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In modified production landscapes, biodiversity faces unprecedented pressures from human actions, resulting in significant species declines of plant and animal taxa, including birds. Understanding the underlying mechanisms responsible for such declines is essential to counteract further loss and support practitioners in conserving biodiversity and associated ecosystem function. In this study, we used standardized bird monitoring data collected over 6 years in managed forest and grassland areas across different regions in Germany, Central Europe. We combined these data with morphometric, ecological, behavioral, and acoustic trait data and detailed information on local land use management practices to understand how management decisions affect species and functional diversity, as well as ecological processes shaping local species composition. Our results reveal that the ecosystem and regional context must be considered to understand how management practices affect bird diversity aspects and composition. In forests, regional management decisions related to tree species and stand age affected bird diversity, as well as community and functional composition, and indicated environmental sorting due to ecological and behavioral requirements, biotic interactions, and morphometric constraints. In grasslands, independent of local management practices, increased intensity of land use resulted in an overall loss in bird species richness and functional diversity. Predominantly, constraints due to ecological or behavioral requirements affected bird species assemblage composition. In addition, our results indicated the importance of woody vegetation near managed grasslands and of considering environmental conditions beyond the local scale to support bird diversity and associated ecosystem functions. Our results highlighted that local management decisions can support bird diversity and maintain ecological function. However, this needs a view beyond the local scale of management units. It also demands a joint effort of biologists and land managers to integrate targeted conservation actions into regional management practices and create a network of habitats within production landscapes to protect nature, guard against biotic and functional homogenization, and prevent further degradation of ecosystems in production landscapes.
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1 INTRODUCTION
Centuries of human land use have shaped the current landscapes in central Europe and created mosaics of different habitats for wildlife (Ellis et al., 2021). However, especially during the past decades, biodiversity has faced increasing pressures from human actions (Newbold et al., 2015; Joppa et al., 2016), including the intensification and industrialization of land use practices and land conversion (Foley et al., 2005). Altogether, this caused significant transformations from natural or near-natural to extreme anthropogenic landscapes (IPBES, 2019) and includes environmental changes from the local to the landscape scale (Tilman et al., 2017).
These environmental transformations are accompanied with an unprecedented global loss in biodiversity (IUCN 2019) across a wide array of plant and animal species groups (Ceballos et al., 2015; IPBES, 2019), including birds.
Among vertebrates, birds are one of the functionally most diverse taxa inhabiting different habitats across all climatic regions of the earth. They are integral parts of ecosystems in almost all terrestrial and aquatic ecosystems, and in addition to playing essential key roles in ecosystems, such as seed dispersal and predation, the acoustic diversity of bird song (Hedblom et al., 2014) has been shown to positively influence human empathy toward nature (Methorst et al., 2021).
Approximately 60% of the bird species globally are, however, reported to be declining by the IUCN (e.g., Johnson et al., 2011). Negative developments over the past decades are also reported for many European populations (e.g., Bowler et al., 2019; Burns et al., 2021), where declines have been linked to increased intensity and industrialization of local land use management practices across different ecosystems, including agricultural areas (Reif and Vermouzek, 2019; Rigal et al., 2023) and production forests (Reif et al., 2023).
Although land use and its effect on overall population trends may vary regionally (Bowler et al., 2021) between groups of species (Rigal et al., 2023) and across different spatial scales (Leroy et al., 2023), responses of individual bird species have been linked to functional traits such as size and mobility (Concepción et al., 2015), as well as resource and habitat specialization (e.g., Bowler et al., 2019; Reif and Vermouzek, 2019), key characteristics that have been suggested to determine the tolerance to environmental change (Tews et al., 2004; Öckinger et al., 2011) across various taxa.
Trait-based approaches provide more meaningful insights into species response to environmental change (Ali et al., 2022) and are more suited to understand and predict environmental effects on species occurrence and assembly than species numbers and species diversity measures alone (Mouchet et al., 2010; Wells et al., 2012; Carmona et al., 2021; Schleuning et al., 2022; Mouchet et al., 2010). Moreover, patterns of functional diversity (Villéger et al., 2008; Laliberté and Legendre, 2010) and trait composition (Lisboa et al., 2014) may thus help to understand the drivers of species occurrences and assemblage composition along environmental gradients (e.g., Mouchet et al., 2010; Schleuning et al., 2022), including the relative strength of environmental filtering and biotic interaction processes in differently managed environments (Mason et al., 2005; Gámez-Virués et al., 2015; Kraft et al., 2015). A true understanding of such processes is important to counteract further species loss and support practitioners in maintaining bird diversity and associated ecosystem function and services.
In birds, functional traits reflect distinct associations with environment, lifestyle, and diet (Tobias et al., 2022) and, thus, shape ecological niches (Pigot et al., 2020) and function (Ali et al., 2022). Bird traits are well-documented (Tobias et al., 2020), including morphometric parameters, ecological and behavioral attributes, and acoustic characteristics. Morphometric traits predominantly reflect the physical performance, such as aerodynamic abilities (e.g., mobility and maneuverability) or resource accessibility (beak size and strength) of species. Morphometric traits are correlated with ecological niches across the global bird phylogeny (Pigot et al., 2020); however, in regional datasets, morphometric traits alone may hamper the identification of environmental challenges due to niche-based processes and biotic interactions (Cadotte and Tucker, 2017; Rigal et al., 2022). Such challenges may be better described using ecological and behavioral trait classifications, such as habitat preferences, trophic level, dietary resource type, and foraging and migratory behavior (Tobias et al., 2022). In addition, acoustic traits, which are crucial for bird species communication to find mates and defend territories, may better reflect environmental challenges to ensure the acoustic recognition of a species identity, territorial quality, and individual fitness in differently structured habitats.
In this study, we used a large-scale dataset of birds collected in forest and grassland production landscapes across three regions in Germany, Central Europe. The data include the two major land cover types in Germany, grassland (21%–39% land cover depending on the federal state) and forest (39% land cover across Germany) ecosystems (Federal Statistical Office, 2022), both being under pressure through increased land conversion and representing environments where anthropogenic disturbance is relatively limited compared to industrialized agricultural and urban areas and, thus, are highly valuable ecosystems to support biodiversity.
Bird species observations were collected during 6 years using standardized audio–visual point counts and used to calculate alpha diversity and assess species composition per site. These data were combined with species trait data, including morphometric, ecological and behavioral, and acoustic traits and very detailed information about local land use management practices and land use intensity (LUI).
Our aim was to shed light on how the management of forest and grassland is linked to changes in species diversity and functional diversity aspects of bird assemblages. We thus assessed regional and ecosystem-specific differences in species and functional diversity metrics and composition and investigated the local effects of different management practices and land use intensity. To address the importance of different ecological processes shaping local species composition, we distinguished between morphometric, ecological and behavioral, and acoustic trait dimensions, which represent distinct environmental challenges due to management practices that may cause ecological sorting or biotic homogenization and can help evaluate regional- and ecosystem-specific differences in management effects. Finally, we investigated whether the strength of ecological processes may differ due to land management practices and/or change due to land use intensity.
2 METHODS
2.1 Study area
Our study was conducted within the long-term research platform of the Biodiversity Exploratories (www.biodiversity-exploratories.de), a large-scale project for functional biodiversity research, which encompasses three regions along a north–south axis in Germany: 1) the Schorfheide-Chorin Biosphere Reserve, a young glacial landscape characterized by moraines, lakes, and marshes in the lowlands (3–140 m asl) of northeast Germany; 2) the Hainich-Dün area situated in the hilly lands (300–400 m asl) of central Germany; and 3) the Schwäbische Alb plateau in the low Swabian Jura mountain ranges (720–840 m asl) of southwest Germany. All three regions are shaped by the anthropogenic land management of grassland and forest areas and harbor 100 permanently marked experimental sites in differently managed forest (n = 50; 100 * 100 m) and grassland systems (n = 50; 50*50 m), totaling 300 sites (Fischer et al., 2010). The average annual temperature decreases from north to south and reaches 8.1°C–9.6°C in the Schorfheide-Chorin region, 7.5°C–9.2°C in the Hainich-Dün region, and 6.9°C–8.6°C on the Schwäbische Alb plateau. In contrast, the average annual precipitation increases from north to south, with 450–790 mm in the Schorfheide-Chorin region, 350–860 mm in the Hainich-Dün region, and 810–1,100 mm in the Schwäbische Alb plateau, according to project-based records from 2008 to 2018.
2.2 Environmental data
In all three exploratories, experimental sites differed in management practices, which we classified into different management categories. Management categories in forests include old unmanaged beech, oak, and spruce stands in different developmental stages, mixed cultures, and intensely managed beech, pine, and spruce monocultures (Supplementary Table S1). Grasslands are managed either as meadows, mown pastures, and pastures (cattle, horse, and sheep grazing), where the management intensity varies from unfertilized and extensive grazing to high fertilizer input, mowing frequency, and grazing pressure on production grasslands (Supplementary Table S2). Annual information from local foresters and farmers allows us to quantify the management intensity of individual sites and was used to calculate the quantitative indices of silvicultural management intensity (SMI) in forests following the procedures outlined by Schall and Ammer (2013) and LUI for grasslands following the procedures outlined by Blüthgen et al. (2012). To reflect the environmental heterogeneity of the grassland neighborhood, we additionally quantified the proportion of woody vegetation coverage in a 100-m radius from the center of each site based on a land cover map provided by Schug et al. (2020). This map was originally designed to discriminate between woody, non-woody, and build-up surface at a 10-m resolution for all of Germany, using Sentinel-2 satellite data. We thus cross-checked the extracted data with digital aerial orthophotos from the three exploratory regions (License CC BY 4.0) and confirmed that the extracted wood vegetation from this map corresponds to single trees, hedges, and forests in the direct vicinity of our grassland sites.
2.3 Bird surveys
Bird surveys were conducted for 5 consecutive years between 2008 and 2012 and again in 2018. Sampling per year included five visits to each of the 300 sites in the grasslands and forests during the main breeding season from March to June. Observers conducted standardized audio–visual point counts for 5 min during the morning chorus between sunrise and 11:00 a.m. Surveys were conducted by experienced ornithologists or trained and tested student helpers. To reduce observer bias, the personnel did not change during the season, and changes in personnel between years were kept to a minimum. All visible and audible birds exhibiting territorial, breeding, or feeding behavior on site were counted as a record. For later analysis, we, however, only considered the maximum number of individuals observed during one of the five visits per year as a measure for the relative abundance of a bird species per site. In addition, we considered a presence-only count of a species per year and site as a measure for a species occurrence and used the accumulated occurrence counts of a species over a total of 6 years (based on 30 visits to a site) to determine local bird species assemblage composition.
2.4 Trait data
All bird species were characterized by a suite of functional traits including 1) morphometric measurements, which reflect physical limitations to individual species for resource use and movement; 2) ecological and behavioral traits, which reflect the environmental and interaction-based niches of a species; and 3) acoustic features of bird song, which reflect acoustic challenges for social communication and optimal signal design in differently structured environments (Table 1).
TABLE 1 | Functional traits used to calculate functional diversity measures in morphometric, ecological and behavioral, as well as acoustic trait space, and community weighted means of trait composition. Given are trait variable names, challenges associated with the three trait groups, and individual trait descriptions. Description of morphometric, ecological and behavioral traits follow Tobias et al. 2021 (Avonet) and are slightly Descriptions of morphometric, as well as ecological and behavioral traits follow Tobias et al. (2022) (Avonet), but are slightly adapted to the current study system; acoustic trait description represents definitions for feature extraction during acoustic analysis.
[image: Table 1]Morphometric, ecological, and behavioral traits were extracted from the online data repository AVONET (Tobias et al., 2022). For morphometric traits, we included measurements of the wings (wing length and Kipp’s distance), tarsus and tail lengths, body mass, beak length, and beak width, which determine the aerodynamic ability of a species, e.g., mobility and maneuverability (Rayner, 1988), as well as resource specializations. Ecological and behavioral traits included habitat preferences, including the relative use of different habitat types and environmental conditions with respect to habitat density, foraging style, trophic position and trophic niche, migratory behavior, and the centroid of the latitudinal distribution of the respective species, reflecting ecological or behavioral requirements and ecological niches (Tobias et al., 2020). In addition, we assessed acoustic characteristics of the song of a species, which determines the acoustic identity of a species and the occupied acoustic space (Luther, 2009) within bird assemblages. Acoustic trait data were extracted from original audio data of bird songs available from the online repository xeno-canto (https://xeno-canto.org). We restricted downloads of recordings to those of the highest-quality ranking (“A”) and an origin from Germany. We then selected recordings for further analysis based on a good signal-to-noise ratio (minimum 15 db) and unambiguity of the species identification. In very few cases, where xeno-canto did not provide sufficient recordings, we used the online sound archive of the Naturkundemuseum Berlin and supplemented the acoustic data with recordings of a commercially available CD. All recordings considered for analysis were made with a minimum sample rate of 32 kHz and a maximum of 48 kHz (resulting in a resolution of 32–41 Hz and 2.8–4 ms).
As we were interested in the species divergence of acoustic features, which allow partitioning of the acoustic space to improve communication with conspecific receivers, we focused the acoustic analysis on the complete song, rather than song components or elements (notes), following the procedure used by Tobias et al. (2010). The song structure and characteristics were then quantified using temporal and spectral measures, i.e., the duration of song, number of elements (notes), the maximum and minimum frequencies, and mean frequency of the entire song. In addition, we calculated the bandwidth and pace of the song (number of elements per song).
All acoustic measurements were obtained using Avisoft SASLab Pro 5.3.02 (Raimund Specht Berlin, Germany) and obtained from a spectrogram generated with an FFT of 1,024, a flat-top window, and 87% overlap. Songs were automatically detected using a threshold of −35 db, and the start and end of the song were determined by –6 db relative to the detection threshold. To ensure that the features of complete phrases were extracted, we set the hold time to 500 ms. For sub-element detection, the hold time was set to 10 ms. All measurements were visually inspected for acoustic disturbance effects and filtered if necessary to ensure that the extracted features are representative for the respective species.
2.5 Diversity metrics, species composition, and multidimensional trait space
Based on the relative abundance of bird species per site, we calculated the effective number of species (ENS, vegan package; Oksanen, 2019) and considered it a measure of species diversity (Jost, 2006). To further quantify the similarity in species assembly across sites, we used non-metric multidimensional scaling (NMDS; vegan package). NMDS scores were based on the Hellinger-transformed accumulated presence counts of a species across all 6 years, and Bray–Curtis similarity was used to assess the similarity between site-specific bird assemblages.
Using the assembled functional traits described above, we calculated functional diversity metrics, including functional richness, functional evenness (Villéger et al., 2008), and functional dispersion (Laliberté and Legendre, 2010). Here, functional richness is defined as the “volume” in functional trait space occupied within an assemblage (Villéger et al., 2008) and increases with an increase in functionally distinct species (independent of species abundances). Functional evenness represents the homogeneity of trait abundance distribution in the functional space (Villéger et al., 2008). Functional evenness approaches zero if only a narrow part within the functional trait space is occupied (e.g., in species-poor assemblages or assemblages with high dominance of single species). A decrease in functional evenness thus indicates an abundance shift toward specific traits (Mason et al., 2005), which are, for example, more suitable under certain environmental conditions, suggesting environmental sorting. In addition, functional dispersion reflects the mean distance in the multidimensional trait space of a species to the centroid of all species within a community, weighted by its abundance (Laliberté and Legendre, 2010), and reflects functional dissimilarity in traits within assemblages. To interpret the relative importance of individual traits contributing to the three different functional diversity metrics, namely, functional richness, functional dispersion, and functional evenness, we used random forest (function: random forest, 1,000 permutations; (Breimann 2001; Supplementary Figure S1.1)).
To further investigate the similarity in trait composition across species assemblages from different sites, we also calculated the community weighted means of traits, weighted by the relative abundance of individual bird species per site package FD (Laliberté et al., 2022), and then used NMDS (vegan package) to compute the similarity in trait composition between sites.
Both functional diversity metrics and community weighted means of traits were based on Gower’s distances, and a “Cailliez” correction was applied.
Functional diversity metrics and multidimensional trait space were calculated first across all traits combined and then separately for 1) morphometric, 2) ecological and behavioral, and 3) acoustic subsets of traits to evaluate the importance of different trait dimensions as the drivers of species assemblage composition.
2.6 Diversity patterns across regions and ecosystems
We assessed regional and ecosystem-specific differences in species and functional diversity metrics using generalized linear mixed-effect models (package: glmmTMB), including an interaction term between region and habitat types (forest and grassland; formula: glmmTMB (diversity metrics ∼ region * habitat type). The models were fitted using a negative binominal distribution, and sites were included as random factors due to repetitive sampling. Between-group effects were evaluated using a type II Wald chi-squared test (ANOVA; package car) and EM means (package emmeans).
Within each habitat type, we then assessed whether species diversity and functional diversity metrics correlate using the Pearson product moment correlation and tested correlative significance using linear regression models.
We then explored the effects of land management practices and land use intensity on bird diversity (ENS) by fitting generalized additive models (gams; package mgcv), including the respective management intensity indices (SMI/LUI) as smooth terms and management practice categories as factors. For this, we used a hierarchical approach and fitted a global model across regions {setting region as a random factor; formula: gam [ENS∼s (SMI/LUI) + management practice + s (region, bs = “re”)]} followed up by a separate regional model in which the region was included as a moderating effect for either silvicultural management intensity or local land use intensity in grasslands {Formula: gam [ENS∼s (SMI/LUI, by = region) + management practice]}. In all models, geographic coordinates were included as random effects to account for geographic autocorrelation. Models were fit either with negative binominal (grasslands) or Gaussian distribution (forests) after the visual inspection of model diagnostics (function appraise; package: gratia).
2.7 Species and trait composition
We further evaluated patterns of species and trait composition. We first assessed whether species composition and functional compositions (across all traits and separately for morphometric, ecological, behavioral, and acoustic trait space) differed between regions, habitat types, and management types using permutational multivariate analysis of variance (function adonis, vegan package, 1,000 permutations).
To assess possible relationships between the similarities in species composition and functional composition across sites, we then performed pairwise Procrustes correlations (functions: procrustes) and tested the significance using procrustean randomization tests (function: protest, 999 randomizations, vegan package) based on the extracted NMDS scores with symmetric rotation. Strong correlations, indicating a high interdependence of species occurrences and trait composition, suggest that traits play an essential role in determining species occurrence and structuring local assemblages. Pairwise Procrustes tests were conducted across all traits combined and then separately for 1) morphometric, 2) ecological and behavioral, and 3) acoustic subsets of traits to evaluate the relative importance of different trait dimensions.
To further understand how management decisions may affect the interdependence of species and functional composition, we then extracted procrustean residuals (PAMs) as a measure of the correlative strength between species and functional composition (all traits combined and individual trait dimensions). Here, smaller residuals reflect a stronger correlation and interdependence between species composition and trait composition, while larger residuals reflect lower interdependence (Lisboa et al., 2014). We then assessed the variation in procrustean residuals (PAMS) due to land use management practices using ANOVA (function aov and Tukey’s HSD post hoc test) and silvicultural management intensity or local grassland management intensity using gams (package mgcv). We included region as a factor and fitted the respective management intensity as a smooth [formula: PAMres ∼ EXPLO + s (management intensity)]. For grasslands, we also included the amount of woody vegetation as an additional smooth term [Formula: PAMres ∼ EXPLO + s (Land use intensity) + s (Woody vegetation)]. In all models did we include geographic coordinates as random effects to account for potential geographic autocorrelation.
All statistical analyses were carried out using R software (version 4.31.2, R Core Team, 2023) in the RStudio environment (2023.09.1).
A technical framework diagram and an overview of the different research variables are given in Supplementary Figure S1.2, Table S3.
3 RESULTS
In total, we observed 100 bird species across all three exploratories and habitat types, with 70–83 species recorded in each region (Schorfheide-Chorin: 83; Hainich-Dün: 82; and Schwäbische Alb plateau: 70). Across the monitored years, the effective number of bird species varied only slightly, with a decrease in bird observations and species diversity from 2008 to 2009 and a slight recovery in 2010–2011 and 2012 (Supplementary Figure S1.3). Only very few species were exclusively observed within one of the three regions (Supplementary Figure S1.4).
3.1 Species and functional diversity
Species diversity and functional richness exhibited similar expected average numbers and variation between the three regions (Table 2), whereas considerably less species diversity (GLMM: χ2 = 1,539.58; p < 0.001) and lower functional richness (GLMM: χ2 = 8.15; p < 0.01) (Figure 1) were found in grasslands than in forest sites. Similar results were also obtained when considering morphometric, ecological and behavioral, and acoustic richness separately.
TABLE 2 | Region- and habitat-specific differences in species diversity and morphometric, ecological and behavioral, as well as acoustic richness, assessed with generalized linear mixed-effect models (package: glmmTMB). Presented here are pairwise differences (based on EM means) between exploratory regions, habitats, and habitat types within each region.
[image: Table 2][image: Figure 1]FIGURE 1 | Bird diversity and functional richness and its variation across trait spaces in grasslands (G, yellow) and forests (F, green) of the three different Biodiversity Exploratory regions.
In both forests and grasslands, bird species diversity was correlated positively with bird functional richness (forest: R2 = 0.35, F = 474.81, p < 0.001; grassland: R2 = 0.45, F = 166.46, p < 0.001) and functional dispersion (forest: R2 = 0.15, F = 1,898 = 165.44, p < 0.001; grassland: R2 = 0.56, F1 = 603 = 776.14, p < 0.001) (Figure 2). However, in forests, the overall functional evenness across trait spaces decreased with species diversity (R2 = 0.01, F1 = 898 = 7.02, p < 0.05) but increased with increasing species diversity in grasslands (R2 = 0.1, F1 = 206 = 18.31, p < 0.001).
[image: Figure 2]FIGURE 2 | Functional richness, dispersion (trait dissimilarity; Laliberté and Legendre, 2010), and evenness (homogeneity of trait abundances) across trait dimensions with increasing species diversity in grasslands (yellow) and forests (green).
Bird diversity differed significantly between forest management categories (explained deviance = 37.3%, chi-square = 174, p < 0.001), with lower species diversity in younger forest stands (e.g., beach and pine pole wood) and higher species diversity in old-growth mature beech and mature spruce and structurally more heterogeneous forest stands (e.g., beech thicket with shelterwood; Figure 3). Across regions, silvicultural management intensity did not reveal a significant effect on species diversity (F = 2.5; p > 0.05); however, in the Schorfheide-Chorin region, species diversity decreased significantly with silvicultural management intensity (edf = 1.21, F = 13.9, p < 0.001), while it tended to increase with increasing silvicultural management intensity in the Hainich-Dün area (edf = 1.41, F = 6.0, p = 0.05).
[image: Figure 3]FIGURE 3 | Differences in species diversity between forest management classes within each of the three regions and in response to silvicultural management intensity across regions.
Across regions, bird diversity in grasslands (Figure 4) was slightly higher in pastures and mown pastures than that in meadows; however, independent of local management practices, species diversity decreased significantly with increasing local land use intensity (explained deviation = 35%, χ2: 8.01, p < 0.001). The strength of this effect, however, differed between regions. At the Schwäbische Alb plateau, we found an increasing loss in bird diversity, especially from extensive to intermediate land use intensities, and only a slightly negative response from intermediate to high land use intensities (edf = 2.28, χ2 = 11.65, p < 0.01) (Figure 4). Bird diversity in the Hainich-Dün region tended to linearly decrease with increasing land use intensity (edf = 1, χ2 = 2.875, p = 0.08), whereas we found no significant effect of land use intensity in the Schorfheide-Chorin region (edf: 1, χ2 = 0.48, n.s.).
[image: Figure 4]FIGURE 4 | Species diversity patterns in grassland areas, between different management types, and in response to increased management intensity using an index combining mowing frequency, fertilizer input, and grazing pressure.
3.2 Bird species composition
Non-metric multidimensional scaling clearly separated bird assemblages between sites (NMDS final stress: 0.12; R2 = 0.98, Figure 5). Permutational multivariate analysis of variance confirmed significant differences in species assemblages between regions (adonis R = 13.9, p < 0.001), grassland and forest sites (R = 232.6, p < 0.001), and between different management categories (R = 2.24, p < 0.001) in forests and grasslands. A plot-based permutation test for the homogeneity of multivariate dispersions further indicated a significant turn-over of species (F = 164.18, p < 0.001) between forest and grassland areas in all three exploratories, indicating clearly separated bird assemblages between ecosystems.
[image: Figure 5]FIGURE 5 | Non-metric multidimensional scaling (Bray–Curtis dissimilarities) of bird assemblages based on differences in the accumulated presence/absence counts of species observations across the 6-year monitoring period on grassland (triangles) and forest (dots) sites. Different regions are represented in different colors (red = Schorfheide-Chorin; green = Hainich-Dün; blue = Schwäbische Alb).
Across the exploratories, differences in taxonomic and functional composition between assemblages (across trait spaces) correlated stronger in forests (Procrustes, m2 = 0.3465, r = 0.8084, p = 0.001) than in grasslands (m2 = 0.7341, r = 0.5156, p < 0.001), suggesting that local environmental conditions via environmental sorting or a biotic interaction based on trait features play a greater role in structuring bird assemblages in differently managed forests than in grasslands.
3.2.1 Forests
Habitat-specific analysis, investigating the similarity in species composition, further confirmed significant differences in species assemblages between forest management categories [adonis (species): F = 8.63; p < 0.001] and also indicated significant differences in functional composition [adonis (traits): F = 5.66; p < 0.001; Figure 6], indicating that local forest management decisions affect both bird species composition and ecological function.
[image: Figure 6]FIGURE 6 | Non-metric multidimensional scaling of bird assemblages based on differences in trait composition (across trait dimensions) and between differently managed forests (final stress: 0.14; non-metric fit R2 = 0.98) in the three different regions. Color reflects different management categories in forests, shape reflects different regions, i.e., Alb = circle, Hainich = triangle, and Schorfheide = square, and the size of points is proportional to the average log-scaled occurrence of species at a given site.
Changes in bird species composition were correlated with changes in trait composition for ecological and behavioral (70%, m2 = 0.5005, p = 0.001), acoustic (76%, m2 = 0.42, p < 0.001), and morphometric (59%, m2 = 0.6386, p < 0.001) trait dimensions, pointing toward ecological sorting, especially with respect to ecological requirements and communication with con- and hetero-specifics and also, but to a lesser degree, with respect to morphological characteristics.
The residual correlation strength of species and functional composition across trait dimensions, however, differed significantly between management categories (Figure 7; ecological and behavioral: F = 8.08, p < 0.001; acoustic: F = 8.33, p < 0.001; and morphometric: F = 3.18, p < 0.01) and decreased with increasing silvicultural management intensity for acoustic (explained deviance = 30.7%, F = 6.1, p < 0.001) and morphometric trait dimensions (explained deviance = 15.9%, edf = 1.68, F = 5.63, p < 0.05), while the residual correlation strength for ecological and behavioral traits remained unaffected by increased silvicultural management intensity (explained deviance = 26.7%, edf = 1.9, F = 0.779, p > 0.05).
[image: Figure 7]FIGURE 7 | Differences in Procrustes residuals for ecological and behavioral trait dimension between forest management classes in the three different regions. Smaller residuals reflect a stronger interdependence of species and trait composition.
3.2.2 Grasslands
In grasslands, bird species compositional changes (adonis F = 2.09, p < 0.001) differed significantly between grassland sites managed as pastures, meadows, and mown pastures (Figures 5, 8). Furthermore, the overall functional composition revealed significant differences between grassland management categories [adonis (traits): F = 2.17, p < 0.05]; however, this overall result only reflected significant differences in ecological and behavioral trait composition (R = 2.62, p < 0.001), while acoustic (R = 1.71, p > 0.05) and morphological composition (R = 2.51, p > 0.05) did not significantly differ between management categories.
[image: Figure 8]FIGURE 8 | Non-metric multidimensional scaling of bird assemblages in grassland based on differences in species composition. Color reflects different management categories meadows, mown pastures, and pastures; shape reflects different regions, i.e., Alb = circle, Hainich = triangle, and Schorfheide = square.
Changes in bird species composition were highly correlated with changes in the composition of ecological and behavioral traits (84%, Procrustes m2 = 0.42, p < 0.001), highlighting that constraints due to ecological or behavioral requirements predominantly affect species assemblage composition in grasslands. Meanwhile, changes in acoustic composition (67%, m2 = 0.56, p < 0.001) and morphological composition were less correlated (26%, m2 = 0.9301, p < 0.01).
The residual correlation strength derived from the procrustean correlation between species and functional composition in grasslands did not differ between regional management categories (ANOVA: morphology: F = 1.4, p > 0.05; eco–behavioral: F = 1.8, p > 0.05; and acoustic: F = 1.6, p > 0.05). The local land use intensity neither revealed a significant effect on the interdependence of species composition and functional composition, indicating that changes in species composition due to local land use intensity (predominantly by reducing species diversity) in agricultural grasslands are followed by a similar change in functional composition across trait spaces. However, the residual correlation strength decreased with an increase in woody vegetation located near our grassland sites (Table 3), and this was consistent across ecological and behavioral (explained deviance = 24.9%, R2: 0.19; woody vegetation: F = 5.2, p < 0.001), acoustic (explained deviance = 22.3%, R2: 0.17; woody vegetation: F = 2.99, p < 0.05), and morphometric trait dimensions (explained deviance = 23.7%, R2: 0.18, edf: 1.5, woody vegetation: F = 3.58, p < 0.05), indicating an increased variance in bird and functional trait composition.
TABLE 3 | Model specifications and results for grasslands, assessing the relative importance of land use intensity and the amount of woody vegetation on the correlative strength of species and functional composition across trait dimensions.
[image: Table 3]4 DISCUSSION
Birds are known to react sensitively to environmental pressures, and their population numbers and distribution patterns can reflect environmental changes in ecosystems (Morelli et al., 2021; Reif et al., 2023), including changes in other animal and plant populations. Understanding the ecological mechanisms responsible for bird species response to land use can thus help support biodiversity and ecosystem function in anthropogenic landscapes.
Our study identified how local land management affects the diversity and functional diversity of bird assemblages, whether local land management causes ecological sorting, and if so, which processes drive bird diversity and assemblage composition across different regions and the two major habitats, grassland and forest ecosystems. Such knowledge is essential to target conservation aims effectively and address respective stakeholders on how to maintain bird diversity and associated ecosystem function in anthropogenic landscapes.
Our data are based on an extensive dataset of bird species occurrence from 6 years in differently managed forest and grassland areas across three regions in Germany, which differ in climate and land use practices, and where bird occurrence data could be linked to very detailed and annually updated environmental information for management practices and local land use intensity. This is of particular importance as management applications and intensity of land use, especially in grasslands, may change annually, and neglecting such changes may mask the effects of local land use as an environmental driver for bird species occurrence in open land.
Our results highlight that the ecosystem (grassland/forest) and regional context must be considered to understand how management practices affect bird diversity and composition and emphasize that the importance of drivers for bird diversity differs between forest and grassland areas. This is in accordance with the results obtained by Vaccaro and Filloy (2022), who demonstrated that factors determining bird diversity and assemblage composition very much depend on the biome.
In forests, our results on species diversity patterns and functional diversity metrics suggested that within species-rich assemblages of differently managed forests, individual species tended to increasingly share functional traits, pointing toward ecological sorting. Interestingly, this pattern was especially pronounced for ecological and behavioral traits, while acoustic traits did not reveal an increased trait convergence, pointing toward the need to maintain acoustic identity and ensure biotic interactions in species-rich assemblages.
In contrast, assemblages in grasslands were rather species-poor or dominated by a single species and very limited functional diversity. An increase in species here led to an increase in functional dispersion and evenness, indicating a cumulative population of potentially available niches across trait dimensions and thus suggesting at the same time that in the managed grassland areas, higher bird diversity is limited by the availability of different potentially available niche spaces.
Within both forests and grasslands, bird diversity was significantly affected by local management.
In forests, bird diversity differed significantly between forest management classes, with generally lower species diversity in younger forests (e.g., beach and pine pole wood) and higher species diversity in mature and more structurally heterogeneous forest stands. The overall silvicultural management intensity across regions, however, did not reveal a significant effect on bird diversity. We argue that this is due to regional differences in forest management practices with intensively managed and homogenous pine pole wood stands in the Schorfheide-Chorin region, and the fine-grained uneven-aged but relatively intense management practices in beech stands of the Hainich-Dün region (Schall et al., 2018). This corroborates with previous findings and emphasizes that increased within-stand heterogeneity (Heidrich et al., 2020) promotes bird diversity and increases overall species richness by providing a high variety of different resources and potential nesting sites.
Bird diversity in grasslands did not differ between regional management categories but decreased significantly (across management categories) with local land use intensity. The strength of this effect, however, differed between regions and revealed stronger negative effects of local land use intensity in the Schwäbische Alb plateau and the Hainich-Dün region but not in the Schorfheide-Chorin region, where grassland sites are all located within long-established biosphere reserves, barely fertilized or mown and predominantly used for cattle grazing (Vogt et al., 2019), highlighting that regional differences in management practices can mask land use intensity effects on biodiversity patterns.
Habitat-specific analysis confirmed significant differences in species and functional composition between forest management categories and pointed toward ecological sorting, especially with respect to ecological requirements and biotic interactions. These results highlight that local forest management decisions with respect to tree composition and forest structure strongly affect both bird species composition and ecological functions. Similar results were reported by Leidinger et al. (2021), who showed that admixing tree species determines forest diversity by combining habitat heterogeneity effects and tree species-specific associations. This seems to be especially true for birds, which very much rely on local environmental conditions for nesting and feeding (Charbonnier et al., 2016) and where acoustic cues are used to attract mating partners and defend territories.
Our results further indicated that the correlative strength between species and functional composition varies between forest management classes and weakened with higher silvicultural management intensity, suggesting that bird assemblages in more intensely managed younger forest stands such as pine and beech pole wood are more randomly assembled compared to heterogeneous and/or mature forests. This is likely a combined effect of reduced availability of necessary resources at the local scale and spill-over effects from nearby mature stands, where optimal mating territories after remigration in spring are already occupied by more successful conspecifics. This corroborates with previous findings that demonstrated that younger forest stands reveal a greater year-to-year turnover of species, and heterogeneous forest management in the surrounding forest matrix positively affects locally determined results on species richness in younger stands (Wells et al., 2011).
In grasslands, constraints due to ecological or behavioral requirements of individual bird species greatly affected species assemblage composition and indicated the importance of considering environmental conditions beyond the local scale. This is of particular importance for grassland birds, which integrate habitat conditions over a wider area (Concepción et al., 2015). Although increased local land use intensity resulted in an equal change in species and functional composition, predominantly by reducing species diversity, our results suggested a positive effect of nearby woody vegetation such as single trees and hedgerows, maintaining ecological function. This supports the general call to enhance landscape heterogeneity (Stanton et al., 2018) by incorporating structural landscape elements such as hedges, paddock trees, or live fence to benefit the overall bird diversity (Concepción et al., 2015) and ecosystem service provisioning (e.g., Smith et al., 2022) and to counteract biotic homogenization (Gámez-Virués et al., 2015) within agricultural areas. However, we emphasize that focusing conservation efforts in grasslands only on increasing bird species diversity could neglect ecological requirements of open grassland specialists such as the European lapwing (Vanellus vanellus), the Eurasian skylark (Alauda arvensis), and yellow wagtail (Motacilla flava), which are all exclusive ground-nesting birds that prefer open landscapes (Borges et al., 2017; Püttmanns et al., 2021; Buschmann et al., 2023) and, thus, are directly affected by management applications (e.g., mowing and fertilizing), which often temporally overlap with their breeding times. This emphasizes that one single strategy for bird conservation does not exist, and ensuring both overall diversity and the persistence of grassland specialists needs to incorporate local conservation efforts for individual species into overall biodiversity conservation aims.
4.1 Conclusion
The European Biodiversity Strategy for 2030 aims to put Europe’s biodiversity on a path to recovery by 2030 by protecting nature and reversing the degradation of ecosystems (EC 2020), of which more than half are managed as agricultural and forested areas. Bird populations and assemblage composition reflect environmental conditions and changes in other animal and plant populations across different spatial scales and provide important ecosystem function and services. Understanding the mechanisms driving bird diversity and assemblage composition in managed ecosystems may thus benefit overall biodiversity conservation, help target conservation aims, and address respective stakeholders on how to maintain bird diversity and associated ecosystem functions in anthropogenic landscapes.
Our results emphasize that the ecosystem and regional context must be considered to understand how management practices affect bird diversity and composition. By including functional traits and understanding ecological mechanisms, however, local management decisions can be directed toward supporting bird diversity and ecological function. In particular, local forest management decisions with respect to tree composition and forest structure strongly affected both bird species composition and ecological function. In addition, higher structural heterogeneity generally benefitted the taxonomic and functional diversity of birds also in nearby, intensely managed, younger forest stands, suggesting that a mosaic of differently managed forests (e.g., Penone et al., 2019) with respect to tree species and age classes supports bird diversity and ecosystem functions within production forests. In grasslands, predominantly, constraints due to ecological or behavioral requirements of individual bird species greatly affect the bird species occurrence and species assemblage composition. Our results thus highlight the importance of maintaining extensively managed areas for grassland specialist birds [e.g., Rigal et al. (2023)] and support the general call for increased landscape heterogeneity by maintaining landscape elements such as trees and hedgerows, which benefit the overall bird diversity.
Finally, we argue that supporting bird diversity and ecological function in managed grassland and forest systems needs an integrative approach considering regional differences in species distributions and management applications and local consequences of management strategies affecting species-specific habitats and resource requirements. In particular, we emphasize on a view beyond the local scale of management units and a joint effort of biodiversity conservationists and land managers to create a connected network of different habitats within production landscapes, to ensure both the conservation of overall biodiversity and individual species with very specialized requirements in designated areas. We argue that a regionally focused management strategy for biodiversity is important to protect nature, guard against biotic and functional homogenization, and prevent the degradation of ecosystems in production landscapes.
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Description

Morphometric traits Reflect physical limitations of species for resource use and movement
Mass Averaged body mass of species
Wing length Length from the carpal joint to the tip
Kipp's distance Length from the tip of the first secondary feather to the tip of the longest primary feather
Beak length Length from the tip of the beak to the base of the skull
Beak width Width of the beak at the anterior edge of the nostrils
Tail length Distance between the tip of the longest rectrix to where it protrudes from the skin
Tarsus length Length of the tarsus
Ecological and behavioral traits Reflect a species environmental and interaction-based niche
Preferred habitat Forests (tall trees and closed canopy), woodlands (parklike tree dominated habitat), grasslands (open land), human-modified areas
(urban and agricultural land), shrubland (bushy habitat, e, juniper heaths), and wetland (lakes and marshes)
Habitat density Dense habitat, semi-open habitat, and open habitat
Foraging behavior Generalist, aerial, insessorial arboreal perching, and terrestrial
‘Trophic level >70% diet herbivore, >70% diet carnivore, and omnivore (no clear preferences)
Trophic niche Herbivore, granivore, aquatic predator, invertivore, vertivore, and omnivore
Migratory behavior Sedentary, partially migrating, and long-distance migrating
Centroid of latitudinal distribution | Geometric center of the species range (restricted to breeding and resident range)
Acoustic traits Reflect acoustic challenges for social communication and optimal signal design
Song duration Song duration and start and end of the song were determined by 6 db relative to the detection threshold of ~35 db within recording
sequences
Pace Number of elements (notes) per song durations sub-clement detection was set to a 10-ms hold time
Maximum frequency Highest frequency of the entire song
Minimum frequency Lowest frequency of the entire song
Mean frequency Mean frequency of the entire song
Mean frequency (sd) Variation in the mean frequency within the song

Bandwidth Bandwidth of frequencies covered by the entire song
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Formula: PAMres ~ EXPLO + s (land use intensity) + s (woody vegetation) + s (RW, HW)

Adj. R? 0.14; deviance explained: 18.5%; RML: —23.96; scale estimate = 0.0 n = 147

Estimate Standard error

Parametric coefficients

Schwibische Alb -054 047 -145 ns
Hainich-Diin 056 044 127 ns
Schorfheide-Chorin 121 0.96 126 ns

Approximate significance of smooth terms

edf REA F p-value
Land use intensity 188 237 095 ns
Woody vegetation 259 322 377 <0.01**

Geographic location 20 20 128 ns
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Species diversity (ENS)  Morphometric Ecological and Acoustic richness

richness behavioral richness

se | Z-ratio | p | E | se | Z-ratio | p E se Z-ratio p se Z-ratio p
Region
 Alb—Hainich -022 006  -382 005 011 | 041 ns | 000 013 000 ns | 006 008 073 ns
Alb—Schorfheide -006 006 -104 ns | 009 011 030 ns | 044 016 269 * 1034 | 008 403
Hainich—Schorfheide | 0.16 006 282 =004 010 041 ns | 044 015 286 * 1028 | 008 365
Habitat
Forest—grassland 192 004 3970 058 009 651 LIS 012 935 L2 | 007 | 1675

Habitat in region

Alb

Forest-grassland 214 009 | 2457 029 016 170 ns | 082 021 | 399 | 103 | 012 | 807
Hainich

VForengrasslnnd 179 | 008 2251 e e ors | 6 L 0w o7 aso w127 o | s
Schorfheide

Forest-grassland 184 | 008 2231 044 014 | 306 * 176 025 699 =+ | 106 | 0.1 | 951 .
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