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Abstract

:

Energy infrastructure is expanding at a global scale and can represent a major threat to wildlife populations. Power lines are one of the main sources of human-induced avian mortality due to electrocution or collision, but many species use electricity pylons as a structure for nesting. Pylon nesting results in human-wildlife conflict because it can cause power outages and structural damage to power lines. The white stork (Ciconia ciconia) is a large-size semicolonial species that increasingly nests on pylons, causing growing operational and economic issues to power companies and energy consumers. In this study, the likelihood of problematic pylon use by nesting storks was predicted using a suite of explanatory variables related to the availability of foraging habitat and human disturbance. During a five-year period (2015–2019), we assessed the distribution of stork nests removed from the highly-risky top part of transmission pylons (220–400 kV) by power company technicians in South western Spain. A total of 839 nests were removed from 11% of the transmission pylons (n = 1196) during the study period. Pylon use intensified on pylons located near to landfills, surrounded by high proportion of grassland, and when close to freshwater sources (water body or river) and other occupied pylons. Human disturbance was unlikely to deter storks from using pylons and pylon use increased in urban areas. The approach used here to predict pylon use by nesting birds has applications for both human-wildlife conflict mitigation and conservation purposes where endangered species use human infrastructure. Power companies may use this kind of information to install anti-nesting devices (to reduce power outages and avian mortality or nesting platforms on suitable pylons (to promote pylons use by endangered species), and to account for the likelihood of conflict-prone use of pylons when siting future power lines.
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1. Introduction


Human population growth, and the resulting expansion of anthropogenic infrastructure, including roads, utility corridors, buildings and energy facilities, can pose a major threat to wildlife populations and biodiversity [1,2,3], but see [4]. In order to meet the rising energy demands of modern economies there has been a rapid development of infrastructure associated with energy production [5,6,7], much of which is taking place in ecosystems previously unfragmented by human activities [8]. As of 2017, 4.7 and 96 million km of power transmission and distribution lines, respectively, existed in energy grids around the world, which are increasing in size by approximately 4.5% annually [9]. The presence of these structures in the landscape represents a considerable cause of casualty and mortality for a number of flying bird species, many of which are threatened with extinction [10,11,12,13,14], mainly due to electrocution in distribution power lines (20–32 kV) ([13,14,15]) or collision with transmission lines [10,13,16].



Despite high mortality levels, some bird species can benefit from using these structures as perches for hunting activities [17], as well as nesting [18], which often leads to further human-wildlife conflicts, especially in cases where damage is caused to infrastructure [19]. In fact, the use of electricity pylons for nesting in some species has increased in recent years due to the disappearance of natural nesting structures in favorable breeding areas [20], or to the construction of power lines in open habitats that previously lacked nesting structures, such as natural grasslands [21]. Large birds nesting on pylons are at a high risk of electrocution and collisions, particularly young birds during their maiden flights [22,23]. Additionally, there is some evidence that exposure to electromagnetic radiation may reduce breeding success of birds nesting on pylons compared to those that nest on natural structures, such as trees [24,25].



Power outages, operation difficulties during maintenance works, and alteration of pylon stability, are a common consequence of nesting on power lines, resulting in negative economic consequences for both power companies and energy consumers [26,27,28,29]. Outages occur when nesting materials bridge the gap between the conductors or between the conductor and ground pole [30]. Flashovers due to accumulation of excrement on insulating components and fecal streamers during take-off also result in power outages [30,31]. Nests also attract predators to pylons which can cause further damage to infrastructure [31]. In addition to this, utility companies are often liable for the death of birds by electrocution and collision, and may be subject to large fines and legal action as a result [32]. This has driven utility companies to invest in mitigation measures to reduce electrocution, such as elevated perches, the installation of nesting deterrents, or the translocation of existing nests to nesting platforms [13,26,33,34].



Avian conflicts with infrastructure occur at varying intensities across the landscape, understanding the drivers of interactions between birds and energy infrastructure is therefore paramount for both conservation and economic purposes. Power companies may use this information to invest in mitigation measures in areas sensitive to conflicts, as well as planning future infrastructure developments to minimize damage and costs caused to infrastructure by birds. This information can also be used for conservation purposes. For example, aided by the installation of nesting platforms on safe pylons located in suitable habitat, 22% of the breeding populations of osprey (Pandion haliaetus) in Andalusia (Spain) nest on electricity pylons, playing an important role in the efforts to re-establish the species to the Spanish mainland following a 25-year absence of successful breeding pairs [35].



This study focused on the white stork (Ciconia ciconia), a species which frequently nests on power lines throughout their European breeding range [18,20,36]. The Iberian population of white stork has been rapidly increasing since the 1980s. The last national stork census in Spain showed the population had increased from 6700 pairs in 1984 to 32,217 pairs in 2004 [37]. Similar trends have been observed in Portugal, with a population increase of 660% from 1984–2014, equating to 12,000 breeding pairs, 25% of which now nest on electricity pylons [18]. In addition, a significant proportion of the breeding population has become sedentary in the Iberian Peninsula, and the number of storks staying on their nests over winter has been increasing since the 1980s [38]. The observed population growth and change in migratory habits have been attributed to milder winter temperatures, a year-round abundance of food from landfill sites [38], and the spread of the invasive red swamp crayfish (Procambarus clarkii) through wetlands and rice fields, providing a plentiful food resource. Accordingly, pylon use has been found to intensify where these food resources are available in close proximity to the pylon [18].



Consequently, storks and their nests are a considerable cause of power outages in the Iberian Peninsula, accounting for half of all power outages on distribution lines in Portugal [26]. Their nests, with an average height of 60 ± 28 cm, a diameter of 1401 ± 24 cm, and a weight ranging from 70 to nearly 1400 kg [39], may also cause structural instability of pylons by altering their load distribution and aerodynamics [29]. In response to this, efforts have been made by power companies to dissuade storks from nesting on pylons by installing anti-nesting devices, which are usually a metallic structure located on parts of the pylon frequently used by birds for nest construction. Most designs do not completely exclude nest building, and have been found to be more successful at preventing the establishment of new nests than preventing the reconstruction of previously removed nests [29]. However, recent designs that use a micro electroshock discharge system have been found to deter all stork nesting attempts [26].



White stork can build nests on different parts of pylons with variable risk on operational and structural stability. Nests built on the top part above the pylon waist (e.g., cross-arms, beam, the top-central tower) pose a high risk on sensible parts of pylons, and are thus assessed as problematic and subject to regular intervention (e.g., removal) by power companies. Predicting where nesting is likely to produce potential service alterations may therefore be useful for power companies in implementing mitigation (e.g., anti-nesting devices) before colonization of existing pylons, or to plan optimal power line layouts, and thus reduce the economic burden caused by nesting white storks. The aims of this study were: (i) to characterize the spatial distribution of white stork problematic nests on part of the electricity transmission system of southwestern Spain; (ii) to identify important environmental, ecological and human drivers of use of problematic pylons by nesting white storks; and (iii) to develop a statistical model that can be used by power companies to predict the likelihood of intervention on pylons used by white storks, and the abundance of problematic nests on pylons.




2. Materials and Methods


2.1. Study Area and Data Source


A total of 475 km of power lines and 1196 electricity pylons of the transmission network (220 and 400 kV) in the Spanish provinces of Huelva and Seville (Figure 1) were assessed for the occurrence of white stork nests between the years 2015 and 2019. The data are from nests removed from the top part of pylons by power company technicians and evaluated as potentially problematic due to a perceived risk of structural damage (e.g., high number of nests) or risk of power outage where nests are close to electrical components. During the years 2016–2019, the number of nests removed per pylon was also noted, but for 2015 only the occurrence of nest removal was available. Nests built on non-conflicting parts below the pylon waist may be left on pylons due to lower perceived risk, and therefore would not have been included in this data. Removed nests and pylons from which one or more nests were removed during the study period are hereafter referred to as problematic nests and problematic pylons, respectively.



Exact locations of all pylons were incorporated into a geographical information system [40] and were used to derive a suite of environmental predictors of problematic occupation of pylons and abundance of removed nests. Predictors were related to foraging habitats and human disturbance, according to relevant scientific literature. Two variables expressing distance to important foraging areas were assessed: distance to landfill (km) and distance to freshwater marshland (km). All freshwater marshes that occurred in the study area were >20 ha in area. Salt marshes and sea shores were not included as they are not relevant to breeding white storks [41]. Rice fields have been identified as important foraging habitat for white storks, but were scarce in the study area and did not occur within the foraging range of breeding storks from the nest (≤5 km [38,42]). For these reasons, this variable was not included as a candidate predictor in modelling.



In order to assess the proportion of suitable habitat surrounding the pylons, we calculated the proportional area of foraging habitats and the average value of night-time light intensity within 1 km radius buffers centered on pylons (n = 1196). The buffer radius of 1 km was chosen to reflect the core foraging range of this species around the nest, which averages 1–2 km [38,42,43]. Habitat categories were derived from the Corine Land Cover (CLC) inventory for 2018 (available at: https://land.copernicus.eu/pan-european/corine-land-cover; accessed on 15 April 2021). The 44 land use classes available were pooled to create 9 classes of potentially suitable foraging habitat for white storks (Table 1) and one class of unsuitable habitat, which was excluded from analyses. An inclusion criterion of 10 or more intervened pylons (i.e., nest removal) within each land use/cover type considered was used to exclude habitats poorly represented in the study area and unlikely to be meaningful in later analyses. Four variables that expressed the availability of suitable foraging habitat were finally included in the analyses (Table 1). The occurrence of freshwater (rivers and water bodies) in the buffer was also recorded, since white storks are a species closely linked to the presence of rivers, lakes, and ponds [44,45].



The nighttime light intensity was used as a proxy variable to express human disturbance around the pylons. This variable represents the mean light intensity value of pixels (15 arc second resolution) which intersected the buffers and has been described as a good indicator of human activity and infrastructures [46,47]. Night-time lights were sourced from weather satellite recordings processed by the National Oceanographic and Atmospheric Administration’s (NOAA) Earth Observations Group (EOG) as an annual, cloud free, composite of radiance values for the year of 2016 [48]. Pylon features and the presence of anti-nesting devices were not included as this information was only available for a limited number of pylons.




2.2. Data Analysis


We modeled the effect of habitat and human predictors, estimated on 1 km buffers around pylons, on the probability of occurrence of problematic pylons and abundance of problematic nests per pylon (n = 1196) of white storks. For all models, collinearity between predictor variables was examined using variance inflation factors (VIFs > 3) and Pearson’s correlation coefficients (r > 0.7). Spatial autocorrelation in the response variables and model residuals was assessed using Moran’s Index (Moran’s I) with a Monte-Carlo simulation to derive p values using the spdep package in R studio [49].



We first ran a Generalized Linear Model (GLM) with binomial errors distribution to model the presence/absence of problematic nests on pylons as the response binary variable. This model was expected to be highly affected by spatial autocorrelation (SAC) due to the overlapping of 1 km radius buffers around pylons and the spatial aggregation of occupied pylons (average inter-pylon distance of 356 m). The Moran’s I test showed a significant SAC in model residuals, so a residual autocovariate (RAC) term with a neighborhood distance of 1 km was added to account for SAC in the model [50]. In comparison to the standard autologistic approach, the RAC method allows explanatory variables to be fitted and account for some of the SAC that exists in the dependent variable before the autocovariate is derived from model residuals [50]. Both the standard autologistic approach and the RAC method were compared, and in all cases the inclusion of a RAC term in the model resulted in improved model fit and reduced Moran’s I compared to the standard autologistic approach.



Next, we used a GLM with a negative binomial distribution to model the abundance of problematic nests removed from pylons between 2016 and 2019, hereafter referred to as nest abundance. This variable was over dispersed (i.e., zero inflated) and therefore did not fit a Poisson distribution. SAC was also present in nest abundance and remained in model residuals after the model was fitted. To account for this, a RAC with a 1 km spatial neighborhood size was again included in this model.




2.3. Model Selection


Model selection was performed using a backwards stepwise regression procedure based on AIC values. Starting with the full model, candidate predictors were iteratively removed according to their relative contribution to the model AIC, until the final model with the lowest AIC was achieved. The variable P_grassland was arcsine-transformed in all models to avoid effect size overestimation due to large variance. The variables P_non_irrigated_arable, Dist_wetland_km, and P_perm_irrigated_crops were dropped during the model selection process.



The amount of deviance explained by each model was assessed by calculating the adjusted D2 with the mod EvA package in R studio [51,52], which can be considered as an analogue to R2 in linear regression [53].





3. Results


A total of 134 (11.2%) of the 1196 pylons in the study had one or more white stork nests removed between 2015–2019, and a total of 839 nests were removed between 2016 and 2019 (number of removed nests was not available for 2015). The percentage of problematic pylons intervened annually (2015–2019) ranged from 6–8% (M ± SD = 7% ± 0.7). Removed nests from problematic pylons ranged from 1–9 (M ± SD = 2.4 ± 0.25). Problematic pylons were mostly spatially aggregated (Figure 1 and Figure 2), showing a positive spatial autocorrelation in the occurrence of problematic nests on pylons up to 12 km, with the highest values occurring up to 5 km. A similar pattern was observed for the number of nests removed per pylon, with positive spatial autocorrelation occurring up to 9 km (Figure 2).



3.1. Predictors of Occurrence of Problematic Pylons


The probability of a transmission pylon being occupied by at least one problematic nest of white storks was found to increase with increasing proportion of grassland, the presence of freshwater (waterbody or river), increasing night-time light intensity, and with decreasing distance to a landfill site (Table 2). Significant positive spatial autocorrelation was present in model residuals due to the strong attraction of storks to pylons already occupied, or near other stork nests, even after accounting for habitat variables. The inclusion of a RAC term to account for SAC resulted in improved model fit, with an increase of 34% in explained model deviance. The RAC term was actually the most significant predictor in the models where it was included.



Pylon occupation with problematic nests was only intense around one of the two landfill sites present in the study area (Figure 1). The predicted probabilities showed that even when close to a landfill site, the probability of occurrence of problematic nests on a pylon was still dependent on the land cover within the 1 km buffer area around the pylon.




3.2. Drivers of Abundance of Problematic Nests


The number of nests removed from pylons between 2016 and 2019 increased with increasing proportion of grassland, increased night-time light intensity, and decreasing distance to a landfill site. Number of nests removed per pylons also decreased when there was a high proportion of agroforestry or permanently irrigated agricultural land in the 1 km radius buffer (Table 2). Inclusion of the RAC resulted in a 36% increase in the amount of deviance explained by the model. However, spatial autocorrelation was still present in the model residuals, showing that even after the explanatory variables were accounted for the storks chose to nest on pylons that already contained other problematic nests.



Unlike the occurrence models, the presence of freshwater (water body or river) in the 1 km buffer was not an important predictor of nest abundance. Mean night-time light intensity and distance to landfill remained significant, and grassland was the only natural foraging habitat which positively influenced nest abundance, showing that overall, storks nested in higher densities close to anthropogenic habitats, and areas with higher levels of human activity for feeding, which may be linked to availability of food from human waste in urban areas.





4. Discussion


This study builds upon previous research on the drivers of pylon use by white storks in the Iberian Peninsula in demonstrating the role of foraging habitat availability in nest site selection by breeding birds. In addition, the influence of human disturbance on pylon occupation was illustrated. With increased amounts of urbanization and growing human populations, it is important to consider the implications of human disturbance in species distribution models. The findings of this study have particular implications for reducing the economic burden of pylon use by nesting birds in Southern Spain, but the same approach is applicable to other areas, and for use in the conservation of endangered species that use human infrastructures.



4.1. Spatial Distribution of Pylon Use


The percentage of occupied pylons with problematic nests (11% from 2015–2019, annual mean of 7%) was higher than the pylon occupation rate reported in a previous study in Spain, where 5% of 4366 pylons surveyed in the north western Spanish plateau contained white stork nests [54]. We can consider this observed increase as conservative since values reported in this study are likely underestimated, as not all nests were removed by the power company and therefore some occupied pylons were not included in the data. In this sense, the level of pylon occupancy found in a subsequent study carried out in western Andalusia in 2014 was of 11% [55]. This increase is consistent with the proportion of problematic pylons intervened in the present study and could be the result of a regional abundance in white storks, but also reflects the increasing population levels and increasing proportion of white stork pairs that nest on transmission pylons in the Iberian Peninsula [18].



The majority of problematic pylons in this study were spatially aggregated (Figure 1), which is partly a result of storks choosing nest sites close to favorable foraging habitats [18,56,57]. However, spatial autocorrelation was still detected in the model residuals after habitat variables had been accounted for. This shows the importance of preexisting nests as an important social driver of pylon use due to the semi-colonial breeding behavior of this species in southwestern Europe [58,59,60]. White storks exhibit also high levels of philopatry [61], and thus subsequent generations returning to their natal territories to breed may also play a role in the formation of large aggregations of nests on sections of power line, even long after the pylons are first colonized.




4.2. Environmental/Ecological Drivers of Pylon Nesting


Landfill, grassland, and fresh water (water body or river) were the most important foraging habitats that positively influenced pylon occupation by problematic nests of white storks. Other habitat types that have previously been identified as preferred foraging habitat—such as agroforestry, irrigated crops, non-irrigated arable, and wetlands [18,42,56]—were not significant in this study, or were negatively associated with the presence of problematic pylons and abundance of problematic nests (Table 2). This may be the result of a strong reliance on landfill for feeding, since pairs nesting close to a landfill site are reported to have smaller non-landfill foraging ranges and show a higher dependence on landfill for feeding, travelling up to 28 km to feed at a landfill during the breeding season [38]. Of all problematic pylons managed during the study period, 75% were located within 28 km of a landfill, which may explain the lower importance of some non-landfill foraging habitats considered. The abundance of nests removed between 2016 and 2019 was also significantly higher near landfill, with 59% more nests on pylons within 28 km of a landfill than those farther away. This could also explain why the abundance of removed nests decreased when the proportion of agroforestry increased, as this habitat was mostly distributed far from the landfill site used by storks. Pylon intervention did not occur in equal intensity at both landfill sites present in the study area, and predicted probabilities of problematic pylons were varied for pylons close to a landfill, particularly Burguillos (Figure 1). Most of the non-landfill foraging of storks nesting close to landfill takes place in close proximity to the nest [38]. Therefore, land cover surrounding pylons remains an important driver of pylon use, even when pylons are close to landfill. In any case, the results showed the important role of landfills for nesting site selection in the white stork, which is consistent with previous studies, e.g., [62,63,64].



The variable that represented permanently irrigated agricultural land (P_perm_irrigated_crops) was associated with large areas of polytunnel and fruit crops that were present in parts of study area (pers.obs.), which have not been identified as suitable foraging habitat for white storks. Additionally, the likelihood of nest site use by white stork has been reported to decrease in areas of intensive and permanent agriculture [56]. The negative effect of this variable on abundance of intervened nests could therefore reflect the lack of suitability of this habitat for breeding storks.



White storks use a variety of fresh water habitats, where they feed on amphibians, fish, and aquatic invertebrates [65]. Accordingly, the presence of water bodies and other freshwater habitats, such as wetlands, have been recognized as important drivers of nest site selection in previous studies [18,56,61,66]. In this study, the significant effect of water bodies and/or rivers within the buffer area may have been associated with the presence of areas of shallow water and small wetlands, where preys are more accessible to storks and where the invasive red-clawed crayfish is abundant, which can make up as much as 80% of the prey items in the stork’s diet [67]. However, this variable was not a significant driver of abundance of problematic nests removed, suggesting that storks selected pylons close to water but did not form large aggregations around this habitat.



Grasslands, such as meadows and pastures, are one of the principal habitats used by this species for foraging [68,69,70], and several studies identify proximity to grassland as among the most important habitat drivers of nest site selection [42,45,66,71]. In Spain storks have been shown to selectively use tall grass pasture over other available habitats such as cereal sown land, and wooded areas, due to comparatively high densities of arthropod prey found in this habitat [42]. In the same study, storks only visited arable land sporadically, usually after ploughing, which might explain the lack of importance of the non-irrigated arable variable in this study. In northern France the proportion of grasslands had the greatest positive effect on storks occupying a nest site, and occupancy was highest when more than 50% the habitat within a 2 km radius of the nest site was grassland [56]. These findings are consistent with the use of grassland in this study, where pylons with a high proportion of grassland were more likely to be occupied with problematic nests, and more likely to contain multiple problematic nests.



The night-time light intensity variable was not strongly correlated with any other variable included in the models and therefore largely reflected urban areas, where night-time light intensity is highest [46,47]. This proxy variable was included to assess the potential impacts of human disturbance from urban areas and other areas of intense human activity on the presence of problematic pylons, which increased with increasing night-time light intensity. Breeding storks may therefore be undeterred by human disturbance and favor pylons close to urban areas. This species frequently nests in close proximity to humans in towns and cities, where they are attracted by availability of nest structures and food from urban waste [36,68]. There is only limited evidence to support lower occupancy of nest sites near urban areas and roads [56], despite a potential reduction in breeding performance due to human disturbance [58].



Alternatively, storks may be attracted to nocturnal lighting. Although they are a diurnal species that forages almost exclusively during the day time, there are some records of nocturnal feeding, especially on moonlit nights [41,72]. In Poland, in 2004 storks were recorded for the first time foraging close to artificial lighting at night, catching insects under streetlamps in an urban environment [73]. It is therefore possible that storks were attracted to artificial lights for nocturnal feeding. However, there is currently no record of this behavior in Spain in the literature, and it is unlikely to be an important factor in nest site selection when other abundant food resources are available.




4.3. Potential Limitations


The main source of bias in this study was that pylon use was represented by the removal of nests on sensitive structures of occupied pylons, instead of a complete census of the transmission system. Consequently, pylon use is likely to be underestimated as some occupied pylons without problematic nests were not recorded, and some non-problematic nests were left on intervened pylons. As a result, some habitat drivers that may trigger early pylon use at low intensities during colonization might not be represented in the model, and the expected attraction effect by non-removed nests was not fully accounted for. Nonetheless, nest removal occurs on sections of lines occupied by storks, and therefore the spatial distribution of removed nests closely reflects the spatial distribution of nests on the transmission system, particularly where pylon use is most intense. The same applies to nest abundance, so pylons that had more nests removed from them are likely to have contained more nests. This information is still valuable to the power company as areas of higher abundance of problematic nests are where structural damage and outages are most likely to occur.



Pylon structural features and the presence of anti-nesting devices on pylons were not included due to lack of available information for all pylons. Studies have shown that pylon use varies between pylons with different structural design [18,54]. However, structural features have a relatively low importance in predicting pylon use compared to land cover [18].



Habitat selection by storks is influenced by regional population density. Habitats which are initially less favorable to storks during the colonization process may be selected more frequently as density increases [56]. Pylon use has also been reported to increase at very high population densities, probably due to increased competition for nest sites [18]. In this study, information regarding actual population density or non-pylon nests was not available. However, the social effect of occupied pylons was considered in the study, and only a weak influence of population density on pylon use has been reported [18].



Finally, a static land cover map from the year 2018 was used to characterize the distribution of suitable foraging habitats. Land cover categories in this database are broadly classified and may not capture potentially important variations within a given habitat type. For example, not all grassland habitats are of equal importance to white storks, and preferences may vary depending on agricultural practices, the presence of grazing animals, or the amount of flooding [42,69,74]. However, the intention of this study was to provide a generalizable method of identifying habitat drivers of conflict-prone use of pylons at a landscape scale, by a species which utilizes relatively large areas and range habitats for foraging.





5. Conclusions


This study demonstrated that the availability of foraging habitat, social attraction, and human activity are important factors that play a part in the occupation pattern of pylons by nesting birds, which pose a risk to the operation, maintenance, and structural stability of pylons. This information can therefore be used to reduce human-wildlife conflicts on energy infrastructure by reducing associated costs and disturbances to customers and companies, as well as promoting conservation by: (1) Identifying existing pylons with a high likelihood of problematic use by nesting birds to pre-emptively install anti-nesting devices; (2) using predictive models during planning stages to identify areas to site new power lines that minimize potential human-wildlife conflicts; and (3) installing nesting platforms/boxes to promote nesting in areas of suitable habitat for species of conservation value. Promoting pylon use for nesting may increase the risk of electrocution and collision, particularly in areas of suitable habitat [75], so further mitigation should be taken on these sections of power lines to make pylon use safer. In conclusion, the approaches used here provided information appropriate for mitigating the effects of pylon nesting by white storks in southwestern Spain, particularly on pylons close to landfills, with a high proportion of grassland in the surroundings, near to water bodies, close to urban areas, and on previously occupied line sections. This same approach may be adapted to a plethora of different bird species that nest on human infrastructures around the world. Minimizing wildlife conflicts with energy infrastructure is essential for both the economic development of an expanding human population, and to safeguard the future of declining species living alongside infrastructures, in the face of growing human pressures.
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Figure 1. Geographical location of the 475 km of eight transmission powerlines (220–400 kV; color lines) included in this study, and number of nests removed per intervened pylons (black dots) of the lines during the period 2016–2019, in the Spanish provinces of Huelva and Seville (Spain). Location of the Buenavista landfill is also included (white circle). 
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Figure 2. Spline correlograms of spatial autocorrelation (SAC) based on Moran’ I statistic for: (a) presence/absence of problematic transmission pylons and (b) abundance of problematic nests on transmission pylons, in the provinces of Huelva and Seville (southern Spain) for the period 2015–2019. Moran’s I informs on the distribution pattern of observations and ranges from −1 (regular) to +1 (complete clustered), with value 0 showing random distribution. 
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Table 1. List of candidate predictor variables used to model the distribution of white stork (Ciconia ciconia) problematic nests on transmission pylons in the Spanish provinces of Huelva and Seville. Mean distances shown here are calculated from the pylon to the nearest boundary of the specified habitat, and habitat proportions represent the relative amount of habitat within 1 km radius buffers centred on the pylons.
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	Variable Name
	Description
	Mean (Range)





	Dist_to_landfill_km
	Distance to the nearest landfill site (km)
	22 (3.5–54)



	Dist_wetland_km
	Distance to nearest freshwater marsh (km)
	13 (0.2–51)



	P_agroforestry
	Proportion of agroforestry land within buffer
	0.06 (0–1)



	P_other_heterogeneous_agr
	Proportion of other heterogenous agricultural systems not agroforestry (i.e., parcels of land which combine permanent and annual crops, agriculture, and natural vegetation) within buffer
	0.01 (0–0.2)



	P_non_irrigated_arable
	Proportion of non-irrigated arable crops within buffer
	0.4 (0–1)



	P_perm_irrigated_crops
	Proportion of permanently irrigated agricultural land within buffer.
	0.1 (0–1)



	P_grassland
	Proportion of natural grassland and agricultural pasture within buffer
	0.03 (0–0.8)



	Pres_water
	A binary variable which denotes the presence of inland freshwater bodies and rivers within buffer
	0.087 (0–1)



	Nighttime_light_intensity
	The mean value of light intensity of pixels within buffer
	1.8 (0–54)
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Table 2. Results of reduced binomial and negative binomial GLMs modeling the probability of transmission pylons being occupied by problematic white stork (Ciconia ciconia) nests and abundance of problematic nests, respectively, in the study area (southwestern Spain). Both models are based on individual towers with 1 km radius buffers (n = 1196) plus a residual auto covariate RAC term with a 1 km spatial neighborhood size. Coefficient estimates (β) ± standard error (SE), and odds ratios (OR) are reported for reduced model with the lowest AIC score. Significant terms are highlighted: * p < 0.05, ** p < 0.01, *** p < 0.001.
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Predictor Variable

	
Problematic Pylons

	
Abundance of

Problematic Nests




	
β ± SE

	
OR

	
β ± SE






	
Intercept

	
−1.702 ± 0.309

	
-

	
1.49 ± 0.363 ***




	
Dist_landfill

	
−0.065 ± 0.015 ***

	
0.94

	
−0.104 ± 0.016 ***




	
Nigttime_light_intensity

	
0.039 ± 0.02 *

	
1.04

	
0.082 ± 0.026 ***




	
P_grassland

	
2.761 ± 0.64 ***

	
15.8

	
1.807 ± 0.836 *




	
P_agroforestry

	
−2.189 ± 1.286

	
0.11

	
−4.467 ± 1.205 ***




	
Pres_water

	
0.98 ± 0.345 **

	
2.68

	
-




	
P_perm_irrigated_crops

	
-

	
-

	
−1.809 ± 0.674 **




	
D2 (adjusted)

	
0.43

	
0.54
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