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Abstract

:

Bird populations associated with agricultural ecosystems have declined markedly in Europe during the last quarter of the 20th century due to land-use intensification. This has meant that some very common species, in some cases even species considered as pests, are now threatened or subject to management programs to ensure their conservation. Considered pests of crops and predators of small game species, corvids are among the most persecuted common farmland birds. The consideration that these birds are pests lacks any scientific evaluation and is justified by the subjective impression that they are abundant. Here, using estimates of absolute and relative abundances of both the total and the breeding population, we show how jackdaws Corvus monedula have shown a marked negative population trend in central Spain during the last 40 years. Decline involves the loss of multiple colonies, the apparent absence of the species as a breeder in riverside forests, and an overall numerical decrease of about 75% (from 35,000 to 9000 individuals) according to counts in communal roosts. The population decline seems to be more pronounced in areas where land use has been intensified, probably in response to the reduction in the availability of once-abundant food (i.e., invertebrates and weed seeds) but also due to more direct effects such as intoxication and medium to long-term accumulation of agricultural pollutants which may have also affected reproduction and survival. Intensive hunting over decades has undoubtedly contributed to this decline and should therefore be made forbidden urgently. Generally, it seems that high-intensity agricultural management more drastically affects smaller and less adaptable common species, which are expected to decline before and at a higher extent and magnitude than jackdaws. Given that global population estimates based on direct counts of individuals are readily achievable through simultaneous counts in communal roosts, the jackdaw can serve as a model for assessing temporal trends potentially linked to large-scale anthropogenic modifications of open and agricultural environments.
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1. Introduction


Birds are suffering unprecedented declines worldwide, and common farmland species are among the most affected groups [1,2]. These species represent key elements in the dynamics and functioning of open and extensive agricultural ecosystems and, as such, have been considered bio-indicators of environmental health [3,4]. Farmland bird species provide multiple ecosystem services in key processes for environmental integrity and resilience [5,6,7], and due to their high abundance, they can reflect the biomass that these landscapes can sustain associated to nutrient transfer processes and the functioning of ecological cycles, with cascading effects on food webs [5,8,9,10]. Changes in agricultural practices and other environmental alterations have been so intense and rapid in recent decades that many of these species show declines that can reach catastrophic levels [11,12,13,14], which represent one of the most worrying conservation crises today [15,16]. The current strong decline of keystone species in agro-systems poses a paradoxical situation, as some of these species have gone from being so abundant to be considered as crop pests to being threatened to the point of requiring costly conservation management programs [2,16]. Understanding the main drivers of decline on a case-by-case and global basis is therefore essential and constitutes one of the major challenges for biodiversity conservation worldwide. A direct link between agricultural practices and demographic trends of these species has been repeatedly highlighted [11,12], driven by increasingly globalized economic policies [17,18]. Therefore, coordinated and global action is imperative to try to halt this decline and propose measures to reverse it. Detailed knowledge of the abundances, population sizes, and trends of each farmland species is paramount to achieving this ambitious goal.



Estimates of abundance and population trends allow identifying priority bird species for conservation and management programs at regional, national, and continental scales [19,20]. To date, most of the information available on population trends of farmland bird species refers to changes in distribution and relative abundance, obtained on a large scale through citizen science programs [21,22]. These monitoring schemes represent a milestone in biodiversity conservation due to the massive amount of valuable information obtained at large scales in recent decades [23]. This approach is generally based on the accumulation of qualitative data that allows for semi-quantitative analytical assessments at variable spatiotemporal scales [23,24,25]. However, it generally lacks the necessary detail on abundance, population size, and long-term temporal trends for particular species and regions [26,27,28,29,30]. Intensive monitoring to obtain targeted quantitative information is especially indicated for species for which the usual surveys methods may not be the most adequate [27,31,32,33], or when conservation programs need to be implemented for species of special concern at local or regional scales [19,34]. This information can be obtained through different field protocols including sampling stations, walking or road-side surveys that quantify abundance per unit area or distance in different habitats, as well as through specific counts of the absolute abundance of breeding and wintering populations [31,35]. Extensive approaches monitoring multiple species and intensive approaches focused on particular species have pros and cons depending on the size, habitat, abundance, and ecology of the focus species [27,36,37]. Absolute abundance surveys are especially informative for species where the number of breeding pairs can be adequately accounted for or individuals gather at communal roosts, provided that counts can be done over a large enough area to be representative. However, although a combination of sampling methods may be the most appropriate for assessing population trends, simultaneous information on the relative and absolute abundance of a species is rarely available [31,35,38].



Crows, ravens, and magpies (Corvidae) are among the biggest and most persecuted common birds. Several species have historically been considered as crop pests and predators of small game and have been subjected to hunting regulations [39]. This consideration generally lacks a scientifically based empirical assessment [40] and is often justified by the subjective impression that they are abundant. This unfounded perception, derived from the high sociability and mobility of noisy feeding and roosting flocks [39], can lead to negative attitudes towards these species, especially when these flocks are associated with agricultural and urbanized areas [41]. Indeed, several species of corvids have been intensively persecuted across the Mediterranean and other regions in the Western Palearctic during the last century [42,43,44], being still subjected to regular hunting and categorized as Non-threatened or of Least Concern by the IUCN [2]. However, the transformation of agricultural landscapes due to the increasingly intensive practices over the last century, combined with intense persecution, could be driving the rapid decline of several corvid species in European agro-ecosystems [45,46,47]. It is worth mentioning that due to their generalist diet, large size, and long lifespan compared to other common birds, corvids can respond better than smaller species to the effects of agricultural intensification on individual health status and population dynamics [48,49,50,51], so the decline of these smart species could be considered as a definite warning signal of drastic changes in agrosystems.



Here we evaluated long-term population trends of the Western jackdaw (Corvus monedula) in open and agricultural landscapes of central Spain during the past five decades. Data included specific censuses of breeding pairs in a variety of nesting substrates, the estimation of occurrence and abundance in riverside forests during the breeding season, and the global population size estimated throughout winter communal roost counts. Given the methodological ease of obtaining realistic estimates of their population sizes, we discuss the value of the Western jackdaw as a bioindicator species whose population trends may inform on the degree of degradation of open and agricultural environments that may affect more drastically other smaller and less adaptable common species.




2. Materials and Methods


2.1. Study Species and Study Area


The Western jackdaw (hereafter jackdaw) is a medium-sized (c. 220 g), social corvid widely distributed throughout the Western Palearctic [52]. Breeding pairs nest colonially on cliffs, trees, and constructions, forming foraging flocks throughout the year. Trees are used as temporal or permanent communal roosts, both by breeding and non-breeding individuals [52]. Jackdaws are closely linked to open environments that have been transformed into farmed areas for centuries, where the species reaches its highest population densities [52]. Jackdaws are categorized as a species of Least Concern by the IUCN, although several European countries have alerted on population declines detected during the last decades [53]. In Spain, the jackdaw was widely distributed and considered very abundant in the past [42,52], although the actual size of the Spanish population is unknown and has been only estimated after extrapolating densities by habitat. However, huge differences have been found between these estimates and data obtained by direct counting of individuals in communal roosts during winter in areas such as Madrid [54], suggesting that estimates may also be substantially inflated for other regions and species [54,55,56]. Indeed, there has been a clear reduction of its distribution range during the last decades, and jackdaws have disappeared as breeders from large areas of the Castilian Plateaus, Ebro Valley, Central System, Sierra Morena, and the Betic Systems, while their presence is very scarce and fragmented in other regions [55].



The study was conducted in the province of Madrid, which was divided into three main zones (i.e., river meadows, high Tajuña river, and foothills of the Sierra de Guadarrama (Figure 1) according to their habitat characteristics. In the river meadows (Zone 1), jackdaws nest in gypsum and clay cliffs along the rivers Jarama, Manzanares, Tajo, and Henares, as well as in quarries, constructions, and riverside forests in the south-eastern quadrant of the province. This lowland area (about 600 m a.s.l), nowadays dedicated to irrigated cereal, maize, vegetables, and gravel extraction [57,58], has been increasingly degraded and occupied by urbanized areas due to the growth of the human population around the city of Madrid, the largest human concentration in Spain. In this zone, jackdaws mainly forage in dry cereal fields, scrubland on gypsum soils, and olive groves (Olea europaea), also relying on three large landfills. The high Tajuña River (Zone 2) is a small area within the Alcarria landscape located in the east of the province (700 m a.s.l) and characterized by clay soils and relatively well-preserved Mediterranean scrub vegetation dominated by holm oak (Quercus rotundifolia) [59]. In this area, jackdaws nest on limestone cliffs and buildings and feed in areas of scrubland, dry cereal crops, and olive groves. Finally, the foothills of the Sierra de Guadarrama (Zone 3), located in the northern part of the province, include the highest mountain ramp (about 700–1000 m a.s.l) of the Sistema Central Range occupied by extensive open grasslands, oak (Quercus pyrenaica), holm oak, and ash (Fraxinus angustifolia) forests and, to a lesser extent, arable land dedicated to dry cereal crops [59]. In this area, jackdaws forage in grassland and dry cereal crops, nesting in buildings, small cliffs, ash, holm oak, and riverside forests.




2.2. Breeding Abundance in Gypsum Cliffs


We conducted walking surveys to estimate the abundance of jackdaws per km of linear gypsum cliffs located along the Manzanares, Jarama, and Tajo rivers. The cliff sectors (A, B, C, and D, in Zone 1; Figure 1) were delimited as independent survey units taking into account their continuity and orientation along the river courses [60]. Surveys were conducted along paths parallel to cliff faces so that jackdaws were counted when observed perched or in flight more or less perpendicular to the observer, attempting to not repeat individuals that might move between different areas of the cliffs. Observations were made with binoculars, and counts refer to the number of individuals present on the cliffs where jackdaws nest. The number of individuals observed is therefore a surrogate of the total abundance during the breeding season, including breeding pairs and individuals from the floating population. Transects were carried out in April–June from 1991 to 1997, although not every year in all the cliff sectors considered (from 2009 to 2021: sector A, B, and C; from 2011 onwards, except 2020: all sectors).



In the four cliff sectors where walking surveys were carried out, we also estimated the number of breeding pairs during the period 2009–2021 (except 2020). For this purpose, we visited each cliff sector for 3–5 days during the breeding season (from laying in March–April to fledging in June) to locate all breeding pairs (i.e., individuals showing reproductive activities such as nest construction, incubation, or nestling rearing). We used telescopes from distances ranging from 50–100 m to avoid disturbance. The number of pairs recorded was compared with that found in the same cliff sectors during 1984–1985 [61]. For one of these cliff sectors, there is also published information on the number of breeding pairs estimated in 1975 [62].




2.3. Colony Size


We selected a sample of 58 colonies of known size occupied in 1984–1985 [61] to determine whether they were occupied, and to determine the number of breeding pairs present in 2009–2011 using the methods described above. Colonies were grouped into three main zones (Figure 1) and were located on a variety of substrates that we classified as natural cliffs (including gypsum, limestone, and granitic cliffs, n = 18), artificial cliffs (quarry walls, n = 7), buildings (churches, castle, bridges, walls, reservoir dam walls, and ruined houses, n = 26), other artificial structures (electric pylons, and radar towers, n = 2), and other natural substrates (trees, and rabbit warrens, n = 5).




2.4. Breeding Abundance in Riverine Forest


We estimated the abundance of jackdaws in riverine forests in April–June of 2010 using standard circular plots (radius = 50 m) lasting 10 min. This methodology was previously applied in 1996 for the same purpose [63], allowing us a comparison between years (Supplementary Material). In both cases, sampling points were randomly selected but always at a distance of more than 75 m from the nearest point, in riverine forests of the Jarama, Tajo, Tajuña, and Guadarrama rivers (Figure 1). Jackdaws that flew to the point once the counting period had begun or those that flew over it were excluded. We determined the presence and number of individuals detected within each sampling point to estimate the proportion of positive points over the total sampled, and the density of jackdaws expressed as individuals/10 ha in both years, respectively. These data were compared between years for each river sampled.




2.5. Winter Communal Roosts


We located communal roosts by monitoring the movements of jackdaws from foraging areas at the afternoon to pre-roost gathering sites (i.e., places of aggregation regularly used just before entering the roost) from vantage points and car journeys. In addition, we visited during the afternoon all previously known communal roosting sites [54,61] and other suitable places with potential to be used as communal roosts (i.e., areas of dense woodland with large trees and wetlands). Once located, we conducted simultaneous counts in all communal roosts in December 2017 and 2021 to quantify the size of the winter population, including roosts located in the province of Madrid which were used by jackdaws partially foraging in neighboring provinces, and vice versa (see [54] for details). This information was compared with wintering counts of communal roosts obtained in 1984–1985 [61] and 2009–2011 [54] to assess potential changes in the distribution, total abundance, number of roosts, and roost size during the last decades. Counts from 1984–1985 did not cover all the communal roosts present in the province of Madrid, so the counts partially reflect the population size during winter. As counts in this period were not simultaneous due to logistic limitations regarding available time and observers, estimates of population numbers can be subject to some variation due to movements between roosts in the interval between counts in the different roosts.




2.6. Statistical Analysis


We compared the annual number of jackdaws observed in gypsum cliffs during the breeding season using generalized linear mixed models (GLMM; negative binomial error distribution, log link function; year as a random term). Due to survey imbalances, we first compared the number of jackdaws in 1994–1997 and 2009–2021 in sectors A and B (both included as factors in the models, as well as their interaction). The length of each survey (in km) was incorporated as a covariate to control for sampling effort. Then, we used generalized linear models (GLM) to assess annual variation in the abundance of jackdaws from 2009 to 2021 (negative binomial error distribution, log link function), when we have annual surveys (except for 2020) for each cliff sector. In this case, we included year as a covariate, the sector as a fixed factor (four levels, A–D), their interaction (yearXsector), and the length of each survey as a covariate to control for sampling effort. Similarly, we evaluated the temporal trends in the number of breeding pairs of jackdaws nesting in each cliff sector (A–D), including year as a covariate, and sector as a factor, as well as its interaction in a GLM (negative binomial error distribution, log link function). We also used GLMM to assess changes in the number of breeding pairs per colony (negative binomial error distribution, log link function; colony as a random term) from 1984–1985 to 2009–2011. The substrate (i.e., natural cliffs, buildings, other artificial structures, and other natural substrates), the period (1994–1997 and 2009–2011), the geographic area (zone) where the colony was located (Figure 1), as well as their interactions, were included as factors. Statistical analyses and checking of model assumptions were performed using the glmmTMB package in R statistical platform [64]. Interactions were further explored using post hoc comparisons (emeans and emtrends functions in the emmeans package [65], using the Benjamini-Hochberg correction to reduce the probability of obtaining false positive results). The fit of the models was evaluated using the package DHARMa [66]. Temporal trends in the number of jackdaws in winter communal roosts, and the number of communal roosts were evaluated by Spearman rank correlation coefficients. The trend of roost size (response variable) with years (factor) was evaluated by Kruskal-Wallis test.





3. Results


The number of jackdaws observed during the breeding season in gypsum cliffs (Zone 1, river meadows; Figure 1) sharply declined from 1994–1997 to 2009–2021, much more markedly in sector A than in sector B (Table 1; Figure 2A). When we assessed the annual variation in the number of jackdaws during the second period (2009–2021), all sectors showed a general decline, which was more pronounced in sector B than in the others (Table 1; Figure 2B). The number of breeding pairs nesting in each cliff sector also decreased drastically in the last decades (Table 1, Figure 3). In all sectors, the number of pairs counted in the 1980s was much higher than in later decades. In sectors A (for which a census was also taken in 1975) and B, the decline was more marked than in other ones. From 2009 onwards, when censuses were annual in all sectors, the negative trend continued until the present day (Figure 3).



From 1984–1985 to 2009–2011, a proportion of the sampled colonies in zones 1 and 3 were lost, while the total number of pairs also declined, more markedly in zone 1 than in zones 2 and 3 (Table 2; Figure 4). The same negative trend observed for the population as a whole was detected when focusing on the number of breeding jackdaws in each colony or cliff sector in this period (Figure 4). Although the decline in colony size was generalized, the drop was more marked in some areas (Zone 1) and particular nesting substrates (natural cliffs and buildings; Table 3; Figure 4 and Figure 5) than in the others.



Surveys in the riverside forests of four of the main rivers crossing the study area showed the presence of jackdaws at a variable proportion of the sampling points during the breeding season in 1996 (range: 3.2–16.7%), both at the riverine forest from the meadows area (Zone 1), the Guadarrama river running across the foothills of the Central Range (Zone 3), and downstream (Table 4, Figure 1). However, all surveys conducted in 2010 on the same riverside forests showed negative results (Table 4).



Winter roost surveys (Figure 6) showed a negative trend from the 1980s to the present day (Spearman rank correlation coefficient rs =−0.90, p = 0.037, n = 5, Figure 7A). The number of individuals gathered in each roost (roost size) also showed a decreasing trend in the last five decades (Kruskal-Wallis test, H4,90 = 27.03, p < 0.0001, Figure 7B), while the number of communal roosts did not show a clear trend (rs =−0.30, p = 0.62, n = 5, Figure 7C).




4. Discussion


Our results show a sharp decline of the jackdaw in central Spain during the last decades. This trend is evident according to all available sources of information for relative and absolute abundance, to the point that this species has gone from being very widespread, numerous, and reaching high population densities to being relatively rare in all the habitats and geographical areas considered. These strong negative trends have also been detected in other Spanish regions [52,54,55], so the species has been proposed to enter the national catalog of threatened species in the category “Endangered” [47].



The decline of the species in Madrid, despite being general, seems to be more marked in the fertile meadows along the main rivers (Zone 1), where agricultural practices have been progressively intensified during the last decades of the 20th century. In this area, jackdaws nested in huge numbers in the apparently not limiting cavities available in the gypsum and clay cliffs along the main rivers [67], numbering thousands of pairs at least since the 1970s [62,68]. In subsequent decades, their decline was very marked, and most of the individuals breeding in these cliffs were progressively lost. At present, the number of nesting pairs on these cliffs has been quantified in a few dozens. This decline has been generalized in all the cliff sectors sampled, with some differences in magnitude when considering the total abundance surveys. These differences may be due to variable environmental conditions between cliff sectors and surrounding foraging areas, unknown local threats, or differential use of local resources by the non-breeding population. The latter possibility seems likely given the similar trends between cliff sectors when considering only breeding pairs. The collapse of these breeding nuclei could be associated with changes in agricultural practices in lowland meadows during the study period. In particular, crops have shifted from irrigated cereals riverside to cornfields and intensive vegetable crops, while a large part of the meadows and areas of dry cereal and olive groves have been completely eliminated due to quarries for the extraction of gravel and sand [57,58]. Besides, the introduction and increase of new intensive irrigated crops have been associated with the increasing application of agrochemicals such as pesticides, herbicides, and fungicides that reduce invertebrate populations and weed seeds [69,70], which dominate the diet of the species during the breeding season, resulting in a limitation of adequate food available for nestlings that potentially reduce reproductive success and productivity [52]. This side effect, in conjunction with more direct ones such as intoxication and medium to long-term accumulation of agricultural pollutants, could also have negative consequences on reproduction and survival [49,50,51]. In addition, the water used to irrigate crops in the meadows is heavily contaminated with multiple pharmaceuticals from human populations [71], with unknown impacts on the populations of jackdaws and the invertebrates that make up part of their food. Much of the gypsophilous scrubland surrounding the cliffs has been also urbanized due to the demographic pressure from Madrid city. Both the rivers and the agricultural areas of this zone are among the most polluted in Spain, with industrial developments, waste incineration, and agricultural intensification being the main sources of contamination with multiple compounds [72,73,74]. Jackdaws in this area could be seen by thousands feeding in urban waste dumps, especially outside the breeding season, until the beginning of the 21st century [68,75]. Since then, the number of individuals using these feeding sources began to decrease drastically in parallel with the decline of the breeding population, to the extreme that the presence of jackdaws is nowadays irregular and limited to a few individuals that still inhabit the surroundings. The availability of food at these sites cannot be considered as a limiting factor for the jackdaw population as the same dumps have continued to be used by thousands of white stork (Ciconia ciconia), gulls of several species, and Milvus kites [73,75].



Population trends were found to be very negative when we analyse the evolution of particular colonies over a period of about 25 years. Some of these colonies were lost in the last period, while the colonies which remained active showed a significantly reduced number of pairs. These negative trends, which continued until today, were much more pronounced in the lowland meadows than in the other zones, and the decline was more pronounced in natural cliffs and buildings than in other nesting substrates. Although the loss of some colonies may be a consequence of the destruction or the restoration of some buildings, cliffs remain nearly unchanged and have a similar availability of nesting sites than in previous decades, when thousands of pairs were recorded [61,62]. Moreover, the same trend was observed for the total number of individuals, suggesting that the main factor explaining this general decline may be shared between breeding areas and colonies. In the foothills of the mountains (Zone 3), the foraging habitats of jackdaws have been severely fragmented and degraded by intense urbanization, and by the intensification of livestock farming practices in the remaining grasslands. In particular, livestock farming has been greatly reduced, with the almost total disappearance of extensive sheep and goat farming [76], (http://www.magrama.gob.es/es/, accessed on 10 December 2021). Cattle farming has also been spatially reduced but intensified in management, which has led to the introduction and subsequent expansion of the use of ivermectin and other veterinary treatments. This antiparasitic drug has been linked to the disappearance of coprophagous insects and other invertebrates [77] that form the basis of the jackdaw′s diet during the breeding season [52]. In the high Tajuña river (zone 2), the loss of breeding colonies was not evident during the study period, although there was a decrease of about half of the breeding pairs from the 1980s to the 2010s. In this area, jackdaws use limestone cliffs and quarries that provide permanent and semi-permanent nesting sites, respectively [61]. Foraging habitats have apparently maintained their structure over the last decades, mainly due to the lower managing intensity of dry cereal crops and woody cultures (mainly olive groves) compared to irrigated cultures in the meadows. In addition, the natural shrub vegetation has been subjected to less intensive anthropogenic pressures compared to other areas. However, these apparently favorable conditions in this reduced area were not reflected in a higher abundance or density of jackdaws, probably limited by the metapopulation dynamics structured in source and sink nuclei, and by the threats to which jackdaws are subjected (especially shooting) due to long-range movements during the non-breeding season to gather in communal roosts [44,54]. Finally, abundance estimates in the riverside forests show the virtual loss of the species as a breeder. The species was very abundant nesting in these forests at least until the early 1990s, occupying tree cavities in old white poplars (Populus alba) and other typical riverside tree species [61]. In the mid-1990s, surveys still found the species during the breeding season in riverine forests, but by 2010 the species was not detected more in the rivers sampled. Given that these forests are adjacent to the agricultural meadows, the causes for the apparent lack of breeders in this habitat may be shared with those on riverine cliffs. The same negative trend was observed in the riverside forests along the Guadarrama River, despite this river running through less intensive agricultural areas and even non-agricultural areas without cliffs. The conservation status of these forests is very precarious due to their progressive elimination from long stretches of meadows as a consequence of agricultural activities [57,58]. However, the availability of nesting sites does not seem to be a limiting factor in this area, given the great availability of cavities on the cliffs and in the remaining riverside woodland.



The causes of the jackdaw decline in Central Spain seem, therefore, to be diverse and shared with those reported for other common birds of open and agricultural environments [11,78]. In particular, agricultural intensification seems to greatly limit the availability of protein food in the form of invertebrates necessary for the reproduction of many species [79]. Indeed, the global decline of birds has been linked to the global crisis of insects and other invertebrates, because of possible common causes of decline but also due to cascading effects (bottom-up regulation; [79,80,81,82]). Moreover, agricultural intensification also constitutes a direct threat through intoxication, as well as through exposure to and accumulation of agrochemicals and pharmaceuticals with sublethal effects [50,51,81,83]. Due to its omnivorous nature, the availability of food outside the breeding season does not seem to be a limiting factor, given that flocks of thousands of jackdaws foraged at urban rubbish dumps in the past, but they have been progressively scarcer in these sites. However, a presumably low nutritional quality of garbage and the acquisition of toxicants and pathogens derived from the exploitation of rubbish as food may have had long-term negative consequences on health, reproduction, and survival contributing to population decline [84,85]. Besides, beyond the general intensification of the landscape, hunting pressure on jackdaws has been very intensive in Madrid for decades, with a recent reduction in the number of individuals hunted due to their scarcity [44]. Indiscriminate hunting is expected to play a major role in the decline of the jackdaws due to the impact of increased adult mortality on the population dynamics of long-lived species [44,52,86]. In this sense, the ban on hunting of this species of no culinary interest is absolutely necessary to try to halt its collapse in the coming years, as well as to avoid hunting similar highly threatened species like the Red-billed chough, Pyrrhocorax pyrrhocorax [44]. Destruction of nesting sites may become a major problem locally, although the species′ great nesting versatility [46,52,61] may buffer this threat on a global scale. These threats need to be specifically assessed depending on the circumstances associated with human activities in each region through research and management programs that include specific agri-environmental measures to favor this and other common species.



Monitoring the trend of species and populations across space and time is essential to assess the human impact on nature [87] and evaluate the effectiveness of policy interventions [88]. As robust population monitoring is constrained by the availability of biodiversity data, governments, non-governmental organizations, and researchers increasingly rely on data collected by large numbers of volunteers with varying levels of skill [89]. However, these programs do not allow assessment of trends beyond the last three decades due to the absence of comparable past data, which may underestimate the magnitude of negative trends. Moreover, the sampling methods for multiple common species used in citizen science monitoring programs are not the most suitable for large, elusive or rare species such as corvids and raptors [27,32,35,36]. For instance, jackdaws are rarely detected in the circular census plots used in the surveys (of 25 m radius in the SACRE monitoring program in Spain [90]) due to their social habits and elusive behavior implying long flushing distance [52,91], which make this narrow radius problematic for survey corvids. As a consequence, the resulting data may be inappropriate to estimate population size. In fact, attempts to estimate population sizes based on citizen science surveys can greatly overestimate actual population sizes, due to the aforementioned sampling biases as well as analytical inconsistencies associated with habitat extrapolation and other deficiencies and difficulties [27,54,56,92,93,94]. Overestimating population sizes in the case of species with such a marked decline can be perniciously considered in hunting management plans by the competent administrations, with dramatic consequences for target and non-target species and populations [44,95,96]. Conversely, quantification of the total population size of jackdaws is feasible by communal roost counts, as the entire population is concentrated during autumn and winter [54]. The population trend assessed by these global counts in central Spain showed a decline of about 75% between the mid-1980s and today, from about 35,000 to 9000 individuals. The censuses of the 1980s were not simultaneous and did not cover the whole study area [61], so they could represent an underestimate of the actual population that would imply an even greater decline than shown in this study. Moreover, estimates made subsequently included individuals using communal roosts in the study area but foraging in neighboring provinces and vice versa [54]. This negative trend was also very pronounced in the average number of jackdaws per roost, despite the improved coverage of the most recent censuses due to a better knowledge of the population, which allowed finding and monitoring even the smallest roosts. In this sense, it is possible that the small roosts of less than 50 individuals detected in the last counts were not present when the population was much larger and have appeared as a consequence of its fragmentation into progressively smaller roosts. In any case, taking into account the most recent simultaneous censuses, the population trend is still very marked in the last decade.



As global population estimates based on direct counts of individuals are readily achievable through simultaneous counts in communal roosts, the jackdaw can serve as a model for assessing temporal trends potentially linked to large-scale anthropogenic modifications of open and agricultural environments. Given their relatively large size among common birds, omnivorous diet, long lifespan, and adaptability to environmental changes, declining population trends of the jackdaw can be especially useful as a warning signal of extreme environmental degradation and introduction of novel harmful changes for wildlife due to agricultural practices. High-intensity agricultural management generally affects more drastically smaller and less adaptable common species [79,97], which are expected to decline before and at a higher extent and magnitude than jackdaws. Therefore, large declines of jackdaws are expected when agricultural practices become completely unsustainable for the maintenance of minimum levels of biodiversity, including viable populations of smaller common birds and other organisms.








Supplementary Materials
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Figure 1. Left panel: map of the study area showing the location of the cliff sectors (A–D letters and associated areas, in red), riverside forests across rivers (blue lines) surveyed for jackdaws during the breeding season in each zone (1–3) in Madrid province, Central Spain. Right panel: habitats characterizing each zone according to Corine land cover (https://land.copernicus.eu/pan-european/corine-land-cover/clc2018?tab=metadata; accessed on 24 May 2021). 
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Figure 2. Number of jackdaws (mean ± SE) during the breeding seasons in gypsum cliffs (A) in the two study periods (1994–1997 and 2009–2021) in sectors (A,B), and (B) from 2009 to 2021 in all monitored sectors (see Figure 1 for location of the cliff sectors). 
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Figure 3. Trends in the number of breeding pairs of jackdaws nesting in each cliff sector (A–D) in Madrid province, Central Spain (see Figure 1 for location of the cliffs). 
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Figure 4. Location of colonies and number of breeding pairs of jackdaws censused in 1984–1985 (left panel) according to Domínguez [61] and re-censused in 2009–2011 (right panel, this study). Zone refers to the geographical areas specified in Figure 1. 
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Figure 5. Number of breeding jackdaws per colony (mean ± SE) in 1984–1985 [61] and 2009–2011 (this study) in the three zones in which we subdivided the study region (see Figure 1). The substrate in which each colony was located (NC: natural cliffs, AC: artificial cliffs, BU: buildings, OA: other artificial structures, ON: other natural substrates) is included. 
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Figure 6. Distribution and size of communal roosts of jackdaws during the non-breeding season in Madrid province, Central Spain. Data refer to simultaneous counts in mid-December 2011 [54], 2017 and 2021, including individuals foraging in neighbour provinces (Segovia, Toledo, and Guadalajara) but roosting in Madrid, or vice versa. Data from 1985 [61] refer to non-simultaneous counts partially covering the study area in autumn and winter. 
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Figure 7. Relationships between year and (A) number of jackdaws in winter communal roosts, (B) mean ± SE roost size, and (C) number of communal roosts in the study area in Central Spain (see Figure 6 for details). Least squares regression lines of the correlations are shown for graphical representation of trends. 
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Table 1. Models obtained to assess changes in the total number and number of breeding pairs of jackdaws during the breeding season in gypsum cliffs and post hoc tests. (A) Comparison between sectors 1 and 2 between 1994–1997 and 2009–2021 and (B) among all sectors (1–4) from 2009 to 2021. mean: estimated marginal means; trend: estimated marginal means of trends; SE: standard errors; CI: confidence intervals. Model fits are shown in Figures S1 and S2.
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Total Number of Jackdaws






	
A

	
χ2

	
Df

	
p Value

	
Sector

	
Period

	
Mean

	
SE

	
Df

	
CI




	
km

	
0.01

	
1

	
0.9031

	
A

	
1994–1997

	
5.46

	
0.29

	
59

	
4.71–6.22




	
sector

	
4.07

	
1

	
0.0438

	
B

	
1994–1997

	
4.35

	
0.31

	
59

	
3.54–5.16




	
period

	
66.22

	
1

	
0.0000

	
A

	
2009–2021

	
1.84

	
0.20

	
59

	
1.31–2.36




	
sectorXperiod

	
14.38

	
1

	
0.0001

	
B

	
2009–2021

	
2.01

	
0.16

	
59

	
1.61–2.42




	
B

	
χ2

	
Df

	
p Value

	
Sector

	
Period

	
Trend

	
SE

	
Df

	
CI




	
km

	
12.59

	
1

	
0.0004

	
A

	
2009–2021

	
−0.08

	
0.03

	
72

	
−0.15–0.02




	
sector

	
48.77

	
3

	
0.0000

	
B

	
2009–2021

	
−0.18

	
0.03

	
72

	
−0.24–0.11




	
year

	
62.18

	
1

	
0.0000

	
C

	
2009–2021

	
−0.09

	
0.03

	
72

	
−0.18–0.00




	
sectorXyear

	
8.31

	
3

	
0.0400

	
D

	
2009–2021

	
−0.09

	
0.06

	
72

	
−0.23–0.05




	
Number of Breeding Pairs of Jackdaws




	

	
χ2

	
Df

	
p Value

	
Sector

	
Period

	
Trend

	
SE

	
Df

	
CI




	
year

	
421.21

	
1

	
<0.0001

	
A

	
1975–2021

	
−1.55

	
0.09

	
45

	
−1.78–1.31




	
sector

	
28.93

	
3

	
<0.0001

	
B

	
1985–2021

	
−1.47

	
0.15

	
45

	
−1.86–1.09




	
sectorXyear

	
25.62

	
3

	
<0.0001

	
C

	
1985–2021

	
−0.70

	
0.16

	
45

	
−1.12–0.29




	

	

	

	

	
D

	
1985–2021

	
−1.03

	
0.16

	
45

	
−1.45–0.62
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Table 2. Trends in the number of colonies and breeding pairs of jackdaws in Madrid, central Spain. Data refers to changes considering the same sample of colonies censused in 1984–1985 [61] and re-sampled in 2009–2011 (this study). Zone refers to the geographical areas specified in Figure 1.
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Zone

	
Number of Colonies

	

	
Number of Pairs

	




	

	
1984–1985

	
2009–2011

	
% Lost Colonies

	
1984–1985

	
2009–2011

	
% Decline






	
1

	
8

	
6

	
25.0

	
1175

	
139

	
88.2




	
2

	
13

	
13

	
0.0

	
182

	
102

	
44.0




	
3

	
37

	
24

	
35.1

	
1028

	
517

	
49.7
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Table 3. Model and post hoc tests (contrasts) obtained to assess changes in the number of breeding jackdaws from 1994–1997 to 2009–2011 (period) in the three areas (area) within the study region and in different substrates (NC: natural cliffs, AC: artificial cliffs, BU: buildings, OA: other artificial structures, ON: other natural substrates). Mean: estimated marginal means; SE: standard errors; CI: confidence intervals. Model fits are shown in Figures S1 and S2.
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	Model
	χ2
	Df
	p Value





	area
	18.91
	2
	0.0001



	period
	157.82
	1
	<0.0001



	substrate
	19.14
	4
	0.0007



	areaXperiod
	74.19
	2
	<0.0001



	periodXsubstrate
	17.34
	4
	0.0017



	Contrasts
	Mean (± SE)
	Df
	CI



	area 1, 1984–1985
	4.00 (± 0.38)
	99
	2.98–5.01



	area 1, 2009–2011
	1.98 (± 0.41)
	99
	0.88–3.08



	area 2, 1984–1985
	2.03 (± 0.31)
	99
	1.19–2.86



	area 2, 2009–2012
	1.52 (± 0.33)
	99
	0.62–2.42



	area 3, 1984–1985
	3.14 (± 0.19)
	99
	2.62–3.66



	area 3, 2009–2013
	2.72 (± 0.21)
	99
	2.15–3.30



	Contrasts
	Mean (± SE)
	Df
	CI



	NC, 1984–1985
	3.79 (± 0.21)
	99
	3.19–4.39



	NC, 2009–2012
	2.85 (± 0.21)
	99
	2.24–3.47



	AC, 1984–1985
	3.23 (± 0.36)
	99
	2.21–4.25



	AC, 2009–2012
	2.07 (± 0.37)
	99
	1.00–3.15



	BU, 1984–1985
	2.44 (± 0.24)
	99
	1.74–3.14



	BU, 2009–2012
	1.21 (± 0.27)
	99
	0.45–2.00



	OA, 1984–1985
	2.90 (± 0.65)
	99
	1.03–4.78



	OA, 2009–2012
	3.01 (± 0.69)
	99
	1.03–5.00



	ON, 1984–1985
	2.92 (± 0.43)
	99
	1.68–4.15



	ON, 2009–2012
	1.23 (± 0.55)
	99
	−0.36–2.81
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Table 4. Percentage of sampling points with presence (% positive) and density (individuals/10 ha) of jackdaws during the breeding season in riverside forests of the Tajo, Tajuña, Jarama and Manzanares Rivers, Madrid, central Spain (Zone 1, see Figure 1). Data refer to sampling points selected at random in 1996 [63] and 2010 (this study).
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1996

	

	

	
2010

	




	
River

	
% Positive

	
n

	
Density

	
% Positive

	
n

	
Density






	
Tajo

	
15

	
80

	
3.98

	
0

	
34

	
0




	
Tajuña

	
3.2

	
31

	
0.82

	
0

	
27

	
0




	
Jarama

	
16.7

	
30

	
5.52

	
0

	
45

	
0




	
Guadarrama

	
11.1

	
63

	
2.02

	
0

	
25

	
0
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