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Abstract
Promoting the diversity of biological communities in areas of agricultural production is a very current debate since protected
areas may not be sufficient to ensure biodiversity conservation. Among the biological communities affected by the
production areas are birds, which show rapid responses to changes in the landscape. Here we seek to understand how
landscape planning, concerning its composition and configuration, in areas with a matrix of planted Eucalyptus spp. forests
influences the functional diversity of bird assemblages in the Atlantic Forest. Our results show that the spatial distribution
design of planted forests in terms of age, land cover and clone types have effects on bird diversity with regard to functional
divergence, functional evenness and species richness. These results reinforce the importance of good management for the
maintenance of bird diversity. We found that bird functional diversity in planted forest matrices increased with the proximity
index, proportion of native vegetation and age importance value, and is negatively influenced by edge density and proportion
of forest plantation. For bird conservation, it is thus better to associate Eucalyptus spp. with other cover types in the
landscape. These results corroborate that, to increase bird functional diversity, it is possible to associate conservation and
production in the same landscape. Mosaic landscapes have great potential to contribute to the conservation of bird
biodiversity outside protected areas. However, decisions regarding the management of planted forests and planning of
improved areas intended for conservation seem to be decisive to ensure the maintenance of bird biodiversity.
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Introduction

Intensely managed planted forests occupy 131 million
hectares worldwide (FAO 2020). In Brazil, they cover an
area of 7.83 million hectares, with a predominance of
Eucalyptus spp. plantations, which make up 72.41% of this
total (IBÁ 2019). Widely spread in the Atlantic Forest
region, planted Eucalyptus spp. forests (here called planted
forests) are cultivated by adopting strategies that generate
forms of land use and landscapes with distinct structures
capable of influencing local biodiversity (e.g.: Jacoboski et
al. 2016; Millan et al. 2015). Planning of new areas is
considered key in the implementation phase, and there may
be plantations in mosaics of ages and clone types, which
contribute to increasing the resilience of the plantations and
controlling pests and diseases (Gonçalves et al. 2013).
When performed at large scales, the harvesting phase gen-
erates simplified landscapes, but when performed in mosa-
ics of smaller plots, it increases landscape complexity
(Franklin and Forman 1987; Pawson et al. 2013).
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The complexity of the landscapes is also influenced by
the presence of native vegetation, located mainly close to
rivers or on steeper terrain, commonly found as fragments
amid the agricultural/forestry matrix. Those areas can easily
assume the role of biodiversity conservation areas (Lamb
et al. 2005; Bowen et al. 2007). In the Atlantic Forest, those
areas occupy about 28% of the landscape, composed mainly
of small fragments that are distant from each other (Ribeiro
et al. 2009; Rezende et al. 2018). However, considering the
landscape dominated by forest plantations, the occupied
proportion is higher, reaching about 41% (IBÁ 2019).

Native vegetation areas result from compliance with the
Brazilian Native Vegetation Protection Law (Brasil 2012)
which obliges properties to protect areas on sloping land
and around rivers and springs (“Permanent Preservation
Areas”) in addition to more 20% at the choice of the owner
to compose the “Legal Reserve” (LR). In the case of the LR
category, it becomes possible to choose the areas to be
protected or restored (Banks-Leite et al. 2011; Tambosi
et al. 2014) aiming at improving the structure of the land-
scape itself and/or for the fauna and water quality.

Regarding landscape planning for Eucalyptus spp. pro-
duction, one of the current objectives of forest companies is
to establish landscapes that provide ecosystem services and
consequently the sustainability of production. In Brazil, for
instance, almost half of planted forests are certified by the
Forest Stewardship Council standard (IBÁ 2019), and the
certification process and maintenance require indicators
evidencing that silvicultural practices are not negatively
affecting the wildlife and flora of the region.

Among the biological communities affected by agri-
cultural/forestry management are birds, which are used in
ecological surveys due to their potential for rapid response
to changes in the landscape (Tscharntke et al. 2005; Gardner
et al. 2008). However, each species has a different behavior
according to its characteristics, such as feeding guild and
foraging stratum (Martensen et al. 2008; Boscolo and
Metzger 2011; Alexandrino et al. 2017). Because of that,
the functional diversity approach is the strategy used to
aggregate the particularities of each species expressed by
bird traits, for example. Then, the functional diversity
makes it possible to understand in more detail the effects of
landscape structure on the traits of the biodiversity elements
being considered (e.g.: Dias et al. 2016; Leitão et al. 2016).

Therefore, the maintenance of the functional diversity of
biological communities in forest production ecosystems,
concomitantly with increased productivity, brings the need
for studies that elucidate ways to achieve these objectives
(Tscharntke et al. 2005; Bennett et al. 2006; Brockerhoff
et al. 2008, 2013). Considering that there is a risk that areas
intended for conservation cannot guarantee biodiversity
conservation by themselves, it is necessary to investigate
and adopt techniques that promote the conservation of

biodiversity beyond protected areas (Daily 2001; Fischer
et al. 2006).

Within this context, our objective was to understand how
landscape planning in planted forests areas can influence
bird assemblages’ functional diversity. For this, we char-
acterized the assemblage of birds present in areas of native
vegetation located in landscapes of planted forest matrix,
the landscape structure of the mosaic formed by planted
forests and areas intended for conservation, and we also
evaluated the relationship between landscape structure and
bird functional diversity. We hypothesized that there is
greater functional diversity of birds in landscapes of planted
forests with a higher proportion of native vegetation, con-
served and formed by contiguous areas.

Material and methods

Study Area

The study was conducted in areas of north-central Espírito
Santo, Brazil, a state with more than 220,000 ha of planted
forests bordered by areas intended for conservation (IBÁ
2019). It has a tropical climate with dry winters (Aw in
Köppen’s classification). The average annual temperature
ranges between 20.2 and 26.1 °C, and the average annual
precipitation is around 1290 mm (Alvares et al. 2013). The
predominant soil is Ultisol (dos Santos et al. 2011). The
study area is located at an average altitude of 43 m above
sea level and with a mean slope of 7% (SRTM 1).

This region is part of the Atlantic Forest biome, which is
considered a world hotspot – it is one of the most
biodiversity-rich areas on the planet, with the highest degree
of endemism in the world, but also very threatened due
mainly to deforestation (Myers et al. 2000). The north-central
Espírito Santo state (Brazil) was intensely occupied between
the 1920s and 1940s for coffee production and livestock
farming. In the 1950s, the need for coal to produce iron and
steel intensified the opening of new areas and in the late
1960s, forestry began in the region, becoming one of the
main activities (Loureiro 2006). Currently, there is about 23%
of native vegetation left in the state (Rezende et al. 2018),
formed by Dense Ombrophilous Forests (IBGE 2004). In this
region, in several localities where planted forests are present,
they form clusters and become the landscape matrix, because
of their predominance in area and before being considered
non-habitat (Forman and Godron 1986).

Sampling Design

The companies responsible for these planted forests peri-
odically survey biodiversity in native vegetation in these
areas, meeting requirements to obtain and maintain forest
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certification (FSC 2014). Based on the information about
the places where the company carried out bird surveys in
this region (database belonging to Suzano Papel e Celu-
lose), we allocated 7 points in the places with the highest
cumulative sampling effort. From the centroids of the sur-
veys, we created buffers with 2 km radius, which formed the
sampling landscapes (SL), so that they could represent the
existing ecological processes and their size was in accor-
dance with what is recommended in the literature (Boscolo
and Metzger 2009; Smith et al. 2011). In addition, the
sampling landscapes have variations in land cover which we
measured through selected landscape metrics (Fig. 1).

Landscape Structure

We used a land cover map of the year 2010 at 1:10,000 scale
prepared by the company responsible for the study area
resulting from a topography survey. Some SLs covered areas
with no company operation, so there was a gap in information
about land use. In these cases, we used images from
LANDSAT 5 TM satellite with 30 meters of spatial resolution
and high-resolution images from Google Earth for 2010 to
manually complement information on land use in these areas.
As the areas we needed to complement were not large enough
to justify an image classification and to maintain the land

Fig. 1 Sampling landscapes located in the state of Espírito Santo,
Brazil, in areas of matrix composed of planted Eucalyptus spp. forests
(left). Land use in the sampling landscapes and the location of bird

surveys (right). Source: Remnants of Atlantic Forest—SOS Mata
Atlântica 2013/2014; Planted Forest—MapBiomas Collection 5
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cover classes and map information provided by the company,
a manual land cover complement was the best option.

We obtained the metrics for each of the seven SLs
defined. We calculated three metrics to measure the land-
scape matrix (i.e., planted forests) and six metrics for the
native vegetation. We selected most of the metrics for being
widely applied in similar studies (e.g.: Thies and Tscharntke
1999; Villard et al. 1999; Banks-Leite et al. 2011; Dias et al.
2016), and others we developed to check landscapes parti-
cularities as explained hereafter.

For the landscape matrix we obtained: (i) the proportion
it covered the landscape (Peuc) as a way to check whether
its presence can influence the bird assemblage; (ii) the
diversity of Eucalyptus spp. clones present in the landscape
(DCLeuc), considering that planted forests with low clone
diversity form more homogeneous landscapes than forests
with high clone diversity; and (iii) the development stages
of the planted forest (AIVeuc), weighted according to the
planting age (<1.5 years) (w: 0.2), 1.6 to 3.0 years (w: 0.4),
3.1 to 4.5 years (w: 0.6), 4.6 to 6.0 years (w: 0.8) and > 6.1
years (w: 1.0); see Online Resource 2 for more details.

For the areas of native vegetation we obtained: (iv) the
proportion covering the landscape (Pnat); (v) the proportion of
core area in the remnants relative to the total area of native
vegetation (Core), considering core areas as those at 50m away
from the edge of the fragment (Murcia 1995); (vi) the diversity
of classes of native vegetation (Dnat), considering that there is
a greater possibility of high biodiversity when there is a greater
variety of ecosystems present in the landscape (McGarigal and
McComb 1995); (vii) the potential for biodiversity conserva-
tion according to the types of native vegetation importance
value (TIVnat), giving greater weight to native vegetation areas
that are in more advanced stages of development and/or had
less anthropic alteration, factors that influence the assemblage
of birds (e.g.: Alexandrino et al. 2017) - the weights are pre-
sented in Online Resource 1 of the supplementary material;
(viii) the edge density (ED), which reflects the degree of
influence of external factors such as wind, heat and humidity
on native vegetation (Murcia 1995); and finally (ix) the
Proximity Index (PROX), which reflects the chance of an
individual finding a resource within a search radius, taking into
account the distance and size of native vegetation areas
(Gustafson and Parker 1992; Bełcik et al. 2020). The calcula-
tion was performed with a search for patches whose edges are
within a 1,00m radius from the focal patch. We present the
equations used to calculate each metric in Online Resource 2.
We calculated all metrics using ArcGIS software v. 10.3 and
the V-Late extension to calculate the proximity index.

Bird Survey

We used data from bird surveys carried out in the areas of
native vegetation by the company responsible for the

planted forests from 2010 to 2014, totaling 5 years of
data. Companies from the Brazilian forest sector usually
survey the fauna and flora in their area of operation to
assess the maintenance of local diversity through the
biological community that is directly affected by the
amount of native vegetation and the condition in which
the remnants are (e.g.: Martensen et al. 2012; Turner
1996; Uezu and Metzger 2011). We considered the sur-
veys carried out by fixed points and mist nets since using
the two procedures is considered an effective approach for
bird assemblage investigation (e.g.: Wang and Finch
2002; Maas et al. 2015).

Mist nets were used for the samplings of understory
birds. Each sample consisted of 10 nets, five with 36 mm
mesh and 2.5 m height and the other five with 61 mm mesh
and 3.25 m height, forming a 134-m-long line open at
sunrise and exposed until midday, checked every hour. We
oriented the mist nets in a way that they are completely
inside/alongside the native fragments, following the relief
when it was possible, and occupied different proportions of
the height of the forest, but focused on the understory. We
adopted the pattern of 35 h of sampling effort per SL; that
is, SLs with greater effort had the excess amount randomly
eliminated and the SLs with less effort were not used. After
standardization, the average sampling effort was
33.28 ± 1.71 h per sample, which totaled 232.97 h of mist
nets exposed in areas intended for conservation.

Samplings by fixed points were carried out at least 50 m
away from the edges of the native vegetation remnants and
200 m away from each other to avoid overlapping sampling
units. The observations were made half an hour after sun-
rise, lasting up to two hours after this time. The sampling
interval was 20 min, and we recorded all species seen or
heard, then, the number of contacts was used as a measure
of abundance. As performed with the data of mist nets, it
was also necessary to standardize the sampling effort per
fixed point between the SLs. We adopted the sampling
effort of 6 h per SL. The SLs with greater number of hours
had the excess amount randomly eliminated. After stan-
dardization, the average sampling effort was 5.67 ± 0.00 h
per sample, which totaled 39.67 h of sampling per fixed
point in native vegetation areas. With the combination of
these two types of survey we obtained the species richness
and abundance. We used the nomenclature and taxonomic
order adopted by the Brazilian Committee of Ornithological
Records (Piacentini et al. 2015).

Functional Traits

We used four traits to functionally describe the bird species
recorded in the study area. The traits address the acquisition
and use of the resources consumed in terms of the food
aspect regarding (1) diet (feeding guild), (2) position of the
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vertical stratum birds use to forage (foraging stratum), (3)
type of habitat in which birds are found and (4) energy
resource available to the birds (average body mass shown
by the species) (Table 1). These traits were selected because
they are related to the role of the species in the community,
the energy flows involved and the structure of the ecosys-
tem (Peters 1983), and also to allow comparison with other
studies that have used similar attributes (e.g.: De Coster
et al. 2015; Leitão et al. 2016; Petchey et al. 2007).

Functional Diversity Indices

From the species with the functional traits and the abun-
dance recorded in the selected SLs, we calculated three
independent metrics to quantitatively represent functional
diversity: Functional Richness (FRic), Functional Evenness
(FEve) and Functional Divergence (FDiv). The advantage
of applying these indices lies in using data of abundance
and various traits of the species. In addition, functional traits
can be on different measurement scales without the indices
being related. Thus, it is possible to evaluate the functional
diversity present in a given landscape more comprehen-
sively way than evaluating only species richness (Flynn
et al. 2009).

To calculate these indices, we standardized the func-
tional traits and abundances of the species. Regarding
functional traits, we initially calculated the adapted matrix
of Gower’s distance between each pair of species because
it standardizes each variable type independently. Next, we
constructed the global distance matrix and thus calculated
the contribution and correlation of each trait (Pavoine et al.
2009). After that, we performed a principal coordinate
analysis (PCoA). We used the first seven axes to construct
a multidimensional space because they showed the best
quality of multidimensional space based on the lowest
mean square deviation between the initial functional dis-
tance and the scaled distance in the functional space
between pairs of species (Maire et al. 2015). We used the
axes to compute the three indices of functional diversity.
The first of these, FRic, represents the functional volume
occupied by the bird assemblage, and it can be said that the

higher the value, the greater the number of functions
performed in the assemblage. The second index, FEve,
describes the evenness of the distribution of abundance in
a space of functional traits and it decreases when abun-
dance is not evenly distributed among species and/or when
the functional distance between traits is not regular
(Villéger et al. 2008). The third and last index, FDiv, is
related to the divergence of the distribution of abundance
in the functional volume occupied by the species; the
greater the FDiv, the lower the competition for resources
because there is an indication that there was a high degree
of differentiation of niches in that assemblage (Mason
et al. 2005). We calculated the functional diversity of the
bird assemblage using the statistical software R and the
functions quality_funct_space and multidimFD (R 2022).

Statistical Analyses

The four response variables of the bird assemblage
(functional diversity indices - FRic, FEve, FDiv and spe-
cies richness - SRic) were modeled separately by linear
regressions (LM) using landscape metrics related to plan-
ted forests and areas intended for conservation as expla-
natory variables. First, we checked the assumptions of the
model regarding data normality. Transformations were
necessary for the variables FRic, Peuc, DCLeuc, Pnat and
Dnat, because they were not normally distributed, so they
were transformed using the Box-Cox method because it
suggests the better transformation of the data. After the
regressions, we checked the distribution of the residuals,
which did not show asymmetry. For each response vari-
able, we constructed a set of candidate models using
landscape metrics as explanatory variables, which resulted
in 9 models per response variable. We compared the
candidate models using Akaike’s Information Criterion
(AIC) adjusted for small samples (AICc); models with the
lowest AICc are considered the most parsimonious in a set
of candidate models (Burnham and Anderson 2002). For
all models, we also calculated Akaike weights (wi, which
can be interpreted as the probability of a model being the
one with the best support in a set; Burnham and Anderson

Table 1 Traits used to calculate functional diversity indices for birds

Trait Categories or Variation Scale Reference

Feeding
Guild

carnivore, frugivore, granivore, herbivore, insectivore,
nectarivore, broad omnivore, restricted omnivore, scavenger

Categorical
(9 classes)

Wilman et al. 2014 with approach of Alexandrino
et al. 2017

Foraging
strata

water, ground, understory, midstory, canopy, aerial Categorical
(multichoice)

Parker III et al. 1996

Habitat of
occurrence

aerial, forest, non-forest

Body Mass 2.6 to 3994.9 g Continuous Collecting data and literature revision (del Hoyo et al.
2015; Magalhães et al. 2007; Wilman et al. 2014)
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(2002)) and the coefficient of determination (R²) to eval-
uate the quality of fit of the model. For the interpretation of
the best models, we considered those with better support,
deltaAICc <= 2 (Burnham and Anderson 2002), and R²
greater than 0.20. Statistical analyses were carried out
using R software (R Core Team 2022).

Results

Bird Biodiversity at Forest Plantation Landscapes

A total of 859 contacts resulted in 175 species of birds
found in the studied areas. The lowest richness found was
34 species, and the highest was 75 species (Online Resource
3 in Supplementary Material).

Most detected birds feed preferably on insects (63.0%),
have a forest habit (62.3%) and forage in the understory and
midstory strata (17.7%) (Fig. 2). The contacted birds had
body masses varying from 2.6 to 3994.9 grams, with an
average of 32.6 grams. Although a high amplitude in spe-
cies richness was found among the sampling landscapes, the
functional diversity indices did not show great variation.
The difference between the highest and the lowest value
was 0.063 for FRic, 0.100 for FEve and 0.164 for FDiv. The
presence of planted forests in the sampling landscapes
ranged from 10 to 64%, and the presence of native vege-
tation areas ranged from 20 to 86% (SM Fig. 2).

The silviculture practices in planted forests showed a
high level of mixed clones in the landscape since DCLeuc
remained above 0.9 and the maximum was 1.0. AIVeuc
showed lower values than DCLeuc, ranging from 0.28 to
0.60. The values evidenced the presence of homogeneous
forests in terms of age and the predominance of young
forests. The native vegetation metrics showed a high range

for Core an average value slightly above 0.5, demonstrating
that more than half of native vegetation did not have
influence of edges. In contrast, ED also had high variation
in its values and an average of 49.8 m/ha. Despite that, Dnat
had distinct values among sampling landscapes, but tended
to have considerable diversity in types of native vegetation,
and the areas intended for conservation in general had good
conservation quality (see TIVnat—SM Fig. 2). PROX index
oscillated more than 30 times between the lowest and the
highest value, and all sampling landscapes showed values
above 100 thousand.

Effects of Landscape Structure on Bird Biodiversity

The composition and configuration of the landscape matrix
formed by planted forests, represented here by the metrics
proportion of planted Eucalyptus spp. forests (Peuc),
diversity of clones (DCLeuc) and age importance value
(AIVeuc), influenced the functional divergence (FDiv)
present in areas intended for conservation, functional
evenness (FEve) and species richness (SRic), respectively
(Fig. 3 and Online Resource 3).

The composition and configuration of the areas intended
for conservation occupying the planted forest landscapes
were also related to bird functional diversity. Species rich-
ness (SRic) and functional diversity (FRic) were positively
correlated with proximity index (PROX). The regularity of
the functions performed by the species (FEve) decreased as
the proportion of native vegetation increased and in cases in
which it had a higher degree of conservation (Pnat and
TIVnat) (Fig. 3 and Online Resource 3).

Functional divergence (FDiv), the index that showed the
highest number of better-supported relations, increases
when there is a lower overlap of niches or competition for
resources, and this condition was favored when there was a

Fig. 2 Distribution of bird
individuals by sampling
landscapes (letters A–G) and by
categorical characteristics used
to compute functional diversity
indices. (Guild: car: carnivore;
fru: frugivore; gra: granivore;
her: herbivore; inv: insectivore;
nec: nectarivore; onia: broad
omnivore; onir: restricted
omnivore; sca: scavenger.
Habitat: a: aerial; f: forest; nf:
non-forest. Foraging Strata: w-
water; g: ground; u: understory;
m: midstory; c: canopy; a:
aerial)
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higher proportion of native vegetation (Pnat). In addition,
this vegetation must have lower edge density (ED), greater
core area proportion (Core) and lower diversity of classes of
native vegetation (Dnat).

Discussion

Bird Assemblage at Forest Plantation Landscapes

The bird assemblage observed here, composed predominantly
of insectivores and omnivores, corroborates the results of
other studies which surveyed birds in landscapes with planted
forests matrix (Tejeda-Cruz and Sutherland 2004; Volpato et
al. 2010; Lopes et al. 2015) and in other anthropic landscapes
(Martin et al. 2012; Alexandrino et al. 2019). Studies in
planted forests have also identified the presence of a greater
number of species that forage in the forest canopy (Tejeda-
Cruz and Sutherland 2004; Cockle et al. 2005), whereas in
the present study there was a predominance of birds which
foraged in the understory and midstory, reinforcing the
importance of the presence of understory in native vegetation.
As for the predominance of forest-dwelling species in this
study, some studies report the same pattern (e.g.: John and
Kabigumila 2011; Zurita et al. 2006), while other studies
identified the predominance of generalist species (e.g.:
Jacoboski et al. 2016; Volpato et al. 2010). Understory and
midstory strata may have become important because of the
predominance of forest individuals, which prefer more
developed native forests that can have understory and mids-
tory strata, increasing the support capacity for birds.

Effects of Landscape Structure on Bird Biodiversity

The native vegetation proportion in the studied landscapes was
higher than that found in this region (Rezende et al. 2018;
Ribeiro et al. 2009). All the SLs analyzed have more than 20%
of native forest, with an average of 45% (see Pnat—SM
Fig. 2), a value above that found for the extensive fragmen-
tation of the Atlantic Forest in the region where the study was
conducted, i.e., biogeographical sub-regions of Bahia, where
the proportion is 17.7% (Ribeiro et al. 2009). The values of the
present study are higher than the thresholds indicated for the
maintenance of ecological functions, 30% according to Banks-
Leite et al. (2014), and for conserving species of forest habitats,
40% according to Arroyo‐Rodríguez et al. (2020). However,
two of the seven SLs analyzed did not reach this vegetation
cover threshold, indicating that even this landscape with a good
quantity of native vegetation cover still has areas which require
more attention and need to be eventually restored.

However, the structure of this landscape can also affect
biodiversity positively with the major presence of native
vegetation core areas compared to edge areas (Banks-Leite
et al. 2010). Our results also highlight the contribution of
the native vegetation core area of the patches present in
landscapes for maintaining of bird biodiversity. Those areas
increase niche differentiation, which does not occur when
the patch is only influenced by edge effects. Studies suggest
that the presence of core areas is paramount for the per-
manence of species that are sensitive to disturbances, and
corridors favor mainly the generalist species, so the pre-
sence of these two landscape components is important
(Banks-Leite et al. 2010; Hansbauer et al. 2008).

Fig. 3 Results of linear regression models for bird functional diversity
indices and landscape metrics as explanatory variables. Line thickness
represents the coefficient of determination and color represents the
signal of the relation. (FRic: Functional Richness; FEve: Functional
Evenness; FDiv: Functional Divergence; SRic: Species Richness;

Peuc: Proportion of Eucalyptus spp. plantation; DCLeuc: Diversity of
Clones; AIVeuc: Age Importance Value; Pnat: Proportion of native
vegetation; Core: Core area proportion; Dnat: Diversity of classes of
native vegetation; TIVnat: Types of native vegetation importance
value; ED: Edge density; PROX: Proximity index)
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Concerning the production areas, we were able to assess
a wide variation of forest plantation land cover. In areas
where Eucalyptus spp. trees have been cultivated for a long
time, and near the pulp mill, there is a predominance of
Eucalyptus spp. plantation on the landscape, mainly to
reduce the transportation costs of raw materials to the plant
pulp mill (Ferreira et al. 2019). On the other hand, the
diversity of clones (DCLeuc) showed a low data variability
but with high values, mainly because the high diversity of
clones planted in a mosaic system is one of the techniques
adopted to control the dissemination of pests and diseases
and to promote resilience to extreme climatic events
(Burdon and Aimers-Halliday 2006; Martins et al. 2017).
The age importance value of the forest plantation showed
that most of the studied areas have young forests under six
years old. This is because in this region, the forests intended
for cellulose pulp production are cultivated in short rotations
and reach the optimal cutting age at around six years of age
(Gonçalves et al. 2013; McMahon and Jackson 2019).

Relationship Between Bird Functional Diversity and
Landscape Structure

Planted Eucalyptus spp. Forests

Our results show that the spatial distribution design of planted
forests in terms of age, land cover and choice of clones
(metrics AIVeuc, Peuc, DCLeuc, respectively) has effects on
bird diversity (FDiv, FEve, SRic) in areas intended for con-
servation in the matrix, which reinforces the importance of
good landscape management for the maintenance of bird
diversity. Although the landscape matrix has already been
pointed out as modulator in the composition of the bird
assemblage (Dunford and Freemark 2005; Kennedy et al.
2010; Aben et al. 2012; Alexandrino et al. 2019), little was
known, until now, about the influence of the management of
planted forests, reinforcing the importance of economic
decisions that affect the land cover of a landscape and its
characteristics influencing biodiversity.

The higher proportion of planted forests in the landscape
(Peuc) caused a decrease in the functional divergence of the
bird assemblage (FDiv). This is because intensively culti-
vated landscapes tend to be more homogeneous than those
with a lower proportion of cultivated areas. Consequently,
the amount of functions performed by the bird assemblage
is also smaller, that is, there is no major differentiation of
niches (Mason et al. 2005). This relationship is corroborated
by a study that found a decrease in FDiv in areas of over-
stocked pine trees compared to less densely stocked plan-
tations (Lee and Carroll 2018).

The relative abundance of species with different functional
characteristics (FEve) was more uniform in areas with lower
diversity of clones (DCLeuc), since this generates a

homogenization in the forest profile, in the landscape and,
consequently, in the supply of resources, directly influencing
the avifauna. In addition to the fact that there is no differ-
entiation of niches (FDiv), with an increase in the proportion
of planted forest (Peuc), if it also has no variety in its planting
regarding species or clones (DCLeuc), there will be stability in
the supply of resources and consequently in the uniformity of
functions being represented by the bird assemblage (FEve), as
observed in other studies (Leaver et al. 2019; Jacoboski and
Hartz 2020). On the other hand, the increase in the complexity
of the landscape by natural agents, diversity of crops or ages
of forest plantations can influence the composition of fauna
species, which responds according to the functional traits that
they have (Bennett et al. 2006; Burgess and Maron 2016).

Areas Intended for Conservation

With the results found in this study, we confirmed that both
the structure and composition of the areas intended for con-
servation and also of the landscape matrix formed by planted
forests directly influence bird assemblages, so adequate
planning of the landscape can positively aid biodiversity. To
increase the components of bird functional diversity (FRic,
FEve, FDiv), our results corroborate the land-sharing pro-
posal, showing that it is possible to associate conservation
and production in the same landscape (Phalan et al. 2011).

The increments in bird richness (SRic) and in the number
of functions performed (FRic) were mainly influenced by
the landscape forest availability (PROX). Our results sup-
port previous research, emphasizing that forest connectivity
facilitates the movement of birds, influencing species rich-
ness, in addition to enabling their presence and higher
abundance than less connected landscapes (Alexandrino
et al. 2019; Boscolo and Metzger 2011; Holbech 2009; John
and Kabigumila 2011; Laube et al. 2008; Martin et al. 2012;
Uezu et al. 2005; Zurita et al. 2006). Also, the proximity of
production areas to native vegetation has been recognized
as a way to promote the presence of a greater richness of
bird species and increase of key species that prey on pests
(Maas et al. 2015). In this context, birds with certain traits
may be more affected than others. Understory frugivores,
nectarivores and insectivores decrease their richness when
there is less native forest, while granivores are favored, but
not where Eucalyptus spp. plantation is the matrix
(Tscharntke et al. 2008; Clough et al. 2009; Jacoboski et al.
2016). Therefore, the amount of native forest becomes an
important factor for the balance and management of land-
scapes in which biodiversity conservation is sought.

In addition, in this study, we identified that when the
remnants are very irregular (high ED), and the proportion of
native vegetation in the landscape under edge effect
increases (low Core), it leads to reductions in the divergence
of functions (FDiv) performed by the bird assemblages,
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limiting birds to specific traits or traits associated with a
given location. The edge effect, given the size of the frag-
ment, is the main agent of the landscape structure that
changes the inner forest structure, changing the composition
of the bird community since it limits the existence of mature
interior forests (Banks-Leite et al. 2010). Studies show that
greater bird richness is found in core areas when compared
to areas where the edge effect is predominant (Watson et al.
2004). A similar relationship was found in palm oil plan-
tations and in urban environments where the amount of
native forest prevented the loss of functional diversity
(Schütz and Schulze 2015; Prescott et al. 2016). So, land-
scapes that favor fewer possibilities of different niches lead
to lower functional diversity of birds.

Functional Evenness (FEve) is influenced on a fine scale by
the homogeneity of the structure of the native vegetation
present, determining its ecosystem function for the landscape,
such as seed dispersal and insect control (Sitters et al. 2016).
The types of native vegetation (ex. Online Resource 1) present
in a given location increase through natural disturbances or
anthropic landscape management processes, which also cause
an increase in the richness of bird species (Fairbanks 2004;
Bennett et al. 2006). However, this richness may be distributed
unevenly among the various functional traits (Willson 1974;
Hudson and Bouwman 2007; Burgess and Maron 2016).

On the other hand, the functional divergence of the bird
community (FDiv) tends to increase when specialist species
are present (Boyer and Jetz 2014). This corroborates the result
found for the positive relationship between functional diver-
sity and stage of forest succession (TIVnat), since it is known
that specialist bird species have a preference for occurring in
preserved habitat as opposed to degraded fragments, which
have a low value for this index (Jiguet et al. 2007; Pardini
et al. 2009). Furthermore, biodiversity and the presence of
varied functions in the biological community promote the
capacity for resilience (Tscharntke et al. 2008). Diversity of
characteristics makes it possible for the bird communities to
restructure themselves after extreme events, external pressures
or incorrect actions adopted in management more easily than
other communities with low functional diversity (Fischer et al.
2006; Jiguet et al. 2007).

Implications for Landscape Management

Due to the differentiated conditions found in landscapes with
forest plantation, with a higher proportion of areas of native
vegetation compared to the condition found in agricultural
landscapes of the Atlantic Forest (Ribeiro et al. 2009;
Rezende et al. 2018), it is possible to adopt practices in these
landscapes to increase their conservation potential in a way
that adds to the established roles of protected areas (Daily
2001). Implementing single plantations in the landscape is
one of the first aspects to be observed since the

homogenization of large areas reduces the differentiation of
niches in the bird assemblages. Production should be sought
through the increase of productivity in areas already occupied
instead of expanding into new areas. This point can be
achieved by identifying growth restrictions and adopting
strategies to overcome the limitations, e.g. choosing adequate
genetic material, adopting the best quantity of trees per hec-
tare, performing good soil management, identifying the defi-
ciencies of nutrients and controlling weeds, pests and diseases
(Gonçalves et al. 2013; Elli et al. 2019), or alternating the
covers of landscapes already homogenized by silviculture,
seeking to diversify the landscape. The richness of bird spe-
cies can benefit from the increase in rotation cycles, which
would contribute to the reduction of constant management
activities in the area and the possibility of understory for-
mation, which contributes to the permanence of bird assem-
blages (Calviño-Cancela 2013; Luck and Korodaj 2008). In
addition, agglomeration in the landscape of genetically close
clonal groups may favor the balanced distribution of functions
performed by the bird assemblage. On the other hand, clonal
mixtures are recommended for maintaining the resilience of
plantations in recovering from damage caused by pests, dis-
eases and extreme weather events (Carnus et al. 2006).

Regarding areas intended for conservation, because of the
evolution in stages of forest succession, it is natural that there
is a tendency of homogenization. Still, in this case, it is
expected that there will be an increase in the conservation
value of these areas, offsetting the losses in the diversity of
vegetation types (Bengtsson et al. 2003). Thus, areas inten-
ded for conservation should become similar to the natural
forest structural patterns of the region through the protection
of native vegetation, natural regeneration, restoration and/or
increase of areas, considering that the heterogeneity of the
landscape is particularly important (Fischer et al. 2006).
Protecting areas intended for conservation can be achieved
by different techniques, such as maintaining marginal
Eucalyptus spp. forest strips without management around
remnants of native vegetation (Margules and Pressey 2000;
Fischer et al. 2006; Brockerhoff et al. 2008). In areas in early
regeneration, it is necessary to protect against fires, livestock,
invasion of exotic species or other disturbances (Zavaleta
et al. 2001; Fischer et al. 2006) and adopt strategies that can
accelerate the natural recovery of the area at landscape level
(Lamb et al. 2005).

At the landscape planning scale, it is necessary to
increase the amount of native vegetation and it would be
better to have a higher proportion of core area than areas
under edge effects and that the remnants of native vegeta-
tion are close to each other. For this purpose, one may
consider the elimination of roads bordering areas of native
vegetation, reallocating them in such a way as to increase
cultivation areas, which can act as a barrier, or the adoption
of buffer zones (Murcia 1995). Eliminating this type of road
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would reduce the costs of road maintenance and limit the
influence of vehicles that, with their noise, interfere with
the fauna potentially present in these remnants and hinder
the access of hunters (Kleinschroth et al. 2016).

Increased proximity between areas of native vegetation and
production areas can be achieved by restoring and maintaining
permanent preservation areas around watercourses, which can
form corridors, increasing landscape connectivity (Bennett
2003; Şekercioğlu et al. 2015). When this strategy has been
implemented, another possibility in areas with intense forestry
production is to identify isolated remnants so that ecological
stepping stones can be implemented to improve the perme-
ability of the landscape matrix (Uezu et al. 2008), which is
important in biodiversity conservation (Rösch et al. 2015).

Landscapes formed by mosaics of forest plantation and
native vegetation have great potential to contribute to the
conservation of bird biodiversity outside protected areas.
However, decisions regarding the management of forest
plantations and planning areas intended for conservation
seem to be decisive in ensuring the maintenance of bird
biodiversity in these landscapes.
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