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not in the Mediterranean where they increased with coni-
fer abundance. Bat species richness was lower in forests 
with smaller trees and denser understorey only in northern 
regions. Bird species richness was not affected by forest 
structure. Bird functional evenness increased in younger 
and denser forests. Bat functional evenness was also influ-
enced by interactions between latitude and understorey 
structure, increasing in temperate forests but decreasing in 
the Mediterranean. Covariation between bat and bird abun-
dances also shifted across Europe, from negative in south-
ern forests to positive in northern forests. Our results sug-
gest that community assembly processes in bats and birds 
of European forests are predominantly driven by abundance 
and accessibility of feeding resources, i.e., insect prey, and 
their changes across both forest types and latitudes.

Keywords Avian communities · Biodiversity · 
Biogeography · Chiroptera · Insectivorous vertebrates · 
Functional evenness · Understorey structure

Introduction

The hierarchical framework of community assembly pro-
cesses states that large-scale changes in species diversity 
are mainly driven by latitudinal gradients of climate sta-
bility and energy input (Ricklefs 2004; Clarke and Gaston 
2006). At the local scale, fine-grained habitat composi-
tion and structure drive local species assemblages through 
resource availability and niche opportunities, but also inter-
act with regional processes to shape patterns of diversity 
(Ferger et al. 2014; Kozlov et al. 2015a). At larger scales, 
global energy intake and temperature decrease towards 
higher latitudes (Pautasso and Gaston 2005). Accord-
ingly, the general pattern of declining species richness with 
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latitude was assumed to result from decreasing energetic 
input and increasing resource instability (Hurlbert 2004; 
Evans et al. 2005). Species assemblages are thus thought 
to be shaped by a combination of large-scale variations in 
environmental constraints and local changes in habitat or 
resource quality (Kissling et al. 2012; Ikin et al. 2014). 
Properly testing this hypothesis requires sampling species 
assemblages along a similar resource or habitat gradient, at 
multiple localities spread along wide latitudinal gradients 
(Willig and Bloch 2006).

In the present work, we sampled bat and bird diversity 
within a network of mature forest plots that are distributed 
along a tree species diversity gradient replicated on six 
countries spread along a continent-wide latitudinal gradi-
ent, from Mediterranean to boreal biomes (Baeten et al. 
2013). European bats and birds are similar in diet (mostly 
insectivorous during the breeding season), have wide geo-
graphical distributions and use a variety of habitats that 
results in high habitat selectivity and low species turnover 
at the biogeographical scale (Dietz et al. 2009; Kissling 
et al. 2012; Stratford and Sekercioglu 2015). Bat and bird 
species living in mature forests depend on small-scale vari-
ation in canopy and understorey structure, e.g., vertical 
stratification, and composition, e.g., relative proportion of 
broadleaves and conifers (Lee and Rotenberry 2005; Jung 
et al. 2012; Ferger et al. 2014; Charbonnier et al. 2016), 
due to their high trophic position in the food web, well-
defined foraging behaviours and relatively specialized habi-
tat preferences (Müller et al. 2013; Zhang et al. 2013).

We specifically tested the hypothesis that forest structure 
and composition would have stronger effects on bat and bird 
species richness and functional diversity at higher latitudes. 
Studying the covariation between species assemblages from 
two functionally similar taxa is useful to detect local con-
gruence in community structure (Eglington et al. 2015). 
Comparing changes in taxonomical and functional diversity 
of two taxa along the same environmental gradients at dif-
ferent latitudes may also help to understand the mechanisms 
underlying macro-scale patterns of variation (Mason et al. 
2013). In addition, focusing on the functional structure of 
communities can provide insights into how environmental 
drivers shape species assemblage irrespective of changes in 
species richness (Mason et al. 2013; Mouillot et al. 2013; 
Cisneros et al. 2015; Lindenmayer et al. 2015). For exam-
ple, differences in functional evenness, which measures 
the extent to which functional traits are equally distributed 
within species assemblages, would reflect the level of co-
occurrence between functionally redundant species (Luck 
et al. 2013). Functional evenness is actually considered 
as a more adequate measure of functional diversity than 
other functional indices for reflecting ecosystem processes 
and efficiency in resource use (Petchey et al. 2007; Hille-
brand et al. 2008; Barbaro et al. 2014). Last, studying the 

covariation between bat and bird functional diversity allows 
inference about intraguild competition between two poten-
tially co-occurring insectivorous taxa (Speakman et al. 
2000). From an applied point of view, this might help to 
understand the complementary role of bats and birds in pro-
viding pest control services to forests and surrounding land-
scapes (Maas et al. 2015; Whelan et al. 2015).

We tested four predictions: (1) bat and bird species rich-
ness in European forests decrease with increasing latitude, 
from Mediterranean to boreal forests (Hurlbert 2004); (2) bat 
and bird richness and functional evenness increase with the 
amount of broadleaved tree species because they are more 
likely to provide more nesting and feeding resources than 
evergreen trees (Russ and Montgomery 2002; Lindenmayer 
et al. 2015; Charbonnier et al. 2016); (3) forest understorey 
structure (e.g., vertical stratification) have opposite effects 
on the two predatory vertebrate taxa, being negative for bats 
which use acoustic signals to locate their prey, and positive 
for birds which are mostly foliage gleaners, thus ultimately 
resulting in reduced intraguild competition (Müller et al. 
2013; Maas et al. 2015; Stratford and Sekercioglu 2015) 
and (4) the strength of forest habitat effects on bat and bird 
diversity increases with latitude as local environmental filters 
become more dominant (Ricklefs 2004).

Methods

Study area

The FunDivEurope Exploratory Platform was set up to 
investigate the effects of tree diversity on multiple for-
est ecosystem functions in a network of 209 forest plots in 
Europe (Baeten et al. 2013). The network was established in 
six forested regions ranging from 40°N to 63°N, separated 
by ca. 3200 km, and located in Mediterranean (Alto Tajo in 
Spain and Colline Metallifere in Italy), temperate (Hainich 
in Germany and Râsca in Romania), and boreal areas (North 
Karelia in Finland and Bialowieza in Poland) (Fig. 1). In 
each region, 28–43 forest plots were spread along a gradient 
of tree diversity ranging from monocultures of the locally 
most common tree species (target species) to mixtures of 
two, three, four or five of these target species, depending 
on the regional tree species pool. The gradient of sampled 
forest habitats was therefore designed to be strictly inde-
pendent from the latitudinal gradient in terms of tree com-
position. Special attention was paid to establish all plots in 
mature forests of similar age, under homogeneous abiotic 
and management conditions (Baeten et al. 2013). A plot 
was delimited by a 90 m2 surrounded by a 20 m-large buffer 
area to avoid edge effects. In all plots, 14 variables of forest 
composition and structure were recorded: total tree species 
richness, conifer and broadleaved tree species richness and 
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cover, total basal area, mean tree diameter at breast height 
and mean tree height, and shrub and soil cover. In addition, 
all vascular plant species <1.3 m in height were recorded in 
three 5 m × 5 m subplots, embedded into the main plot, to 
estimate understory species richness and cover (Ampoorter 
et al. 2014). We averaged the percentage cover of trees, 
shrubs, understory and bare soil for the three subplots to 
calculate (Eq. 1) a plot-level Shannon index of vertical strat-
ification diversity (SVS) based on the percentage cover (pci) 
of each of the four vegetation strata (Ferger et al. 2014).

Bat and bird diversity

Bat and bird communities were sampled in all 209 plots. 
The plots in Italy, Germany and Finland were, respectively 
sampled in late April, mid-May and early June 2012, and 

(1)SVS = −

4∑

i=1

pc
i
× ln pc

i
.

those in Spain, Romania and Poland were sampled during 
the same periods in 2013, to account for latitudinal changes 
in bird and bat period of presence and peak in breeding 
activity. We visited all forest plots once to trade off sam-
ple size and spatial coverage against temporal replications, 
and to sample the entire gradient at every location within a 
short time period, i.e., within a single breeding season.

Bats were sampled during a complete night with an auto-
matic bat recorder (Sound Meter SM2BAT, Wildlife acous-
tics) located at the centre of the plot (Müller et al. 2012). 
Detectors were calibrated to pick up all bat calls and were 
programmed to record from 1 h before sunset to 1 h after 
sunrise. Recordings were performed only during nights 
without rain, with low wind speeds (<30 km h−1) and with 
an ambient temperature above 10 °C. Bats were identified to 
the finest possible taxonomic level on the basis of their calls, 
using Sonochiro v3.2.3 and Batsound 4.1 softwares. The 
same trained operator (YC) validated the automatic identi-
fications with identification keys and updated species lists 

Fig. 1  Map of the FunDivEUROPE exploratory network of 209 
mature forest plots, with bar plots indicating mean (±SE) species 
richness for birds (green bars) and bats (blue bars). The number of 

sampled forest plots and tree species occurring per country are also 
indicated (colour figure online)
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for each region. Identification to species level was achieved 
for about 80 % of the calls, but two pairs of Myotis species 
(Myotis mystacinus and M. brandtii; M. myotis and M. bly-
thii) could not be separated due to call overlaps and were 
therefore merged into species pairs. Bat species richness 
was defined as the number of bat species (or bat pairs of 
Myotis spp) recorded in a given forest plot. Total bat activity 
was the number of bat passes per night and was further used 
as a proxy for total bat abundance. Due to bad meteorologi-
cal conditions and technical problems, we obtained useful 
bat data for 195 out of the 209 plots. Missing plots were in 
Finland (5) and Italy (9), ranging from one to four species 
mixtures, with broadleaved and conifers species (no bias).

Bird communities were sampled using point-counts 
within a distance of 80 m around the observer, which 
is accurate for single visits to a large number of sites 
(Bonthoux and Balent 2012; Klingbeil and Willig 2015). 
Four trained observers (YC, LB, JYB and JN) recorded all 
birds heard or seen within the plot, except flyovers, during 
a 15 min period. Bird counts were performed during the 
first 4 h after sunrise, on days without adverse weather con-
ditions such as strong wind or heavy rain. Bird species rich-
ness was defined as the number of bird species recorded in 
a given plot. The total number of individual birds of all spe-
cies recorded per forest plot was further used as a proxy for 
total bird abundance. As we controlled for age and structure 
of sampled plots, we assumed that bird species detectabil-
ity was comparable between the forest types in the different 
exploratory regions (Baeten et al. 2013).

Functional evenness

We computed bat and bird functional evenness on the basis 
of the same set of ten ecological traits or attributes that are 
indicative for species response to environmental changes 
(Duchamp and Swihart 2008; Hanspach et al. 2012; Barbaro 
et al. 2014; Cisneros et al. 2015; Lindenmayer et al. 2015). 
They were: the conservation status, biogeographical range, 
trophic and foraging guilds, fecundity, nest or roost site 
location, body mass, home range size, migration status and 
breeding phenology (Online Resources 3 and 4). We did not 
use bat species wingspan because it was highly correlated to 
body mass (R2 = 0.86). We computed functional evenness 
using the ‘FD’ R package. This index measures the homoge-
neity of dispersion, for a given species assemblage, within 
the multivariate trait space defined by a principal coordinate 
analysis of the Gower dissimilarity matrix of species traits 
(Laliberté and Legendre 2010; Mason et al. 2013).

Data analysis

We summarized the variables describing forest plot com-
position and structure with the first two axes of a principal 

component analysis (Fig. 2). The first axis (PCA1, account-
ing for 24.2 % of total variance) was associated with forest 
composition and ranged from plots dominated by conifers 
(negative values) to broadleaved trees (positive values), 
with mixed stands at intermediate values. The second axis 
(PCA2, 21.3 % of total variance) matched a gradient of 
forest vertical structure, ranging from plots with large, tall 
trees and clear understorey (negative values) to plots with 
smaller trees and denser, more stratified understorey (posi-
tive values). We checked the absence of correlation between 
latitude and the first two PCA axes, (respectively R2 = 0.02 
and R2 = 0.13 for PCA1 and PCA2), which made it pos-
sible to use the three variables in the same model and test 
their interaction terms.

We tested for latitudinal changes in the effects of for-
est habitat composition and structure on bat and bird func-
tional evenness with linear mixed models using a Poisson 
distribution for bat and bird species richness, and a Gauss-
ian distribution for functional evenness. We accounted for 
the hierarchical structure of the dataset by adding country 
(n = 6) as a random effect. We also controlled for differ-
ences in target tree species identity across regions with 
an additional random effect corresponding to target tree 
species combinations (Baeten et al. 2013). The covariate 
structure included additive effects of forest composition 
(PCA1), forest structure (PCA2), latitude and interactions 
between latitude and PCA1 and PCA2.

In addition, we estimated the direction and magnitude 
of covariation between total bat activity (as a proxy for 
abundance) and total bird abundance per country along the 
latitudinal gradient using generalized linear mixed models 
(with Poisson distribution). All models were checked for 
overdispersion and spatial autocorrelation, but no residual 
structure justified further model complexity. We performed 
all analyses in R software using the lme4 package (Bates 
et al. 2015).

Results

Because we used a single-visit sampling method to cover 
the entire study area (209 plots) within two summer sea-
sons, we verified that we sampled a significant proportion 
of the entire European forest species pool for both bats and 
birds. We recorded a total of 26 bat species in 192 plots and 
76 bird species in 209 plots, which represent 79–72 % of 
the European forest species, respectively (Huntley et al. 
2007; Dietz et al. 2009, Online Resources 1 and 2).

Models for bat and bird species richness and functional 
evenness showed that all but one of the response vari-
ables were affected by interacting effects of latitude and 
forest composition and/or structure (Table 1). Bat spe-
cies richness increased with the proportion of broadleaved 
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trees (PCA1) in temperate forests and especially in boreal 
regions, while it tended to decrease in the Mediterranean 
(Table 1; Fig. 3a). Bat species richness decreased in forests 
with smaller trees and denser, more stratified understorey 
in northern regions but it was not significantly affected by 
forest structure in Mediterranean regions (Table 1; Fig. 3b). 
Bird species richness showed exactly the same response 
pattern to forest composition as for bats, with a significant 
interaction between latitude and proportion of broadleaved 
trees (Fig. 3c). By contrast, bird species richness was not 
affected by the vertical structure of forests (Table 1).

Bat functional evenness was not influenced by the com-
position of forest stands but by the interaction between for-
est structure and latitude (Table 1). It decreased in younger, 
denser Mediterranean forests while it increased in temper-
ate forests (Table 1; Fig. 3d) and was not affected by forest 
structure in boreal regions. Bird functional evenness was 
not either affected by forest composition but significantly 
increased in younger, denser forests, irrespective of latitude 
(Table 1).

Finally, covariations between bird abundance and bat 
activity gradually changed along the latitudinal gradient 
(Fig. 4), with regression coefficients shifting from sig-
nificantly negative in Mediterranean countries (Italy and 

Spain) to significantly positive in boreal countries (Poland 
and Finland).

Discussion

How the influence of habitat on the composition of spe-
cies assemblages changes along latitudinal gradients has 
seldom been explicitly addressed in continent-scale sur-
veys. Here, based on an extensive sampling of bird and 
bat species assemblages, we demonstrated that the effects 
of forest habitat composition and structure significantly 
changed with latitude. The species-energy theory predicts 
a positive correlation between species richness and avail-
able energy (Pautasso and Gaston 2005), particularly for 
insectivores (Kissling et al. 2012). However, we did not 
find any consistent pattern of reduced bat and bird species 
richness towards higher latitudes, suggesting a stronger 
effect of local habitat features than large-scale climatic and 
energy gradients. Most forest bats and birds have wide-
spread European distributions and their regional diversity 
is relatively low compared to other continents (e.g., Cis-
neros et al. 2015), making local changes in resource avail-
ability and habitat suitability more important drivers of 

Fig. 2  PCA ordination biplot 
of 14 forest composition and 
structure variables recorded in 
the 209 sampled plots. PCA1 
is related to forest composition 
variables and PCA2 to forest 
vertical structure variables.  
Up-right eigenvalues histogram
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local communities than the composition of regional species 
pools (Kissling et al. 2012; Ramos Pereira and Palmeirim 
2013).

Both bat and bird richness increased with the propor-
tion of broadleaved trees in temperate and boreal forests, 
and with the proportion of conifers in Mediterranean for-
ests (Fig. 3a–c). Habitat effects on species richness usually 
reflect differences in life histories and resource use strate-
gies (Zhang et al. 2013; Ikin et al. 2014). The congruence 
of bat and bird richness along gradients of forest compo-
sition therefore implies that common ecological traits are 
involved, suggesting that insectivorous diet and foraging 
methods are key to explain these patterns. The positive 
effect of broadleaved trees under temperate and boreal 
climates is likely due to higher insect prey availability 
(Brändle and Brandl 2001). In these regions, broadleaved 

trees generally increase the abundance and diversity of 
available prey for both bats (Razgour et al. 2011; Fuentes-
Montemayor et al. 2013; Charbonnier et al. 2016) and 
insectivorous birds that mostly locate their prey visually 
by gleaning on broadleaved tree foliage (Mäntylä et al. 
2004; Barbaro et al. 2014; Maas et al. 2015). The posi-
tive effect of conifers on bat and bird species richness in 
Mediterranean regions is consistent with past observations 
of bats and birds being as much or even more abundant in 
native pine than in evergreen Mediterranean forests (Napal 
et al. 2010; Proença et al. 2010; Rey-Benayas et al. 2010). 
Moreover, many Mediterranean broadleaved tree spe-
cies are evergreen and tend to host less insect herbivores 
than temperate and boreal broadleaved trees (Giffard et al. 
2012) that are less defended against herbivory (Björkman 
and Larsson 1991).

Table 1  Predictor estimates 
(±standard errors) from mixed 
models relating bat and bird 
species richness and functional 
evenness to latitude, forest 
composition, forest structure 
and their interactions

Significant predictors are indicated in bold

Marginal R2m represents the variance explained by fixed factors while conditional R2c is interpreted as 
variance explained by both fixed and random factors

Estimate Std. error z value Pr (>|z|) R2m

Bat species richness 0.323

 Intercept 1.071 0.066 16.169 <2e−16

 Structure −0.174 0.038 −4.556 5.21e−06

 Composition 0.037 0.030 1.222 0.221

 Latitude −0.119 0.070 −1.696 0.089

 Structure × latitude −0.175 0.046 −3.748 1.78e−04

 Composition × latitude 0.087 0.032 2.720 0.006

Bird species richness 0.169

 Intercept 2.362 0.026 89.220 <2e−16

 Structure 0.004 0.017 0.210 0.831

 Composition 0.007 0.013 0.550 0.582

 Latitude −0.043 0.031 −1.370 0.171

 Structure × latitude −0.023 0.022 −1.050 0.293

 Composition × latitude 0.041 0.014 3.010 0.003

Estimate Std. error t value Pr (>|t|) R2m R2c

Bat functional evenness 0.043 0.382

 Intercept 0.600 0.063 9.510 0.002

 Structure 0.0226 0.018 1.232 0.222

 Composition −0.008 0.0171 −0.476 0.637

 Latitude 0.018 0.056 0.326 0.758

 Structure × latitude 0.044 0.020 2.206 0.029

 Composition × latitude 0.020 0.017 1.204 0.235

Bird functional evenness 0.103 0.241

 Intercept 0.788 0.006 124.670 0.0347

 Structure 0.008 0.003 2.490 0.033

 Composition −0.001 0.003 −0.090 0.938

 Latitude 0.012 0.007 1.610 0.4407

 Structure × latitude −0.005 0.004 −1.200 0.235

 Composition × latitude 0.001 0.003 0.220 0.8537
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Bat species richness was higher in older stands with less 
dense understorey in temperate and boreal regions, likely 
because bats locate their prey using acoustic signals that are 
more difficult to perceive or interpret in forests with com-
plex vertical structure (Müller et al. 2012; Jung et al. 2012). 
Bird species richness was not affected by forest structure, 
irrespective of latitudes, probably because foraging strate-
gies are more diverse in this taxon, making bird communi-
ties more flexible in resource use (Moorman et al. 2007).

Bird functional evenness was higher in forests with more 
complex understorey structure (e.g., in younger and denser 
forests), indicating lower functional redundancy when spe-
cies richness is low (Petchey et al. 2007; Luck et al. 2013; 
Mouillot et al. 2013). The same pattern was observed with 
bat functional evenness, but only in temperate countries 
(Fig. 3d). The fact that functional evenness increased with 

Fig. 3  Forest composition (PCA1) and/or structure (PCA2) effects 
on bat species richness (a, b), bird species richness (c) and bat func-
tional evenness (d) along the latitudinal gradient from boreal (blue, 
Finland and Poland); to temperate (green, Germany and Romania) and 
Mediterranean (red, Italy and Spain) regions. PCA1 accounts for for-

est composition, ranging from plots dominated by conifers (negative 
values) to broadleaved trees (positive values). PCA2 accounts for for-
est vertical structure ranging from plots with large, tall trees and clear 
understorey (negative values) to plots with smaller trees and denser, 
more stratified understorey (positive values) (colour figure online)

Fig. 4  Estimates (±confidence intervals) for generalized linear 
mixed models correlating total bat activity to total bird abundance per 
region, ranked by latitude
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forest structure complexity may reflect the efficiency of 
resource partitioning by these predatory taxa (Hillebrand 
et al. 2008). More complex forest structure would result in 
more abundant and diverse prey resources, allowing higher 
levels of predator functional diversity (Barbaro et al. 2014; 
Ferger et al. 2014). The opposite (negative) response pattern 
of Mediterranean bat evenness to forest structure may be due 
to difference in bat species composition (Cruz et al. 2016). 
Bat species assemblages in these forests were dominated by 
Pipistrellus spp., which have been found to cope with struc-
turally complex habitat by adjusting echolocation processes 
(Kalko and Schnitzler 1993; Berger-Tal et al. 2008). This 
confers a benefit when dense understorey vegetation pro-
vides complementary prey resources (Müller et al. 2012) in 
forest habitats relatively poor in insects (Cruz et al. 2016).

Forest bats and birds are two groups of insectivorous ver-
tebrates that share broad habitat and dietary requirements. 
As a result, the hypothesis of competitive exclusion among 
bats and birds along the independent gradients of habitat 
and latitude is worth being tested (Speakman et al. 2000). 
Here, we found that bats and birds tend to aggregate in the 
same forest habitats in northern countries while they tend 
to be segregated by habitat structures in southern countries. 
The positive covariation in northern countries may be due 
to a summer ‘resource pulse’ of invertebrate biomass con-
centrating predation over short time intervals and restricted 
spatial extents (Speakman et al. 2000). The positive covari-
ation in southern countries could be explained by higher 
and more even insect abundance (Kozlov et al. 2015b), 
and higher habitat-diversity in forested landscapes, allow-
ing habitat partitioning among competing predators with 
important dispersal capacities (Tilman 1994).

In accordance with both theoretical and empirical studies 
(Hurlbert 2004; Ramos Pereira and Palmeirim 2013; Zhang 
et al. 2013), our results showed that local habitat features 
and large-scale processes jointly shape bat and bird com-
munities across a large diversity of mature European for-
ests. This is consistent with the prediction that community 
assembly processes are driven by an interaction between 
resource and energy gradients at the continental-scale and 
habitat filters at the local scale (Ricklefs 2004). We thus 
advocate for taking into account biogeographical factors 
when studying large-scale variations in habitat-diversity 
relationships, since they appear important drivers of interac-
tions between regional species pools and both taxonomical 
and functional composition of local communities.
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