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Abstract


Atmospheric pollution due to an increased particulate matter (PM) concentration imposes a threat for human health. This is particularly true for regions with intensive industrial activity and nature-based solutions, such as tree plantations, are adopted to mitigate the phenomenon. Here, we report on the case of the lignite complex of western Macedonia (LCWM), the largest in Greece, where extensive Robinia pseudoacacia L. plantations have been established during the last 40 years for post-mining reclamation, but their PM retention capacity and the controlling parameters have not been assessed to date. Thus, during the 2021 growth season (May to October), we determined the PM10 capture by leaves sampled twice per month, across four 10-m long transects, each consisting of five trees, and at three different heights along the tree canopy. During the same period, we also measured the leaf area index (LAI) of the plantations and collected climatic data, as well as data on PM10 production by the belt conveyors system, the main polluting source at the site. We estimated that the plantations’ foliage captures on average c. 42.85 μg cm−2 PM10 and we developed a robust linear model that describes PM10 retention on a leaf area basis, as a function of PM10 production, LAI (a proxy of seasonal changes in leaf area), distance from the emitting source, and wind speed and foliage height within the crown. The accuracy of the estimates and the performance of the model were tested with the bootstrap cross-validate resampling technique. PM10 retention increased in spring and early summer following the increase in LAI, but its peak in August and October was controlled by the highest PM10 production, due to elevated energy demands. Moreover, PM10 retention was facilitated by wind speed, and it was higher at the lower part of the trees’ canopy. On the contrary, the PM10 load on the trees’ foliage decreased with an increasing distance from the conveyor belt system and the frontline of the plantations. Our findings support the positive role of R. pseudoacacia plantations for PM10 retention at heavily polluted areas, such as the lignite mines in Greece, and provide a model for the estimation of PM10 retention by their foliage based on basic environmental drivers and characteristics of the plantations, which could be helpful for planning their future management.
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1. Introduction


A significant proportion of the population in Europe (73%) lives in environments where pollutant concentrations often exceed the limits set by regulations [1]. Air pollution due to particulate matter (PM) worsens air quality and threatens human health. Thus, PM is considered one of the main health risks for European citizens, particularly in urban areas and close to industry complexes, and it is classified as a very dangerous contaminant, according to the International Agency for Research on Cancer [2]. In addition, increased PM emissions have negative impacts on natural ecosystems, like reduced tree growth and biodiversity due to the loss of sensitive species [3]. Among PM categories, PM10 stands for particulate matter with a diameter of 10 µm or less, emitted mainly by the combustion of solid fuels for domestic and industrial activities. Currently, the concentration of PM10 in Greece and other eastern European countries are above the EU daily limit thresholds [4].



Forests, forest trees plantations, and even tree lines are often used as nature-based solutions to improve air quality by retaining PM10 [5,6,7]. Such an approach has been implemented at the open-cast mines of the Lignite Center of Western Macedonia (LCWM), Greece, during the last 40 years. LCWM is a complex of surface lignite mines that belongs to the Hellenic Public Power Corporation (HPPC S.A.) and has dominated the country’s electricity sector for more than six decades, boosting its economic growth and energy security [8,9]. At LCWM, the excavation, transportation, and deposition of mined materials is applied according to the continuous mining method, meaning that machinery such as vehicles, excavators, dust depositors, conveyor belts, and others steadily operate and emit particulate matter that largely comprise of PM10. According to the legislative obligations for the restoration of the environment, LCWM has established post-mining forest restoration plantations at reclaimed mines where the excavation of lignite has ended, in line with the practices implemented in most European countries, where more than 50% of former mine land is reclaimed as forest or grassland. Apart from the restoration of reclaimed mine soils and the landscape, these plantations provide multiple benefits like the prevention of erosion and the carbon sequestration in their soil and biomass [10,11,12], as well as PM10 retention by their foliage.



It is estimated that since the 1980s, approximately 7,000,000 saplings have been planted at the LCWM, covering an area of 2570 hectares [13], which is expected to increase as this is a dynamic process that continues after the operation of lignite mines is finalized. More than 95% of these restoration plantations are dominated by black locust (Robinia pseudoacacia L). Black locust is a tree native to North America, which was introduced to Europe in the 17th century, and it is naturalized in several Mediterranean and temperate regions [14,15]. This species is nowadays considered alien and invasive [15], but it has been often used for the restoration of heavily degraded lands [16,17,18] as it is a N2-fixing woody legume with low nutrient requirements [19] and a high growth rate and drought tolerance [14,15]. Black locust is also considered a good candidate species for phytoremediation in heavily polluted areas [20]. These properties have led to the use of black locust for the restoration plantations at reclaimed mines characterized by harsh environmental conditions, like at the LCWM.



Despite the extensive present distribution and planned future plantings of black locust at LCWM, its contribution to retention of PM10 has not been evaluated to date. In the literature, the PM10 retention efficiency of black locust has been assessed by a limited number of studies that yielded diverse findings, ranging from a moderate to high PM10 removal from the atmosphere, compared to herbaceous vegetation and other broadleaf trees and conifers [21,22,23,24].



Moreover, the drivers that control PM10 retention at the black locust restoration plantations are unknown. In general, the majority of studies on factors that control the PM10 load of trees’ foliage has focused on leaf traits, like leaf shape and size, surface roughness, wax layer, thrichome, and other microstructures [25,26,27], and less on tree properties, such as height [28]. Less research is available on how environmental parameters like the pollution level and the distance of vegetation from the PM source [29,30,31], the climate [32,33], and phenology [34] control PM retention. However, most of these studies refer to urban areas and roadside trees or small groves, while there is limited information available on the role of forests and forest plantations on PM removal, particularly at post-mining reclaimed sites.



Therefore, the current study aims to perform the following tasks:




	
Quantify PM10 retention by the foliage of black locust plantations at open cast lignite sites, such as the LCWM in Greece.



	
Assess the factors that have a positive or negative effect on PM10 retention.



	
Build a model to estimate PM10 retention by the studied black locust plantations.









2. Materials and Methods


2.1. Study Area


The study area is located at north-western Greece, within the LCWM, at the black locust restoration plantations (Figure 1) of the restored mines of Ptolemaida (40.39° to 40.51° N, 21.70° to 21.89° E). According to the climate diagram of the study area, which is based on data from the closest station of the National Observatory of Athens (http://penteli.meteo.gr/stations/amyntaio/; accessed on 31 January 2021) for the period 2010–2020, the mean annual precipitation is 510 ± 156 mm and the mean monthly air temperature is 13.36 ± 0.92 °C, while a xerothermic period is observed only in July and August.



The plantations are established on waste heaps consisting of open-cast mining overburden material resulting from lignite excavation at the LCWM. These waste heaps have a texture of sandy clay loam (on average 48.4% sand, 28.5% silt, and 23.1% clay) and an alkaline pH (mean 7.9; ranging from 7.7 to 8.3) [12].



The PM10 emitting sources within the LCWM include the sites of drilling and explosion for lignite extraction, the sites of lignite and dust deposition, and the conveyor belt system for the transport of lignite and dust. Among these, the conveyor belt system is the most polluting one, as it has a total length of 250 km and it is distributed across the LCWM, while the other PM10 emitting sources are point-wise pollutants. Therefore, in this study, we focused on the role of the belt conveyor system as a PM10 emitting source and measurements were conducted at restoration plantations established in close proximity to this source (Figure 1) on a flat terrain.




2.2. The Monitoring of PM10 and Climate Parameters


The HPPC has a network of 8 stations for pollution measurements across LCWM and the closest to our study site is the station of Pontokomi (20.22° N, 21.50° E, 707 m.a.s.l.), from which we used hourly data of the PM10 concentration in the air (g m−3), wind speed (m s−1) and direction (degrees), air temperature (°C), and air relative humidity (%). The amount of PM10 production on a bi-weekly basis (kg) was estimated based on the Theofrastos software of HPPC, taking into account the PM10 concentration in the air, the source of the PM10 production (the belt conveyor system), and the duration of the operation of the source.




2.3. The Collection of Foliar Samples and the Determination of Leaf Area Index


The sampling of black locust leaves was performed approximately every 15 days during the growing season, from 28 May to 25 October 2021, at a restoration plantation established close to a belt conveyor. Four transects of 50 m each were selected within the studied plantation (Figure 1) in a way that each transect had a different distance from the conveyor belt. Thus, the frontline of each transect had a distance of 13, 25, 32, and 45 m, respectively, from the conveyor belt. Each transect consisted of five trees with a distance of 10 m among them. Therefore, the different distance of the frontline trees from the emitting source and the 10 m distance among them resulted in a gradient from 13 to 85 m between the source and the last measured tree, which allowed us to assess the effect of distance from the emitting source on PM10 retention by foliage.



On each tree, leaf samplings were performed at three canopy heights, measured from the basis of the canopy: low (1.5–2 m), medium (4.5–5 m), and high (9–10 m). One composite leaf was collected from each canopy position. In total, 660 leaf samples were collected. Each sample was immediately closed in a plastic bag to avoid contamination and stored in a portable cool box [35]. All samples were then transferred to the laboratory, where they were stored at −20 °C until their further analysis.



During each sampling, thus every two weeks, the Leaf Area Index (LAI) of the studied plantation was measured with the use of the LI2000 Plant Canopy Analyzer (LICOR, Lincoln, NE, USA) to assess the seasonal variation of the foliage area. The measurements were done at dawn or under overcast conditions. During every measurement, the LAI of each of the four studied transects was computed by obtaining five recordings along the transect, approximately every ten meters.




2.4. The Foliar Samples Area, Mass, and PM10 Retention


The leaf area and weight of each sample were measured in the lab. The leaf area was determined by using ImageJ; ver. 1.53m [36], after scanning each sample. For the estimation of PM10 retention, the methodology described by Dzierżanowski et al. [37] was applied, which limits losses and contamination. Leaf mass was measured by weighing each sample with an analytical balance (AB54-S, Mettler Toledo, OH, USA) and then put in a glass vial with 250 mL of distilled water and mixed by hand for 60 sec to rinse and remove the particles from the surface of the leaves. The liquid was then passed through a 100 μm stainless-steel sieve to eliminate particles larger than 10 μm. Type 91 paper filters were used for determining 10 μm retention. Each filter was weighed with the analytical balance, dried for 30 min at 60 °C, put in a glass desiccator, and passed through an ionization gate (KERN YBI-01A, Kern & Sohn GmbH, Balingen, Germany) to avoid electrostatic charges before being weighed again. The washing solutions, resulting from the process of sieving the water where the leaf samples were rinsed, were filtered through the Type 91 filters by using glass funnels and a vacuum pump. The filters with the retained dust were dried for 30 min at 60 °C, put for 30 min in the glass drying chamber, and weighed. The difference between the initial and the final filter weight represented the amount of PM10 retained by the R. pseudoacacia leaves.




2.5. Data Analysis


From the initial 660 PM10 retention measurements, 11 outliers were excluded based on the z-score criterion (Equation (1)), with a defined z-score threshold equal to 3. This resulted in 649 values included in further analyses. A two-sample t-test was applied to compare the initial PM10 retention dataset with the one after outliers’ removal and no significant difference was found among them. More information on the descriptive statistics of the PM10 dataset with and without outliers is given in Figure S1 and Table S1.


  z = ( X − μ ) / σ  



(1)




where z is the estimated z score;



	
X is the vector of observed value;



	
μ is the mean of the observed values;



	
σ is the standard deviation of the observed values.






One-Way ANOVA was used to test for the effect of sampling month on PM10 retention per leaf area and LAI, and Tukey’s-b post hoc test was applied to identify the significant differences between the months. A Pearson correlation matrix among PM10 retention and the rest of the monitored variables was developed. The variables included were the following: the cumulative PM10 production after each rain event (kg), the distance from the source (m), rainfall (mm), air relative humidity (%), wind speed (m s−1), LAI (m2 m−2), as numeric variables and crown position (a = high, b = medium, and c = low), and as categorical variables. All these variables were considered as potential predictors of PM10 retention in the subsequent linear regression analysis.



We initially used a mixed effects model, with transect as a random effect and the rest of the predictors used as fixed effects (R packages lme4, lmerTest; [38,39]). The proportion of random (within transects) variation was very low and we, thus, proceeded with multiple linear regression model analysis. From the full set of independent predictors, we maintained only the significant ones. However, as there was a slight violation of the assumptions regarding the residuals of the model, i.e., their distribution did not follow a normal distribution (Kolmogorov–Smirnov test D = 0.073, p-value = 0.002) and there was an increased variance at higher fitted values (heteroscedasticity), we decided to implement a robust regression both on the whole dataset and use a bootstrap cross-validation procedure. We initially fitted a robust regression (package MASS [40]) to the whole dataset and tested for the significance of each coefficient using the (quasi-) t Wald test (package lmtest [41]). Partial effects for each significant predictor variable were estimated using the ggeffects [42] package. To evaluate how the model generalizes to unseen data, we additionally performed a “bootstrap cross-validation” [43]. We made 500 random sample draws with replacement to create bootstrap samples from the whole dataset. Within each bootstrap sample, we performed a k-fold validation (k = 5), where the sample was split into five folds. Four of the folds were used to train a robust regression model (using the predictors identified as significant in the robust regression analysis of the whole dataset) and to keep track of the coefficient estimates. The fold not used to fit the model was used to validate the model and estimate the root mean square error (RMSE) and a pseudo R2 (as the ratio of the models’ sum of squares to the sum of squares of the null model). For each bootstrap sample, this step was repeated for each fold. Average performance metrics were estimated by calculating the mean RMSE and pseudo R2 across all folds and bootstrap samples, while the uncertainty of the coefficient estimate was quantified by computing the 5 and 95 percent quantile of their distribution within the bootstrap samples. These were considered in comparison to the original robust regression estimates using the whole dataset. All analyses were performed in R (R Core Development Team, 2025), with the libraries referred to above.





3. Results


During the 2021 growing season, PM10 retention by the foliage of black locust ranged from 4.31 to 144.24 (mean: 42.85) μg cm−2 and presented a considerable seasonal variation (Figure 2). The values of May and June were significantly lower than those of all other months. Then, the PM10 load on foliage gradually increased in July and peaked in August and October, when it was significantly the highest among the sampling months.



The seasonal pattern of PM10 retention by black locust leaves is largely reflected in the PM10 production by the belt conveyor system, depicted in Figure 3a, which showed a similar change over time. On the contrary, the seasonal change of LAI, which is an index of foliage expansion and senescence, presented a different seasonal fluctuation (Figure 3b). LAI was significantly the highest in June and July and substantially declined from then on until October, when the lowest LAI was observed, apparently due to autumn leaf fall.



Figure 4 shows the Pearson correlations between PM10 retention, and all the independent factors studied. The PM10 production by the belt conveyor system since the last rain event had the strongest positive effect on PM10 retention, followed by the sampling month. On the contrary, the distance from the source and LAI had the strongest negative impact on PM10, followed by rainfall, wind speed, air relative humidity, and crown height.



In order to choose the best model that describes the relationship between PM10 and its drivers, we selected those presented in the correlation matrix of Figure 4 that are clearly independent among them. Given that cumulative PM10 production was computed since the last rain event and, thus, the washing effect of rainfall was already considered, rainfall was excluded from the model. Similarly, RH was excluded as it is affected by rainfall. Moreover, the month was not included because the seasonal effect is incorporated into LAI, which changes seasonally. Thus, the significant factors that were included in the multiple linear model were as follows: rainfall (cumulative since last rainfall), distance from the source (belt conveyor system), wind speed, and crown height.



The combination of all significant parameters explained 60% of the total variation in PM10 retention by the black locust plantation (R2 = 0.60, p < 0.001). The estimates, the z value and the p value of the coefficients of the robust regression model, are presented in Table 1. Based on these, Equation (2) estimates PM10 retention per leaf area at the restoration plantations of LCWM as following:


   P M 10   r e t e n t i o n = 58.910 + 0.017 ∗ P M 10   p r o d u c t i o n − 0.738 ∗ D i s t a n c e − 13.740 ∗ L A I    + 0.154 ∗ D i s t a n c e ∗ L A I + 0.931 ∗ W i n d   s p e e d    ( + 3.868   i f   c r o w n   h e i g h t = l o w )   



(2)







Figure 5 presents the partial effects of the significant drivers of PM10 retention by the black locust plantation. The level of significance of the partial effect of each of these drivers is given in Table 1 from which it is obvious that PM10 production, distance from the PM10 emitting source (belt conveyor), LAI, and wind speed have a highly significant impact (p < 0.001), while crown height has a significant influence at p < 0.01, on the PM10 load on the foliage of black locust.



The PM10 retention exhibits a plausible strong linear increment with an increasing PM10 production by the conveyor belt system (Figure 5a). A similar significant, but weaker, positive response of PM10 retention is observed in relation to the increasing wind speed (Figure 5d). On the contrary, the increasing distance of the trees from the conveyor belt (source) and LAI result in a linearly declining PM10 retention (Figure 5b,c). Finally, it is observed that the lowest part of the trees’ canopies (crown height c) withholds significantly more PM10 than the middle or higher canopy (crown heights a and b) as shown in Figure 5e.



The bootstrap cross-validation approach yielded coefficient estimates for each predictor variable that were close to the ones from the robust regression on the whole dataset, and in all cases were within the percentiles’ range (Table 1, Figure S2). The bootstrapped metrics of the model’s accuracy yielded an R2 = 0.59 ± 0.04 and an RMSE = 16.76 ± 1.50, suggesting a stable behavior of the initial robust regression model.




4. Discussion


The contribution of tree-planted areas to the reduction of air pollution caused by PM10 is supported by rich research literature. However, the majority of studies refer to large urban centers and metropolitan cities, e.g., [5,37,44] and focus on the importance of parks and urban and peri-urban forests as Green Infrastructures [45,46] that retain air pollutants, such as PM10 [33,47]. Quite less is known about the role of forest plantations in limiting atmospheric PM10 concentration at industrial areas that are quite more heavily polluted, like mines [48]. Here, we aimed at assessing PM10 retention and its controlling drivers at post-mining restoration plantations of black locust established during the last 40 years at LCWM, the largest lignite complex for electricity production in Greece.



On average, the PM10 retention by the foliage of the studied R. pseudoacacia plantations was 42.85 μg cm−2. Higher values, such as about 70 and 150 μg cm−2, are recorded for the same species at industrial areas in China [21] and Poland [24], respectively. On the contrary, a lower foliar PM load of about 3.8 μg cm−2 was measured at an urban park of an industrial city in Italy [35]. Compared to other forest trees used for PM retention at sites of low or high air pollution, the values we recorded for black locust were lower than that of pine, fir, willow, juniper, and plane (Pinus tabuliformis, Abies holophylla, Salix babylonica, Juniperus chinensis, and Platanus orientalis) [21]. This may at least partly be attributed to the smooth adaxial and abaxial surfaces of black locust leaves that bear only few trichomes [23], which could reduce its capacity to hold air particles. However, studies that compared black locust with other forest trees, such as poplars (Populus berolinensis and Populus × canescens) and maple (Acer negundo), showed both a higher and lower efficiency of black locust in retaining PM10 [21,22,24], than in our study. The fact that there is limited quantitative information on the PM10 concentration retained by black locust on a leaf area basis and that the published data originates from sites of greatly varying PM-emitting activities makes the comparison with the findings of other studies difficult.



Although successful algorithms have been developed for forecasting PM10 pollution [49,50], there is a lack of species-specific models for predicting PM retention by forest plantations, particularly at highly polluted industrial areas. Within our study, we have developed, and cross-validated through bootstrap resampling, a robust linear model that can be used to estimate PM10 capture by the black locust restoration plantations at the lignite complex of LCWM, or other similar ones. Based on this, c. 60% of the variation in PM10 retention by the trees’ foliage is explained by the positive effects of cumulative PM10 production between rain events, wind speed, and low height across the canopy and the negative influence of distance from the emitting source and seasonality in phenology, as expressed by leaf area index.



Ιn regard to the seasonal pattern of PM10 retention, a considerable fluctuation was observed (Figure 2). The enhanced PM10 retention from May to July is related to the parallel increase in leaf area from spring till mid-summer, when full foliar expansion takes place, as reflected in LAI (Figure 3b). The seasonal dependency of PM10 retention on the LAI variation of deciduous broadleaf forest species has been similarly demonstrated by previous studies [51] and linked to maximum PM10 foliar concentrations in summer rather than in spring [52]. However, the seasonal change in leaf area does not explain the peak of PM10 retention in August and October (Figure 2), as LAI declined in these months presumably due to the summer xerothermic conditions in August (Figure 1) and due to leaf senescence in October, and this is demonstrated as a slightly negative effect of LAI on PM10 retention (Figure 5c). On the contrary, the highest amount of PM10 retained by black locust foliage in these months was largely controlled by the increased electricity demand and, thus, the greatest PM10 production by the belt conveyor system of the lignite mining complex (Figure 3a) which had the strongest positive effect among the tested parameters (Figure 4). A similar, almost 2-fold increase in PM10 retention by black locust from June to August was observed by Przybysz et al. [24] but was attributed to the lack of regular rain events during this period, which allowed for the accumulation of PM10 on the foliage. In our case, rainfall had a clear washing, thus negative, effect on PM10 load on black locust leaves (Figure 4), in line with the findings of other studies [53,54]. However, the rain events that occurred between the samplings of July and October (three rainfalls with a sum of 57.6 mm) were not adequate to eliminate the PM10 accumulation due to the increased activity of the lignite mines during this period. On the other hand, a positive role of rainfall on the PM10 accumulation on leaves has also been reported in the literature, through the imposed increase in air relative humidity and the associated increased foliage stickiness [55], but such an effect cannot be supported by our study (Figure 4).



Another significant driver of PM10 retention by vegetation foliage is wind. The direction of local winds has been found to affect the PM10 load of different species [56], but wind direction did not play a significant role in our study (p > 0.25;. On the other hand, wind speed had a mild positive effect on PM10 capture by R. pseudoacacia leaves (Figure 5c). A plausible argumentation is that an increasing wind speed contributes to a higher PM10 transfer from the source of pollution to the plantations, resulting in enhanced PM10 load to the trees’ foliage. Research indicated that the effect of wind can both reduce and increase PM accumulation [57,58], probably through the redispersion and reallocation of PM pollution on the plants [59]. However, the belt conveyors that emit PM10 at our study site are close to the ground and the PM10 retention was higher by 3.9 μg cm−2 at the lower part of the trees’ crown up to 2 m than in the higher ones (Table 1, Figure 5e). This indicates that winds that may transfer particulate matter from the pollution source to the plantations mostly allocate PM10 to basal foliage and less to the middle or higher crown, as similarly found in several broadleaf species used for PM10 removal in parks and along roads in different European countries [52,60]. Then, a combination of factors can favor the further accumulation or maintenance of PM10 at the lower trees’ canopy. The large size and weight of PM10 only allows their allocation within a limited vertical distance from the source [61], while at the same time rainfall interception is reduced from the upper to the lower canopy, thus minimizing the rainfall washing effect and resulting in an increased PM10 load at the basal foliage. In addition, particles deposited at the basal tree canopy are subjected to low wind speeds and are less resuspended than particles located at the top of the canopy where higher wind speeds usually occur [54].



Increasing distance (from 13 to 85 m) from the PM10 emitting source had a pronounced negative impact on PM foliar concentrations on black locust trees (Figure 4), resulting in steadily decreasing values of PM10 retention with distance (Figure 5b). The effect of distance on PM10 load has mostly been studied at forests and plantations adjacent to traffic roads and it has been verified that PM10 retention decreased with increasing distance from the road [62]. In most cases, it is reported that the front line of trees is the one playing the greatest role in limiting PM pollution [63] and that PM10 retention does not change any further deeper in the forest [62], contrary to the gradual decline in foliar PM10 load observed in our study. The absence of understory shrub or herbaceous vegetation at the studied black locust plantations may explain the difference from other literature findings, as herbs and shrubs have an important PM retention capacity [34,64] and their co-occurrence in forests or forest plantations creates a more complex forest structure that has an additive effect on PM10 retention, which is profound already at the frontline of the forest [62]. In addition, the less dense tree canopy of black locust, compared to other conifer or evergreen broadleaf trees studied, may have allowed particulate matter to disperse deeper in the studied plantations, and can ultimately result in a greater total PM10 retention by these ecosystems and be preferable in areas with high air PM concentrations [65].




5. Conclusions


Our results, in line with these of previous studies, verify that PM10 retention by vegetation foliage is a complex and dynamic process which is not fully understood yet and is controlled by a range of different environmental parameters. Our current knowledge is mostly based on studies in urban areas and less on heavily polluted industrial ones. Within this study, we present a robust regression model to predict PM10 retention by plantations of black locust at the largest lignite complex in Greece or at similar post-mining restoration plantations. We estimated that on average, c. 43 μg cm−2 of PM10 are captured by the foliage of black locust during the growing season and we showed that PM10 retention is largely controlled by leaf expansion in spring and PM10 production in autumn to cover energy needs. In addition, the PM10 load is enhanced with wind speed, particularly at the basal foliage of the trees, while it decreases as the distance from the emitting source and the frontline of the plantations is increased. To support the long-term management of such black locust restoration plantations at lignite complexes, future research should focus on the development of models for upscaling the estimation of PM10 retention on the total plantations’ area, taking into account our findings on how controlling factors change on a fine scale.
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Figure 1. The location of the LCWM in north-western Greece (upper left box) and an enlargement of the LCMW with the location of the study area, at the restored mines of Ptolemaida (40.39° to 40.51° N, 21.70° to 21.89° E; upper right box). The low right box depicts an enlarged map of the studied black locust restoration plantation (green color), the four selected transects where measurements were conducted (white dots), and the conveyor belt (black lines) which is the PM10-emitting source. The climate diagram of the study area is shown in the lower left box. 
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Figure 2. The seasonal variation of PM10 retention per leaf area (μg m−2) of black locust restoration plantations at LCWM, Greece, during the growing season (May to October). The horizontal lines represent mean values (n = 120, except for May, where n = 60), the bars indicate the standard deviation of the means and the dots represent outliers. Different letters depict statistically significant differences among months at p < 0.05. 
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Figure 3. (a) The seasonal variation of the mean monthly PM10 production by the belt conveyor system (n = 2 measurements per month) and (b) mean monthly Leaf Area Index (LAI) of the black locust restoration plantations (n = 8) at the LCWM, Greece, during the growing season (May to October). The horizontal lines represent mean values, the bars indicate standard deviation of the mean, and the dots represent outliers. Different letters depict statistically significant differences among months at p < 0.05 (only for LAI). 
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Figure 4. The correlation matrix indicating pairwise Pearson correlations between PM10 retention per leaf area and all tested drivers. PM10 production stands for PM10 produced by the belt conveyor system from the last rain event until the day of sampling—kg, Distance stands for the distance of the belt conveyor system from the plantations—m, Rainfall stands for the cumulative rain of 5 days prior to sampling—mm, Wind Speed stands for mean monthly wind speed—km h−1, RH stands for mean air relative humidity of the last 5 days prior to sampling—%, Month indicates the month of sampling, LAI indicates the monthly leaf area index of the plantations—m2 m−2, and Crown Height indicates the position of the sampled leaves within the tree canopy—high, medium, and low. Positive and negative relationships are indicated by red and blue colors, respectively. One, two, or three asterisks indicate the level of significance (p < 0.05, p < 0.01, and p < 0.001), respectively. 
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Figure 5. The partial effect of the significant drivers on PM10 retention per leaf area: (a) PM10 production from the belt conveyor system from the last rain event until sampling, (b) distance from the source of PM10 (belt conveyor), (c) LAI, (d) wind speed, and (e) crown height, where c represents the lower crown height, while a and b represent the higher and middle crown heights, respectively. 
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Table 1. Coefficient estimates from the whole dataset and the bootstrap cross-validated robust regression model and the 5–95% bootstrap percentiles. The z value and the corresponding p level are from the robust regression model on the whole dataset.






Table 1. Coefficient estimates from the whole dataset and the bootstrap cross-validated robust regression model and the 5–95% bootstrap percentiles. The z value and the corresponding p level are from the robust regression model on the whole dataset.





	Coefficients
	Whole Dataset Estimate
	z Value
	p Level
	Bootstrap Estimate
	Bootstrap Percentiles





	Intercept
	58.910
	6.328
	<0.001
	58.658
	40.875–75.642



	PM10 production
	0.017
	22.484
	<0.001
	0.017
	0.015–0018



	Distance from source
	−0.738
	−4.426
	<0.001
	−0.733
	−1.034–−0.417



	LAI
	−13.740
	−4.577
	<0.001
	−13.674
	−19.142–−7.928



	Wind speed
	0.931
	4.758
	<0.001
	0.934
	0.572–1.297



	Crown height c
	3.686
	2.662
	<0.01
	3.837
	1.324–6.362



	Distance x LAI
	0.154
	2.757
	<0.01
	0.152
	0.048–0.250
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