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Abstract:

Aim: Our aim was to study the effects of energy availability and landscape habitat heterogeneity
on bird taxonomic and functional gamma-diversity and propose conservation guidelines based on
the results.

Location: Southern and Central Finland
Time Period: 2009-2020
Major Taxa Studied: Birds

Methods: We derived biodiversity variables from bird monitoring line transects to assess the
effects of latitude, longitude, and landscape composition, configuration, and heterogeneity at
multiple spatial scales: 100, 500, 2,000, and 5,000 m. We tested the effects of these landscape
metrics on the total community, bird ecological guilds (species richness and abundance),
functional diversity, and overall species specialization index.

Results: We found clear evidence supporting a positive effect of energy (latitude and soil fertility)
and habitat amount on bird abundances. Our results also revealed a northward increasing trend
in functional diversity and species specialization. Habitat heterogeneity positively affected both
bird abundance and species richness. Heterogeneity of land cover types was shown to promote
abundances, while functional measure of landscape heterogeneity was positively connected to
species richness. Land use with high anthropogenic activities, such as urban areas and cropland,
negatively affected forest specialists and species sensitive to human activities.

Main Conclusions: Energy and habitat heterogeneity and amount are major mutually nonexclusive
factors shaping bird communities in Finnish landscapes. Nonetheless, certain land use types
favour some guilds while excluding others (for example, urbanized areas or cropland favouring
open area species while excluding old-growth forest specialists), showing that biodiversity
conservation is a matter of specialized landscapes. Furthermore, different measures of landscape
heterogeneity demonstrated positive relationships with the studied bird guilds, highlighting the
consistency of the species—heterogeneity relationship.

Keywords: biodiversity, biogeography, landscape complexity, landscape heterogeneity,
macroecology, species—energy relationship
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1. Introduction

As biodiversity confronts multiple pressures from anthropogenic activities, particularly land use
change and intensification, with one million species currently threatened with extinction (IPBES,
2019), it is urgent to improve the understanding of the key ecological mechanisms involved in
structuring species communities. At the landscape scale, three main mechanisms have been
identified (Honkanen et al., 2010). First, the species—energy relationship describes how increasing
solar energy with decreasing latitude (hereafter referred to as energy) is related to increasing
species richness (Evans et al., 2005; Hawkins et al., 2003; Root, 1988; Wright, 1983). This could
be due to several reasons. Higher energy availability could allow a higher number of individuals to
co-exist in the regional species pool, indirectly increasing species richness (the more-individual
hypothesis; Evans et al., 2005; Monkkonen et al., 2006). Furthermore, higher energy can support
larger populations, which may decrease species extinction rates and/or increase long-term
speciation (Evans et al., 2005; Honkanen et al., 2010). Higher energy levels may also allow for the
presence of higher trophic levels within community networks, resulting in higher species richness
(Evans et al., 2005; Honkanen et al., 2010).

Second, habitat filtering has been suggested as another important factor that acts through habitat
heterogeneity and habitat amount (Leibold et al., 2004). The habitat heterogeneity hypothesis
states that habitat diversity in landscapes enhances gamma-diversity and primarily affects
species richness through niche partitioning (Cours & Duflot, 2025; Duflot et al., 2022; Fahrig et al.,
2011; Hurlbert, 2004; Tews et al., 2004). Landscape heterogeneity is composed of two
dimensions: compositional (number of habitats) and configurational (spatial arrangement of
habitats); both are supposed to interactively promote gamma-diversity (Duflot et al., 2022; Fahrig
et al.,, 2011). Higher compositional heterogeneity translates into higher niche richness, while
higher landscape configuration translates into higher habitat edge density. Such ecotones may
be considered specific habitats with their own associated species that promote complementation
processes (Dunning et al., 1992).

The habitat amount hypothesis (or habitat area hypothesis) states that an increase in habitat in a
landscape leads to more species dependant on that habitat. This pattern can be attributed to the
increase in the number of individuals with the increase in the habitat amount, facilitating higher
species richness (the more-individual hypothesis; Fahrig, 2013; Honkanen et al., 2010; MacArthur
& Wilson, 1967), and is related to the species—energy hypothesis, connecting the per-unit-area
productivity with the total energy available (resources) to a particular group of species (Clarke &
Gaston, 2006; Wright, 1983). In parallel, a larger habitat amount increases the colonization-
extinction ratio, ultimately allowing for a higher species number to survive (Fahrig, 2013;
Honkanen et al., 2010; MacArthur & Wilson, 1967).

Knowledge gaps persist regarding the hierarchy of these mechanisms, their additivity, and the
direction of their effects. For instance, whether fragmentation (configurational heterogeneity) has
positive or negative effects on biodiversity is still debatable (Valente et al., 2023). Furthermore,
while the effects of certain factors (e.g. habitat heterogeneity) have long been identified (Duelli,
1997; Tews et al., 2004), the methodology for characterizing them needs to be improved. For
example, landscape habitat heterogeneity has long been assessed through land cover typologies
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95 (e.g. diversity of land cover types), which are strongly anthropocentric and might not efficiently

96  capture the habitat characteristics relevant to communities, leading to potentially spurious results

97  (Fahrig et al., 2011; Valente et al., 2023). Additionally, land cover typologies do not provide

98 information about the heterogeneity factors that drive species responses; for example, in forests,

99 it is not clear whether variations in canopy openness or tree diameter matters for bird
100 communities (Cours & Duflot, 2025). Thus, an improved understanding of these mechanisms is
101  necessary to implement efficient measures for biodiversity conservation.

102  Weinvestigate the additive and mutually nonexclusive effects of energy, landscape heterogeneity,
103 and habitat amount on bird communities in Finnish forest landscapes. Four decades of
104  monitoring have highlighted strong bird population decreases in Europe and North America,
105  particularly among farmland species (Rigal et al., 2023; Rosenberg et al., 2019). A similar trend is
106  noted in forest species, especially specialists associated with declining and changing habitats in
107  the boreal zone (Betts et al., 2022; Cours et al., 2025; Virkkala, 2016). Birds are highly mobile
108 organisms that may move across large distances. Therefore, they are sensitive to landscape
109 habitat conditions and are relevant for examining landscape—biodiversity relationships (Cours &
110  Duflot, 2025).

111 The additive and mutually nonexclusive effects of energy, landscape heterogeneity, especially
112  when measured at fine resolution, and habitat amount on bird communities remain unclear. Bird
113  community responses to landscape conditions have mostly been studied within protected areas
114  (Brotons et al., 2003; Elo et al., 2012; Honkanen et al., 2010). It is important to extend bird
115 community studies to all available landscapes in Finland and identify the main drivers of bird
116  communities to better account for them in future conservation planning. Moreover, recent
117  developments in species traits and specialization indices databases (Le Viol et al., 2012; Pearman
118 et al, 2014; Tobias et al., 2022) provide opportunities for studying specific ecological guilds,
119  community trait values, and functional diversity indices (Cours et al., 2025). For instance, Bae et
120 al. (2018) found that taxonomic and functional indices inversely respond to energy availability.

121 In our study, we elucidate the relative importance of the three main mechanisms — energy, habitat
122  heterogeneity, and habitat amount — driving species communities at the landscape scale.
123  Specifically, we studied the gamma-diversity of bird communities across the southern and central
124  Finnish forest production landscapes using the line transect data of the national bird breeding
125  monitoring scheme from 2009 to 2020. We iteratively included a large array of metrics in
126  generalized linear mixed models to test the effects and importance of each mechanism on the
127  taxonomic diversity index (i.e. abundance and richness of all species and ecological guilds) and
128  functional diversity index (i.e. functional diversity indices and community-weighted means). We
129  hypothesized that (i) energy is the main positive factor for bird abundances (more-individual
130  hypothesis), (ii) habitat heterogeneity is the main factor for bird species richness, and (iii) habitat
131  amount is an important factor for the richness and abundance of bird species associated with
132  that particular habitat (guilds).
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133 2. Materials and methods

134 2.1.  Bird gamma-diversity

135  We utilized observation data from the line transects of the Finnish monitoring of breeding birds
136  (Virkkala & Lehikoinen, 2014). The line transect method is a one-visit census typically conducted
137  from late May to late June, depending on geographical position. The transects are about 6 km in
138 length and are systematically distributed within 25 x 25 km grids across Finland. We selected
139 transects that were visited from 2009 to 2020 in the hemiboreal, southern, and central boreal
140  zones in Finland (Fig. 1), matching the time slice with the availability of land cover data. We
141  excluded the northern boreal region from our analyses because it has very different landscape
142  settings (Fig. 1). Moreover, we removed transects overlapping national borders or the sea within
143  a 10-km buffer (since we focused only on terrestrial landscape processes). Consequently, our
144  analysis was conducted using a selection of 1,577 transect-year observations (337 transects
145  unevenly visited every year from 2009 to 2020; average number of visits = 4.7; Fig. 1). Given the
146  length of the line transects, we ensured that they provide a multihabitat, landscape-level measure
147  of bird diversity (i.e. gamma-diversity). For each transect, we calculated the species richness and
148  abundance (number of breeding pairs), accounting for differences in species detectability for the
149  latter (Virkkala & Lehikoinen, 2014). Detailed methodology of the line transect surveys is provided
150 in Supplementary Material S1.

151  As species characteristics often determine their response to environmental gradients, we opted
152  for a functional diversity approach. We collected the conservation status from the Red List of
153  Finnish Species (Lehikoinen et al., 2019) and extracted data on species, including average adult
154  body mass and primary habitat and trophic niche information, from Tobias et al. (2022). In
155  addition, we collated migration status (Howard et al., 2023), nest location (Pearman et al., 2014),
156  old-growth forest specialization (Fraixedas et al., 2015; Monkkonen et al., 2014), overall species
157  specialization index (Le Viol et al., 2012), peak human tolerance index (Marjakangas et al., 2024),
158  and species temperature indices (Lehikoinen et al., 2021).

159  We calculated the abundance and species richness of the overall communities (all species), as
160  well as at guild-level — i.e. forest and old-growth forest specialists, and open-habitat species
161  associated with grassland and shrubland. Within the forest species, we also calculated the
162  abundance and richness of forest and resident and hole-nesting species. By selecting the species
163  with the lowest human tolerance (lower quantile of observed species), we calculated the
164  abundance of human-avoiding species. By using the red-list status of species as an ordinal
165 gradient, along with their body mass, habitat preference, trophic niche, nest location, and
166  migration strategy, we calculated the indices of the functional diversity of the overall communities
167  (all species), functional richness divergence, and Rao’s Quadratic Entropy (RaoQ). We calculated
168 the same functional indices for forest species using the same traits, replacing only the overall
169  habitat preference with the specialization of old-growth forests. We noted the presence-absence
170  of red-listed forest and red-listed open-habitat species. Finally, we calculated the community-
171 weighted mean (CWM) of the specialization index for all species (Le Viol et al., 2012), which was
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172  estimated as the mean of the specialization value of each species and weighted by their

173  abundance.
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Fig. 1 | (@) Map of bird transect censuses selected for the landscape analysis (i.e. in the
hemiboreal, southern, and middle boreal zones). (b) Example of a transect (black near-
rectangular line) and the surrounding landscape next to the city of Jyvaskyld, Finland.
Transparent purple buffers define the landscape at different scales — 100, 500, 2,000, and 5,000
metres — around the transect.

174 2.2, Landscape heterogeneity metrics

175  We utilized open-source data to characterize the landscapes around the bird line transects,
176  matching bird observations to spatial data from the closest corresponding year and at multiple
177  scales of 100 m, 500 m, 2 km, and 5 km. First, we harmonized the land cover classes of the Corine
178  Land Cover (CLC) maps for 2006, 2012, and 2018 (see Table S1 for details on land cover class
179  grouping for each year). Second, we obtained a more detailed description of forest structure and
180 composition using the multi-source national forest inventory (MS-NFI), updated every two years
181  from 2009 to 2019. The MS-NFI is an extrapolation of the field-based Finnish national forest
182  inventory based on remote sensing data, mostly from Sentinel and Landsat (Mé&kisara et al., 2022).
183  The MS-NFI provides raster layers of mean canopy closure; tree diameter, height, and age; total
184  tree volume;volume of main tree species (pine, spruce, birch, and other broadleaf); and site fertility
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185  categories. We resampled the CLC (resolution of 25 m in the 2006 map and 20 m in the maps for
186  the following years) at the MS-NFI resolution (20 m in 2009 and 2011 and 16 m in the following
187  years) and converted the continuous variables from the MS-NFI into discrete classes (see Table
188  S2).

189  From these land cover maps, we derived regular landscape composition and configuration
190 metrics and calculated the proportion of croplands, grass and moorland, urban areas, wetlands,
191  and water bodies. The proportion of forests was evaluated by considering pixels classified as
192  forest, woodland and scrubland, and wetland on the CLC map and those with a canopy closure >
193  20% to account for planted forests on peatlands and regenerating clear-cuts. Using the proportion
194  of each of the CLC classes, we calculated the Shannon diversity index as an overall measure of
195 landscape heterogeneity. In addition, we measured the proportion of mixed (broadleaf and
196  coniferous trees < 80% of total tree volume), broadleaf (broadleaf trees > 80% of total tree volume),
197 and old forests (age = 100 years). Finally, we calculated several habitat configuration metrics:
198 mean patch area, patch density, mean core area (with an edge width of one pixel), total core area,
199  edge density, and mean perimeter—area ratio for the patches of the CLC categories and mixed,
200 broadleaf, and old forests. To better represent the total variability of terrestrial seminatural
201  habitats (excluding urban areas, croplands, and water bodies), we created vegetation types based
202  on both CLC and MS-NFI maps, ranging from bare ground habitats to more detailed forest types
203  (see Table S3). We then calculated the Shannon diversity index based on the proportion of these
204  vegetation types, as well as the abovementioned configuration metrics.

205 We also opted for a functional heterogeneity approach to measure habitat variability based on
206  structural variables from the MS-NFI. We allocated an ID to each pixel based on the unique
207 combinations of CLC categories, ordinal classes from MS-NFI, and seminatural vegetation types
208 (Fig. S1). These IDs were further used to represent habitat species, with the aggregated
209 information corresponding to their traits. Subsequently, we treated each landscape buffer as a
210 sampled area, in which each pixel represents an individual of each habitat species. We used the
211 noncorrelated traits (r Pearson < 0.6) associated with the forest structure (canopy closure, tree
212  diameter, age, total volume, and broadleaf volume; see Fig. S2) to calculate landscape functional
213  richness (FRic), RaoQ, and divergence (FDiv; Fig. S1). We calculated them for the entire landscape
214  (i.e. all habitats) and for the seminatural habitats only (as defined above). For forested habitats
215  only, we calculated the CWM and functional dispersion (FDis) of canopy closure, tree diameter,
216  age, total volume, broadleaf volume, and site fertility. We inversed the site fertility scale compared
217  to the data provided so that a higher number corresponding to class fertility denotes greater
218 fertility (1 = unproductive lands, 10 = herb-rich forests; Makisara et al., 2022).

219  For the analysis, we selected landscape metrics with correlation < 0.8, keeping only one of two or
220  more correlated metrics (see Table S4 for the selected variables and their definitions; see Figs.
221 S3-S10 for the correlation tables). We removed the proportion of grass and moorland since the
222  values were relatively low (0%-9%) at the 500 m scale and did not vary much across landscapes.

223 2.3.  Analysis

224 R software v.4.5.1 was used for our analysis (R Core Team, 2025). We found that landscape
225 metrics were strongly correlated with latitude (e.g. thinner trees towards the north due to shorter
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226  growing season). Because we were interested in testing the effect of latitude as a proxy for
227 available energy, in addition to specifically testing the effects of landscape heterogeneity and
228  habitat amount independent from the latitude effect, we extracted the residuals from the loess
229  relationships between each landscape metric and latitude and used them as predictors. We used
230 generalized additive models (GAM; mgcv R-package) to evaluate the landscape effects on bird
231  communities. Depending on the biodiversity variable, we used Poisson (for species richness),
232 negative binomial (for abundances), Tweedie (if fitting better than the two first), or Gaussian (for
233  functional indices and specialization indices) distribution, all including a logarithmic link function
234  (see Fig. S11 for the mean and range values of biodiversity variables). We used binomial
235  distribution (logit link function) for the presence-absence of red-listed species and added the
236  logarithm of abundance as a fixed covariable in each richness model to estimate the effects of
237  landscape metrics independently from the potential indirect effects of abundance. We added the
238 logarithm of species richness in each functional richness model due to the large correlation
239  between the two and the interaction term between latitude and longitude in all the models to
240  control for spatial autocorrelation (see Figs. S12 and S13). We also added transect ID and
241  sampling year as random factors and the log-transformed transect lengths as an offset to account
242  for varying total transect lengths.

243  We structured our analysis in several stages. First, for each response variable, we selected the
244  metrics best describing the proportion of primary land covers at the optimal buffer scale based
245  on Akaike information criterion (AIC; i.e. proportions of forest, cropland, urban areas, wetland, and
246  water bodies within a buffer of 100, 500, 2,000, or 5,000 metres). This set of variables remained
247  fixed in subsequent stages. Next, we created simple models for each of the remaining landscape
248  metrics, testing one metric and one buffer scale at a time, and ranked them based on AIC. In the
249  third stage, for each biodiversity response variable, we performed a forward stepwise selection
250 by successively adding the best landscape metrics based on simple models. We evaluated all
251  metrics whose simple models had a negative AAIC compared to the model obtained in step 1,
252  indicating an improved fit. When the inclusion of a metric variable did not improve the model fit
253  (AAIC > -2), it was not retained in the analysis. We also tested the additive effects of the same
254  metric at different buffer scales, provided that their variance inflation factors (VIF) were less than
255  three (i.e. low collinearity across scales of the same landscape metric; Zuur et al., 2010). This
256  resulted in a few cases in which the same metric at different scales was retained in the final
257  model. This process resulted in the best multiscale model for each response variable.

258 3. Results
259 3.1. Effects of energy availability and broad biogeographic conditions on bird
260 communities

261 Although we found an overall reduction in bird abundance and species richness northwards,
262  except for abundances of human-avoiding species and birds of prey (positive) or the species
263  richness of open-habitat species (no effects, Fig. 2), functional diversity, specialization, and the
264  presence of red-listed forest species increased northwards (Figs. 2 & 3).
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265  Soil fertility generally had positive effects on most of the taxonomic biodiversity variables at the
266 100 m scale. It increased the abundances of all species and of forest species, including the old-
267  growth forest specialists and the abundance and species richness of forest resident hole-nesters
268  (Fig. 2). Similarly, higher levels of total tree volume at the 100 m scale increased the abundances
269  of the different forest guilds and the human-avoiding species, birds of prey, and insectivores (Fig.
270  2), butit had a negative effect on the functional divergence of all species.

271 3.2.  Effects of landscape heterogeneity on bird communities

272 3.2.1. Effects of compositional heterogeneity

273  Landscape heterogeneity displayed an overall positive effect on different biodiversity variables,
274  but the scale of effect varied depending on the landscape metric and biodiversity variable (Fig. 2).
275  We found that the Shannon diversity index of CLC was positively related to the species richness
276  of all species at the 2 km scale and of open-habitat species at the 500 m scale (Fig. 2). Shannon
277  diversity index of CLC promoted the abundances of forest resident hole-nesters (2 km scale), birds
278  of prey (2 km scale), insectivores (500 m scale), and herbivores (100 m scale), the presence of
279  red-listed open-habitat species (500 m scale), the functional diversity (richness [5 km scale] and
280 RaoQ [500 m scale]) of all species, and the functional divergence of forest species (500 m scale;
281 Fig. 2). The Shannon diversity index of seminatural vegetation types measured at 100 m had a
282  positive effect on both the abundance and species richness of all species and the abundances of
283  open-habitat species, forest species, including forest resident hole-nesters, and the three trophic
284  guilds. It also increased the functional divergence of forest species (2 km scale) and the CWM of
285  the specialization index (100 m scale), while it had a negative effect on the functional richness of
286  forest species (500 m scale; Fig. 2).

287  Regarding the habitat functional approach, RaoQ of all habitats promoted most of the guild
288  species richness, mostly at 100 and 500 m scales (Fig. 2), and the abundances of open-habitat
289  species and old-growth forest specialists (100 m scale; Fig. 2). It also increased the functional
290 divergence of all species (100 m scale), while it led to a decrease in the functional RaoQ of forest
291  species at 5 km scale (Fig. 2). We also found many similar effects of the different functional
292  dispersion indices within forested habitats. For example, tree age dispersion measured at the 100
293 m scale promoted the total abundance and the abundances of forest species, including the
294  resident hole-nesters, and of old-growth forest specialists (Fig. 2). Canopy variations decreased
295 the abundance of open-habitat species while positively affecting their species richness (Fig. 2).
296  We noticed that variations in seminatural site fertility increased the functional RaoQ of all species
297  and the functional richness of forest species (Fig. 2).

298
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Fig. 2 | Graphical representation of the effects of significant landscape metrics on bird taxonomic diversity (top) and functional and specialization
indices (bottom). Each row represents a model. The numbers in bubbles indicate the landscape scale at which the effects were detected. R-
squared values denote the explained deviance in each model. To focus on the main relationships, we only display landscape metrics affecting

more than two biodiversity variables (see Fig. S16 for full details).
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3.2.2. Effects of configurational heterogeneity

We found that an increased mean core area of patches of different land covers or seminatural habitats
benefitted several biodiversity variables (abundances of human-avoiding species [2 km scale], herbivores,
and birds of prey; functional richness and RaoQ of forest species [500 and 100 m scales], and the CWM of
the specialization index [2 km scale]; Fig. 2). Patch complexity, measured as the perimeter—area ratio
(para), of land cover had negative effects on the abundance of all species, especially on old-growth forest
specialists (100 m scale). In contrast, it benefitted the functional divergence of all species and the
abundance of birds of prey at 500 m scale (Fig. 2).

Edge density between forest and open habitats promoted the species richness (5 km scale) of all species,
abundance of birds of prey (100 m scale), and the presence of red-listed forest species (100 m scale; Fig.
2). Increasing the old forest core area benefitted the richness of forest and old-growth specialist species
(at 500 and 100 m scales; Fig. 2). The mean core area of broadleaf forests negatively affected the
abundance of human-avoiding species and the species richness of forest resident hole-nesters at the 5 km
scale, as well as the functional divergence of forest species (500 m scale; Fig. 2). Mixed forest edge
increased the abundances of all species and herbivorous species (100 m scale) and the functional RaoQ
of forest species (Fig. 2). Mixed forest patch complexity negatively affected the abundance of all species
(100 m scale), open-habitat species (2 km scale), and forest resident hole-nesters (500 m scale; Fig. 2).
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Fig. 3 | Values of biodiversity variables for each transect in Finnish hemiboreal, southern, and middle boreal
zones (averaged across years): (a) overall abundance, (b) functional divergence, (c) CWM habitat
specializations for all species, and (d) CWM Red List of forest species.

3.3. Effects of habitat area on bird communities

Overall, forest proportion had positive effects on forest guilds at the 100 m scale, including their functional
divergence and RaoQ (Fig. 2), but negative effects on the presence of red-listed open-habitat species (5 km
scale) and birds of prey (100 m scale) guilds and on the RaoQ of all species (100 m scale; Figs. 2 and 4).
Cropland and urban proportions had similar negative effects at the 100 m scale on old-growth forest
specialists and on the presence of red-listed forest species, indicating less endangered species in areas
with high proportions of these land covers (Fig. 2). Cropland and urban areas also significantly reduced the
functional divergence of all species and the functional richness of forest species (Fig. 2).

Cropland and urban areas promoted the abundance of all species (100 m and 2 km scales), forest species
(5 km and 500 m scales), and herbivores (500 m and 100 m scales). Cropland proportion increased the
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richness of all species (100 m scale) and forest species (5 km scale), the presence of red-listed open-
habitat species (2 km scale), and the CWM of specialization index (500 m scale). Croplands favoured the
abundance of open-habitat species at 100 m scale but reduced their species richness at 5 km scale (Fig.
2). It also decreased the functional richness of all species. The proportion of urban areas at 100 m or 500
m scales led to a decrease in the functional divergence of forest species and the abundances of human-
avoiding species and birds of prey; however, it favoured the abundances of forest resident hole-nesters and
insectivores (Fig. 2). The proportion of water bodies in the landscape, usually within 500 m, 2 km, or 5 km
scales, appears beneficial for most bird guilds, except for the functional richness of forest bird species (Fig.
2). Finally, the proportion of wetland areas decreased the abundances of forest resident hole-nesters,
insectivores, and herbivores and the RaoQ of all species, while it promoted the functional divergence of all
species and the RaoQ of forest species (Fig. 2).

The overall proportion of old forests promoted the abundance of human-avoiding species (5 km scale),
presence of red-listed forest species (100 m scale), functional RaoQ of forest species (2 km scale), and the
CWM of specialization index (5 km scale; Fig. 2). In contrast, the old forest proportion reduced the
abundance of open-habitat species (100 m scale) but increased it at the 5 km scale (Fig. 2). The overall
proportion of broadleaf forests promoted several guilds: the abundances of all species, open-habitat
species (including the red-listed ones), human-avoiding species, birds of prey, and insectivorous species.
Mixed forest proportion favoured the abundances of forest species, old-growth forest specialists, and
herbivores at 100 m scale (Fig. 2) and increased functional diversity of all species while decreasing their
functional divergence and RaoQ at the 500 m scale (Fig. 2).

4. Discussion

4.1.  Finnish bird biodiversity: between energy, heterogeneity, and habitat amount

Our results showed that variations in Finnish breeding bird communities are due to a complex combination
of energy constraints (Clarke & Gaston, 2006; Evans et al., 2005; Hawkins et al., 2003; Root, 1988) and
habitat filtering via habitat heterogeneity and amount (Fahrig, 2013; Fahrig et al., 2011; Honkanen et al.,
2010; Leibold et al., 2004).

4.1.1. Energy primarily supports higher bird abundance but also species richness

As predicted by the more-individual hypothesis, latitude and soil fertility, as proxies for solar and
geochemical energies, respectively, permitted higher abundances of overall bird communities and most
species groups (Honkanen et al., 2010; Hurlbert, 2004; Luoto et al., 2007; Root, 1988). We found that higher
average levels of tree volume, a proxy for energy availability, promoted the abundance of several guilds, as
previously reported (Elo et al., 2012). Higher energy availability also supported the species richness of most
species groups, although the effect was weaker than that for abundance. Since our models for species
richness included abundance as a covariable, the latitude effects suggest an additional mechanism in the
more-individual process, potentially the diversification rate hypothesis (Evans et al., 2005; Honkanen et al.,
2010). Our results do not confirm that higher energy availability promotes more complex trophic chains
(Evans et al., 2005). Our study shows diverging results manifested by two contrasting patterns: insectivores
decreased northwards, as predicted by the hypothesis, probably due to lower arthropod abundance, while
the abundance of birds of prey increased. However, we did not analyse trophic chains per se (i.e. birds
themselves but not their preys and predators).


https://doi.org/10.64898/2026.04.13.717752

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.13.717752; this version posted April 16, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

63.69°N 0 L N 66.39°N e N
g ‘ S LR 66.38°N - R B T )
63.68°N b T ¥ t{
66.37°N
63.67°N
66.36°N
63.66°N 66.35°N
66.34°N
63.65°N
66.33°N
_J
y / )
| 63.64°N )
SNY gy v ‘/\Aé 66.32°N
bt i W , W 1 km
20°E 25°E 30°E
2555°F 25 60°E 25.65°E
Urban e 0 " N
60.30°N : ‘ ¥
Cropland y aa:81°N A T8 :
5
Grass moorland 64 80°N 5 1
60.28°N .
Broadleaf Forest £ ..
: 64.79°N .
Coniferous Forest ¢ 3 \
. 60.26°N =
Mixed Forest 6a.78N ™ ""% 3
8 - )
Woodland Scrub y
60.24°N 64.77°N
Wetland
‘ Water 64.76°N S
L . okm
60.22°N
24 45°E 24 50°E 24 55°E 24.60°E 25.60°E 25.65°E 25.70°E 25.75°E

Fig. 4 | An example of four different landscapes suitable for four different bird guilds: (1) old-growth forest
specialists, (2) red-listed forest species, (3) forest resident hole-nesters, and (4) open habitat bird species.
Dark purple areas represent mature forests with a total wood volume > 200 m3.ha, mostly in (1) and (3).
Dark blue areas represent old forests > 100 years, mostly in (2). White areas in (2) represent clear-cuts.

4.1.2. Habitat heterogeneity positively affects both species diversity and abundance

We found mixed evidence supporting our hypothesis that habitat heterogeneity primarily affects species
richness. Landscape heterogeneity, measured via the RaoQ of all habitats, promoted the species richness
of several guilds and was always ranked high in metric importance within species richness models (Fig.
S14), validating the hypothesis. Therefore, higher landscape habitat diversity seems to foster the diversity
of available niches, directly enriching the number of species possibly present in a landscape (sensu the
habitat-diversity hypothesis; Duflot et al., 2022; MacArthur & MacArthur, 1961). The importance of the RaoQ
metric of all habitats increased in the models of more specialized guilds and had the strongest effects on
the species richness of old-growth forest species (Fig. S14). In contrast, the Shannon diversity of all land
cover and that of seminatural vegetation primarily affected abundance. The reason might be that rarer land
covers, such as urban areas, cropland, and deciduous or mixed forests, shelter the highest avian abundance
in Finland (see Fig. S15).

4.1.3. Habitat amount primarily supports abundance of related guilds

Habitat amount was an important factor driving the abundance of the associated bird guilds, thereby
confirming the more-individual hypothesis. The abundance of open-habitat species significantly increased
with larger cropland proportions. We found that the overall forest proportion promoted the abundance and
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richness of forest bird species. Consequently, a larger proportion of forests might directly promote
abundance via resource quantity and species richness via a potentially larger colonization—extinction ratio
and greater habitat diversity (Fahrig, 2013; MacArthur & Wilson, 1967; Wright, 1983). Among the different
forest habitats, old-growth and broadleaved forests were particularly important for forest birds, including
red-listed ones, and human-avoiding species. In addition, the configuration of old-growth forest patches
affected species richness, as large old forest patches with substantial core areas promoted the richness
of forest and old-growth forest specialist species. Our results suggest that while habitat amount directly
affects abundance, as predicted by the more-individual hypothesis, more complex processes are involved.
For instance, large old forest patches combine interior habitats and edges, thereby increasing niche
diversity and supporting bird species in both habitats (Barbaro et al., 2005; Terraube et al., 2016). In
addition, broadleaved forests favoured open-habitat species, suggesting complementation processes in
which they require resources provided by broadleaved trees (e.g. for nesting; Bosco et al., 2024; Virkkala et
al., 2004).

4.2.  Highly anthropic land uses negatively affect multiple bird guilds

Highly anthropic land uses (cropland and urban areas) showed negative effects on old-growth forest
specialists, red-listed forest species, and human-avoiding species and led to an overall decrease in
functional diversity. Intensification of farming practices is a known threat to many bird species in Finland
and elsewhere, as highlighted in the Red List of Finnish Species (Lehikoinen et al., 2019). Our results show
that disturbances from highly anthropic land uses (noises, light and chemical pollution, and human
presence) are particularly detrimental to the conservation capacities of nearby forest habitat patches, with
important edge effects in their surroundings (Barbaro et al., 2023; Frohlich et al., 2025). However, forest
resident hole-nesting species, which declined significantly in Fennoscandia due to forestry activities
(Imbeau et al., 2001), seem to benefit from the conditions offered by urban areas. The installation of
thousands of artificial cavity boxes near cities and houses in Finland might explain this positive result
(Imbeau et al., 2001). These results advocate setting up larger protected areas to preserve typical bird
communities of forest interiors (Fahrig, 2013). The positive effect of the mean patch size of old forests on
the richness of forests and old-growth forest specialist species corroborates the need for large forest
patches.

4.3.  Higher latitudes fostered threatened species, specialization, and functional diversity

We found opposite latitudinal patterns between taxonomic and functional diversity. Most taxonomic
variables decreased northwards (see 4.1), while the overall functional diversity of all species and forest
species increased northwards (Fig. 3). In addition, community specialization and the presence of red-listed
forest species increased northwards (Fig. 3). Under the energy-diversity hypothesis, increasing energy
should support additional rare resources and, consequently, specialist species (energy-specialization
hypothesis; Evans et al., 2005). Our results contradict this assumption, since higher energy translated into
a greater abundance of functionally similar species, while lower energy led to communities composed of
functionally dissimilar species. Bae et al. (2018) found similar results to ours in temperate forests by
measuring energy as productivity using the normalized difference vegetation index (NDVI). In boreal and
temperate forest landscapes, less productive sites have historically been less harvested than productive
ones, thereby allowing for rare habitats and associated specialized species to persist (Monkkonen et al.,
2022). In Finland, this may explain the higher proportion of red-listed forest bird species northwards (Fig.
3).

Boreal species are less competitive but more specialized than their temperate relatives; in the set of species
we considered, we found a significant negative relationship between species specialization and
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temperature indices (p < 0.001). Therefore, our findings might reflect the competitive exclusion of the more
specialized cold-dwelling species in southern latitudes and warm-dwelling generalist species in high
latitudes (Callaghan et al., 2004; Cours et al., 2025). A similar pattern of community specialization along
the latitudinal gradients was found at the European scale, suggesting that extreme northern climatic
conditions have resulted in selected specialized bird species (Rivas-Salvador et al., 2019). Faster warming
at higher latitudes compared to southern areas (Loarie et al., 2009) might be another reason for the
increased threat to northern bird communities (Ménkkonen et al., 2022; Virkkala et al., 2008; Virkkala &
Rajasarkka, 2010). Such specialized, threatened, and functionally diverse communities are particularly
vulnerable and therefore require particular conservation attention (Santangeli et al., 2017).

4.4.  Biodiversity conservation: a matter of specialized landscapes

Anthropogenic land use activities strongly decreased the presence of threatened forest species, as well as
the old-growth forest specialists, and human-avoiding species, with effects observed for up to 5 km.
Therefore, forest protection areas located far from human land uses, such as cropland or urban areas, and
embedded within low-intensity forestry matrices are likely to achieve conservation goals (Brazner et al.,
2024; Frohlich et al., 2025; Hakkila et al., 2017). In contrast, cropland and urban areas promoted the
abundance of open-habitat species, including threatened ones. Appropriate management intensity and
practices should be adopted to maintain the biodiversity of such landscapes. Finally, landscape habitat
heterogeneity increased biodiversity variables, strengthening the previous evidence (Cours & Duflot, 2025;
Duflot et al., 2022; Fahrig et al., 2011; MacArthur & MacArthur, 1961) that it is an important component of
biodiversity. We suggest that a combination of diverse landscapes with high, moderate, and minimum
human impact should be preserved to support the overall diversity of bird species at regional scales (Duflot
etal., 2014).


https://doi.org/10.64898/2026.04.13.717752

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.13.717752; this version posted April 16, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

5. References

Bae, S., Miiller, J., Lee, D., Vierling, K. T., Vogeler, J. C., Vierling, L. A., Hudak, A. T., Latifi, H., & Thorn, S.
(2018). Taxonomic, functional, and phylogenetic diversity of bird assemblages are oppositely
associated to productivity and heterogeneity in temperate forests. Remote Sensing of Environment,

215, 145-156. https://doi.org/10.1016/j.rse.2018.05.031

Barbaro, L., Froidevaux, J. S. P., Valdés-Correcher, E., Calatayud, F., Tillon, L., & Sourdril, A. (2023). COVID-
19 shutdown revealed higher acoustic diversity and vocal activity of flagship birds in old-growth
than in production forests. Science of The Total Environment, 901, 166328.

https://doi.org/10.1016/j.scitotenv.2023.166328

Barbaro, L., Pontcharraud, L., Vetillard, F., Guyon, D., & Jactel, H. (2005). Comparative responses of bird,
carabid, and spider assemblages to stand and landscape diversity in maritime pine plantation

forests. Ecoscience, 12(1), 110-121. https://doi.org/10.2980/i1195-6860-12-1-110.1

Betts, M. G, Yang, Z., Hadley, A. S., Smith, A. C., Rousseau, J. S., Northrup, J. M., Nocera, J. J., Gorelick, N.,
& Gerber, B. D. (2022). Forest degradation drives widespread avian habitat and population declines.

Nature Ecology & Evolution, 6(6), 709-719. https://doi.org/10.1038/s41559-022-01737-8

Bosco, L., Lehikoinen, A., Piha, M., Seimola, T., Tiainen, J., & Ekroos, J. (2024). Relative effects of arable
land-use, farming system and agri-environment schemes on landscape-scale farmland bird

assemblages. Landscape Ecology, 39(6), 113. https://doi.org/10.1007/s10980-024-01906-z

Brazner, J., MacKinnon, F., Walker, J., Cameron, R, & Crewe, T. (2024). The influence of clearcut harvesting
on bird communities in an adjacent protected area in Nova Scotia: Implications for buffer
implementation. Forest Ecology and Management, 559, 121818.

https://doi.org/10.1016/j.foreco.2024.121818

Brotons, L., Ménkkonen, M., Huhta, E., Nikula, A., & Rajaséarkka, A. (2003). Effects of landscape structure
and forest reserve location on old-growth forest bird species in Northern Finland. Landscape

Ecology, 18(4), 377-393. https://doi.org/10.1023/A:1026148825138


https://doi.org/10.64898/2026.04.13.717752

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.13.717752; this version posted April 16, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Callaghan, T. V., Bjorn, L. O., Chernov, Y., Chapin, T., Christensen, T. R,, Huntley, B., Ims, R. A., Johansson,
M., Jolly, D., Jonasson, S., Matveyeva, N., Panikov, N., Oechel, W., Shaver, G., Elster, J., Henttonen,
H., Laine, K., Taulavuori, K., Taulavuori, E., & Zdckler, C. (2004). Biodiversity, Distributions and
Adaptations of Arctic Species in the Context of Environmental Change. AMBIO: A Journal of the

Human Environment, 33(7), 404-417. https://doi.org/10.1579/0044-7447-33.7.404

Clarke, A., & Gaston, K. J. (2006). Climate, energy and diversity. Proceedings of the Royal Society B: Biological

Sciences, 273(1599), 2257-2266. https://doi.org/10.1098/rspb.2006.3545

Cours, J., & Duflot, R. (2025). Effects of landscape heterogeneity on bird communities in temperate, boreal,
and montane forests - a review. Journal of Avian Biology, 2025(3), e03458.

https://doi.org/10.1002/jav.03458

Cours, J., Elo, M., Pithon, J., Trivifio, M., Monkkonen, M., Hagge, J., Lehikoinen, A., & Duflot, R. (2025).
Changes in abundance and distribution of European forest bird populations depend on biome,
ecological specialisation and traits. Ecography, 2025(7), e07582.

https://doi.org/10.1111/ecog.07582

Duelli, P. (1997). Biodiversity evaluation in agricultural landscapes: An approach at two different scales.
Agriculture, Ecosystems & Environment, Biodiversity in Agriculture - for a Sustainable Future, 62(2),

81-91. https://doi.org/10.1016/S0167-8809(96)01143-7

Duflot, R., Fahrig, L., & Monkkonen, M. (2022). Management diversity begets biodiversity in production
forest landscapes. Biological Conservation, 268, 109514.

https://doi.org/10.1016/j.biocon.2022.109514

Duflot, R., Georges, R., Ernoult, A, Aviron, S., & Burel, F. (2014). Landscape heterogeneity as an ecological

filter of species traits. Acta Oecologica, 56, 19-26.

Dunning, J. B., Danielson, B. J., & Pulliam, H. R. (1992). Ecological Processes That Affect Populations in

Complex Landscapes. Oikos, 65(1), 169—175. https://doi.org/10/b8sjgx


https://doi.org/10.64898/2026.04.13.717752

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.13.717752; this version posted April 16, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Elo, M., Roberge, J.-M., Rajasérkka, A., & Monkkonen, M. (2012). Energy density and its variation in space
limit species richness of boreal forest birds. Journal of Biogeography, 39(8), 1462-1472.

https://doi.org/10.1111/j.1365-2699.2012.02700.x

Evans, K. L., Warren, P. H., & Gaston, K. J. (2005). Species—energy relationships at the macroecological
scale: A review of the mechanisms. Biological  Reviews, 80(1), 1-25.

https://doi.org/10.1017/S1464793104006517

Fahrig, L. (2013). Rethinking patch size and isolation effects: The habitat amount hypothesis. Journal of

Biogeography, 40(9), 1649-1663. https://doi.org/10.1111/jbi.12130

Fahrig, L., Baudry, J., Brotons, L., Burel, F. G, Crist, T. O., Fuller, R. J., Sirami, C., Siriwardena, G. M., & Martin,
J.-L. (2011). Functional landscape heterogeneity and animal biodiversity in agricultural landscapes.

Ecology Letters, 14(2), 101-112. https://doi.org/10.1111/j.1461-0248.2010.01559.x

Fraixedas, S., Lindén, A., & Lehikoinen, A. (2015). Population trends of common breeding forest birds in
southern Finland are consistent with trends in forest management and climate change. Ornis

Fennica, 92(4), Article 4. https://doi.org/10.51812/0f.133879

Frohlich, A., Bidzinski, K., Jankowska-Jarek, M., Swearer, S., & Ciach, M. (2025). Noise, light pollution, and
human presence predict forest habitat degradation: A key agent in biodiversity decline. Ecological

Applications, 35(7), €70131. https://doi.org/10.1002/eap.70131

Hakkila, M., Tortorec, E. L., Brotons, L., Rajasarkka, A., Tornberg, R., & Monkkonen, M. (2017). Degradation
in landscape matrix has diverse impacts on diversity in protected areas. PLOS ONE, 12(9),

€0184792. https://doi.org/10.1371/journal.pone.0184792

Hawkins, B. A,, Field, R., Cornell, H. V., Currie, D. J., Guégan, J.-F., Kaufman, D. M., Kerr, J. T., Mittelbach, G.
G., Oberdorff, T., O'Brien, E. M., Porter, E. E., & Turner, J. R. G. (2003). Energy, Water, and Broad-Scale
Geographic Patterns of Species Richness. Ecology, 84(12),3105-3117. https://doi.org/10.1890/03-

8006


https://doi.org/10.64898/2026.04.13.717752

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.13.717752; this version posted April 16, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Honkanen, M., Roberge, J., Rajasarkka, A., & Monkkonen, M. (2010). Disentangling the effects of area,
energy and habitat heterogeneity on boreal forest bird species richness in protected areas. Global

Ecology and Biogeography, 19(1), 61-71. https://doi.org/10.1111/j.1466-8238.2009.00491.x

Howard, C., Marjakangas, E.-L., Moran-Ordoiez, A., Milanesi, P., Abuladze, A., Aghababyan, K., Ajder, V.,
Arkumarey, V., Balmer, D. E., Bauer, H.-G., Beale, C. M., Bino, T., Boyla, K. A., Burfield, I. J., Burke, B.,
Caffrey, B., Chodkiewicz, T., Del Moral, J. C., Mazal, V. D., ... Willis, S. G. (2023). Local colonisations
and extinctions of European birds are poorly explained by changes in climate suitability. Nature

Communications, 14(1), Article 1. https://doi.org/10.1038/s41467-023-39093-1

Hurlbert, A. H. (2004). Species—energy relationships and habitat complexity in bird communities. Ecology

Letters, 7(8), 714—720. https://doi.org/10.1111/j.1461-0248.2004.00630.x

Imbeay, L., Monkkonen, M., & Desrochers, A. (2001). Long-Term Effects of Forestry on Birds of the Eastern
Canadian Boreal Forests: A Comparison with Fennoscandia. Conservation Biology, 15(4), 1151~

1162. https://doi.org/10.1046/j.1523-1739.2001.0150041151.x

IPBES. (2019). Summary for policymakers of the global assessment report on biodiversity and ecosystem

services (p. 56). Zenodo. https://doi.org/10.5281/zenodo0.3553579

Le Viol, 1., Jiguet, F., Brotons, L., Herrando, S., Lindstrom, A, Pearce-Higgins, J. W., Reif, J., Van Turnhout, C,,
& Devictor, V. (2012). More and more generalists: Two decades of changes in the European

avifauna. Biology Letters, 8(5), 780—782. https://doi.org/10.1098/rsbl.2012.0496

Lehikoinen, A., Jukarainen, A., Mikkola-Roos, M., Below, A., Lehtiniemi, T., Pessa, J., Rajasarkka, A., Rintala,
J., Rusanen, P., Sirkig, P., Tiainen, J., & Valkama, J. (2019). Aves. In Hyvdrinen, E., Juslén, A.,
Kemppainen, E., Uddstrém, A. & Liukko, U.-M. (eds.). The 2019 Red List of Finnish species (Ministry of

the Environment&Finnish Environment Institute, pp. 560-570).

Lehikoinen, A., Lindstréom, A., Santangeli, A, Sirkia, P. M., Brotons, L., Devictor, V., Elts, J., Foppen, R. P. B.,
Heldbjerg, H., Herrando, S., Herremans, M., Hudson, M.-A. R., Jiguet, F., Johnston, A,, Lorrilliere, R,

Marjakangas, E.-L., Michel, N. L., Moshgj, C. M., Nellis, R., ... van Turnhout, C. (2021). Wintering bird


https://doi.org/10.64898/2026.04.13.717752

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.13.717752; this version posted April 16, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

communities are tracking climate change faster than breeding communities. Journal of Animal

Ecology, 90(5), 1085-1095. https://doi.org/10.1111/1365-2656.13433

Leibold, M. A., Holyoak, M., Mouquet, N., Amarasekare, P., Chase, J. M., Hoopes, M. F., Holt, R. D., Shurin, J.
B., Law, R., Tilman, D., Loreau, M., & Gonzalez, A. (2004). The metacommunity concept: A framework
for multi-scale community ecology. Ecology Letters, 7(7), 601-613. https://doi.org/10.1111/j.1461-

0248.2004.00608.x

Loarie, S. R., Duffy, P. B., Hamilton, H., Asner, G. P., Field, C. B., & Ackerly, D. D. (2009). The velocity of climate

change. Nature, 462(7276), Article 7276. https://doi.org/10.1038/nature08649

Luoto, M., Virkkala, R., & Heikkinen, R. K. (2007). The role of land cover in bioclimatic models depends on
spatial resolution. Global Ecology and Biogeography, 16(1), 34—42. https://doi.org/10.1111/j.1466-

8238.2006.00262.x

MacArthur, R. H., & MacArthur, J. W. (1961). On Bird Species Diversity. Ecology, 42(3), 594-598.

https://doi.org/10.2307/1932254
MacArthur, R. H., & Wilson, E. O. (1967). The Theory of Island Biogeography. Princeton University Press.

Makisara, K., Katila, M., & Perdsaari, J. (2022). The Multi-Source National Forest Inventory of Finland—
Methods and results 2017 and 2079. Natural Resources Institute Finland (Luke).

https://jukuri.luke.fi/handle/10024/552462

Marjakangas, E.-L., Johnston, A., Santangeli, A., & Lehikoinen, A. (2024). Bird species’ tolerance to human
pressures and associations with population change. Global Ecology and Biogeography, 33(5),

€13816. https://doi.org/10.1111/geb.13816

Monkkonen, M., Aakala, T., Blattert, C., Burgas, D., Duflot, R., Eyvindson, K., Kouki, J., Laaksonen, T., &
Punttila, P. (2022). More wood but less biodiversity in forests in Finland: A historical evaluation.

Memoranda Societatis pro Fauna et Flora Fennica, 98(Supplement 2), Article Supplement 2.


https://doi.org/10.64898/2026.04.13.717752

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.13.717752; this version posted April 16, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Monkkonen, M., Forsman, J. T., & Bokma, F. (2006). Energy availability, abundance, energy-use and species
richness in forest bird communities: A test of the species—energy theory. Global Ecology and

Biogeography, 15(3), 290-302. https://doi.org/10.1111/j.1466-8238.2006.00224.x

Monkkonen, M., Rajaséarkkd, A., & Lampila, P. (2014). Isolation, patch size and matrix effects on bird
assemblages in forest reserves. Biodiversity and Conservation, 23(13), 3287-3300.

https://doi.org/10.1007/s10531-014-0780-9

Pearman, P. B., Lavergne, S., Roquet, C., Wiiest, R., Zimmermann, N. E., & Thuiller, W. (2014). Phylogenetic
patterns of climatic, habitat and trophic niches in a European avian assemblage. Global Ecology and

Biogeography, 23(4), 414-424. https://doi.org/10.1111/geb.12127

R Core Team. (2025). R: A Language and Environment for Statistical Computing [Computer software]. R

Foundation for Statistical Computing. https://www.R-project.org/

Rigal, S., Dakos, V., Alonso, H., Aunins, A., Benkd, Z., Brotons, L., Chodkiewicz, T., Chylarecki, P., de Carli, E.,
del Moral, J. C., Domsa, C., Escandell, V., Fontaine, B., Foppen, R., Gregory, R., Harris, S., Herrando,
S., Husby, M., leronymidou, C., ... Devictor, V. (2023). Farmland practices are driving bird population
decline across Europe. Proceedings of the National Academy of Sciences, 120(21), €2216573120.

https://doi.org/10.1073/pnas.2216573120

Rivas-Salvador, J., Hofdk, D., & Reif, J. (2019). Spatial patterns in habitat specialization of European bird

communities. Ecological Indicators, 105, 57—-69. https://doi.org/10.1016/j.ecolind.2019.05.063

Root, T. (1988). Energy Constraints on Avian Distributions and Abundances. Ecology, 69(2), 330—339.

https://doi.org/10.2307/1940431

Rosenberg, K. V., Dokter, A. M., Blancher, P. J., Sauer, J. R,, Smith, A. C., Smith, P. A, Stanton, J. C., Panjabi,
A., Helft, L., Parr, M., & Marra, P. P. (2019). Decline of the North American avifauna. Science,

366(6461), 120-124. https://doi.org/10.1126/science.aaw1313


https://doi.org/10.64898/2026.04.13.717752

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.13.717752; this version posted April 16, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Santangeli, A., Rajasarkka, A., & Lehikoinen, A. (2017). Effects of high latitude protected areas on bird
communities under rapid climate change. Global Change Biology, 23(6), 2241-2249.

https://doi.org/10.1111/gcb.13518

Terraube, J., Archaux, F., Deconchat, M., van Halder, |., Jactel, H., & Barbaro, L. (2016). Forest edges have
high conservation value for bird communities in mosaic landscapes. Ecology and Evolution, 6(15),

5178-5189. https://doi.org/10.1002/ece3.2273

Tews, J., Brose, U., Grimm, V., Tielborger, K., Wichmann, M. C., Schwager, M., & Jeltsch, F. (2004). Animal
species diversity driven by habitat heterogeneity/diversity: The importance of keystone structures.

Journal of Biogeography, 31(1), 79-92. https://doi.org/10.1046/j.0305-0270.2003.00994.x

Tobias, J. A., Sheard, C., Pigot, A. L., Devenish, A. J. M., Yang, J., Sayol, F., Neate-Clegg, M. H. C., Alioravainen,
N., Weeks, T. L., Barber, R. A., Walkden, P. A., MacGregor, H. E. A., Jones, S. E. |., Vincent, C., Phillips,
A. G., Marples, N. M., Montafio-Centellas, F. A., Leandro-Silva, V., Claramunt, S., ... Schleuning, M.
(2022). AVONET: Morphological, ecological and geographical data for all birds. Ecology Letters,

25(3), 581-597. https://doi.org/10.1111/ele. 13898

Valente, J. J., Gannon, D. G., Hightower, J., Kim, H., Leimberger, K. G., Macedo, R., Rousseau, J. S., Weldy,
M. J., Zitomer, R. A,, Fahrig, L., Fletcher, R. J., Wy, J., & Betts, M. G. (2023). Toward conciliation in
the habitat fragmentation and biodiversity debate. Landscape Ecology, 38(11), 2717-2730.

https://doi.org/10.1007/s10980-023-01708-9

Virkkala, R. (2016). Long-term decline of southern boreal forest birds: Consequence of habitat alteration or
climate change? Biodiversity and Conservation, 25(1), 151-167. https://doi.org/10.1007/s10531-

015-1043-0

Virkkala, R., Heikkinen, R. K., Leikola, N., & Luoto, M. (2008). Projected large-scale range reductions of
northern-boreal land bird species due to climate change. Biological Conservation, 141(5), 1343-

1353. https://doi.org/10.1016/j.biocon.2008.03.007


https://doi.org/10.64898/2026.04.13.717752

bioRxiv preprint doi: https://doi.org/10.64898/2026.04.13.717752; this version posted April 16, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Virkkala, R., & Lehikoinen, A. (2014). Patterns of climate-induced density shifts of species: Poleward shifts

faster in northern boreal birds than in southern birds. Global Change Biology, 20(10), 2995-3003.
https://doi.org/10.1111/gcb.12573

Virkkala, R., Luoto, M., & Rainio, K. (2004). Effects of landscape composition on farmland and red-listed
birds in boreal agricultural-forest mosaics. Ecography, 27(3), 273-284.

https://doi.org/10.1111/j.0906-7590.2004.03810.x

Virkkala, R., & Rajaséarkks, A. (2010). Climate change affects populations of northern birds in boreal

protected areas. Biology Letters, 7(3), 395-398. https://doi.org/10.1098/rsbl.2010.1052

Wright, D. H. (1983). Species-Energy Theory: An Extension of Species-Area Theory. Oikos, 41(3), 496—-506.
https://doi.org/10.2307/3544109

Zuur, A. F., leno, E. N., & Elphick, C. S. (2010). A protocol for data exploration to avoid common statistical
problems. Methods in Ecology and Evolution, 1(1), 3-14. https://doi.org/10.1111/j.2041-

210X.2009.00001.x


https://doi.org/10.64898/2026.04.13.717752

	1. Introduction
	2. Materials and methods
	2.1. Bird gamma-diversity
	2.2. Landscape heterogeneity metrics
	2.3. Analysis

	3. Results
	3.1. Effects of energy availability and broad biogeographic conditions on bird communities
	3.2. Effects of landscape heterogeneity on bird communities
	3.2.1. Effects of compositional heterogeneity
	3.2.2. Effects of configurational heterogeneity

	3.3. Effects of habitat area on bird communities

	4. Discussion
	4.1. Finnish bird biodiversity: between energy, heterogeneity, and habitat amount
	4.1.1. Energy primarily supports higher bird abundance but also species richness
	4.1.2. Habitat heterogeneity positively affects both species diversity and abundance
	4.1.3. Habitat amount primarily supports abundance of related guilds

	4.2. Highly anthropic land uses negatively affect multiple bird guilds
	4.3. Higher latitudes fostered threatened species, specialization, and functional diversity
	4.4. Biodiversity conservation: a matter of specialized landscapes

	5. References

