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The conversion of tropical habitats has dramatic implications on biodiversity and
represents one of the greatest conservation challenges of our time. Seasonally Dry
Tropical Forests (SDTF), which are disjointly distributed throughout the Neotropics,
are especially susceptible to human activities. The Caatinga Dry Forest, located in
the semi-arid interior of northeastern Brazil, represents not only the largest and most
biologically diverse nucleus of SDTF, but also the world’s most densely populated
semi-arid region, with ever-growing pressure on its natural resources. To prevent illegal
logging, conservation agencies looked at forest management, where an area is divided
in smaller stands which are gradually logged and allowed to regrow for a period of
time, when a new cutting cycle should reinitiate. The impacts of these management
schemes on biodiversity, however, remain largely untested. We conducted standardized
avian surveys to evaluate the effects of forest management on the avian community at
a 1,670 ha privately owned property located on the Chapada do Araripe, northeastern
Brazil. This area was divided in 22 forest stands, half of which had already been logged
at the time of our sampling, creating a gradient of logged and natural forests and
an 11-yr chrono-sequence of forest regeneration. Our results show that logged areas
present fewer individuals, fewer species, and different avian assemblages than unlogged
forests. Such differences are mostly driven by forest-dependent species, which were
overwhelmingly affected by forest management. Our results show that although logged
forests tend to recover its height after a decade, they do not recover the originally forest
cover, measured by the Normalized Difference Vegetation Index. Likewise, decade-long
recovering stands continue to show lower species richness, lower bird abundance, and
different avian composition than unlogged forests. We identified a set of bird species
that are more affected by forest management (ecological losers) and a group of birds
that apparently benefit from the referred changes in land use (ecological winners).
We conclude that completely managing an entire area may cause the extirpation of
several forest-dependent species. We therefore suggest keeping logged and unlogged
plots intermingled, to avoid local extinctions and the complete modification of the
original avifauna.
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INTRODUCTION

Halting the conversion of natural habitats into anthropogenic
landscapes represents one of the greatest challenges of the twenty-
first century. This is particularly true for tropical regions, which
concentrate most of the planet’s biodiversity (Laurance, 2007;
Blackman et al., 2014). Seasonally Dry Tropical Forests (hereafter
SDTF) are patchily distributed throughout the world’s tropics
and are especially susceptible to human activities (Pennington
et al., 2004). Dry tropical forests are subject to multiple threats,
often simultaneously, including habitat fragmentation, fire, wood
harvesting, conversion to croplands, and climate change (Miles
et al., 2006; Antongiovanni et al., 2020). Despite those pressures,
SDTF are often considered resilient habitats, because they tend
to recover their original stature faster than wet forests (Vieira
and Scariot, 2006). Tree species composition recovery should
be straight-forward under minor disturbance regimes (Lebrija-
Trejos et al., 2008). However, under heavy use, dry forests tend to
recover very slowly (Vieira et al., 2006). Not only seedlings need
to establish themselves during a short rainy season, but seedling
survival rates are very low (Colón and Lugo, 2006; Lebrija-Trejos
et al., 2011). Differently from wet forests, where soft-wooded
tree species dominate the early succession period, dry forest
early succession conditions can be harsh, and only tolerated by
slow-growing hard-wooded species (Poorter et al., 2019).

The Caatinga Dry Forest (hereafter Caatinga), located in
the semi-arid interior of northeastern Brazil, represents the
largest and most biologically diverse nucleus of SDTF in the
Neotropics (Miles et al., 2006). However, despite alarming rates
of deforestation—nearly 60% of the Caatinga’s original vegetation
cover has already been modified by human activities (Beuchle
et al., 2015)—it remains the least protected ecosystem in Brazil,
with ∼1% of its area fully preserved by protected areas (Leal
et al., 2005; da Silva et al., 2018). Despite presenting very
harsh living conditions, with nearly 30 million inhabitants,
the Caatinga represents the most densely populated semi-arid
region in the world (da Silva et al., 2018). Human Caatinga
populations are mostly rural and present some of the lowest
human development indices in Brazil (da Silva et al., 2018). This
reality presents the Caatinga with multiple pressures, mainly due
to livestock production, itinerant agriculture, and particularly
wood harvesting to produce firewood and charcoal (Ribeiro et al.,
2015; Antongiovanni et al., 2018). Some of these activities, such as
subsistence firewood and overgrazing by goats, represent chronic
low-intensity activities, which will affect biodiversity in the long
term (Singh, 1998; Ribeiro-Neto et al., 2016; Antongiovanni et al.,
2020). Other human activities, such as deforestation for charcoal
production, mining, or the total conversion of woodlands for
croplands and pasturelands, represent acute disturbances, which
are rapid and intense, often removing all forest resources from
an area, and are known to affect the biota in more dramatic and
pervasive ways than chronic activities (Singh, 1998).

As a way to prevent illegal over-exploration of wood resources,
governmental and environmental agencies recommend the
rational management of these forests (Soares-Filho et al., 2014).
Among the managing schemes, there is a practice that consists of
subdividing a large area into smaller forest stands and gradually

logging-off the timber of each fragment, allowing regrowth and
creating a gradient of forest stands in constant regeneration.
In general, they propose 25 year-cycles, after which regenerated
forest stands undergo a new cutting cycle. Although modern
forest management was introduced between the eighteenth and
nineteenth centuries, only recently the activity stopped be seen
just by an economic view (Samojlik et al., 2016). Despite its
widespread use, the impacts of such forest management scheme
on biodiversity remain unclear (MacDicken et al., 2015; Darrigo
et al., 2016).

Monitoring biodiversity under the impact of human activities
is one of the most traditional strategies for wildlife conservation
(Magnusson et al., 2018). However, due to the impossibility of
monitoring all species, certain groups are considered indicators
of environmental quality (Lindbladh et al., 2020). Birds are often
used as indicators because they have a well-defined taxonomy,
have consistent information about the habitats they occupy, and
are relatively easy to survey (Drever et al., 2008; Lindbladh et al.,
2020). Changes in habitat structure are often reported to affect
bird assemblages, however, not all species are affected equally
(Shahabuddin and Kumar, 2006). Direct and indirect effects
can influence different groups of birds, especially demanding
species that need specific resources or habitats (Shahabuddin and
Kumar, 2006; Drever et al., 2008). In fact, the impact of logging
and subsequent forest recovery is predicted to vary depending
on specific life history traits of the logged tree species (Vinson
et al., 2015). Also, it remains to be seen if forest structure
recovery results in complete or even partial recovery of animal
species, which may also follow species-specific recovery patterns
(Shahabuddin and Kumar, 2006).

There are few studies evaluating the effect of forest
management in the Neotropics, but most of these studies were
conducted in humid forests (Thiollay, 1997; Berry et al., 2008;
Hamer et al., 2015; Poudyal et al., 2018; Bousfield et al., 2020).
In fact, few have evaluated the effects of either selective or clear-
cut logging follow by forest regeneration in SDTFs (Shahabuddin
and Kumar, 2006; Maia et al., 2019). In this study, we evaluate
the effect of a forest management scheme at a privately owned
property located in the semi-arid interior of northeastern Brazil,
where a network of trails subdivided the area in 22 different
forest stands. One forest stand has been logged every year and
let to regrow since 2004. At the time of our surveys, half of the
stands had already been logged, creating a recovering gradient of
recovering logged forests and forest in natural condition, offering
a unique opportunity to evaluate the effect of forest management
on avian biodiversity.

We conducted standardized avian surveys (point counts) to
understand the effects of forest management on the avifauna.
Specifically, we aim to (i) compare avian diversity (species
richness and bird abundance) and avian composition between
logged and unlogged forests; (ii) evaluate whether this effect
depends on the degree of species disturbance sensitivity between
forest-dependent and non-dependent species; (iii) evaluate
how species composition recovered along a 11-yr regeneration
chrono-sequence; and (iv) understand whether avian changes can
be predicted by the structure of the vegetation. Prior to our study,
we had a series of expectations, which included: (i) a reduction
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in avian diversity (species richness and bird abundance) and
changes in species composition in logged areas; (ii) that most of
this changes will be led by forest-dependent bird species; (iii) a
slow recovery of avian diversity in regenerating forests; and (iv) a
positive relationship between avian diversity and forest structure
(forest height and tree cover). This represents one of the first
studies to evaluate the sustainability of forest management in the
Caatinga and aims to shed light into the effects of a common
management practice.

MATERIALS AND METHODS

Study Area
We conducted this study at the Fazenda Pau D’Arco (7◦ 20′
S, 39◦ 34′ W), a privately owned property located ∼26 km
southwest of the city of Crato, in the Brazilian state of Ceará
(Figure 1). The area, located at ∼860 meters above sea level on
top of the Chapada do Araripe (Araripe Plateau), is within an
Area of Environmental Protection (a category of the Brazilian
protected areas system that allows human occupation and
sustainable economic activities). The vegetation cover in this area
is represented by a thorny dry forest, locally known as Carrasco
(Prado, 2003), a type of deciduous vegetation characteristic of
sedimentary plateaus (Giulietti et al., 2004). Carrascos are present
on sedimentary soils and show a predominance of sub-arboreal
and small tree forms (3–4 m), high density of woody plants and
unstratified thin trunks (de Araújo et al., 1999). Precipitation
averages∼1,150 mm/yr, being concentrated between January and
April, with a peak in March and the average annual temperature
is around 25◦C, ranging from 23.8 to 27.4◦C (de Araújo et al.,
1999; Brito and Silva, 2012).

The area under forest management covers a total of 1,670
ha, which includes 22 forest stands between 69 and 92 ha.
Management at the Fazenda is conducted since 2003/2004
(Table 1), and until the end of 2014 (time of our sampling)
half of the forest stands had already been logged. Until 2014,
forest management had created a 11-yr chrono-sequence of forest
recovery, including forest in different stages of regeneration.
According to the management plan, forest stands will be
clear cut every 25 years (Table 1) without machine assistance,
covering the soil with branches and leaves to avoid further
soil impoverishment. All forest stands will be logged by 2028,
when a new forest logging cycle should be reinitiated (Table 1).
According to the Brazilian Forest Code an additional area, known
as Legal Reserve, needs to be set aside and preserved (Soares-
Filho et al., 2014). Two such areas have been established at our
study site, resulting in 24 management plots (Figure 1). One of
these legal reserves (forest stand X), however, was established in
what seems to be a severely modified second-growth area, and
probably does not represent a proper control area, as originally
envisioned by the law.

Sampling Design and Data Classification
We accessed the entire area using the 12 roads opened for
logging, which divided the area in 22 forest stands (besides
the legal reserves). These roads vary from 1.3 to 4.0 km

(Figure 1). We established a network of point counts along these
roads, systematically distributed every 250 m, a distance that
we considered safe to maintain surveys independent from one
another (Figure 1). We conducted avian surveys in 160 points, all
of which were sampled during the dry season of 2014. Most of the
point counts (138) were sampled between 15 and 25 October and
the remaining points (22) (trails 2 and 6, see Figure 1) between
17 and 19 December. All point counts were conducted by the
same experienced observers (JRR and FMCG) throughout the
study. Given the temporal proximity of the two sample periods,
we pooled all samples for analyses.

Five-minute point counts were conducted between 5:00
and 8:30 a.m., the known peak activity for birds at the site.
During this period, all birds heard and observed were noted
and identified. We opted for using unlimited distance for
the records, but the overwhelming majority of records were
likely within a 100 m radius, and given the large size of the
forest stands, within the area of a given unit. The location
of each observation or sound heard was mapped into a
Cartesian coordinate system, which included the side of the road.
Recorded individuals were visually and acoustically monitored
during the censuses, to avoid double counting individuals. The
species recorded at these points were classified according to
their degree of forest dependence adapted from Silva and co-
authors (da Silva et al., 2003). This classification includes: (1)
species that rely on, and are tightly associated to, forested
areas (forest-dependent species); (2) species that are often
found in forests, but also occupy open areas or species that
do not rely on forested areas (forest non-dependent species).
We also classified species by endemism, conservation and
migratory status. Species classification and nomenclature follow
the Brazilian Committee of Ornithological Records (de Piacentini
et al., 2015), and recent taxonomic and nomenclature changes
(Bravo et al., 2021).

We obtained two types of vegetation data, including (1)
a remote measurement, namely the Normalized Difference
Vegetation Index (hereafter NDVI) and (2) vegetation height
data. The NDVI represents a remote sensing measurement used
as an indicator of the biophysical properties of the vegetation
(Tucker and Sellers, 1986). We obtained these data through the
Land Processes Distributed Active Archive Center (LP DAAC)
provided by NASA’s Earth Science Data and Information System
(ESDIS). These data were collected from a grid with 217 points
equidistant for 350 m throughout our study area. Each forest
stand included between 5 and 9 NDVI points and the much
larger legal reserve A, included 29 points. We extracted these data
matching the exact sampling period and obtained the average
NDVI for each forest stand. The NDVI data was downloaded
and processed using the R package MODISTools (Tuck and
Phillips, 2017). We obtained tree height measurements in the
field for 160 point counts. Each height estimate was calculated
as the mean of three independent measurements obtained at
the exact point of our avian surveys, and two measurements
obtained 50 meters apart along the road. Forest height was
measured using a distance meter, from the base to the highest
branch in the perpendicular vegetation to the measurement site.
To calculate the average height of each forest stand, we used all
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FIGURE 1 | Location of the study area and arrangement of the 160 count points in the forest management area of Fazenda Pau D’Arco, Crato, Ceará, Brazil in
2014. Polygons represent forest stands, green areas indicate unmanaged areas and brown scale indicates different logging times (in years). Trails that divide the
forest stands were split into 23 half-trails (with a forest stand on each side) and used as a sample unit.

TABLE 1 | Forest management scheme until 2014 at the Fazenda Pau D’Arco, Crato, Ceará, Brazil.

Logged areas Unlogged areas

Logged year FS Area (ha) Volume wood removed by 2014 (m/st) Logging year FS Area (ha)

2003/2004 01 71.43 8,553.28 2015/2016 09 69.4

2003/2004 19 72.55 8,685.75 2017/2018 10 69.32

2004/2005 02 72.53 8,659.01 2018/2019 11 74.21

2004/2005 20 72.16 8,648.07 2019/2020 12 73.59

2005/2006 03 72.24 8,639.57 2021/2022 13 92.1

2005/2006 21 72.8 8,727.07 2022/2023 14 92.14

2008/2009 04 71.13 8,484.01 2023/2024 15 81.06

2008/2009 22 72.48 8,689.39 2024/2025 16 81.19

2009/2010 05 72.45 8,640.78 2025/2026 17 86.95

2011/2012 06 71.98 8,606.75 2026/2027 07 69.9

2013/2014 08 70.24 8,369.77 2027/2028 18 85.42

Data divided into logged and unlogged stands. Logging period, volume of wood removed (only for logged areas), and area, are shown for each forest management stand
(FS). Logging between 2015 and 2020 was conducted after the conclusion of our avian surveys.

measurements along its perimeter, which ranged from 6 to 16
independent measurements.

Data Analysis
Except for species accumulation curves with Hill numbers, we
considered the half-trails as our sample units throughout the
analyses (Figure 1). These samples were classified as unlogged,
transition, and logged half-trails according to the logging status
of forest stands on both sides. To calculate bird abundance per
sample, we merged individuals detected during point counts

conducted along the half-trails. In all, 23 half-trails were analyzed
(half-trail X-W was not sampled), except for the analyses
involving logging time, as only 9 half-trails had already been
logged on both sides at the time of our sampling. Counting
species to evaluate species richness may be a biased metric due
to differences in (i) the numbers of samples and (ii) the numbers
of individuals detected. Even under similar standardize sampling
procedures, variation in the number of individuals detected
may influence the number of species observed (Gotelli and
Chao, 2013). Thus, we extracted the effective number of species

Frontiers in Ecology and Evolution | www.frontiersin.org 4 July 2021 | Volume 9 | Article 631247

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-631247 July 12, 2021 Time: 17:25 # 5

Ribeiro et al. Forest Management on Dry-Forest Avifauna

interpolating the species richness by the number of individuals
from the Hill numbers parameterized by an order q = 0 (Chao
et al., 2020). By doing this, we controlled for the bias caused
by the differential sample effort, and include the estimation of
unobserved species in the species richness comparisons (Gotelli
and Chao, 2013; Chao et al., 2020).

Sampling effort was evaluated using a species accumulation
curve, including the rarefaction and extrapolation with Hill
numbers through all the samples (Gotelli et al., 2014).
Additionally, we compare the observed general curve between
unlogged, transition and logged curves. We compared average
effective number of species (hereafter effective richness) and the
number of individuals between unlogged, transition and logged
areas using two-way ANOVA when data were homoscedastic,
and three individual Kruskal-Wallis rank tests when data were
heteroscedastic. These tests were conducted for the entire
avian community, and according to species dependence on
forests (dependent or non-dependent). We ordinated the avian
community at each half-trail using two dimensions (k = 2) in a
Non-Metric Multidimensional Scaling (NMDS), using the Bray-
Curtis’s dissimilarity index to access avian species composition.
To determine the degree of similarity of composition among
samples and clustering of unlogged, transition and logged groups
in the NMDS, we used an Analysis of Similarity (ANOSIM).
Additionally, we used the NMDS scores (k = 1) to ordinate the
community along the management chrono-sequence to evaluate
possible composition recovery patterns.

We evaluated potential ecological winners and losers through
a meta-analytic assessment for all community and for species
grouped by forest dependence. We calculated the standardized
mean difference (SMD) for each species and estimated the fixed
effect models and confidence intervals for both all pooled species
and species pooled by category of forest dependence, graphically
depicted as a forest plot. We removed species with less than
5 records in the whole area and the transition records from
this analysis. To evaluate the degree of habitat changes after
management in the forest stands, we performed linear regressions
relating vegetation height, the NDVI and the time since logging.
To access the logging age for each sample, which had different
“time since logging” on each side, we used the average age of
these sides. Finally, we applied linear regressions to test the effects
of forest management on the avifauna relating (i) vegetation
height, (ii) NDVI, and (iii) time since logging with the number
of individuals, the effective richness, and species composition.
Prior to analyses, we tested collinearity between variables through
Pearson’s correlation tests and tested all model assumptions. No
data transformation was required. All analyses were conducted
using R (R Core Team, 2019) implemented in RStudio.

RESULTS

Avian Community Structure
During our point counts, we detected 3,789 individuals of 90 bird
species, of 34 different avian families, which represents more than
60% of all bird species ever recorded at the Fazenda Pau D’Arco,
and virtually all non-occasional residents (de Lima et al., 2021).

Nearly a third of the species detected (24 species) were considered
forest-dependent, whereas 2/3 (66 species) were forest non-
dependent species (Supplementary Table 1). Avian assemblages
recorded on our point counts were overwhelmingly composed
of passerines, which accounted for 73% of the species and
93% of the individuals. Some avian families dominated these
assemblages, including flycatchers (Tyrannidae, 18 spp.), antbirds
(Thamnophilidae, 8 spp.), tanagers (Thraupidae, 8 spp.), and
furnariids (Furnariidae, 6 spp.).

Effects of Forest Management on the
Avifauna
Overall, we detected more species and more individuals in
areas that had not been logged (79 spp. and 2,093 ind.) than
both in transition (50 spp. and 512 ind.) and logged ones
(56 spp. and 1184 ind.), an observation that held even when
accounting for sampling effort, as observed by comparing species
accumulation curves between areas (Supplementary Figure 1).
Species accumulation curves also provide evidence that the
expected species effective richness in unlogged areas contributes
with most of the area’s species diversity, which is not the case of
both transition and logged areas (Supplementary Figure 1).

We detected, on average, 26.9 ± 2.8 effective species and
190.3 ± 45.4 individuals per half-trail in unlogged areas,
24.7 ± 3.0 effective species and 170.7 ± 65.8 individuals in
transition areas, and 24.2± 2.8 effective species and 131.6± 37.9
individuals per half-trail in logged areas. Fewer individuals were
observed in logged area [Two-way ANOVA for individuals;
F(1, 40) = 3.95, p < 0.05; Figure 2]. The difference between
unlogged and logged areas was driven by forest dependent
species, which as expected, presented more individuals [Tukey’s
(HSD) post hoc test for forest dependent individuals p < 0.05]
and also higher effective richness [Kruskal-Wallis for effective
richness—dependent species; KW(1, 2) = 16.1, p < 0.01] in
unlogged areas (Figure 2). This was not the case for forest
non-dependent species, as we found no significant difference in
the number of species detected in logged and unlogged areas
[Kruskal-Wallis for effective richness—non-dependent species;
KW(1, 2) = 0.4, p = 0.8]. Nor for the number of individuals
[Tukey’s (HSD) post hoc test for forest dependent species p = 0.95;
Figure 2].

Avian assemblages were distinct in unlogged and logged
areas (ANOSIM; R = 0.54, p = 0.001). Species composition of
unlogged and logged sites were in general more similar to areas
under similar managing schemes (Figure 3). Transition areas, as
expected, appeared between the two distinct groups (Figure 3),
indicating a bird composition gradient. We also found that
species composition (measured by NMDS scores ordinated in a
single dimension) in logged regenerated areas remained distinct
from unlogged areas, even after over a decade of forest recovery
(Supplementary Figure 2).

Our analyses identified species-specific responses to forest
management in nearly half of the species analyzed (those
with adequate sampling). We identified 21 species with lower
than average records in logged areas, including 11 species that
presented no records in logged forest stands at all (Figure 4).
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FIGURE 2 | Scatter interval plot with average avian effective number of species (A) and average number of bird individuals (B) recorded in unlogged, transition and
logged forest stands at the Fazenda Pau D’Arco, Crato, Ceará, Brazil, for all species (black), forest non-dependent species (yellow), and forest dependent species
(dark green). At the top, the used statistical tests. Three Kruskal–Wallis tests for the effective number of species and a two-way ANOVA for the number of individuals.
Asterisks show statistical significance according to Dunn’s post hoc test for KW and Tukey’s (HSD) post hoc test for two-way ANOVA.

FIGURE 3 | Non-metric multidimensional scaling (NMDS) for bird species
(quantitative data) in three groups of unlogged, transition and logged areas
collected in 160 point counts of 23 half-trails of the management area at
Fazenda Pau D’Arco, Crato, Ceará, Brazil. Color dots indicate unlogged (dark
green), transition (blue), and logged (yellow) half-trails.

We found that whereas many forest-dependent species occur
exclusively in unlogged forests, only one non-dependent species
was found exclusively in logged forests. However, five species

were recorded more often in logged areas, suggesting that these
species may indeed benefit and even thrive in managed forests
(Figure 4 and Supplementary Figure 3).

Evaluating the list of the 20 most commonly detected
species in our point counts, we found that most species
appeared as most abundant in areas under all managing
schemes (unlogged, transition and logged forests), suggesting
that abundant species may be less susceptible to changes in land
use. On the other hand, whereas four species (H. ochroleucus,
T. pelzelni, M. parnaguae, and H. margaritaceiventer) presented
proportionally fewer individuals in transition and logged areas,
three species (F. melanogaster, S. hellmayri, and P. plumbea)
increased their abundance in logged areas (Table 2).

We found a positive correlation between NDVI and vegetation
height. In general, taller forest stands also presented higher index
values (Supplementary Figure 4A). Interestingly, these two
vegetation variables behaved differently along the regeneration
chrono-sequence. Forest height was significantly correlated to
forest age (time since logging), as older forests stands were taller
than recently logged forests (Supplementary Figure 4B). On the
other hand, NDVI was not correlated to forest age and held a
very low explanatory power (Supplementary Figure 4C). We
interpret this as a mismatch between forest height and forest
cover (NDVI) in recovering forests, suggesting that whereas
forest may grow quickly, their forest cover may not recover
at the same pace.

Avian species composition was predicted by both forest
height and NDVI, with relatively high explanatory power
(Figures 5C,F). The same occurred to the average number
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FIGURE 4 | Forest plot of bird species for standardized mean difference (SMD) in number of individuals (N) between logged and unlogged forest stands (excluding
transition stands), and respective standard deviations. Were analyzed only bird species with more than five individuals recorded in 23 half-trails of the management
area at the Fazenda Pau D’Arco, Crato, Ceará, Brazil. Vertical solid lines represent the fixed effects models from all community, from dependent species and
non-dependent species, and vertical dashed lines indicated respective confidence intervals (CI). Red names and point ranges indicated species statistically more
abundant in unlogged forest stands and green names and point ranges represents species more abundant at logged stands. Species points without ranges are
recorded only in one group of forest stands and the standard deviations are zero.
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TABLE 2 | The 20 most detected bird species in 160 point counts conducted in 23 half-trails of the management area at Fazenda Pau D’Arco, Crato, Ceará, Brazil.

Ranking Bird species at unlogged areas Ind (%) FD Bird species at transition areas Ind (%) FD Bird species at logged areas Ind (%) FD

1 Myrmorchilus strigilatus 218 (10.42%) N-Dep Myrmorchilus strigilatus 66 (12.89%) N-Dep Myrmorchilus strigilatus 167 (14.10%) N-Dep

2 Hylopezus ochroleucus 215 (10.27%) Dep Sakesphoroides cristatus 48 (9.38%) N-Dep Sakesphoroides cristatus 148 (12.50%) N-Dep

3 Sakesphoroides cristatus 206 (9.84%) N-Dep Cantorchilus longirostris 42 (8.20%) Dep Cantorchilus longirostris 102 (8.61%) Dep

4 Thamnophilus pelzelni 125 (5.97%) Dep Hylopezus ochroleucus 35 (6.84%) Dep Synallaxis hellmayri 68 (5.74%) N-Dep

5 Cantorchilus longirostris 122 (5.83%) Dep Megaxenops parnaguae 28 (5.47%) Dep Radinopsyche sellowi 67 (5.66%) N-Dep

6 Megaxenops parnaguae 102 (4.87%) Dep Radinopsyche sellowi 25 (4.88%) N-Dep Formicivora melanogaster 59 (4.98%) N-Dep

7 Radinopsyche sellowi 101 (4.83%) N-Dep Synallaxis hellmayri 24 (4.69%) N-Dep Hylopezus ochroleucus 45 (3.80%) Dep

8 Hemitriccus margaritaceiventer 74 (3.54%) N-Dep Thamnophilus pelzelni 20 (3.91%) Dep Polioptila plumbea 39 (3.29%) N-Dep

9 Formicivora melanogaster 71 (3.39%) N-Dep Hemitriccus margaritaceiventer 19 (3.71%) N-Dep Chlorostilbon lucidus 35 (2.96%) N-Dep

10 Phaeomyias murina 61 (2.91%) N-Dep Formicivora melanogaster 18 (3.52%) N-Dep Todirostrum cinereum 34 (2.87%) N-Dep

11 Synallaxis hellmayri 53 (2.53%) N-Dep Eupsittula cactorum 16 (3.13%) N-Dep Thamnophilus capistratus 32 (2.70%) N-Dep

12 Polioptila plumbea 45 (2.15%) N-Dep Schistochlamys ruficapillus 15 (2.93%) N-Dep Megaxenops parnaguae 28 (2.36%) Dep

13 Cranioleuca semicinerea 39 (1.86%) N-Dep Chlorostilbon lucidus 12 (2.34%) N-Dep Hemitriccus margaritaceiventer 27 (2.28%) N-Dep

14 Hylophilus amaurocephalus 39 (1.86%) Dep Phacellodomus rufifrons 11 (2.15%) N-Dep Hylophilus amaurocephalus 26 (2.20%) Dep

15 Schistochlamys ruficapillus 38 (1.82%) N-Dep Phaeomyias murina 10 (1.95%) N-Dep Phaeomyias murina 25 (2.11%) N-Dep

16 Eupsittula cactorum 36 (1.72%) N-Dep Hylophilus amaurocephalus 9 (1.76%) Dep Schistochlamys ruficapillus 23 (1.94%) N-Dep

17 Turdus leucomelas 30 (1.43%) N-Dep Polioptila plumbea 8 (1.56%) N-Dep Cyclarhis gujanensis 23 (1.94%) N-Dep

18 Cyclarhis gujanensis 29 (1.39%) N-Dep Cyclarhis gujanensis 8 (1.56%) N-Dep Phacellodomus rufifrons 22 (1.86%) N-Dep

19 Trogon curucui 29 (1.39%) Dep Coereba flaveola 8 (1.56%) N-Dep Euscarthmus meloryphus 19 (1.60%) N-Dep

20 Euphonia chlorotica 26 (1.24%) N-Dep Camptostoma obsoletum 7 (1.37%) N-Dep Thamnophilus pelzelni 18 (1.52%) Dep

Numbers refers to the individuals detected (and % of records in each management areas) in unlogged, transition and logged areas. “FD” is Forest Dependence, Dep as Forest dependent species, N-Dep as Forest
non-dependent species.
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of individuals detected, although with a lower explanatory
power (Figures 5A,D). On the other hand, the average species
richness was only correlated with forest height, albeit with
a low explanatory power (Figure 5E), but not to NDVI
(Figure 5B). This means that taller and greener forests sustain
more individuals and a different avian assemblage than less
green and shorter forests, whereas species richness only responds
to the height of the forest and not to the forest cover. Quite
surprisingly, we did not detect positive correlations between any
of the avian variables measured and forest regeneration time
(time since logging) (Figures 5G–I). In fact, the only significant
correlation found was between the average number of individuals
and regeneration time, but this was a negative correlation. In
other words, we found less individuals in older regenerating
forest stands (Figure 5G).

DISCUSSION

As far as we are aware, this study represents the first attempt
to evaluate the effect of forest management on the Caatinga
avifauna, and one of the first ones in any Neotropical dry
forest (Coria et al., 2015; Hilje et al., 2020; Owen et al., 2020).
This kind of studies are particularly relevant today, given the
widespread decline in natural habitats and the urgent need of
more sustainable economic activities (Sanchez-Azofeifa et al.,
2005; da Silva et al., 2018). Understanding the effects of current
management schemes on biodiversity should be a primary goal of
conservation biology and a top priority among governments, land
managers, and policy makers. Furthermore, understanding the
limitations of different managing strategies is essential to achieve
a more sustainable use of ever-shrinking natural landscapes.

Although we do not have data after a complete 25-yr
regeneration cycle, our study provides evidence of the potential
effect of forest management on the avifauna, including the
following four take-home messages. First, forest management as
currently conducted at our study site (clear-cut logging followed
by passive regeneration) affects the abundance, species richness
and composition of the avifauna. In general, we found less
individuals, less species, and a different avian composition in
forest stands that have been logged. Second, we show that this
effect depends on the degree of disturbance sensitivity of each
species. Forest-dependent species where overwhelmingly affected
by forest management, whereas forest non-dependent species
were less affected, or not affected at all. Third, even after 11 years
of forest recovery, bird species composition in logged areas
had not yet reached the diversity level observed in unlogged
areas. In fact, local species assemblages seem to have taken
a different regeneration path and remained distinct from the
original avifauna found in unlogged areas. We believe that this
result can be explain by the fact that regenerating forests do not
recover its total height or original vegetation cover after a decade,
suggesting that tree species composition may be quite distinct
from that found in unlogged forests.

Detecting changes in the number of species and individuals
in natural environments due to human interference often
represents the first findings in management studies (Chaudhary

et al., 2016). Although providing evidence of changes in species
composition is often more challenging, it offers important
insights about species losses and replacements (Demarais et al.,
2017). We detected changes in three important aspects of the
avian communities, finding fewer species, fewer individuals,
and different species assemblages in logged forest stands. The
differences we found at the Fazenda Pau D’Arco were driven
mostly by forest dependent species, which represented a third of
all species detected. Forest-dependent species are often the most
impacted by human activities because they require stable and
complex habitats (Barrantes et al., 2016). Although most forest
non-dependent species were unaffected by forest management,
some of these species were negatively affected or even replaced by
less demanding species after management.

This response pattern creates a scenario with ecological losers
and winners (Tabarelli et al., 2012). In fact, we revealed that
about one fourth of the species recorded in our point counts had
fewer individuals in logged forests, whereas half of these species
had zero records in forests that had been logged. According
to our data, only five species presented more individuals in
logged forests, suggesting that the list of “winners” is rather
small. Among the ecological “losers” there are two species
of global conservation concern (IUCN, 2020) the Vulnerable
Ceará Leaftosser (Sclerurus cearensis) and the Near Threatened
White-browed Antpitta (Hylopezus ochroleucus). Whereas the
Antpitta was almost five times less abundant in logged forests,
the Leaftosser was absent altogether. Similarly, we found ten
species with no records whatsoever in logged forests, suggesting
that they may be extirpated from the study area after all forest
stands are logged by 2028. In general, disturbed environments
are known to become less heterogeneous, and more specialized
species tend to lose their habitats, being sometimes replaced by
more generalist species (Devictor et al., 2008; Dong et al., 2020).
Consequently, the identification, protection, and management of
key habitats are crucial to afford the requirements of specialized
species (Brambilla et al., 2020).

By applying the principle of space-for-time-substitution,
where it is possible to infer a temporal trend from a study of
different aged sites (Pickett, 1989), we were able to infer changes
without involving a research that would take two decades to be
concluded. One of the main limitations of the space-for-time
approach is that areas under study may be heterogeneous or
may have suffered from different histories of land use (Foster
and Tilman, 2000). The Fazenda Pau D’Arco represents a rather
homogeneous patch of dry forest vegetation, with virtually no
differences in altitude or climatic regimes throughout its area
(de Lima et al., 2021). Our results from the chrono-sequence
studied, including an 11-yr regeneration period, are somewhat
concerning. Avian composition, species richness, and abundance
along the chrono-sequence differed from unlogged areas, even
after more than a decade of forest recovery. Surprisingly,
bird abundance decreased in older regenerating forest stands,
compared to more recently logged forests.

These results are likely related to known patterns of tree
regeneration in Neotropical dry forests. Differently from humid
forests, ecological succession in dry forests is slower and pushed
by high wood-density species, which are those than can cope
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FIGURE 5 | Linear regressions models between avian abundance (A,D,G), species richness (B,E,H), and avian composition (C,F,I) obtained from 160 point counts
and averaged by 23 (or 9 as logging age) half-trails sampled and the normalized difference vegetation index (NDVI in 2014) (A–C), vegetation height (D–F), and the
logging age (in years prior to 2014, the time of our sampling) (G–I), averaged from the two forest stands aside of each 23 (or 9 as logging age) half-trails of the
management area at Fazenda Pau D’Arco, Crato, Ceará, Brazil. Dots indicate unlogged (dark green), transition (blue), and logged (yellow) half-trails. The regression
line was derived from the data points and smooth areas are the standard deviation for significant regression models.

better with low water availability and higher solar radiation
(Poorter et al., 2019). It is only then that the understory becomes
less hot and dry, allowing the establishment of other plant species
of more rapid growth (Poorter et al., 2019). Therefore, the
dynamics of recovery may vary depending on land use (Arroyo-
Rodríguez et al., 2017), creating a difficulty for landscapes that
need to fully recover from a clear-cut activity, as is the case at our
study site. In addition to land use, the recovery of dry forests also
depends on the availability of water, being more effective during
the rainy season (Lebrija-Trejos et al., 2011). Besides the natural
climatic conditions of the region, the limited availability of water

may hamper the recovery capacity of these forests (Álvarez-
Yépiz et al., 2018). In fragmented and disturbed landscapes,
active methods of restoration can be more effective (Morrison
and Lindell, 2011). However, passive forest restoration is more
often used because is less expensive, especially when adjacent
vegetation cover is present (Morrison and Lindell, 2011).

Vegetation height and forest cover are factors that can
influence the richness, abundance, and composition of bird
species in dry forests (Martensen et al., 2012). We did
find a positive association between these three aspects of
avian assemblages and both forest height and a measure of
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vegetation canopy greenness (NDVI), indicating the importance
of assessing forest structure to understand avian responses.
Human disturbance frequently reduces the complexity of the
forest and affects habitat availability, followed by changes
in biodiversity (Barlow et al., 2016). A third vital piece of
information is related to forest composition, which we lack for
our study area. Which tree species are being recovered? How
tree species composition affects the structure of the vegetation?
How interrelated are bird and plant species? These are questions
that require immediate answers and would be key to understand
habitat regeneration after clear-cut logging. Our data indicates
that recovering forest tend to reach around 2.8 m within 7.5 years,
but do not reach the average height of ∼4 m of unlogged
forests even after a decade after logging. They also indicate
that a decade may not be enough to recover the original
vegetation cover.

We failed to find a positive trend between time since
logging and avian regeneration. This mismatch between older
regenerating stands and the avifauna may indicate that the
original plant and animal composition may not be coming back
in the short term, a topic that requires immediate attention.
Despite the potential negative effects of habitat management on
the avifauna, secondary forests still represent valuable habitats
for many tropical species (Chazdon et al., 2009; Edwards et al.,
2017; Sayer et al., 2017). Data on Neotropical dry forests are still
incipient, and there is an ongoing debate on how birds respond
to forest regeneration (Latta et al., 2018; Owen et al., 2020).
Recent studies, however, suggest that secondary forests can be
useful to many species, and even conserve relatively high values of
avian phylogenetic diversity (Edwards et al., 2017). Furthermore,
secondary forests may also be key to support the provision of
ecosystem services, although these services may be less stable
than in primary forests (Sayer et al., 2017). Unlike humid forests,
which have been studied over the past 70 years, Neotropical dry
forests have only become a focus of research in the past three
decades (Stoner and Sánchez-Azofeifa, 2009).

This information is particularly important for the
development of management protocols (Espírito-Santo et al.,
2009). Multiple factors can influence the effectiveness and
sustainability of forest management practices, including (i)
local climatic conditions; (ii) the proximity and conservation of
preserved areas; and (iii) natural regeneration time, which need
to be compatible with ecological succession. There is evidence
that forest management, like other land-sparing approaches
(such as high intense timber extraction with the protection of
natural reserves), is capable of sustaining higher bird abundance
and species richness and maintaining higher functional diversity,
than land-sharing approaches (such as moderate land use
integrated with wildlife-friendly habitats across a concession)
(Edwards et al., 2014; Cannon et al., 2019). Nevertheless, the
environmental context and scale also seems to be an important
function for biodiversity maintenance (Ekroos et al., 2016). The
persistence of biodiversity is strongly linked to the proximity of
surrounding contiguous natural habitats (Gilroy et al., 2014),
highlighting the value of intermingling unlogged lands for
sustainable forest management and to enhance forest restoration
(Watson et al., 2018).

We conclude that the complete clear-cut logging and
subsequent conversion of the study area into secondary forest will
likely drive to the extirpation of several bird species, particularly
those that depend on healthy forests to thrive. On the other hand,
our results suggest that many of these forest-dependent species
may manage to live in relatively smaller forest plots and could
potentially recover their populations. Therefore, we strongly
encourage the use of protected forest patches intermingled with
logged areas, as a way to ensure the survival of all species in these
logged forests. In fact, the kind of forest management applied at
our study site may be sustainable for some species, but not for
others. Despite the undeniable value of secondary forests for the
maintenance of generalist species, we found a large number of
ecological losers that seem to be less abundant in logged forests
or even incapable of occupying regenerating stands, at least in the
time frame studied. Having completed nearly half of the logging
cycle (11 years), regenerating forests do not seem adequate to
provide habitat requirements for more demanding bird species.
We strongly argue for the continuous monitoring of regenerating
forests, both for birds and plants, which appears to be essential
in determining whether older forest stands will be able to meet
the fauna needs.
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