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Beauty before age: landscape factors influence bird
functional diversity in naturally regenerating
fragments, but regeneration age does not
Davi F. C. Dias1 , Milton C. Ribeiro2 , Yan T. Felber1 , Ana L. P. Cintra1 , Natália S. de Souza1 ,
Érica Hasui1,3
Effective ecological restoration actions should be able to recover ecosystem processes that influence community development
in the long term. However, there is scarce information on how landscape factors promote or accelerate fauna recovery. We
used a landscape framework to evaluate how functional groups respond to natural regeneration in a highly fragmented region
of Atlantic Forest. Using bird functional groups sampled in 15 regenerating forest fragments, we built and ranked models
using a model selection approach to test the relative effect of landscape variables on each group. Our results showed that bird
community recovery is not determined by the duration of the regeneration process (i.e. forest age), but by how the species
responds to the landscape context. Functional diversity and the abundance of the functional groups were mainly related to
composition metrics, whereas the functional metric affected only specific groups. Our findings highlight the importance of
considering the landscape level to ensure both the colonization of fauna and the restoration of ecological functions.
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passive restoration

Implications for Practice
• Bird recovery is not determined by the duration of the
regeneration process, but by how species respond to a
given landscape. Thus, landscape can affect resilience and,
consequently, restoration success.
• Maximizing functional diversity alone does not ensure
which ecological services recover and may favor less
efficient species.
• The best strategy for saving vulnerable groups from fragmentation is to identify landscapes with a high amount of
forest cover and/or to choose restoration sites structurally
connected to large mature forests.
• If restoration sites are isolated from mature forests by
distances farther than 100 m, the habitat amount available
for some groups may be insufficient due to the reduction
in interpatch movements, compromising group recovery.

Introduction
In recent years, deforestation has been one of the most important issues for conservation actions. An estimated 13 million
hectares of the world’s forests are cut down and converted to
other land uses every year (Achard & UNEP 2008). Unless significant protection measures are taken on a worldwide scale, it
is projected that only 10% of the original extent of natural environments will remain by 2030 (Wilson 2002; Nielsen 2007).
The reasons for deforestation differ among regions, but the
most direct cause is the conversion of forest to agricultural
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use. Approximately 12.6% of the Earth’s surface is used to
grow crops (FAO et al. 2014). Other deforestation causes may
include weak government support for conservation and sustainable management of forest resources, population increase
(resulting in demand for land), and urbanization (Achard &
UNEP 2008). Furthermore, scientific understanding of extinction processes remains inadequate to make accurate predictions
about the impact of deforestation, but scientists estimate that
more than 30% of forest species have diminished in abundance;
they also project a further 38% species loss by 2050 (UNEP
GLOBIO 2008).
Despite high rates of deforestation, it is possible to see an
inversion of this process (i.e. forest gains) in some countries
(Bouma et al. 1998; Cramer et al. 1999a, 1999b; Michael et al.
2011). According to Forest Transition Theory (Meyfroidt &
Lambin 2011), the change in the rates of deforestation and forest
cover is associated with socioeconomic transformations based
Author contributions: DFCD, MCR, ÉH conceived of and designed the research;
DFCD, ALPPC, NSS performed the experiments; DFCD, YTF, ALPPC, NSS, MCR,
ÉH contributed reagents/materials/analysis; DFCD, YTF, ALPPC, NSS, MCR, ÉH
wrote the manuscript.
1 Laboratory of Forest Fragment Ecology, Institute of Natural Sciences, Federal University of Alfenas – UNIFAL-MG, Rua Gabriel Monteiro da Silva, 700, Centro, CEP
37130-000 Alfenas, MG, Brazil
2 Spatial Ecology and Conservation Lab (LEEC), Institute of Biosciences, Universidade
Estadual Paulista Júlio de Mesquita, Rio Claro 13506-900, Brazil
3 Address correspondence to É. Hasui, email ericahasui@yahoo.com

© 2015 Society for Ecological Restoration
doi: 10.1111/rec.12293
Supporting information at:
http://onlinelibrary.wiley.com/doi/10.1111/rec.12293/suppinfo

1

Landscape factors influence bird functional diversity

on increasing industrialization and urbanization. However, other
factors that lead to the abandonment of agricultural land have
the same effect (Bouma et al. 1998). Forest transition has taken
place in several European, North American, and Asian countries
with a varying rate of forest gain (0–5% annual increase; FAO
2006).
Transition to forest would be highly positive for biodiversity conservation, particularly in Brazil, which is one of five
countries with the largest annual net loss of forest area (FAO
2006). Specifically, approximately 88% of the original area of
the Atlantic Forest has been lost and the remaining vegetation is
unevenly distributed, with some regions having more protected
areas (e.g. ecoregion of Serra do Mar) while others are highly
depleted (e.g. interior forests; see Ribeiro et al. 2011). Restoring landscapes, such as these, is crucial to biodiversity recovery
and will lead to a reduction of local and global extinction rates,
the conservation of ecosystems services, and the promotion
of human wellbeing (Young 2000; Wright & Muller-Landau
2006; Calmon et al. 2011).
According to Rodrigues et al. (2009), the cost of restoring
forests presents the greatest challenge for the recovery of the
Atlantic Forest. Therefore, techniques that use natural regeneration processes may be viable alternatives for extending ecological restoration practices. However, most available information
on planning restoration actions is focused on local constraints
(Brudvig 2011). Few studies consider restoration in a landscape
context or how its interference in functional service recovery
affects the fauna (Brudvig 2011).
Landscape factors such as restored patch size, connectivity,
and percentage of habitat cover around a restored patch are
important due to their effects on species interpatch movement
(Braunisch et al. 2010), immigration and extinction processes
(MacArthur 1967), and source/sink dynamics (Pulliam 2000).
These processes are associated with landscape resilience and,
consequently, determine the effectiveness of restoration management (Rodrigues et al. 2009; Tambosi et al. 2014). For
example, in a well-preserved landscape (with high habitat
amount), the resilience is high due to higher interpatch species
movements and an abundance of nearby sources of individuals
for forest regeneration. Therefore, there is a greater possibility
of the forest regenerating and returning to its original state
without any management effort (Ferraz et al. 2007; Mabry et al.
2010; Tambosi et al. 2014). In highly degraded landscapes,
however, even a large investment of management is ineffective
because most species have already been lost and the immigration rate is very low (Tambosi et al. 2014). In this case, forest
regeneration can lead to a new alternative state that differs
from the original community structure, or it leads to a state of
incomplete functional service recovery (Suding et al. 2004).
These differences in landscape resilience (Tambosi et al.
2014) could explain the contradictory picture of patch age effect
(i.e. the number of years since the regeneration process began)
on fauna recovery (Bowen et al. 2007). A positive age effect
is probable in cases of high resilience where the restoration
dynamic shows complete recovery (Bowman et al. 1990; Raman
et al. 1998; Medellín et al. 2000; Suding et al. 2004; Kanowski
et al. 2006). On the other hand, the absence of age response
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could be due to low resilience with incomplete or little recovery
(Thomas 1991; Laurance et al. 1993; Green & Catterall 1998;
Pawar et al. 2004).
Therefore, clarifying the difference in the influence of age
versus landscape on low resilience lands is essential for the
recovery of highly degraded landscapes, such as the Brazilian
Atlantic Forest where 85% of the entire region was classified
as low resilience (Tambosi et al. 2014). Moreover, there is a
gap that must be filled in the research of natural regeneration
processes in highly degraded landscapes (Brudvig 2011).
Understanding the viability of natural restoration processes
in low resilience landscapes, and their implications for biodiversity recovery in deteriorated landscapes, is critical for
the development of better and more efficient restoration techniques in highly degraded landscapes. Thus, this study assessed
whether factors at the landscape scale influence the abundance
of bird functional groups in regenerating forest fragments in a
low resilience region of the Brazilian Atlantic Forest.
In this article, we tested the following hypotheses: (1) the
diversity of functional groups of birds in regenerating forest
fragments is conditioned by the age of the regenerating forest
fragment. (2) the landscape factors (vegetation cover, connectivity) have a stronger influence than the age of the regenerating
forest fragment on the functional groups of birds. (3) the best
explanation for bird diversity should be based on a synergistic
or antagonistic effect of forest age and landscape factor (Fig. 1).
Unfortunately, there is a paucity of studies specifically examining the interaction of landscape and forest age factors. Bowen
et al. (2009) demonstrated that forest age had a stronger influence than landscape metrics on forest bird species, but they did
not test the synergistic or antagonistic effects of these factors.
The effect of the age of the forest regeneration on functional
diversity (FD) was based on succession theory, which predicts
changes in vegetation structure and species composition over
time, implying changes in FD and ecosystem function (Lohbeck
et al. 2012). This occurs due to an increase and diversification of

Figure 1. Theoretical representation of the landscape and forest age
effects on functional groups. Functional group increases positively with
age of regeneration. However, the landscape metrics substantially improve
model fit. A high number of birds in the functional group are represented
by the hottest colors.

Restoration Ecology

Landscape factors influence bird functional diversity

Table 1. Environmental and structural characteristics of 15 landscapes within naturally regenerating forest fragments in semideciduous seasonal Atlantic
Forest in the south of Minas Gerais State, Brazil. Regenerating area: area (ha) of each regenerating patch, excluding mature forest area structurally connected
to it; total area: area (ha) that includes both regenerating fragments and mature forest area; connectivity: sum of area (ha) of fragments functionally connected
by bird interpatch movements. We considered three distances of interpatch movements based on empirical data of birds (gap crossing of 50, 100, and 250 m
through the matrix).

City

Alfenas
Campanha
Campo do Meio
Careaçu
Carmo do Rio Claro
Carmo do Rio Claro
Carmo do Rio Claro
Carvalhópolis
Carvalhópolis
Ipuiúna
Machado
Monsenhor Paulo
Paraguaçu
Santana da Vargem
Senador José Bento

Regenerating
Code

Regenerating
Age (Years)

Regenerating
Area (ha)

Total Area
(ha)

Percentage of
Forest Cover (%)

6
16
4
17
2
3
1
14
13
12
22
15
21
7
18

30
15
25
30
25
25
25
20
25
30
30
30
25
15
30

12.87
3.78
4.42
9.03
6.92
9.45
6.71
5.04
4.77
11.85
23.06
2.19
5.78
1.98
9.22

42.02
32.98
4.42
71.38
148.89
97.32
126.45
5.04
22.26
119.47
37.93
71.11
13.98
7.58
116

16
9.1
16.5
13.6
28.2
28.1
25.7
19.8
11.4
26.4
11.2
16.2
11.9
16.6
31.4

available resources such as foraging sites, food, or nesting sites
(niche theory) (Vandermeer 1972). Thus, the aim of this study
was to evaluate how bird FD changes with regeneration forest
age and landscape context in a low resilience region, leading to
the use of more efficient and economical restoration techniques.

Methods
Study Area

The following study was performed in 15 fragments that
have been undergoing a natural regeneration process for at
least 15 years. They are located in the south and southeast of
Minas Gerais, southeastern Brazil (Table 1, Fig. 2). According to Koeppen and Pérez (1948), the climatic conditions are
described as Cwa (subtropical humid climate with warm, humid
summers and mild to cool winters). The forest fragments have
a mean annual temperature of 23∘ C, an annual rainfall ranging
between 1,400 and 1,700 mm, and an annual average relative
humidity of 70%.
The study area is located in a transition area between two
rich biomes—Atlantic Forest and Cerrado—and is highly fragmented. Forest cover has been drastically reduced in this region
and consists of small and sparse fragments (97% of fragments
are <50 ha, Hasui E. unpublished data). Under this severe
habitat loss, the prediction is that several species have already
been lost (Andren 1994; Radford et al. 2005), including some
keystone species or entire functional groups. These conditions
increase the chances of extinction cascades and ecological collapses (Fischer & Lindenmayer 2007).

Connectivity
50 m (ha)

78.6
33.0
4.4
88.1
153.4
156.9
169.7
67.0
22.3
147.1
37.9
81.6
36.8
20.7
154.1

Connectivity
100 m (ha)

85.4
39.5
101.3
93.4
182.4
156.9
170.7
79.0
27.5
172.7
37.9
87.3
37.4
21.2
214.4

Connectivity
250 m (ha)

113.1
45.4
105.5
96.4
199.2
198.2
176.5
138.6
33.2
186.1
51.7
104
80.9
108.3
222.1

30 m by 30 m) dated May 1986 and May 2011. The image
dates correspond to the austral fall season. In each image,
TM bands 3, 4, and 5 (visible, near-, and mid-infrared) were
selected to provide the clearest discrimination between forest
and nonforest types. Nonforest areas consisted of agro-pastoral
matrices mainly composed of coffee, sugarcane, and corn plantations or pasture. In order to avoid subjectivity of selection,
we used a temporal principal component analysis (PCA). The
results show that factor 1 is highly correlated with unchanged
areas of the images, while factors 2 and 3 are highly correlated
with areas of major and sudden vegetation changes due to natural regrowth or to reduction by phenomena such as forest fires
(Solans Vila & Barbosa 2010).
To check the accuracy of the regenerating forest identified in
the PCA, we performed a visual inspection using Google Earth
satellite images from 2009, and we validated this information
in the field by asking the landowners about the land-use history.
We used this information for fragment selection to control the
history effect of land-use. All the selected fragments showed
natural regrowth in 2009, but were previously used for pasture
or agriculture (mainly coffee plantation). In addition, we chose
fragments with a minimum distance of 4 km between them to
ensure data independence. Additionally, we selected two control
sites inside mature forest fragments with the largest patch size
in the region (geographic coordinates Datum [WGS-UTM, zone
23S]: Control_1: 367275.00 W, 7636404.92 S; patch size = 506
ha; Control_2: 401986.81 W, 7555158.89 S, patch size = 764
ha). The criteria for the distance analyses were the same as those
used for the selection of regenerating forest fragments.
Fragment Age

Fragment Selection

The selection of the naturally regenerating forest fragments
was done using two Landsat 5 TM satellite images (resolution
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The forest age was calculated using the temporal variation
in the increase of biomass measured by the normalized
difference vegetation index (NDVI), which is sensitive to
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Figure 2. Map of study site in semideciduous seasonal Atlantic Forest in the south of Minas Gerais State, Brazil. The study site contained 15 landscapes
surrounding regenerating areas (black circles, examples F2 and F4) and two surrounding control sites of mature forest (red circles, example C1). Each
landscape was at least 4 km from each other.

photosynthetically active biomass and correlates with primary
productivity (Cramer et al. 1999a). The NDVI was calculated
for every 5-year period between 1986 and 2011, based on
Landsat images. The temporal differences in biomass increase
were measured by comparing the NDVI images. We considered
the beginning of regeneration to be when at least 50% of the
pixels had a biomass increment. This date was then used as the
baseline for the forest’s age in years (Table 1).
Landscape Variables

To calculate the landscape metrics, we built 1.5 km buffers
around the centroid of each regenerating area and classified the
landscape by manually supervised vectorisation using Google
Earth satellite images from 2009. We classified land cover into
“forest” and “non-forest” classes and calculated the following
metrics (Fig. 3):
(1) Regenerating area: area (ha) of each regenerating patch,
excluding mature forest area structurally connected to it.
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(2) Total area (Fig. 3A): all forest (regenerating area + mature
forest, ha) that is structurally connected to the area.
(3) Percentage of forest cover (Fig. 3B): proportion of the
landscape (%) occupied by mature forest.
(4) Functional connectivity (Fig. 3C): sum of the area (ha)
of fragments functionally connected to the regenerating
area, even if they are outside the 1.5 km landscape. This
metric is based on graph theory (Urban & Keitt 2001;
Martensen et al. 2012). We considered three distances of
bird interpatch movements based on empirical records of
birds (Crouzeilles et al. 2010): gap crossing of 50, 100, and
250 m through the matrix.

Classiﬁcation of Birds

We selected a priori 30 species of birds that were recorded in
the selected areas (Coelho et al. unpublished data). The selection was done using the following criteria: (1) the species are
not extremely rare, and (2) the species vary widely in their
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Figure 3. Representation of circular landscape constructed from a 1.5 km buffer around the centroid (o) of each regenerating area. The Regenerating area
(light green) is the area (ha) of each regenerating patch, excluding mature forest area (dark green) structurally connected to it. Total area (A, light blue) is the
total area of forest (regenerating area + mature forest) structurally connected to the regenerating area. Percentage of forest cover (B, light blue) is the
proportion of the landscape (%) occupied by mature forest. Functional connectivity (C, light blue) is the sum of the area (ha) of all forest fragments
functionally connected to the regenerating area, including those outside the 1.5 km landscape. We considered three distances of bird interpatch movements
based on empirical data of birds (gap crossing of 50, 100, and 250 m through the matrix).

dispersal ability in the matrix, diet, feeding guild, foraging
strata, body size, and dependence on forested habitat (Tables
S1 & S2, Supporting Information). These traits strongly characterize the “Eltonian” niches of species and influence species
fitness through survival, growth, and reproduction. Furthermore,
they affect biodiversity and ecosystem functions as a whole in a
fragmented landscape (Henle et al. 2004).
We used the General Classification and Regression Tree
(CART) to organize the functional groups. This method classifies and gathers samples into mutually exclusive groups in order
to ensure homogeneity in each group. We based the grouping
of samples on one or more criteria (i.e. diet, feeding guild,
foraging strata, body size, dependence on forested habitat, and
dispersal ability in the matrix). All variables were considered,
and the binary division was based on the slightest deviation
in the response of each explanatory variable (Table S2). This
process was repeated for each portion of the data resulting
from the previous division, continuing until the terminal nodes
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(Lawrence & Wright 2001; Joseph Wright & Muller-Landau
2006; Felipe & Súarez 2010). This process produced 10 functional groups mainly defined by feeding guild, followed by
body mass, foraging strata, and forest dependence.
Bird Survey

We used point count with a limited fixed distance of 30 m
radius (Develey 2003; Sutherland 2006). We selected three point
count locations randomly in each regenerating area as well
as in the two control sites of mature forest. The points were
located at least 100 m from the edge and 100 m away from each
other (Fig. 4). We performed point counts twice between the
beginning of July and the end of September 2012. We made
all observations between 06:00 and 09:00 hours, recording all
individuals seen or heard during 10 minutes of observation at
each point.
Hummingbirds are difficult to identify using just the point
count method as many species have similar songs and calls
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Figure 4. Sampling unit design of the landscape (1.5 km) around the centroid of the regenerating area (light green) in Minas Gerais State, Brazil. The “x”
represents each of the three random points where the birds were sampled by point count. They were located at least 100 m from the edge and 100 m away
from each other.

(Loss & Silva 2005). In order to get a more accurate estimation
of this functional group, we attracted them with artificial flower
feeders containing a nectar-like solution placed at each point
count location 5 days before each sampling.
Data Analysis

We calculated the FD index described by Petchey & Gaston
(2002), which measures the extent of complementarity among
values of individual traits. Greater differences between these
values represent greater complementarity and, therefore, a
higher FD. To obtain this index, we used a species trait matrix
(Table S2) to calculate the multivariate distances between
species in each fragment using Gower’s distance. Then, we
summarized these pair wise distances for a total species pool
of each fragment in a dendrogram, using the unweighted
pair-group method with arithmetic mean (UPGMA). Finally,
we calculated the FD for each fragment by summing the branch
lengths of the dendrogram corresponding to the species present
in each fragment and their abundance (Petchey & Gaston 2006).
The analyses were performed in R software (R Development
Core Team) using the picante and ade4 R packages.
Before analyzing the effect of explanatory variables on
functional groups, we checked the data for normality with
the Shapiro–Wilk test and for collinearity using a correlation
matrix with all explanatory variables. We excluded from further
analysis variables with a Spearman’s correlation coefficient of
higher than |0.6| (Bowen et al. 2007). Kruskal–Wallis and two
factorial analysis of variance (ANOVA) tests were used for FD
comparisons among forest age classes. We used generalized
additive models (GAM, Guisan et al. 2002) and generalized
linear models (GLM, Guisan et al. 2002) to quantify the effect
of the explanatory variables. Both statistical models were used
to assess linear and nonlinear shapes of response against all
explanatory variables in simple and additive approaches (i.e.
combining two explanatory variables). We ran the GLM with
a log-link function and Poisson distribution to model each
functional group, abundance, and species richness, as well as
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with the Gaussian distribution (identity link) to model the FD.
We created similar models using GAM, assuming the same
distribution and function. GLM and GAM models were produced using BBMLE and GAM packages, respectively, in the
statistical package R (R-project 2014). To assess the models’
performance, we employed the Akaike Information Criterion
(AIC) corrected for small samples and its derived parameters
in the R package “BBMLE” (Bolker & R Development Core
Team 2012). The best model is that with the lowest AICc value.
ΔAICc calculates the difference between a candidate model and
the best model. Consequently, models with ΔAICc less than 2
were chosen as the best ones. The Weighted Akaike Information
Criterion (wAIC) measures the strength of evidence for each
model; the larger the wAIC, the higher the plausibility of the
model. The coefficient 𝛽 demonstrates whether the relationship
between two variables is positive or negative (Cavanaugh 1997;
Hasui et al. 2012). All our data are expressed in mean ± SD.
Finally, we analyzed the residual to assess the relevance of
the chosen best models through the identification of remaining
trends in the data (partial residual plots) and outlier observation
(Cook’s distance).

Results
We recorded 29 bird species from 10 functional groups in 15
regenerating fragments. The number of bird contacts varied
among functional groups (Table S3). The richest group was the
understory insectivorous birds with high forest dependence (8
species, 301 bird contacts), followed by small-sized frugivorous with low forest dependence (4 species, 227 bird contacts).
This represents functional redundancy in some groups, but it
demonstrates the fragility of others composed of a single or
a few species, such as large-sized terrestrial granivorous birds
with low forest dependence (one species and two bird contacts). FD ranged from 0.991 to 1.752 (mean = 1.340 ± 0.208)
in regenerating fragments, which did not differ from mature
forests (control sites, mean = 1.374 ± 0.074; Kruskal–Wallis
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Figure 6. Scatterplot of nonlinear model selected for the relationship
between bird functional diversity and total area (ha) (polynomial cubic
regression, r2 = 0.5008; p = 0.0465). The total area includes both
regenerating area and structurally connected forest area. Control sites
within mature forest fragments (C, squares) were inserted in the figure,
showing low functional diversity that is equivalent to some naturally
regenerating areas.
Figure 5. Plot representing the mean value variation (±SD) of bird
functional diversity with lower and higher forest dependencies in four
forest age classes in regenerating areas and mature forests (C). ANOVA
test showed significant differences in functional diversity according to the
forest dependence (F = 14.50; p = 0.0008). However, this difference did
not increase significantly by forest age or differ from mature forest
(ANOVA, interaction of factors: forest age × forest dependence; F = 1.864,
p = 0.150).

ANOVA, 𝜒 2 = 4.289, p = 0.368). When we analyzed the FD
separately according to forest dependence, the mean values of
FD were higher in the group with higher dependence (ANOVA,
F = 14.50; p = 0.0008; Fig. 5). However, this difference did
not increase significantly with forest age, nor did it differ
from mature forest (ANOVA, interaction of factors: forest
age × forest dependence; F = 1.864, p = 0.150).
Regression models were run for FD and all functional groups,
but we present here only the relationships that had strong
support (ΔAICc of the null model >2, Table S4). All models
based on forest age had no support, indicating that this variable
was a poor predictor in the studied sites. Among landscape
factors, the total area and the percentage of forest cover best
explained the FD and the abundance of most of the functional
groups.
The best support model for FD exhibited a nonlinear relationship with total area (Table S4; Fig. 6). The model described
a polynomial cubic fit with two humps: one facing upward and
the other downward (polynomial cubic regression, r2 = 0.5008;
p = 0.0465). The FD of the mature forests (C, control sites)
showed similar values as some of the regenerating areas, including those with the largest total area.
Among functional groups, we obtained consistent models
for eight groups, including higher and lower forest dependents
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(Table S4). Forest-dependent groups are favored mainly by the
percentage of forest cover and the connectivity. Nectarivores
(FG21) and large-sized terrestrial granivorous and frugivorous
(FG06) were positively related to the percentage of forest cover
(Table S4; Fig. 7A & 7B). Small-sized frugivorous (FG14) and
understory insectivorous (FG15) were positively influenced by
the connectivity despite the variation in gap crossing distance,
which better explained these groups (Table S4). FG14 and FG15
were affected by distances of 100 and 250 m, respectively.
Among the groups with lower forest dependence, the main
landscape factors were the total area and the regenerating
area (Table S4). Understory insectivorous (FG16) and the
small-sized frugivorous (FG18) were affected by the total
area, whereas nectarivores (FG20) and granivores (FG19) were
affected by the regenerating area; FG19 was also affected by the
percentage of forest cover (Fig. 8).

Discussion
The main findings of our study on regenerating forest are that (1)
the FD and the abundance of the functional groups were related
to landscape factors but not to forest age; (2) the landscape
effect was better detected using composition metrics (i.e. total
area and percentage of forest cover), both for FD and for some
specific groups; and (3) the functional metric (i.e. functional
connectivity) was important only for specific groups, and the
gap crossing distance that better explained these groups varied.
Which Factor Is the Best Predictor for FD in a Regenerating
Forest: Forest Age or Landscape?

Because of a scarcity of knowledge, the relationship between
FD and forest age has often been inferred by the comparison

7

Landscape factors influence bird functional diversity

Figure 7. Scatterplots of consistently selected models describing the relationship between percentage of forest cover (%) and the abundance of functional
groups. Figure 4A shows the linear relation of Nectarivores with high forest dependence (FG21), and Figure 4B the shows the nonlinear relation of
large-sized terrestrial granivorous and frugivorous species with high forest dependence (FG06).

Figure 8. Three dimensional contour plots of the multiple linear model
selected for Granivores with low forest dependence (FG19) in relation to
the percentage of forest cover (%) and the regenerating area (ha).

of species richness along successional stages (Lohbeck et al.
2012). Based on this inference, the gradual colonization and
increment in spatial heterogeneity may provide more niches
and diverse ways of exploiting resources, thus increasing FD
over time (MacArthur & MacArthur 1961). However, our
results provide no support for this relationship. FD did not
differ among forest ages, even when analyzing the diversity
separately by forest dependence, due to the high variance
within each forest age class. These high variances reflect the
differences in the resilience among regenerating areas and
are related to the landscape context (Leite et al. 2013). The
landscape can affect the immigration and extinction rates in
each regenerating area (MacArthur 1967). These processes
do not occur at random but as the particular response of each
species. They are related to morphological and/or behavioral
traits, thus affecting specific species that are able to fulfill
particular ecosystem functions, such as large frugivorous,
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nectarivorous, and insectivorous birds (especially terrestrial
and understory species) (Ribon et al. 2003; Henle et al. 2004;
Sekercioglu 2012). The reduction in FD or changes to the proportion of each functional group within a community has been
described for different types of ecosystems (Flynn et al. 2009;
Guerrero et al. 2011). Some of these empirical data indicate
the interference of the proportion of land-use on landscape FD
(Batalha et al. 2010; Barbaro et al. 2014). Therefore, the FD of
regenerating forest is context dependent within the landscape.
However, the manner in which FD changes with the regional
gradient of landscape degradation is largely unknown despite
its paramount importance in the management of restoration
processes. The ecological predictions for regenerating forest in
highly degraded landscapes are (1) low FD; (2) absence or low
redundancy of specialist functional groups and the opposite for
generalist groups (Muhamad et al. 2013); and (3) changes in the
species composition within the functional groups (i.e. specialist
versus generalist) to species that do not have the same functional performance (Rodríguez-Rodríguez et al. 2013). In these
conditions, the ecosystem may operate less efficiently or fail to
recover all the biological processes, hence reducing the chances
of successful restoration in highly degraded landscapes.
Our results concerning the absence of a forest age effect on
FD should be interpreted with caution because our study design
was limited by the range of forest age (15–30 years). We used
Landsat images to identify the regenerating fragments and to
determine the duration of the regeneration process (forest age).
Unfortunately, we were unable to collect data for any year
prior to 1986 because there are no Landsat 5 images available.
However, this fact probably does not change or invalidate
our conclusion, because the age effect was evaluated during
the period of maximum increment of bird species recovery.
According to the review by Bowen et al. (2007), the bird community should increase rapidly in the first 25 years, but does
not get to mature forest until about 100 years. Thus, although
the age effect is detectable in the first 25 years, it would be
better to study a timeframe of about 100 years to understand
the overall bird recovery. In future research on age effect, we

Restoration Ecology

Landscape factors influence bird functional diversity

recommended explored, in details the first 25 years, including
younger aged than we did in our study.
What Is the Best Landscape Predictor for FD?

There are at least four landscape factors that can interfere with
migration and extinction rates in regenerating forest and, consequently, FD: (1) its distance from a similar patch (MacArthur
1967); (2) the degree of habitat difference of the intervening
matrix (Franklin & Lindenmayer 2009); (3) the size and quality
of similar neighborhood patches (Pulliam & Danielson 1991);
and (4) the size of the regenerating patch (Barrett et al. 2008).
Larger values for the first two factors have negative effects on
migration rates, while increased size and better quality for the
third factor have a positive effect. According to the minimum
viable population concept and island biogeography theory,
the size of the regenerating patch affects the extinction rate
(MacArthur 1967; Shaffer 1981). If all effects are considered,
the best landscape context for regeneration is one in which the
regenerating area is structurally connected to a mature forest,
which can supply emigrants to the regenerating patch and lower
the extinction risk. In our study, these factors are expressed by
the total area, which proved to be the best predictor. However,
contrary to our expectation, this relationship differed from
the classical species–area relationship with a logarithmic fit
(Connor & McCoy 1979). We found a nonlinear relationship
with two humps: one facing upward and the other downward
(polynomial cubic fit). This difference may be explained by
considering the interspecific variation in habitat preferences
(Fahrig 2013). This FD was based on all bird species without
distinguishing between their habitat preferences, such as forest
dependence or edge specialization. Each specialist group should
have a different response to the total area increment. The less
dependent species and edge species should decline with the
total area increment due to the edge length to area ratio of the
patch. The edge length decreases with increasing patch size,
which means that a smaller proportion of the area is disturbed
by humans in the larger patches than in smaller ones (Ewers
& Didham 2006). On the other hand, the forest-dependent and
interior specialist species should increase, because the increment in area increases spatial heterogeneity in the core area
and may provide more niches and resource for these species.
The change in the fit hump should represents a shift in the
proportion of species with lower to higher forest dependence
in correlation with area increment. This change is more clearly
expressed in this study, probably due to the highly degraded
condition of our landscapes. Our landscapes have a maximum
of 31% forest cover (mean = 18.8 ± 7.0), and there is increasing
evidence that at least 30% forest cover in each landscape is
necessary to maintain the community integrity (Andren 1994;
Banks-Leite et al. 2012, 2014). Below this threshold, there is
a higher loss of forest-dependent species, which leads to other
consequences such as trophic cascades and loss of ecological
services (Edwards et al. 2013; Galetti et al. 2013). Thus, the
absence or low abundance of highly forest-dependent species
may affect the inclination and the maximum value of FD in the
second part of the fit hump.
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Despite demonstrating the strong effect of the total area in
FD recovery, this effect may change across the gradient of forest
cover. According to the predictions of Pardini et al. (2010), the
strongest area effect should be observable only at intermediate
levels of forest cover (approximately 30%), where the relatively
minor changes in habitat configuration can substantially modify
biological fluxes, impeding or facilitating movement among
patches after habitat restoration. Above this level, only the
percentage of forest should matter (Andren 1994; Villard &
Metzger 2014).
Even though we reported similar values of FD between
regenerating forests and mature forests (controls), there is no
guarantee that the ecological services were recovered. In our
study, the FD in regenerating forests had a stronger contribution
from the groups with lower dependencies (generalist species),
but the inverse was found in mature forest. This difference
is reflected in the ecological services because the generalist
species (Muhamad et al. 2013) have lower efficiency than
specialists in performing seed dispersion (Herrera & Jordano
1981; Howe 1986; Rabello et al. 2010), pollination (Johnson &
Nicolson 2008; Rodríguez-Rodríguez et al. 2013), pest control
(Hanski et al. 1991), and several others ecological services
(Julliard et al. 2006).
What Is the Best Landscape Predictor for Functional Groups?

The best landscape predictors varied between functional groups
and may be related to the habitat requirements, movement
behavior, and dispersal abilities of species in each functional
group, as well as to the species’ perception and response to the
landscape structure (Belisle 2005; Villard & Metzger 2014).
The interpatch movements involve many decisions associated
with the benefits of exploring new resources versus the predation risks inherent in the attempt to fill their needs (Stamps et al.
2005; Martinez et al. 2008). Those decisions are particular to
each species, are related to morphological and/or behavioral
traits, and are determined by the landscape context (Stouffer
& Bierregaard 1995; Villard 1998; Crouzeilles et al. 2010;
Pardini et al. 2010). Thus, functional groups with high rates
of interpatch movement across the landscape (e.g. large-sized
terrestrial granivorous and frugivorous forest dependents) have
comparatively high abundance within that landscape, irrespective of the patch size in which the sample site is located. In that
case, either the percentage of forest cover or the functional connectivity is a better predictor, because it replaces two predictor
variables—patch size and isolation—with only one (Fahrig
2013). On the other hand, when the functional group has a low
rate of interpatch movement that is insufficient to maintain a
“sick” population or transient individuals (e.g. nectarivorous
forest dependents), the total area should be a better predictor.
Even as we report on the importance of functional connectivity to the functional groups in naturally regenerating fragments,
we must also emphasize that most bird species have limited
gap crossing capability, especially considering the mean patch
isolation in our biome (average distance between forest patches
in Atlantic Forest = 1,441 m; Ribeiro et al. 2011). Thus, the
connectivity effect has limited influence when the patches are
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extremely isolated, such as in a highly degraded landscape.
Connectivity benefits only those functional groups with high
gap crossing capability and not the overall FD.
Contrary to our expectation, the size of the regenerating area
showed a negative effect on groups with low forest dependence
(granivorous FG19 and nectarivorous FG20). One possible reason for these results might be related to their feeding habit
specialization. These groups seem to benefit from edge forests,
where there are great quantities of seeds and flowers produced
by heliophilous and pioneer plant species (Wright 2003). Thus,
the increment of patch size leads to the reduction of this specific
edge habitat and, consequently, the reduction of these groups.
What Is the Relevance of Our Results for Conservation
and Ecological Restoration?

In highly degraded landscapes, bird community recovery is
not determined by the duration of the regeneration process
(forest age), but by the species’ perception and response to
the landscape context. Thus, we recommend that the landscape
context be considered for restoration success.
Conservation and restoration managers often make decisions
regarding which actions should be taken to maximize species
richness or diversity. However, considering only an increase
in FD through restoration action does not guarantee the recovery of ecological services. In our case, we found high FD
both in smaller (approximately 5 ha) and in larger total areas
(approximately 120 ha) and equal to that of mature forests.
In smaller areas, the FD had a stronger contribution from the
groups with lower dependencies (generalist species), but the
inverse was found in mature forests. This difference is reflected
in the ecological services, as generalist species have lower
efficiency than specialists in fruit dispersal and the pollination
of native species. Therefore, restoration actions should focus on
saving the groups more vulnerable to fragmentation and habitat
loss (i.e. large-sized terrestrial granivorous and frugivorous
and nectarivorous forest dependents). The best strategy for
the restoration of areas in fragmented landscapes with high
habitat loss is to identify landscapes with the greatest amount of
forest cover and/or choose restoration sites that are connected
structurally to large areas of mature forest. In restoration sites
farther than 100 m away from mature forest, the amount of
habitat available to some groups (e.g. small-sized frugivorous
forest dependent) may be not enough due to the reduction in
their interpatch movements. Future studies should examine
the changes in FD along the regional gradient of landscape
degradation, an understanding of which is paramount for the
successful management of restoration processes.
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