trees produce substantially more pollen than do younger birch trees [27]. Although birch may produce male catkins on a one-year-old tree in experimental conditions, it usually takes 5–10 years to produce normally developed male catkins and pollen [28]. Therefore, including young birch trees in the pollen inventory could be misleading, at least during the initial years before the young trees mature. In addition to age, the age-related tree size is important; specifically, larger trees produce more catkins and thus more pollen [10]. To account for the tree size and to add the vertical dimension to the pollen inventory, Light Detection and Ranging (LiDAR) data can be used, possibly obtained from aerial surveys. LiDAR technology is frequently used by foresters [29,30] or for urban canopy mapping [31], but to our best knowledge, airborne LiDAR data have never been applied to estimate the pollen emissions of a particular allergenic species such as birch.



LiDAR data are generally a 3-dimensional reconstruction of the Earth’s surface. The data are produced based on reflections of a laser beam off the Earth’s surface. The light energy reflected from the surface can be recorded by the LiDAR sensor as a distribution of returned light energy (full-waveform LiDAR system) or as discrete points (discrete return LiDAR system) when the sensor identifies only peaks in the waveform curve [32]. Regardless of the type of light energy recording, the data are typically stored as point-clouds and can be produced by terrestrial (e.g., [33]), aerial [34] or satellite laser scanning using the Global Ecosystem Dynamics Investigation LiDAR [35]. The typical LiDAR dataset contains information about the land use (e.g., building, low, high vegetation, ground) and provides a highly accurate, sub-metre location of each point in 3-dimensional space; additionally, the dataset includes the RGB components of the surface colour, the number of returns by the laser beam and the intensity of each return, which can be used to characterise the canopy density and inner structure [36]. We hypothesised that LiDAR-derived tree crown parameters, such as volume and surface, will be positively correlated with the concentration of pollen arriving from a certain location, i.e., as the total tree volume/surface increases, the pollen concentration increases. Therefore, we aimed to determine whether the combination of LiDAR parameters and wind direction data could be used to explain pollen concentration variability.




2. Materials and Methods


2.1. Area and Object of Study


Poznań is a medium-sized city with a population of 540,000 (CSO 2018) and located in western Poland. The climate is warm temperate and humid with warm summers [37]. The warmest month is July (mean temperature is 18.1 °C), and the coldest month is January (−1.6°C) [38]; however, in recent years, July has often been warmer than 20 °C, and the mean temperature in January has mostly been above zero [39]. The total precipitation per year is 529 mm (1951–2000 average) [38]. This study was conducted in the northern part of Poznań city, in a radius of 2 km from the Faculty of Biology, Adam Mickiewicz University, Poznań (80–150 m above sea level,16.92513 °E, 52.46705 °N) (Figure 1). The study area is located in the city outskirts, with prevailing urban areas (48.2%) and a substantial proportion of rural areas (agricultural fields, wastelands; 36.6%) and forests (15.1%).



Birch (Betula sp.), grasses and mugwort produce the three most important aeroallergens in Poland, and birch accounts for approximately 20% of clinically relevant sensitization cases. In Poznań, B. pendula primarily occur with the addition of B. pubescens, but other species are very rare [20]. B. pendula disperse spontaneously but are also planted as an ornamental plant in urban areas due to its resistance to air pollution and its ability to grow in nutrient-poor soils [2].




2.2. Pollen and Meteorological Data


Birch airborne pollen grains were collected in April 2012 by a 7-day volumetric Hirst trap [40]. The trap was situated at 18 m a.g.l. in the outskirts of Poznań, in the centre of the study area (Figure 1). Pollen grains were sucked into the trap and deposited on the drum with adhesive tape that was moving at 2 mm hour−1. The tape was changed once per week and was divided into 7 segments, each corresponding to a 24-hour period. Then, the pollen grains were counted under a light microscope with a magnification of 400x according to the recommendations of the European Aerobiology Society [41]. The pollen counts were converted into hourly pollen concentrations expressed as pollen m−3.



Meteorological data with an hourly resolution, i.e., wind speed (m s−1) and wind direction (°), were obtained from the main meteorological station at Poznań Airport, which is a representative site in the city outskirts. The distance from the pollen trap was approximately 5 km. Meteorological data were combined with pollen data, and as a result, we obtained information about which wind speeds and directions were associated with different pollen concentrations. This combination of pollen and wind data was performed for 638 hours (26.6 days, Table 1). The remaining 3.4 days in April (82 hours), when wind speed was equal to 0, were removed from the analysis because it was impossible to estimate wind direction during these hours. The pollen and wind data were presented as a bivariate polar plot, in which the pollen concentration was presented as a function of wind speed and direction [42]. To show the possible significant structures in the polar plots, the concentrations were clustered according to partitioning around medoids (PAM) used in the polar cluster plots, with the number of clusters ranging from 2 to 5 [43]. The openair R package was used for data visualization [44].




2.3. Birch Inventory


In this study, we geotagged and counted all birch trees in a 2-km radius from the centre of the study area (Faculty of Biology AMU) (2012−2014 and 2019) (Figure 1). This procedure had three stages: first (1), we divided the study area into 32 sectors, and at least two observers per sector independently searched for potential birch trees in Google Earth Pro (version 7.3.2), and they marked the locations of potential birch trees. In the second (2) stage, field validation was performed; specifically, as much as 20% of the study area was validated in the field using global navigation satellite system (GNSS) measurements. In other cases, all questionable situations were checked using Google Street View [45], where birch trees could be easily distinguished. In the third (3) stage, all confirmed point locations of birch trees in Google Earth were transformed into polygons encompassing the entire area of birch tree crowns. Though it was possible to delineate birch individuals and their groups within a forest in most cases, we must consider that other species may have been accidentally incorporated into our dataset. In this stage, the delineation of birch trees was also independently validated by another observer. After corrections, a KML layer containing the area covered by only birch trees was created.



The birch inventory was combined with general land-use types in the study area. Land-use data were obtained from CORINE land cover data [46] and aggregated into three main land-use types: urban areas containing all artificial surfaces, rural areas containing agricultural fields and wastelands and forests encompassing all forest types.




2.4. Point-Cloud Data


2.4.1. Technical Details


LiDAR data were retrieved from the Polish National Project ISOK (Informatics System Of Country Protection), which aims to improve the protection of the country against extreme environmental phenomena such as floods, rock slides and wind storms [47]. Aerial laser scanning point clouds of the study area were acquired in May 2012 (leaf-on conditions), with an average density >=12 pulses/m2. This average density was reached using two independent flight lines that were perpendicular to each other. The maximum scan angle was 25°. The parallel flight lines overlapped by at least 20%, and the perpendicular flight lines overlapped by at least 100 m. The average accuracy of the point locations was ≤0.4 m and ≤0.1 m in the horizontal and vertical directions, respectively. The point clouds were classified according to ASPRS (American Society for Photogrammetry and Remote Sensing) classification (www.asprs.org). Terrascan was used to generate the point clouds in LAS format 1.2. In total, 57 point clouds (in tiles ~500 × ~500 m) were used in this study.




2.4.2. Processing of the Point Clouds


All of the point clouds were clustered in a LAS file catalogue to process them together. First, the LAS catalogue was clipped to the area with birch trees. As a result, a birch point cloud (BPC) was created for the study area. The BPC was then normalised by subtracting the digital terrain model from the BPC to create a dataset with ground points at 0 m. For normalisation, a triangulated irregular network (TIN) spatial interpolation algorithm was used. This method is based on Delaunay triangulation and performs linear interpolation within each triangle; additionally, nearest neighbour extrapolation is performed at the edge of the dataset [48]. The normalised BPC was then filtered for mature birch trees that could produce a reasonable amount of pollen, and only points classified as “High Vegetation” were selected (trees of a height >5 m). This intermediate product was an input dataset for individual tree delineation (ITD), which was performed using the method of Li et al. [49] with default parameters. This method is a growing region approach that works at the point cloud level. This description means that the algorithm searches for the treetops, which are the highest points in the dataset, and then the region grows downward, in which unclassified points are classified to the nearest classified tree. As a result, new information was added to the dataset: each point was attributed to a delineated tree. Then, we extracted the XYZ point coordinates and tree ID parameters and calculated the crown surface and volume for each delineated birch tree using the Quickhull algorithm for calculating the smallest convex hull that encloses a point set [50] (Figure 2). Additionally, we selected the coordinates of the highest point of each delineated tree to obtain the location of a tree to attribute it to the particular wind direction sector. All point cloud data were processed using R software [51] and the following R packages: lidR [48], rLiDAR [52], and geometry [53].





2.5. Statistical Analysis


Differences in birch tree crown surface in different land-use types were tested using one-way ANOVA with Tukey’s post hoc test. Pearson and Spearman correlation coefficients were used to assess the relationship between the total birch crown volume/surface calculated per sector and the pollen concentration associated with the same wind direction. The correlations were performed for different distances from the pollen trap, ranging from 0–500 m to 1500–2000 m buffers around the pollen trap. The pollen concentrations associated with eight main wind directions (E, SE, etc.) followed a normal distribution (Shapiro-Wilk test), but the total crown volume/surface in some buffer zones was not normally distributed. Therefore, we used the Spearman correlation coefficient in cases in which the crown variables did not follow a normal distribution. Additionally, a simple linear regression technique was used to quantify the validation of individual tree delineation in three different land-use types. First, 100 randomly (simple random sampling [54]) distributed circular plots, each with a radius of 50 m, were established in the study area (Figure 1). Then, the trees were counted within plots in the field and compared with the number of delineated birch trees in the same plots.





3. Results


3.1. Pollen Influx


In 2012, the highest birch pollen concentrations were recorded when the wind blew from the south-eastern (SE) direction. The most distinctive structure was a sudden increase in hourly pollen concentration (from 1000 to 3500 pollen m−3) when the SE wind exceeded a velocity of 4 m s−1 (Figure 3). Additionally, western (W), north-western (NW) and southwestern (SW) winds resulted in increases in hourly pollen concentrations, but the concentrations did not exceed 1500 pollen m−3. When aggregated into the eight wind direction sectors, the SE and W winds brought most of the pollen (on average, 1384.1 and 1075.8 pollen m−3 per hour, respectively), while the north-eastern (NE) and northern (N) winds were associated with substantially lower pollen concentrations (469.5 and 752.4 pollen m−3 per hour, respectively) (Table 1).




3.2. Birch Inventory


In total, based on LiDAR data, we delineated 18,740 birch trees that grew in 1693 groups within a 2-km radius from the pollen trap (Figure 1). The average birch tree density was 14.9 birch trees per 10,000 m2 in the study area. This value was very similar in urban and rural areas (11.2 and 11.3, respectively) but was markedly higher in forest areas (35.5). The highest tree density per 10,000 m2 was recorded in the SE sector from 1500 to 2000 m and from 500 to 1000 m from the pollen trap (65.8 and 25.8, respectively). There were also sectors with almost no birch trees, such as from 1500 to 2000 m to the N and from 500 to 1000 m to the NW (0.7 and 1.3, respectively) (Figure 4A). Trees were tallest in the NE and E sectors adjacent to the pollen trap and in the SE sector (distances of 500–1000 m and 1500–2000 m) and S sector (distances of 1500–2500 m) (Figure 4B).



We validated the individual crown delineation by comparing the number of delineated trees with the real number of trees in the field. In 48/100 plots, no birch trees were found. In the remaining 52 plots, at least one birch individual was noted, and a maximum of 118 trees were found in a plot. Generally, the observed and modelled number of birch trees agreed well with tree counts <30; however, for higher birch tree counts, these values were less similar. Nevertheless, the determination coefficient was high (r2 = 0.98 rural, r2 = 0.93 urban and r2 = 0.89 forest area), and the slope was close to 1 for rural and urban areas. However, the slope reached a = 1.49 in the forest area, meaning that the number of trees delineated based on LiDAR data was higher than the number of trees that actually grew in the field (Figure 5).




3.3. Crown Volume and Surface


The relationship between the birch crown volume and surface revealed similar patterns when compared among sectors or individuals (Table 1). Therefore, we focus on presenting the crown surface results in the text but present the results for the crown volumes in the figures and tables. The mean crown surface in forests (275.4 m2) was distinctly higher than that in urban and rural areas (146.0 and 133.9 m2, respectively) (F = 2158, p < 0.0001) (Figure 6). The largest mean birch crown surface values were noted in the SE and S sectors (251.6 and 217.9 m2, respectively), while the smallest crown surface values were noted in the NW and W sectors (114.8 and 125.4 m2, respectively). We also calculated the total birch crown surface per 100 m2 of ground surface in a sector as a function of the distance from the pollen trap; the SE sector from 1500 to 2000 m contained the largest birch crown surface (173.9 m2 per 100 m2 of ground surface). In almost all remaining sectors, the total birch crown surface was below 50 m2 per 100 m2 of ground surface (Figure 4C).




3.4. Relationship between Pollen Concentration and Birch Crown Parameters


The pollen concentrations attributed to the eight main wind directions were mostly positively correlated with the total crown surface and crown volume at different distances, but the relationships were not statistically significant (Table 2). The only statistically significant relationship was the correlation between the pollen concentration and the birch crown surface calculated for the area in the radius of 500–1500 m from the pollen trap (r = 0.728, p = 0.04) (Figure 7). Approximately the same values were obtained for the correlations between the pollen concentration and birch crown volume (Table 2).





4. Discussion


4.1. Impacts of Pollen Sources Vary in Space


In this study, we compared the pollen concentration based on the wind direction with the total birch crown surface and volume within a 2-km radius from the pollen trap. It was documented that the birch tree crown surface and volume in the 500–1500 m radius might impact the hourly pollen concentrations recorded during one pollen season. The settling velocity of birch pollen is low; thus, this pollen type can easily be transported long distances by wind [55,56]. For easily transported pollen types, it is believed that the source area that can influence the pollen concentration extends from 10 to 30–50 km from the receptor site [57,58]. Studies on Olea [59] and Quercus pollen [60] have shown that the highest correlation between the potential source area and pollen concentration occurs when considering the sources located 30–60 km (Olea sp.) or 10–20 km (Quercus sp.) away. The settling velocity, a parameter that describes the rate of sedimentation of the particles in the air, calculated by the method of Seinfield and Pandis [61], is 0.019 m s−1 for Olea pollen and 0.031 m s−1 for Quercus pollen [62]. The slower deposition of olive pollen results in a much larger area contributing to the pollen concentration at a receptor site for Olea sp. than for Quercus sp. Zhang et al. [62] also calculated the settling velocity for birch pollen, which was lower than that for Olea sp. (0.014 m s−1). Therefore, it is expected that the source area for birch pollen may extend beyond 60 km from the receptor site. In this study, we examined the area within a 2-km radius from the receptor site, which seems very small compared to the possible source area. However, Skjoth et al. [58] stressed that individual trees could cause high concentrations of airborne pollen in areas that were hundreds of metres from the source. This result was confirmed by the high amount of pollen deposited within 100 m from a tree relative to that deposited at greater distances [63]. Maya-Manzano et al. [26] assumed that the highest influence on olive, plane and cypress pollen concentrations in urban sites occurred within a distance of 500 m from the pollen monitoring site. In their study, it was revealed that the pollen concentration aggregated for all tree taxa excluding Quercus sp. was significantly related to the number of trees growing within a distance of 400–500 m from the monitoring site. In the present study, we also divided the study area into circles and annuli at different distances from the receptor site, at intervals of 500 m. Moreover, we included not only the number of trees as a measure of source size but also the total tree crown volume and surface in sectors located in the eight main directions. When using the tree crown surface, we obtained a higher Pearson correlation coefficient with pollen concentration (r = 0.728) than that reported in the study of Maya-Manzano et al. [26] (r = 0.466). It is possible that the latter correlation coefficient would be higher when considering a radius larger than 500 m from the pollen trap, as this coefficient increased with increasing distance [26]. The significant relationships between the pollen concentration and the pollen source area or surface/volume in a distance of 400 –500 m [26] or 500–1500 m (this study) from the pollen station showed that local near-sources over urban/semi-urban areas might considerably contribute to the pollen loads in cities, even for easily transported pollen such as that of Betula. However, it should be emphasized that these results are location specific. In other locations with different topography, land use, the spatial distribution of primary source plants, and the distance between the primary contributing pollen sources and receptor sites may be different. Nevertheless, allergy sufferers should be aware that allergenic trees growing within a 1500 m distance may be the primary cause of their allergy symptoms.




4.2. Birch Trees in Different Land-Use Types


Typically, pollen inventories are created based on the presence of birch trees within forests [11,14,22]. However, the potential influence of birch trees growing in urban areas on pollen count was previously mentioned by Corden et al. [64] and was confirmed by the analysis of Skjoth et al. [21]. In this study, we counted the number of birch trees growing in forests and in urban and rural areas. The individual tree delineation (ITD) in mixed forest areas showed high uncertainty because birch tree crowns sometimes overlapped with the crowns of other species (Figure 5). Nevertheless, based on LiDAR-derived ITD, the density of birch trees was at least three times higher in forests than in urban and rural areas. However, this result is a generalisation based only on the results from small, city outskirts area containing urban, rural and forest land-use types. This area may be treated as being representative of the outer zones of cities or suburbs. In such places, forests occupy a limited space and may not reflect the species composition of forests that are not adjacent to the city. Additionally, the density of birch may markedly vary not only between regions [65] but also between different urban areas, accounting for 3%–39% of all urban trees [24]. Nevertheless, we should be aware that substantial amounts of airborne birch pollen originate from trees growing outside of forests.



Considering a selection of large North American cities, ~20% of urban areas are covered by urban trees, and these areas may include urban parks, the regions along streets or residential areas [66]. The advantages of urban trees are indisputable: they reduce the urban heat island effect, reduce stormwater runoff and reduce flood effects; additionally, urban trees filter air pollution, limit the noise level and offer recreational sites for city inhabitants [67,68,69,70]. In Northern Europe, birch trees account for ~10% of trees inventoried within city streets and parks. Additionally, other allergenic species, such as Quercus, Fagus, Platanus, Salix, and Fraxinus, are commonly found in cities and constitute nearly 50% of the genera that are used for planting trees in cities [24]. Allergenic species are often planted in monospecific groups; these groups form large pollen emission sources and produce large amounts of pollen that cannot be removed from the city under specific meteorological conditions [71]. When planning urban green areas and selecting tree species, the needs of allergy sufferers are rarely considered [72,73]. Allergenic tree species are commonly planted in cities [74], and birch is a great example because of its ornamental functions and resistance to air pollution [75,76]. The results of the present study emphasise the importance of inventorying urban allergenic tree species; specifically, the pollen concentration was relatively high when we considered the winds blowing from Poznań city to the pollen trap in the city outskirts (Table 1).




4.3. Vertical Dimension of the Pollen Inventory—the Use of LiDAR Data


In this study, we inventoried (nearly) all birch trees growing within a distance of 2 km from a pollen trap in urban, rural and forested areas. Moreover, we calculated the external surfaces of their crowns. The age-related changes in the architecture of birch branches and the location of male catkins at terminal positions of a long shoot cause most of the male catkins to be within the external surface of the crown [77]. In this case, the external surface of a tree can act as a pollen emission surface. Therefore, we can assume that the external surface of a crown can be a proxy of pollen production of that tree. This assumption seems to be particularly important when the tree distribution is scattered. A scattered tree distribution causes the unconstrained development of branches, foliage and inflorescences and, therefore, results in a higher pollen production [78]. The birch trees growing at lower densities can increase the crown size up to two times compared to that of the trees growing in dense forests [79]. In our study, we generally calculated higher crown surfaces in forests than in rural and urban areas. This difference may result from the age (height) of the trees; for example, in our case, the forest trees were older than most of the trees growing in open areas (Figure 4B). Another explanation could be the management practices, as many of the urban trees are regularly trimmed, which reduces the crown size. However, it should be noted that trees with large crowns can also be found in open areas, but they are not as frequent as those found in forests. The large median tree crown surface of forest trees may not necessarily reflect high pollen production. As observed and simulated in Lintunen et al. [80], birch trees growing in forests under moderate competition reduce the number of branches in the lower parts of the crown, and many of these branches die. Moreover, the pollen emission is very limited from catkins developing under the canopy because of the reduced wind speed and high surface roughness [81]. Therefore, it seems that the lower parts of forest tree crowns should not be incorporated into a pollen inventory. Nevertheless, we suggest incorporating the third (vertical) dimension when creating pollen inventories; the tree crown surface should be used as an additional variable for estimating pollen emission and explaining local pollen concentration variability.




4.4. Limitations of the Study and Future Work


This study shows that it is possible to estimate the crown surface and volume as well as the number of trees from a large area using LiDAR data. It would be almost impossible to measure more than 18,000 trees in the field. However, we are aware that the method we proposed in this study requires optimisation. First, the birch crown surface should be reduced in birch trees growing in forests, and further work is required to determine which parts of a forest tree are important contributors of pollen. Second, we used only one individual crown delineation algorithm by Li et al. [49] with default parameters. The validation of this method in our case indicated that the results were similar to those obtained in the original study (r2 > 0.89). In open areas, the number of real and algorithmically delineated birch trees agreed well, while the number of trees was overestimated in dense forest stands (Figure 6). The adjustment of the method parameters will likely improve the quality of ITD. Moreover, there are also other methods for ITD, such as watershed ITD or the methods of Dalponte et al. [82] or Silva et al. [83]. However, the comparison of different ITD methods was beyond the scope of this study, but it is important for future work.



The assumption that crown surface is a predictor of pollen emission can also be biased by different numbers of catkins on trees of the same size. Ranta et al. [10] and Yasaka et al. [78] estimated that the number of catkins varies between years, which impacts the airborne pollen count. This variation implies that the crown surface may not be the only predictor of pollen emission, but it must be combined with other variables, such as phenological or meteorological data, that can explain the year-to-year variation in pollen count [84]. Recently, a terrestrial LiDAR system was also used to measure the pollen emissions from trees [85]. It is likely that it will be possible to estimate pollen emissions at their source by a combination of aerial and terrestrial LiDAR in the future.



Changes in temperature, precipitation or humidity during the study period could introduce another potential bias to the results because these variables affect the release and transport of pollen [86]. Days with low humidity and no precipitation favour the release of pollen from anthers, resulting in elevated pollen concentrations in the air [87]. Thus, due to the changing weather, the pollen emissions were not uniform during the study period. However, the use of a large data pool covering various meteorological conditions decreases the bias resulting from the uneven distribution of meteorological variables in the study period. In this study, we used 638 data points (hourly resolution of meteorological and pollen data) which is a high number, that covered different possible meteorological conditions in April. Therefore, we did not consider meteorological variables other than wind speed and direction to be necessary to assess the potential origin of pollen.



In the future, we plan to continue studies using LiDAR data for predicting pollen concentrations for birch and other tree species by creating a potentially complete inventory of urban allergenic trees. This research could be further used to quantify the impact of urban allergenic trees on pollen concentration and their contribution to the total pollen emission, which is an important component of pollen forecasting models.





5. Conclusions


This is the first study that quantifies the possible influence of LiDAR-derived crown surface and volume combined with wind direction on birch pollen concentrations at a suburban site. We documented a statistically significant relationship between the pollen concentration aggregated by wind direction and birch tree surface or volume within a distance of 500–1500 m from a pollen monitoring station. This result implies that a LiDAR-derived crown surface may be used as an additional variable for explaining pollen concentration variability. We also showed that birch trees were abundant not only in forests but also in urban and rural areas, with a density relationship of 3:1:1 for forest, urban and rural areas, respectively. The LiDAR-derived number of trees agreed well with the real number of trees, but the results were better at lower tree densities. We emphasise that urban and rural areas should be incorporated into pollen inventories, as they could substantially contribute to the total pollen emission. Moreover, we recommend adding the vertical dimension when creating pollen inventories, as this could improve the estimated pollen emissions. Further work is required to optimise the individual tree delineation algorithms for different land-use types and the tree-density-dependent fraction of crowns that may act as potential pollen emission surfaces.
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Figure 1. Study area. 
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Figure 2. Examples of birch tree stands in an open habitat (A) and in a forest (B) in the study area. The normalised point cloud is plotted as small colour points. The 3D shapes reflect individual segmented birch trees. Images on the right were acquired using Google Earth software. 
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Figure 3. Hourly birch pollen concentration in the outskirts of Poznań city in 2012 according to the wind direction and speed (A) and significant structures within the data considering different numbers of clusters determined on the basis of partitioning around medoids (B). 
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Figure 4. LiDAR derived mean values of crown parameters attributed to different sectors around the pollen monitoring site: A—birch tree density, B—birch tree height, C—birch tree crown surface and D—birch tree crown volume. 
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Figure 5. Validation of the tree segmentation based on counting trees in Google Earth and in the field for 52 randomly selected plots (100 plots were drawn, but 48 showed no birch trees). The confidence interval was at the 0.95 level. 
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Figure 6. Differences in crown surface between birch trees growing within different land-use types (Analysis of Variance (ANOVA), F = 1524, p < 0.0001). N = 18,740 segmented trees (6805 urban, 5202 agricultural area, 6733 forests). 
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Figure 7. Statistically significant relationship (p = 0.0406) between the hourly birch pollen concentration summed by the influx direction and the total birch crown surface within 500 to 1500 m from the pollen sampler. 
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Table 1. Descriptive statistics of birch tree crown volume and surface by sectors and the pollen concentration recorded by wind direction.
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Descriptive Statistic

	
Wind Directions/Sectors




	
E

	
N

	
NE

	
NW

	
S

	
SE

	
SW

	
W






	
Crown volume [m3]

	
sum

	
416,903.6

	
253,275.2

	
233,730.9

	
148,841.3

	
419,030.2

	
1,922,507

	
168,407.4

	
225,820.8




	
mean

	
158.4

	
161.1

	
157.5

	
98.2

	
243.6

	
292.2

	
136.3

	
112.9




	
standard deviation

	
194.0

	
182.2

	
191.6

	
109.7

	
282.4

	
311.8

	
149.6

	
129.3




	
skewness

	
2.6

	
2.2

	
2.3

	
2.9

	
1.9

	
1.5

	
2.0

	
2.3




	
min

	
0.8

	
3.9

	
2.7

	
3.8

	
3.0

	
1.6

	
3.7

	
1.7




	
1st quartile

	
33.5

	
37.9

	
33.5

	
26.5

	
41.9

	
58.5

	
31.4

	
27.7




	
median

	
89.1

	
99.0

	
85.8

	
64.4

	
131.8

	
168.3

	
80.9

	
63.7




	
3rd quartile

	
205.2

	
215.4

	
198.7

	
131.4

	
346.8

	
433.0

	
187.3

	
150.4




	
max

	
1561.8

	
1384.5

	
1267.5

	
1067.7

	
1645.1

	
1644.1

	
1038.2

	
984.6




	
Crown surface [m2]

	
sum

	
419,437.7

	
257,290.4

	
236,891.4

	
174,051.4

	
374,786.6

	
1,655,425

	
176,389.0

	
250,973.5




	
mean

	
159.4

	
163.7

	
159.6

	
114.8

	
217.9

	
251.6

	
142.7

	
125.4




	
standard deviation

	
122.4

	
114.8

	
124.2

	
77.4

	
161.8

	
176.2

	
97.5

	
89.7




	
skewness

	
1.5

	
1.3

	
1.4

	
1.6

	
1.0

	
0.7

	
1.2

	
1.4




	
min

	
20.0

	
20.8

	
20.1

	
20.1

	
20.1

	
20.0

	
20.1

	
20.2




	
1st quartile

	
68.3

	
75.1

	
68.0

	
56.6

	
85.5

	
104.9

	
66.8

	
58.7




	
median

	
124.6

	
134.8

	
122.1

	
99.2

	
172.9

	
205.1

	
118.9

	
100.7




	
3rd quartile

	
211.2

	
219.2

	
207.4

	
151.9

	
315.2

	
375.9

	
199.5

	
166.1




	
max

	
777.4

	
695.2

	
675.2

	
588.2

	
801.8

	
812.7

	
605.6

	
565.0




	
Pollen [count per hour]

	
total integrated hourly pollen count

	
68,253.4

	
38,372

	
21,125.8

	
69,143.8

	
88,372.2

	
171,624.6

	
59,550.8

	
112,964.2




	
no of hours with wind from the sector

	
65

	
51

	
45

	
77

	
100

	
124

	
71

	
105




	
mean pollen count per hour

	
1050.1

	
752.4

	
469.5

	
898.0

	
883.7

	
1384.1

	
838.7

	
1075.8




	
Mean crown volume/pollen ratio

	
6.63

	
4.67

	
2.98

	
9.14

	
3.63

	
4.74

	
6.15

	
9.53




	
Mean crown surface/pollen ratio

	
6.59

	
4.60

	
2.94

	
7.82

	
4.06

	
5.50

	
5.88

	
8.58




	
Mean crown volume/surface ratio

	
0.99

	
0.98

	
0.99

	
0.86

	
1.12

	
1.16

	
0.96

	
0.90
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Table 2. Correlation coefficients between pollen concentrations in 2012 aggregated by wind direction and the LiDAR-derived crown volume and crown surface values for the corresponding wind direction and at different distances from the pollen sampler.
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Distance to Pollen Sampler [m]

	
Crown Surface in Sectors [m2]

	
Crown Volume in Sectors [m3]




	
Correlation Coefficient

	
p-Value

	
Correlation Coefficient

	
p-Value






	
From 0 to 500

	
*cor = −0.399

	
0.3268

	
cor = −0.383

	
0.3487




	
From 0 to 1000

	
cor = 0.592

	
0.1224

	
cor = 0.582

	
0.1302




	
From 500 to 1000

	
cor = 0.701

	
0.0526

	
**rho = 0.524

	
0.1966




	
From 0 to 1500

	
cor = 0.674

	
0.0668

	
cor = 0.670

	
0.0689




	
From 500 to 1500

	
cor = 0.728

	
0.0406

	
cor = 0.729

	
0.0399




	
From 1000 to 1500

	
cor = 0.683

	
0.0617

	
cor = 0.696

	
0.0554




	
From 0 to 2000

	
rho = 0.476

	
0.2431

	
rho = 0.286

	
0.5008




	
From 500 to 2000

	
rho = 0.595

	
0.1323

	
rho = 0.429

	
0.2992




	
From 1000 to 2000

	
rho = 0.571

	
0.1511

	
rho = 0.476

	
0.2431




	
From 1500 to 2000

	
rho = 0.286

	
0.5008

	
rho = 0.286

	
0.5008








*cor—Pearson correlation coefficient; **rho—Spearman correlation coefficient calculated when dataset did not follow a normal distribution (Shapiro-Wilk test, α = 0.05).
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