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Abstract

:

The main objective of this study was to assess the influence of surrounding forest and agricultural landscapes on the bird communities within cities. Using the point count method, we collected data and analyzed the species richness and relative abundance of breeding birds. We found differences in the species richness and relative abundance of breeding birds between urbanized areas surrounded by forests and agricultural landscapes. However, both types of landscapes significantly differed in terms of bird community structure. The highest relative abundances of bird species were observed in city forest parks and cities surrounded by forest landscapes, while the lowest abundances were detected in highly urbanized areas. Cities surrounded by forests exhibited an additional nine species compared to other areas. The ecological grouping of species revealed that cities surrounded by forests had higher relative abundances of typical forest species, such as the Great Tit (Parus major), Eurasian Blue Tit (Cyanistes caeruleus), Common Chaffinch (Fringilla coelebs), and European Pied Flycatcher (Ficedula hypoleuca), whereas cities surrounded by agricultural landscapes were characterized by bird communities adapted to open or semi-open landscapes with specific feeding and nesting behaviors. The presence of specialist forest species in the composition of urban bird communities enhances biological diversity, which is crucial for the stability of both urban ecosystems and bird communities.
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1. Introduction


Habitat loss and fragmentation are the main drivers of biodiversity loss [1,2,3,4,5]. The primary drivers of habitat loss are the intensified development of urban infrastructure, advancements in agricultural technologies, the disappearance or transformation of traditional agricultural practices, and intensified forest management [6,7,8,9,10,11,12].



In Europe, there is currently a focus on establishing policies for the development of green infrastructure (GI) in urbanized areas. These policies play a significant role in the conservation of biodiversity, the mitigation of climate change, and adaptation efforts. The European Commission adopted the EU Green Infrastructure Strategy, which aims to promote the widespread implementation of GI in territorial planning. The EU Biodiversity Strategy for 2030 also prioritizes the development of GI to address key factors contributing to the loss of biodiversity. Furthermore, various legislations such as the Natura 2000 conservation network and The New Urban Agenda underscore the importance of GI [13,14]. The effective planning and establishment of green infrastructure in urbanized areas require a long-term strategy that includes proper maintenance and regular evaluations [15,16,17].



Synanthropic and generalist bird species are attracted to urban areas [18,19,20,21,22,23]. According to Møller and Díaz (2018) [24], the appeal of urbanized areas to generalist bird species has been increasing in recent years. It is important to recognize that cities represent the coexistence of humans and nature. They are unique ecosystems that fulfil human needs, provide ecosystem services, and offer space for biodiversity [25,26,27].



Previous research indicates that certain bird species, characterized by their high levels of tolerance for diverse environmental conditions, ability to nest within building cavities, and broad feeding ranges, have advantages with respect to colonizing and thriving in urban areas [28,29]. However, the urbanized landscape is not conducive to the survival of specialist bird species due to the lack of suitable food sources, nesting sites, and diverse landscape structural elements [30].



Studies on adaptive evolution highlight that urban ecosystems serve as strong driving forces for evolutionary changes in bird species [31]. However, it is widely acknowledged that urbanization leads to the homogenization of bird communities and the creation of ecosystems with reduced ecological value [32,33,34]. Enhancing the urbanized landscape with the presence of trees, shrubs, hedges, and grass cover provides the necessary structure and resources to support the species diversity and abundance of bird species [35,36]. Numerous studies propose strategies for planning, managing, and improving green infrastructure to enhance biodiversity and promote the sustainability of urban ecosystems [37,38].



Among other biodiversity groups, birds are often noted as excellent indicators for evaluating environmental conditions due to their widespread distribution, inhabitation of both natural and urban landscapes, and sensitivity to habitat changes [39,40,41,42]. Analyzing bird community structures—species diversity and composition, abundance, diversity, and the way in which they are partitioned into ecological groups—is an effective resource for assessing forest, open landscape, agricultural, and urbanized ecosystems. Bird communities are closely related to the abundance of many other organisms, and declines in bird species or populations are often associated with an overall decline in biodiversity [41]. Moreover, birds are economically viable bioindicators as they can be measured and observed in a straightforward and inexpensive manner.



Most previous research on urban landscapes focused on analyzing the influence of the size of green infrastructure, fragmentation, road networks, and building density on bird communities [43,44,45,46,47,48]. However, there is a lack of research examining the influence of surrounding landscapes on the diversity and abundance of urban bird species. The influence of surrounding landscapes on ecosystems and their biodiversity was studied by Forman and Godron (1986) [49] and Mills et al. (1989) [50]. According to Asoskova et al. (2012) [51], the bird fauna in a city is highly dependent on geographical location and the surrounding landscape. On the contrary, Clergeau et al. (2001) [52] suggested that city bird communities are not influenced by the bird diversity of the surrounding landscape, implying that the characteristics of the urban area are the most principal factors. A genetic analysis of urban birds conducted by Björklund et al. (2010) [53] demonstrated that surrounding landscapes provide genetic diversity for many species. Evidently, the previous research lacks a consensus on how different landscapes affect urban bird communities.



In this study, we put forth the following hypotheses: (I) the landscape influence hypothesis, in which we hypothesize that bird communities in urbanized areas will exhibit a positive relation with the presence of surrounding forested landscapes as opposed to agrarian landscapes; and (II) the hemiboreal zone structures hypothesis, in which we posit that urban areas characterized by structures typical of the hemiboreal zone, such as forests and parks with trees, will demonstrate a higher degree of naturalness. We anticipate that these structural elements will positively impact the community compositions, diversity, and the relative abundance of birds within urban landscapes. Our overarching objective is to comprehensively examine the impact of these factors on bird community structure, focusing on aspects including species diversity, composition, relative abundance, and the distribution of ecological groups and the classification of bird species depending on their distribution characteristics.




2. Materials and Methods


2.1. Study Area


This study encompassed various locations across Lithuania which were meticulously selected based on specific landscape criteria (see Figure 1). In total, we identified nine distinct urban areas which we classified into three primary types: (a) urban areas surrounded by forest (For), including Kazlų Rūda, Varėna, Druskininkai, and Ignalina, all of which were characterized by their proximity to forested landscapes, represented by 174 study points; (b) urban areas surrounded by agricultural landscapes (Agr), which consisted of Raseiniai, Vilkaviškis, Kupiškis, and Lazdijai, all situated within agricultural surroundings, represented by 183 study points; and (c) extensive urbanized areas with varying degrees of naturalness (Urb F, Urb P, and Urb U) for which Kaunas, one of Lithuania’s largest cities, was chosen to represent a diverse urban landscape, reflecting a range of naturalness levels. This urban area included forested city parks (Urb F), parks and squares (Urb P), and highly developed urban territories (Urb U), with bird communities accessed at 268 study points. These selections allowed us to explore the impacts of different landscape types on bird community dynamics within urbanized settings.



The cities selected for this study were central district municipalities consisting of privately owned residential apartments. These urban areas had limited natural elements such as bushes, trees, and grass interspersed between them. Both the forest (For) and agricultural (Agr) areas examined had comparable sizes and resident populations. On average, the urban areas encompassed 9.30 km2 and housed approximately 7800 residents. The study sites were evenly distributed throughout the territory of Lithuania except for the western region, where urbanized areas did not exist as isolated fragments surrounded entirely by forest or agricultural landscapes.



The third category of urban area surveyed in this study was represented by Kaunas, one of the largest cities in Lithuania, which exemplifies a highly urbanized and expansive landscape. With an area of 157 km2, Kaunas is home to nearly 300 thou. residents. The urbanized areas within Kaunas display varying levels of urbanization and encompass several city forests and parks. The urban landscape in this large city was classified based on a representative gradient of naturalness, which included the forest city parks (Urb F), parks and squares (Urb P), and highly developed territories (Urb U).



The forest city parks (Urb F) within Kaunas were characterized by a predominantly natural forest structure and were the least affected by urbanization. Three Urb F areas, namely Kleboniškis, Panemunė, and Romainiai, were selected as research sites. These areas are classified as protected recreational forests (belonging to the IIB forest group), and each covers an area of more than 130 ha. The study areas are primarily dominated by coniferous tree species, with Scots pine (Pinus sylvestris) being the most abundant. Other common tree species included Norway spruce (Picea abies) and various deciduous species such as birch (Betula sp.), black alder (Alnus glutinosa), grey alder (Alnus incana), European aspen (Populus tremula), and pedunculate oak (Quercus robur). The majority of the forests were either mature or nearing maturity, while some were over-mature or in a middle-aged stage, characterized by dense shrub vegetation. Among the typical shrub species found in these forests were hazelnut (Corylus avellana), rowan (Sorbus aucuparia), alder buckthorn (Frangula alnus), and fly honeysuckle (Lonicera xylosteum).



Urban areas designated as parks and squares with trees (Urb P) are deliberately created green spaces within a city, designed for recreational activities. These parks have smaller areas ranging from 13.5 to 25.0 ha and exhibit varying degrees of openness. The vegetation structure in these areas consists of clusters of trees, shrubs, and lawns. The majority of tree species found in these parks are native, including small-leaved linden (Tilia cordata), Norway maple (Acer platanoides), pedunculate oak, and Scots pine. However, a few non-native species are also present, such as ginkgo (Ginkgo biloba), European larch (Larix europea), European beech (Fagus sylvatica), black pine (Pinus nigra), and horse chestnut (Aesculus hippocastanum).



Highly urbanized territories (Urb U) exhibit a diverse range of urban areas with different purposes and building heights. These areas encompass a mix of low-rise and high-rise residential apartment complexes, as well as single-family houses, interspersed with fragmented natural elements such as trees, shrubs, lawns, and abandoned areas.



We categorized urban areas in this study as ‘For’ or ‘Agr’ urban habitats if, within a 3 km buffer zone starting from the external border of the urban area, more than 80% of the territory represented a forest or agricultural landscape. The determination of the proportions of ‘For’ and ‘Agr’ and the analysis of the types of urban habitats (Urb F, Urb P, and Urb U) in the Kaunas district were conducted using a digital map analysis via an ArcGIS pro 3.0.0, utilizing the Georeferenced Cadaster Base (GRPK) spatial dataset at a 1:10,000 scale (GDR10LT). This dataset included information about built areas, hard surfaces (such as roads and pavements), forested areas, tree lines, pastures, arable land, meadows, and more. Additionally, in the selection of the study areas, we applied the naturalness coefficient developed in [54].




2.2. Bird Census


The bird surveys were conducted using the standardized point count method [55,56]. Points were systematically allocated within each study area to create a grid of sampling points. The placement of points was adjusted locally to ensure a consistent environment and accessibility during the early-morning survey periods. The planned single-morning survey routes consisted of up to 20 points spaced at least 200 m apart from the nearest neighboring points.



The length of the survey routes varied between 4 and 6 km as the urban areas had limited accessibility due to property fencing. To prevent any influence from neighboring ecosystems, all points were positioned at least 100 m away from city borders. Certain areas, such as allotment garden communities, were excluded from the assessments as they represented non-typical urban structures. Additionally, neighborhoods with high-traffic roads or high-rise building complexes were avoided as they hindered the detection of birds and their vocalizations. Similarly, areas along rivers or creeks with dense vegetation were not evaluated to avoid the potential distortion of data.



The fieldwork season followed standardized methodology and covered the mass breeding period in Lithuania. The bird surveys took place from 15 April to 15 June, the points were visited twice, and the surveys were spaced at least three weeks apart. During the second visit, we began the point count in reverse order so that the last visited point during the first count was visited the earliest during the second survey. The collection of data began in the early mornings, shortly after sunrise. During unfavorable meteorological conditions such as strong winds or rain, fieldwork was cancelled. When weather conditions were suitable, bird registration at each point lasted five minutes. Birds observed and recorded within two belts from the observer, between 0–25 m and 26–100 m.



The census unit used for the analysis was the breeding pair. To minimize potential biases associated with different observer skills, all fieldwork was conducted by a single ornithologist. Data from colonial nesting birds, aquatic species, those associated with water ecosystems, and nocturnal birds were excluded to ensure the credibility of the analysis and its focus on territorial bird species. The point count method is not adequate for conducting a census of colonial nesting species, aquatic species, those associated with water ecosystems, and nocturnal birds.



A total of 625 points were used to assess bird communities, with 60 points in Urb F areas, 33 points in the Urb P area, 175 points in the Urb U areas, 183 points in Agr areas, and 174 points in For areas. These assessments were conducted from 2018 to 2021, during the breeding season.




2.3. Bird Community Indices


Species richness is the number of bird species observed within a given study point or landscape type. It represents the total count of distinct bird species observed within the defined spatial unit.



The relative abundance per study point represents the total number of breeding bird pairs of all species observed at a specific point. We also calculated the average number of nesting pairs per one point count by dividing the total number of bird pairs of the same species observed in a particular landscape type by the number of point counts conducted in that landscape type, as described in Appendix A.



Similarly, the bird relative abundance of ecological groups, as detailed in Appendix B, is determined by dividing the total number of bird pairs within the same ecological group observed in a specific type of landscape by the number of point counts conducted in that type of landscape.



The Shannon–Wiener Diversity Index was used to quantify the diversity of the species within the urbanized landscape types. This index considers both the number of species present and their relative abundance. A higher value indicates greater diversity and evenness, meaning that there are many species present and no single species dominates the community.




2.4. The Ecological Grouping of Bird Species


Based on the prevailing nutritional and nesting behaviors observed during the breeding season, birds were classified into ecological groups. The prevalence of each classified group was calculated for each bird community. Based on feeding areas, bird species were segregated into those feeding outside the urban territory (O) and those searching for food near their nests (N). The birds were further divided by main food type into herbivorous (V) species, species feeding on invertebrates (I), and species feeding on vertebrates, predators (P). Additionally, I birds were classified based on their foraging substrate, distinguishing species specialized in foraging on the ground or in the herb layer (IG), species collecting food from leaves, twigs, and the air (IL) and species foraging on tree bark (IB). Furthermore, birds were sorted into different nest-allocation categories, including ground-nesting species with open or domed nests on the ground and in vegetation measuring up to 1.5 m (G), crown-nesting species with nests in trees and in bushes above 1.5 m (C), and hole-nesting species (H). For the characterization of the bird species, we relied on the work of Kurlavičius (1995) [57]. To provide a more precise characterization of the bird guild in urbanized landscapes, we used the proportional coefficients for bird species given by Kurlavičius (1995). These coefficients are particularly relevant for species exhibiting flexibility in their feeding behavior, with a focus on their preferences. For instance, if a bird species typically consumes various resource categories, such as in the case of Turdus merula, which obtains 90% of its food via IG and 10% via IL, we considered these coefficients.




2.5. Statistical Analysis


The highest species-specific count of registered birds/pairs with territorial behavior was used as the number of breeding pairs at an observation point. We calculated mean and standard error of the mean (±SE) values for the relative abundance of the observed bird species in each type of urban landscape, as well statistics for bird feeding and breeding ecological groups (see Appendix B).



As species richness is related to sample size, we applied the rarefaction statistical technique to compare the species richness between urbanized landscapes while accounting for differences in the sample size [58]. By ranking the observation points from the lowest to the highest number of observed bird species within each urban landscape type, we examined cumulative species curves, presenting how the total number of species increased with the point rank (see Figure 2). We used Past 4.03 software for the rarefaction calculations [59].



We utilized a Generalized Linear Mixed Model (GLMM) to predict species richness, relative abundance, and the Shannon–Weaver diversity indexes at each study point, considering the fixed effect of the type of urbanized landscape. Given that the data displayed greater variability compared to the mean in terms of bird species and relative abundance, we identified overdispersion and consequently applied a Negative Binomial model with a Log-link function. The Shannon–Weaver diversity index values were analyzed using a normal distribution with an identity link function (Section 3.1). Subsequently, we predicted the relative bird abundance per study point of bird species classified into ecological groups (refer to the summary statistics in Appendix B), taking into account the fixed effect of the type of urbanized landscape. To model this, we applied a statistical approach using the Gamma distribution with a log-link function, as described in Section 3.2.



We assessed and selected the sets of random factors based on the Akaike Information Criterion (AIC) for each candidate model. Our analysis indicated that while the random effect of the study area significantly improved the developed models, the urbanized fragment size and the year of the survey did not have significant impacts and were not used as random effects. We employed SPSS 29.0 for the utilization of the GLMM.



To compare the relative abundances of birds, we employed a non-parametric Mann–Whitney U test, aiming to assess whether there were statistically significant differences between groups when the data did not follow a normal distribution or when the assumption of homoscedasticity was violated. For classifying bird species based on their habitat preferences in urbanized environments, hierarchical clustering using complete linkage and the city-block distance measurement was employed. We employed Statistica 8.0 for conducting non-parametric testing and clustering.





3. Results


3.1. Bird Community Richness and Relative Abundance


During the collection of data in urbanized areas, a total of 625 points were observed, and a total of 8443 breeding pairs were assessed, 83 of which were nesting pairs. The highest number of species (65 species) was detected in areas surrounded by forest, followed closely by the agricultural landscape, with 56 species. Both forest city parks and highly urbanized landscapes had 52 observed species. The lowest number (32 species) was assessed in parks.



Due to the unequal number of observed points, direct comparisons between the species richness and different urbanized landscape types could not be determined. Species richness across urbanized landscape types was compared using cumulative species curves calculated during the rarefaction analysis. The highest species richness was identified in Urb F and For landscapes (Figure 2). Comparatively, the species richness values of both For and Agr landscapes increased similarly up to 24 bird species. The mean standard errors for the rarefaction curves varied between ±2.01 (Urb U) and ±2.99 (Urb F). Generally, in the Agr, Urb P, and Urb U landscapes, species richness was lower than in the For landscapes. As the number of observed points increased, the For landscape displayed a gradual and equal increase in species, whereas in the Agr landscape, the number of species stabilized and aligned with the species richness potential of the Urb U landscapes.



The GLMM predicted that the species richness (F = 7.1; p < 0.001), and the relative abundance (F = 9.9; p < 0.001) and Shannon–Weaver diversity index (F = 6.2; p < 0.001) values varied statistically significantly among the different urbanized landscape types (Figure 3, Table 1). The highest number of species and relative abundances per study point were observed in For, Agr, and Urb F landscape types; however, the highest Shannon–Weaver indexes were calculated for For and Agr areas. On average, in each counting point, 14.1–14.6 breeding pairs were observed, representing 9.9–10.6 bird species. Heavily urbanized areas (Urb P, Urb U) were more constrained, with 1.2–1.4 times fewer bird species and 1.7–1.8 times lower abundance values (Figure 3).



The comparison between the urban landscape types using the Mann–Whitney U test revealed similarities between Urb and Agr landscape types and significant differences only in relative abundance (A) values between the aforementioned habitat types and Urb F areas (Table 2). The most distinctive urban habitats were Urb U and Urb P, showing significant differences in all three analyzed bird community parameters compared to all urbanized environments.




3.2. The Affiliation of Bird Ecological Groups to Urbanized Landscapes


3.2.1. Feeding Areas


The differences in relative bird abundance per point, categorized via species’ behaviors with respect to feeding near their nest (N) or outside the urban territory (O), were predicted significantly via the GLMM among the urbanized landscapes (F = 25.5; p < 0.001) (see Appendix B for summarized details). Species exhibiting N feeding behavior were most abundant in Urb F areas (13.47 ± 0.39 SE) and the least in Urb U (5.03 ± 0.22 SE) landscapes. On the other hand, species preferring O feeding areas were most common in Agr (8.21 ± 0.22 SE) landscapes and the least common in Urb F (2.38 ± 0.38 SE) landscapes.



Both the For and Agr landscapes showed significant differences in the relative abundances of birds feeding in O (Mann–Whitney test Z = −2.85; p < 0.005) and N (Z = 2.4; p < 0.02) habitats. The proportions of O and N feeding areas were nearly equal in the For landscapes, while in the Agr landscapes, O feeding areas (56%) were more prevalent. On average, the density of O-type birds in the For landscapes was lower, with 7.14 ± 0.25 SE breeding pairs, compared to the Agr landscape with 8.21 ± 0.25 SE breeding pairs (see Appendix B for details).




3.2.2. Main Food Type


The GLMM predicted that the relative abundance of birds per study point varied significantly between the herbivorous bird species (V) and the bird species feeding on invertebrates (I) (F = 14.4; p < 0.001, F = 19.2; p < 0.001). In the Urb F landscapes, the abundance of bird species with I feeding behavior predominated, with an average of 13.35 ± 0.42 SE species per plot, while a V diet was less common, with an average of 2.20 ± 23 SE species per plot. V bird species showed a preference for For and Agr landscapes, whereas a greater abundance of birds observed in Urb habitats during the breeding season on invertebrates.



In terms of the average number of breeding pairs of birds feeding on invertebrates (I), there was no significant difference between For and Agr landscapes (9.6–9.2 pairs per plot) (Z = 1.2; p < 0.22). However, bird species with V feeding behavior were more abundant in Agr landscapes abundant (Z = 4.6; p < 0.001), reaching an average of 5.18 ± 0.15SE breeding pairs. Finally, the For landscapes, birds feeding on vertebrates (P) were more abundant (Z = 5.1; p < 0.001), with an average of 0.44 ± 0.03 SE breeding pairs per plot. In comparison, in Agr landscapes, only 0.16 ± 0.03 SE breeding pairs per plot fed on vertebrates.




3.2.3. Feeding Behavior


The bird species that search for food in leaves, twigs, and the air (IL) were predicted to be most abundant in the Urb F landscape (10.28 ± 0.35 SE). They were slightly less abundant in For (7.98 ± 0.20 SE) and Agr (7.02 ± 0.20 SE) landscapes and the least common in the Urb P (5.51 ± 0.47 SE) and Urb U (5.42 ± 0.20 SE) landscapes (F = 16.3; p < 0.001). Urban areas surrounded by agricultural landscapes had the highest relative abundance of bird species feeding on the ground or in the herb layer (IG), while the lowest number was observed in the forest city parks.



Regarding feeding behavior, the Agr landscapes showed a 1.2 times higher relative abundance of IG bird pairs (Z = −4.7; p < 0.001). However, the For landscapes had a 1.14 times higher relative abundance of IL birds (Z = 3.4; p < 0.001) and 5.5 times more breeding pairs foraging on tree bark (IB) (Z = 3.2; p < 0.002) (refer to Appendix B for detailed information).




3.2.4. Nest Allocation


The GLMM analysis significantly predicted that the bird species with hole nesting behaviors were most abundant in the For (8.42 ± 0.20 SE pairs per plot) and Agr (7.65 ± 0.19 SE) landscapes (F = 14.0; p < 0.001). The ground nesting (G) bird species were most abundant in the Urb F landscape, with an average of 4.59 ± 0.17 SE breeding pairs per plot (F = 23.5; p < 0.001). However, not all urbanized landscapes were suitable for G guild bird species. In highly urbanized landscapes and parks (Urb U and Urb P), on average, only about one bird pair was detected per observation point.



Both For and Agr landscapes had similar distributions of different nest allocations. More than half of the birds preferred H nesting, with over a third selected C nesting and only a small amount preferring a G nesting behavior. However, the Agr landscapes had 1.37 times more G guild birds compared to the For landscapes (Z = −3.8; p < 0.001).





3.3. Grouping Bird Species Based on Habitat Distribution


By applying cluster analysis, we grouped the bird species according to the distribution of their relative abundance in the studied habitat types (Figure 4). The cluster of the Urb F specialist species was clearly distinguished, including typical forest species such as the Great Spotted Woodpecker (Dendrocopos major), Eurasian Wren (Troglodytes troglodytes), European Robin (Erithacus rubecula), Song Thrush (Turdus philomelos), Wood Warbler (Phylloscopus sibilatrix), Common Chiffchaff (Phylloscopus collybita), Coal Tit (Periparus ater), Marsh Tit (Poecile palustris), Goldcrest (Regulus regulus), Eurasian Nuthatch (Sitta europaea), Eurasian Treecreeper (Certhia familiaris), Eurasian Siskin (Spinus spinus), and Eurasian Bullfinch (Pyrrhula pyrrhula). These species represented 8.8% of the total bird community. When comparing different urbanized landscapes, the Urb F landscape had the highest average relative abundance of forest species at 80.8% (59.6%–98.3%). Among the other surveyed landscapes, forest bird species were also present in For (8.2%) landscapes, and their relative abundance values ranged from 3% to 4.5% in the remaining landscapes.



The generalist species formed a distinct cluster and in total comprised 24.9% of the observed birds. Across each urban landscape type, the distribution of these species was consistent, ranging from 15.4% to 33.4%. The Eurasian Blue Tit (Cyanistes caeruleus), Willow Warbler (Phylloscopus trochilus), and Common Wood Pigeon (Columba palumbus) exhibited the most uniform distribution, while the Great Tit (Parus major), Common Chaffinch (Fringilla coelebs), Common Blackbird (Turdus merula), and Hawfinch (Coccothraustes coccothraustes) showed a slight preference for the Urb F landscape.



The cluster analysis revealed a distinct subgroup consisting of three species: the Spotted Flycatcher (Muscicapa striata), Yellowhammer (Emberiza citrinella), and European Pied Flycatcher (Ficedula hypoleuca). These species were observed in 1.6% of the total observations. However, in the For, Agr and Urb F landscapes, these three species were widely distributed, accounting for 91.6% of the observations. In contrast, they were rarely observed in the Urb P and Urb U landscapes, representing only 8.4% of the total observations.



The bird species characteristic of the For and Agr landscapes were grouped together, including the Common Starling (Sturnus vulgaris), European Greenfinch (Chloris chloris), House Sparrow (Passer domesticus), Barn Swallow (Hirundo rustica), Black Redstart (Phoenicurus ochruros), and European Serin (Serinus serinus). These species accounted for 39.5% of the total relative abundance across the observed landscapes. In the For and Agr landscapes, the abundance of these species was nearly equal, with 40.7% and 31.1%, respectively, totaling 71.9% of the total species abundance. However, these species were rare in the Urb P and Urb U landscapes (respectively 11.8% and 15.8%) and very rare in the Urb F (0.5%) landscape.



The small urban territories surrounded by an agricultural landscape were typically inhabited by the Common Linnet (Linaria cannabina), White Stork (Ciconia ciconia), and Eurasian Collared Dove (Streptopelia decaocto). Overall, this cluster covered 3.7% of all observations. The relative abundance of these species in the agricultural landscape reached 64.7%, while it was significantly lower in the forest landscape (22.7%). These species tend to avoid larger cities and, in the Urb F, Urb P, and Urb U landscapes, accounted for an average of 37.6% of the relative abundance.



Finally, the cluster analysis identified a group consisting of the Eurasian Tree Sparrow (Passer montanus), Eurasian Magpie (Pica pica), Common Whitethroat (Sylvia communis), Fieldfare (Turdus pilaris), Western Jackdaw (Coloeus monedula), and Icterine Warbler (Hippolais icterina). The cluster was most prevalent in the Urb P (43.3%) area, while it was rarely observed in Urb F (2.0%) areas. In the other landscapes, the distribution of these species was similar, ranging from 15.8% to 20.8%. Overall, the birds in this group represent 19.3% of all observations.





4. Discussion


The initial sightings of common forest species, including Eurasian Sparrowhawk (Accipiter nisus), Eurasian Eagle-Owl (Bubo bubo), Great Spotted Woodpecker, European Robin, and Eurasian Siskin, within urban areas raised a hypothesis that urbanized areas surrounded by forests have higher nesting species richness and relative abundance values compared to urbanized areas surrounded by agricultural landscapes. This led to the question of which species could successfully adapt to and inhabit cities.



During the selection of potential research areas in Lithuania, we discovered that most cities are surrounded by cultivated agricultural fields, while only a few are surrounded by forested landscapes. Throughout our research, we observed that these selected cities varied in their characteristics. Urban areas surrounded by forest landscapes were more prevalent in districts with less productive soil. These areas were often dominated by coniferous forests, particularly Scotch pine, which are suitable for recreational activities. As a result, several cities surrounded by forest landscapes are resorts and recreational areas, boasting extensive green spaces and abundant numbers of mature trees. These factors make them highly suitable for forest specialist bird species. However, when comparing bird communities in deciduous and pine forests, we found that the latter had lower bird abundances, as reported by previous studies [60,61,62,63]. Flade (1994) [61] specifically noted that pine forests have the lowest bird density (6.9–10.9 pairs/10 ha) compared to other forest types. On the other hand, mixed forests provide a greater variety of habitats and a more balanced and abundant food supply compared to monoculture forests [64,65,66].



Resorts and recreational areas provide amenities that cater to both wellness and leisure activities. Consequently, the lifestyle of the residents in these areas is influenced, leading to the development of smaller property plots predominantly occupied by rental housing. These properties typically feature hard-surfaced yards. On the other hand, towns surrounded by agricultural landscapes have more fertile soil and larger residential properties, often with productive vegetable gardens and small fruit-bearing-tree and shrub gardens. As a result, the bird communities in these areas experience a positive impact, particularly for species associated with agricultural landscapes [67,68,69,70].



The initial analysis of the total number of species yielded unexpected results as the highest relative abundance was found in the forest landscapes. However, a further analysis considering an equal number of counting points revealed that the highest species richness and relative abundance values occurred in urban areas surrounded by forest landscapes (Urb F).



Regarding the richness and relative abundance of nesting bird species, equivalent results were observed in urbanized areas surrounded by both forests and agricultural landscapes. Urban areas surrounded by forests had an average of 10.69 species and 14.22 breeding pairs per counting point. Similarly, areas surrounded by agricultural landscapes had an average of 10.60 species and 14.56 breeding pairs per counting point. This relationship was also noted by other authors. For instance, Clergeau et al. (1998) [36] compared the avifauna structure between cities predominantly surrounded by forested landscapes in Quebec, Canada, and those predominantly surrounded by agricultural areas in Rennes, France. Their findings indicated similar population relative abundance values of House Sparrows and Common Starlings during the breeding season in both cities.



Our findings suggest that urban landscapes represent distinct ecosystems with unique limits to bird species richness and relative abundance. Interestingly, smaller cities were found to be more suitable for supporting bird populations. Observations in villages and towns exhibited similarities to the data collected in urban areas surrounded by forests (Urb F). Therefore, it is crucial to determine the optimal size of urban landscapes for supporting diverse bird communities.



A high level of urbanization was found to have a negative impact on various indicators of bird communities. However, the specific data varied depending on characteristics such as the size and location (district or micro-district) of the urbanized area, its date of establishment, the type of residential housing, the presence of green infrastructure, and other spatial elements [71,72,73,74]. During the breeding season, species diversity and relative abundance were positively influenced by the presence of forests (Urb F), while highly urbanized areas (Urb U) had a negative influence on bird communities. Urban areas surrounded by agricultural landscapes exhibited a 12% higher number of nesting birds that flew outside the urban territory to feed, an 8% higher number of herbivorous birds that feed on the ground or in the herb layer, and a higher number of ground-nesting birds. Generally, agricultural landscapes had a greater proportion of typical agricultural species in the bird community [4,35]. In contrast, urban areas surrounded by forests exhibited a greater relative abundance of species that typically inhabit forested environments. Forest specialist species found in cities tend to exhibit specific nesting and feeding habits, such as feeding on invertebrates collected from leaves, twigs, and the air near their nesting areas.



The cluster analysis confirmed that bird communities in cities are influenced by the surrounding landscape. The dendrogram revealed that specialized forest species, in addition to those in Urb F areas, were mostly concentrated in forested landscapes (For). Specialist agricultural species, which tend to avoid larger cities including Urb F, Urb P, and Urb U areas, were grouped together. These results provide interesting insights into the variation in the abundance of specialist species between forested and agricultural landscapes while also highlighting the presence of generalist species with more even distribution across all areas.



Bird communities in urban areas are predominantly composed of highly adaptable synanthropic and generalist species, as noted in [75]. Specialist species, on the other hand, are less common in urban environments but may occasionally inhabit them, based on the characteristics of the surrounding landscape [33,76,77]. The ratio between generalist and specialist species is a principal factor for the stability of both bird communities and city ecosystems [78,79,80]. Asoskova et al. (2012) [51] emphasized that the avifauna in cities is influenced by both geographical location and the surrounding landscape. The authors described bird communities in several cities, evaluating factors such as terrain, hydrography, climate, soil, vegetation, and urbanization intensity, as well as elements of the surrounding landscape. In contrast, Clergeau et al. (1998; 2001) [36,52] suggested that the surrounding landscape has no influence on the diversity of bird communities in cities. They concluded that city characteristics are the primary factors regulating bird communities. However, genetic studies on the Great Tit population by Björklund et al. (2010) [53] provided a more nuanced perspective. Gene flow between urban park and forest populations was evident, although Great Tits tend to migrate predominantly from larger city park populations to forests.



When analyzing forest bird species such as European Pied Flycatcher, Eurasian Blue Tit, Great Tit, and Common Chaffinch, it is important to highlight that their average relative abundance values are significantly higher in forested landscapes (For) compared to agricultural landscapes (Agr). Typical forest species such as Great Spotted Woodpecker, Eurasian Jay (Garrulus glandarius), Eurasian Siskin, and Eurasian Bullfinch were frequently observed in forested landscapes (For). Conversely, these species were either not observed or only a few individuals were recorded in agricultural landscapes (Agr).



During the breeding season, European Pied Flycatcher tends to inhabit forested areas in cities surrounded by forests. Singing individuals were often observed in For landscapes near kindergartens, schools, and other public spaces with abundant hanging nesting boxes and larger green spaces, as mandated by legislation. The species was also frequently observed in low-rise residential areas (Urb U) characterized by mature trees which provide suitable microhabitats for nesting, such as cavities and holes.



The presence of the Common Redstart (Phoenicurus phoenicurus) and Black Redstart in urbanized areas has become more common. However, 30 years ago, the Common Redstart was considered a rare species primarily found in pine forests [81]. Similarly, the European Serin, which was first observed in 1951 [81], has now become a common species in urban environments.



Although the European Robin is typically associated with forested habitats, a few individuals have been observed singing and nesting in urban areas. In certain parts of Europe, the European Robin is commonly observed in anthropogenic landscapes and is considered an urban species [82]. Recent studies have analyzed the species’ adaptation and behavioral changes in urbanized areas [80,81,82,83,84,85]. In Lithuania, the European Robin is a migratory species that rarely or occasionally winters. However, it is not surprising that the species has been observed more frequently in the past few winters due to climate change and its high adaptability. It is plausible that there will be an increase in the number of individuals inhabiting cities and towns in the future.



The Common Wood Pigeon, once a typical forest species, is rapidly adapting to urban habitats. According to Logminas et al. (1990) [86], this species, which was previously common in forests, has become more abundant in suburban and urban areas over the past twenty years. Subsequently, studies have confirmed that the species is in the early stages of adapting to urbanized habitats, although its abundance is still higher in forests [87,88]. Our research on the Common Wood Pigeon revealed that the highest abundance was observed in agricultural areas and cities surrounded by agricultural fields. Tomiałojć (2021) [89] observed a similar relationship in which the increase in the urban population of this species depends on the availability of nearby agricultural fields for feeding flights.



The Great Spotted Woodpecker was observed feeding nestlings in the green spaces of urban areas (Urb U) where mature trees are present. This suggests that the species is capable of utilizing urbanized landscapes with an abundance of mature trees.



The Eurasian Siskin and Eurasian Bullfinch were predominantly detected in forested landscapes (For), indicating that urbanized areas are not a common choice for nesting for these species.



The relative abundance of Hawfinches was unexpected, as many individuals were observed singing and nesting in the canopies of mature trees. However, evidence suggests that only a few of the recorded individuals were actually nesting. Some observations from the initial count were excluded due to a significantly lower number of individuals detected, possibly because the species is known to be particularly quiet during the breeding season.



The For landscapes stand out due to the abundant population of Hooded Crows. Urban areas surrounded by pine forests are highly suitable for the habitation and nesting of this species. The widespread presence of predator species is suspected to have a negative impact on the populations of Rock Doves and various sparrow species, affecting their breeding success and clutch sizes. Previous studies highlighted the increase in the Hooded Crow population in the eastern Baltic Sea region and its spread in various European cities [87,89,90]. It is believed that the further expansion of their distribution is limited by the population of Common Wood Pigeons [87,90].



There were no significant differences in the populations of White Wagtails, European Greenfinches, Common Redstarts, Lesser Whitethroats, and Spotted Flycatchers between the surrounding forest and agricultural landscapes. The numbers of individuals in both types of landscapes were similar. However, the abundances of certain species in either landscape were difficult to explain, such as the abundance of Northern Wheatears in the forest landscape.



A key question that needs to be addressed is whether bird species can adapt, spread, and inhabit urbanized areas that were initially considered unsuitable for them. It is important to identify which bird species have the potential for adaptation. Our analysis suggests that bird communities in urbanized areas are significantly influenced by the surrounding landscapes, with most species being characteristic of either forest or agricultural landscapes.



In bird survey schemes, the probability of the uneven detection of individuals can significantly influence the outcomes of ornithological studies [91,92,93]. This bias may arise from variations in the detectability of bird species, which can depend on factors such as bird song frequencies, the distance to the observer, habitat characteristics, activity patterns, weather conditions, sex, age, the time of day, and methodological considerations, including the skills of the observers and others [93,94,95].



While we acknowledge the potential limitations in interpreting abundance dat, stemming from differences in the detectability of various species, we made diligent efforts and rigorously applied the standardized point count methodology to mitigate errors related to detectability patterns. Our approach aimed to minimize these potential biases and ensure that the variation in detection probability was less than the variation in population size.



Due to variations in detection probability, the interpretative value of community bird abundance is subject to uncertainty. Nevertheless, numerous studies still employ it as a valuable metric [96,97,98]. A notable example of the potential for exploring community bird abundance indexes is the Pan-European Common Bird Monitoring Scheme (PECBMS) [99]. The PEC-BMS employs multi-species indicators which involve scaling species-specific abundances to a reference baseline. This standardization ensures that the response variable maintains a consistent order of magnitude, making inter-specific differences across species comparable.



In our study, due to the absence of a standardization procedure, abundance data may be influenced by inter-specific differences, potentially introducing biases into the modeled response. To address this issue, we utilized the relative abundance simultaneously with species richness and the Shannon–Weaver diversity index when evaluating bird communities (as shown in Table 2). This comprehensive approach allowed us to assess bird communities from various angles and avoid relying solely on a single indicator, thereby strengthening the robustness of our study.



While this research provides valuable insights into the dynamics of species composition in bird communities within urbanized areas based on the surrounding landscapes, there are still many unanswered questions that future studies could explore. One possible direction is to investigate the relationship between bird community indexes and the urbanization gradient. It is plausible that species abundance could be the lowest in the city center and gradually increases moving away from it [100,101,102]. Additionally, the green spaces within urbanized areas should be evaluated based on their infrastructure.




5. Conclusions


Our analysis leads to several conclusions. Firstly, urbanized areas surrounded by forests exhibit higher relative abundances of birds that typically belong to specialist forest species. Conversely, urban areas surrounded by agricultural landscapes have greater abundances of species adapted to open or semi-open landscapes with specific feeding and nesting behaviors. The urban forest parks show the highest diversity and relative abundance values of nesting bird species among the urbanized areas, while highly urbanized areas exhibit the lowest. The diversity and relative abundance of nesting species are similar in both forest-surrounded and agricultural landscapes, although the bird community structures differ significantly.



In both types of studied urban areas, the dominant bird species are the Common Starling, House Sparrow, and Eurasian Tree Sparrow. Cities surrounded by forests have a higher relative abundance of typical forest species such as the Great Tit, Common Chaffinch, Eurasian Blue Tit, and European Pied Flycatcher. Observations of nesting Black Redstart and European Serin pairs were twice as high, while only a few Eurasian Wryneck, European Robin, and Eurasian Nuthatch pairs were detected. During the breeding season, Great Spotted Woodpeckers, Eurasian Jays, Eurasian Hoopoes, and Eurasian Treecreepers were only observed in urban areas surrounded by forests.



Urban areas surrounded by agricultural landscapes had abundant House Sparrow populations and higher relative abundances of typical agricultural landscape species such as the White Stork, Common Linnet, and European Goldfinch. Observations of local populations of Thrushes (Turdidae family), including Fieldfares and Common Blackbirds, were abundant. Similarly, the Columbiformes order had high local population relative abundances of Common Wood Pigeons and Eurasian Collared Doves.



The surrounding landscapes had no influence on the populations of White Wagtails, European Greenfinches, Common Redstarts, Lesser Whitethroats, and Spotted Flycatchers.



We consider urbanized areas available ecological niches for generalized bird species. In the hemiboreal and boreal forest zones, the biological diversity in urbanized areas can be increased and preserved not only by developing green infrastructure within cities but also by forming forested surrounding landscapes.
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Appendix A


List of bird species recorded during point count surveys in Lithuania, 2019–2021.





 





Table A1. Average number of nesting pairs per one point count in different urban landscape types.
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Species

	
Total Observed Individuals

	
For

	
Agr

	
UrbF

	
UrbP

	
UrbU




	
Mean

	
±SE

	
Mean

	
±SE

	
Mean

	
±SE

	
Mean

	
±SE

	
Mean

	
±SE






	
Ciconia ciconia

	
16

	
0.029

	
0.013

	
0.060

	
0.018

	
0

	
0

	
0

	
0

	
0

	
0




	
Columba palumbus

	
223

	
0.291

	
0.036

	
0.568

	
0.043

	
0.333

	
0.07

	
0.364

	
0.085

	
0.206

	
0.032




	
Streptopelia decaocto

	
113

	
0.137

	
0.03

	
0.388

	
0.039

	
0.017

	
0.017

	
0.091

	
0.051

	
0.08

	
0.021




	
Cuculus canorus

	
7

	
0

	
0

	
0.005

	
0.005

	
0.083

	
0.036

	
0

	
0

	
0.006

	
0.006




	
Upupa epops

	
4

	
0.023

	
0.011

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
Jynx torquilla

	
19

	
0.063

	
0.018

	
0.033

	
0.013

	
0

	
0

	
0

	
0

	
0.011

	
0.008




	
Dryocopus martius

	
5

	
0

	
0

	
0

	
0

	
0.083

	
0.036

	
0

	
0

	
0

	
0




	
Dendrocopos major

	
44

	
0.051

	
0.017

	
0

	
0

	
0.5

	
0.073

	
0

	
0

	
0.029

	
0.013




	
Hirundo rustica

	
64

	
0.177

	
0.036

	
0.153

	
0.031

	
0

	
0

	
0

	
0

	
0.029

	
0.013




	
Motacilla alba

	
356

	
0.629

	
0.048

	
0.787

	
0.053

	
0

	
0

	
0.667

	
0.142

	
0.457

	
0.043




	
Troglodytes troglodytes

	
41

	
0.006

	
0.006

	
0.005

	
0.005

	
0.65

	
0.106

	
0

	
0

	
0

	
0




	
Erithacus rubecula

	
75

	
0.069

	
0.019

	
0.022

	
0.011

	
0.817

	
0.102

	
0.061

	
0.042

	
0.046

	
0.016




	
Luscinia luscinia

	
5

	
0.011

	
0.008

	
0.011

	
0.008

	
0.017

	
0.017

	
0

	
0

	
0

	
0




	
Phoenicurus ochruros

	
249

	
0.891

	
0.048

	
0.377

	
0.038

	
0

	
0

	
0

	
0

	
0.137

	
0.028




	
Phoenicurus phoenicurus

	
288

	
0.531

	
0.043

	
0.541

	
0.043

	
0.083

	
0.036

	
0.03

	
0.03

	
0.514

	
0.044




	
Oenanthe isabellina

	
14

	
0.051

	
0.019

	
0.011

	
0.008

	
0

	
0

	
0.03

	
0.03

	
0.011

	
0.008




	
Turdus merula

	
332

	
0.2

	
0.031

	
0.415

	
0.039

	
1.4

	
0.099

	
0.485

	
0.088

	
0.691

	
0.053




	
Turdus pilaris

	
295

	
0.326

	
0.041

	
0.82

	
0.055

	
0.133

	
0.05

	
1.364

	
0.178

	
0.2

	
0.038




	
Turdus philomelos

	
51

	
0.011

	
0.008

	
0.082

	
0.02

	
0.5

	
0.081

	
0

	
0

	
0.023

	
0.011




	
Turdus viscivorus

	
5

	
0

	
0

	
0

	
0

	
0.083

	
0.036

	
0

	
0

	
0

	
0




	
Hippolais icterina

	
75

	
0.074

	
0.02

	
0.153

	
0.031

	
0

	
0

	
0.576

	
0.123

	
0.086

	
0.024




	
Acrocephalus palustris

	
8

	
0.006

	
0.006

	
0.022

	
0.011

	
0

	
0

	
0.03

	
0.03

	
0.011

	
0.008




	
Sylvia curruca

	
194

	
0.36

	
0.04

	
0.383

	
0.044

	
0

	
0

	
0.182

	
0.081

	
0.314

	
0.039




	
Sylvia communis

	
64

	
0.126

	
0.025

	
0.082

	
0.02

	
0

	
0

	
0.273

	
0.1

	
0.103

	
0.024




	
Sylvia borin

	
34

	
0.023

	
0.011

	
0.027

	
0.012

	
0.133

	
0.05

	
0.121

	
0.072

	
0.074

	
0.02




	
Sylvia atricapilla

	
54

	
0.074

	
0.02

	
0.087

	
0.021

	
0.35

	
0.085

	
0.061

	
0.042

	
0.011

	
0.008




	
Phylloscopus sibilatrix

	
88

	
0.011

	
0.008

	
0

	
0

	
1.383

	
0.152

	
0

	
0

	
0.017

	
0.01




	
Phylloscopus collybita

	
115

	
0.103

	
0.024

	
0.077

	
0.02

	
1.017

	
0.105

	
0.121

	
0.058

	
0.103

	
0.023




	
Phylloscopus trochilus

	
33

	
0.063

	
0.018

	
0.049

	
0.016

	
0.083

	
0.043

	
0.03

	
0.03

	
0.04

	
0.017




	
Regulus regulus

	
64

	
0.011

	
0.008

	
0

	
0

	
0.95

	
0.174

	
0

	
0

	
0.029

	
0.019




	
Muscicapa striata

	
62

	
0.149

	
0.029

	
0.148

	
0.027

	
0.133

	
0.056

	
0

	
0

	
0.006

	
0.006




	
Ficedula hypoleuca

	
61

	
0.177

	
0.03

	
0.022

	
0.011

	
0.133

	
0.044

	
0

	
0

	
0.103

	
0.024




	
Cyanistes caeruleus

	
249

	
0.549

	
0.05

	
0.366

	
0.042

	
0.317

	
0.077

	
0.424

	
0.107

	
0.303

	
0.041




	
Parus major

	
668

	
0.966

	
0.056

	
0.781

	
0.055

	
2.2

	
0.181

	
0.727

	
0.146

	
1.143

	
0.068




	
Periparus ater

	
31

	
0.023

	
0.011

	
0

	
0

	
0.433

	
0.084

	
0

	
0

	
0.006

	
0.006




	
Lophophanes cristatus

	
5

	
0.006

	
0.006

	
0

	
0

	
0.067

	
0.052

	
0

	
0

	
0

	
0




	
Poecile palustris

	
13

	
0.011

	
0.008

	
0.005

	
0.005

	
0.117

	
0.054

	
0.03

	
0.03

	
0.011

	
0.008




	
Poecile montanus

	
7

	
0

	
0

	
0

	
0

	
0.117

	
0.042

	
0

	
0

	
0

	
0




	
Sitta europaea

	
40

	
0.046

	
0.018

	
0.016

	
0.009

	
0.433

	
0.087

	
0

	
0

	
0.017

	
0.01




	
Certhia familiaris

	
24

	
0.006

	
0.006

	
0

	
0

	
0.35

	
0.085

	
0

	
0

	
0.011

	
0.011




	
Oriolus oriolus

	
8

	
0.017

	
0.01

	
0.011

	
0.008

	
0.033

	
0.023

	
0

	
0

	
0.006

	
0.006




	
Lanius collurio

	
4

	
0.006

	
0.006

	
0.005

	
0.005

	
0

	
0

	
0

	
0

	
0.011

	
0.008




	
Garrulus glandarius

	
49

	
0.051

	
0.019

	
0

	
0

	
0.35

	
0.071

	
0.061

	
0.042

	
0.097

	
0.022




	
Pica pica

	
74

	
0.097

	
0.022

	
0.115

	
0.024

	
0

	
0

	
0.121

	
0.058

	
0.183

	
0.029




	
Coloeus monedula

	
40

	
0.046

	
0.02

	
0.126

	
0.027

	
0

	
0

	
0.212

	
0.072

	
0.011

	
0.011




	
Corvus cornix

	
227

	
0.406

	
0.038

	
0.055

	
0.017

	
0.233

	
0.084

	
0.788

	
0.121

	
0.606

	
0.044




	
Corvus corax

	
5

	
0

	
0

	
0

	
0

	
0.083

	
0.036

	
0

	
0

	
0

	
0




	
Sturnus vulgaris

	
950

	
2.011

	
0.097

	
1.918

	
0.089

	
0.067

	
0.047

	
1.424

	
0.204

	
1.12

	
0.08




	
Passer domesticus

	
751

	
1.509

	
0.098

	
2.033

	
0.11

	
0

	
0

	
0.121

	
0.095

	
0.634

	
0.074




	
Passer montanus

	
676

	
1.114

	
0.069

	
0.918

	
0.062

	
0

	
0

	
1.273

	
0.28

	
1.549

	
0.097




	
Fringilla coelebs

	
466

	
0.84

	
0.059

	
0.574

	
0.052

	
1.783

	
0.126

	
1.061

	
0.157

	
0.411

	
0.05




	
Serinus serinus

	
212

	
0.589

	
0.046

	
0.410

	
0.042

	
0

	
0

	
0.303

	
0.102

	
0.137

	
0.03




	
Chloris chloris

	
281

	
0.617

	
0.056

	
0.574

	
0.059

	
0

	
0

	
0.212

	
0.095

	
0.349

	
0.046




	
Carduelis carduelis

	
155

	
0.171

	
0.03

	
0.426

	
0.052

	
0

	
0

	
0.636

	
0.129

	
0.149

	
0.033




	
Spinus spinus

	
19

	
0.040

	
0.015

	
0

	
0

	
0.167

	
0.059

	
0

	
0

	
0.011

	
0.008




	
Linaria cannabina

	
176

	
0.16

	
0.029

	
0.705

	
0.057

	
0

	
0

	
0

	
0

	
0.109

	
0.029




	
Carpodacus erythrinus

	
5

	
0.011

	
0.008

	
0.011

	
0.008

	
0.017

	
0.017

	
0

	
0

	
0

	
0




	
Pyrrhula pyrrhula

	
24

	
0.074

	
0.027

	
0.005

	
0.005

	
0.133

	
0.05

	
0

	
0

	
0.011

	
0.008




	
Coccothraustes coccothraustes

	
78

	
0.097

	
0.022

	
0.115

	
0.024

	
0.35

	
0.085

	
0.121

	
0.072

	
0.086

	
0.025




	
Emberiza citrinella

	
13

	
0.040

	
0.015

	
0.027

	
0.012

	
0.017

	
0.017

	
0

	
0

	
0

	
0
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Table A2. Average number of nesting pairs per one point count in different landscapes based on feeding and nesting characteristics during the breeding season.
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Bird Ecological Group

	
For

	
Agr

	
Urb F

	
Urb P

	
Urb U




	
Mean

	
±SE

	
Mean

	
±SE

	
Mean

	
±SE

	
Mean

	
±SE

	
Mean

	
±SE






	
Feeding outside the urban territory (O)

	
7.137

	
0.234

	
8.208

	
0.260

	
2.383

	
0.209

	
5.455

	
0.450

	
5.274

	
0.198




	
Feeding near the nest (N)

	
7.109

	
0.232

	
6.393

	
0.212

	
13.467

	
0.501

	
6.545

	
0.535

	
5.034

	
0.204




	
Herbivorous (V)

	
4.163

	
0.130

	
5.184

	
0.162

	
2.200

	
0.135

	
3.133

	
0.302

	
2.898

	
0.112




	
Feeding on invertebrates (I)

	
9.645

	
0.254

	
9.260

	
0.243

	
13.353

	
0.473

	
8.100

	
0.559

	
6.806

	
0.221




	
Feeding on vertebrates (predators) (P)

	
0.438

	
0.037

	
0.157

	
0.026

	
0.297

	
0.086

	
0.767

	
0.113

	
0.605

	
0.041




	
Foraging on the ground or in the herb layer (IG)

	
6.154

	
0.173

	
7.576

	
0.215

	
4.273

	
0.201

	
6.494

	
0.456

	
4.831

	
0.170




	
Collecting food from leaves. twigs and the air (IL)

	
7.983

	
0.214

	
7.020

	
0.191

	
10.277

	
0.460

	
5.506

	
0.471

	
5.421

	
0.173




	
Foraging on tree—barks (IB)

	
0.109

	
0.029

	
0.016

	
0.009

	
1.300

	
0.169

	
0.000

	
0.000

	
0.057

	
0.023




	
Ground nesting (G)

	
1.466

	
0.088

	
2.023

	
0.105

	
4.585

	
0.262

	
1.321

	
0.176

	
1.189

	
0.071




	
Crown nesting (C)

	
4.154

	
0.181

	
4.755

	
0.228

	
6.183

	
0.314

	
5.833

	
0.476

	
3.197

	
0.164




	
Hole nesting (H)

	
8.422

	
0.213

	
7.652

	
0.205

	
4.995

	
0.327

	
4.833

	
0.413

	
5.892

	
0.175
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Figure 1. Study areas in Lithuania and the distribution of points in Kazlų Rūda as an example. Green circles correspond to urban areas surrounded by forest, yellow circles indicate agricultural landscapes, and the red circle indicates an extensive urbanized area. 
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Figure 2. Cumulative species increase in different landscape types, calculated via a rarefaction analysis. 
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Figure 3. Species richness (left), relative abundance (center), and Shannon–Weaver diversity index (right) values per point count in urbanized landscape types (For—surrounded by forest; Agr—agricultural landscapes; Urb F—forest city parks; Urb P- parks; Urb U—highly urbanized territories), predicted using a GLMM. 
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Figure 4. Bird species grouped by their relative abundance in urbanized habitat types. 
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Table 1. Parameter estimates determined using a generalized linear mixed model (GLMM) in different types of urban landscapes.
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Fixed Effect

	
Estimate

	
±SE

	
p






	
Species richness per point




	
Agr

	
10.583

	
0.781

	
0.001




	
For

	
10.62

	
0.778

	
0.001




	
Urb F

	
9.944

	
0.7

	
0.001




	
Urb P

	
8.428

	
0.845

	
0.446




	
Urb U

	
7.732

	
0.404

	
0.001




	
Bird relative abundance per point




	
Agr

	
14.347

	
1.182

	
0.002




	
For

	
14.056

	
1.152

	
0.003




	
Urb F

	
14.61

	
1.04

	
0.001




	
Urb P

	
11.735

	
1.244

	
0.347




	
Urb U

	
10.483

	
0.589

	
0.001




	
Shannon–Weaver diversity index




	
Agr

	
2.556

	
0.086

	
0.001




	
For

	
2.572

	
0.086

	
0.001




	
Urb F

	
2.453

	
0.086

	
0.002




	
Urb P

	
2.313

	
0.116

	
0.395




	
Urb U

	
2.202

	
0.06

	
0.001











 





Table 2. Differences in species richness (R), relative abundance (A), and Shannon–Weaver diversity index (D) values between urban landscape types. Only significant (p < 0.05) relationships are presented.
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	Landscape Type
	For
	Agr
	UrbF
	Urb U
	Urb P





	For
	-
	
	A
	R A D
	R A D



	Agr
	
	-
	A
	R A D
	R A D



	UrbF
	A
	A
	-
	R A D
	R A D



	Urb U
	R A D
	R A D
	R A D
	-
	R A D



	Urb P
	R A D
	R A D
	R A D
	R A D
	-
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