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1 | INTRODUCTION
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Abstract

Species extinctions caused by the destruction and degradation of tropical primary
forest may be at least partially mitigated by the expansion of regenerating secondary
forest. However, the conservation value of secondary forest remains controversial,
and potentially underestimated, since most previous studies have focused on young,
single-aged, or isolated stands. Here, we use point-count surveys to compare tropical
forest bird communities in 20-120-year-old secondary forest with primary forest
stands in central Panama, with varying connectivity between secondary forest sites
and extensive primary forest. We found that species richness and other metrics of
ecological diversity, as well as the combined population density of all birds, reached a
peak in younger (20-year-old) secondary forests and appeared to decline in older
secondary forest stands. This counter-intuitive result can be explained by the greater
connectivity between younger secondary forests and extensive primary forests at
our study site, compared with older secondary forests that are either (a) more iso-
lated or (b) connected to primary forests that are themselves small and isolated. Our
results suggest that connectivity with extensive primary forest is a more important
determinant of avian species richness and community structure than forest age, and
highlight the vital contribution secondary forests can make in conserving tropical
bird diversity, so long as extensive primary habitats are adjacent and spatially
connected.

Abstract in Spanish is available with online material.
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by the planting and natural regeneration of secondary forest (SF) on
previously deforested land (Wright, 2005). However, the long-term

Between 2010 and 2015, there was an annual loss of approximately
7.6 million ha of forest globally, with most of this deforestation oc-
curring in the tropics (FAO 2015). Most of the world's biodiversity is
found in the tropics (Dirzo & Raven, 2003), and the continued loss
and degradation of tropical forests are likely to cause mass species
extinctions (Dent & Wright, 2009; Wright & Muller-Landau, 2006).
It has been proposed that primary forest (PF) losses may be offset

conservation value of SF depends on whether these habitats can
maintain similar species composition and ecosystem functions as PF
(Chazdon et al., 2009; Dent & Wright, 2009).

Many studies that assess the conservation value of tropical SF
have focused on birds, one of the best studied faunal groups in the
tropics (e.g., Barlow, Mestre, Gardner, & Peres, 2007; Lees & Peres,
2006; Robinson, 1999; Stotz, Fitpatrick, Parker, & Moskovits, 1996;
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Willis, 1974). Birds provide important ecosystem services, such as
pollination and seed dispersal (Sekercioglu, 2006; Whelan, Wenny, &
Marquise, 2008), and their diverse habitat and dietary requirements
often lead to species-specific responses to habitat disturbance
(Hughes, Daily, Ehrlich, & Letters, 2002; Petit & Petit, 2003). Birds
are also convenient indicators for ecological assessments because
they are relatively easy to identify and survey.

Studies comparing avian species richness and community struc-
ture in SF and PF report inconsistent results. Some studies have
found equivalent or higher species richness in SF compared to PF
(Andrade & Rubio-Torgler, 1994; Blake & Loiselle, 2001; Borges,
2007; O'Dea & Whittaker, 2007; Schulze & Waltert, 2004), while
other studies report reduced species richness in SF (Barlow, Mestre
et al., 2007; Bowman, Woinarski, Sands, Wells, & McShane, 1990;
Gibson et al., 2011; Terborgh & Weske, 1969; Tvardikova, 2010).
These conflicting results may stem from three key factors: the age
of SF studied, the landscape context, and the responses of different
avian groups to habitat change.

In terms of SF age, most studies examining avian diversity in trop-
ical SF have only included relatively young and single-aged stands
(>35 years; e.g., Barlow, Mestre et al., 2007; Blake & Loiselle, 2001;
Borges, 2007; Terborgh & Weske, 1969). With increasing forest age,
SF typically develops greater structural complexity, resembling PF
over time (Guariguata & Ostertag, 2001; Pefia-Claros, 2003). More
complex forest structure offers an increased breadth of ecological
niches for forest birds (DeWalt, Maliakal, & Denslow, 2003; Zahawi
et al.,, 2015). Thus, the structural complexity that develops over
SF succession should provide habitats for increasingly diverse and
complex bird communities (Casas, Darski, Ferreira, Kindel, & Miller,
2016; MacArthur & MacArthur, 1961). Studies focusing on young SF
may therefore underestimate the longer-term value of SF for bird
conservation. While estimates of avian species richness in young
SF are often inflated by non-forest species, species composition in
young tropical SF tends to differ from PF (Barlow, Gardner et al.,
2007; Borges, 2007; Tvardikova, 2010). With increasing time since
abandonment, both forest structure and bird communities become
more similar to those of PF (Andrade & Rubio-Torgler, 1994; Borges,
2007; Raman, 1998). Thus, estimates of conservation value need to
consider the recovery of forest species composition and abundance
rather than richness alone.

The landscape context of SF, defined by connectivity to PF
source populations and isolation within the countryside matrix,
plays a critical role in determining avian community reassembly
(Chazdon et al., 2009; Dent & Wright, 2009; Wolfe, Stouffer,
Mokross, Powell, & Anciaes, 2015). Many tropical forest birds are
highly dispersal limited with poor gap-crossing abilities and may
not be able to colonize SF unless it is contiguous with PF (Lees
& Peres, 2009; Moore, Robinson, Lovette, & Robinson, 2008;
Tobias, Sekercioglu, & Vargas, 2013; Van Houtan, Pimm, Halley,
Bierregaard, & Lovejoy, 2007). In addition, bird species occurring
in isolated SF embedded within a non-forest matrix may be more
sensitive to random population fluctuations and local extinction.
Connectivity to PF is an important factor in SF recovery, and the

species composition of bird communities in isolated SF may never
fully converge with that of PF (Jones, Bunnefeld, Jump, Peres, &
Dent, 2016; Wolfe et al., 2015).

Finally, the response of bird species to forest succession may
be mediated by their degree of ecological specialization. It has
been suggested that generalist, migratory, or forest-edge species
proliferate in SF as their wider niche breadth makes them bet-
ter adapted to the conditions found in younger forest (Barlow,
Mestre et al., 2007; Stotz et al., 1996). By contrast, forest spe-
cialists are likely to require foraging and nesting resources only
found in more mature forest (Barlow, Mestre et al., 2007; DeWalt
et al., 2003). Forest isolation has also been shown to adversely
affect forest-dependent, understory insectivore species more
severely than other functional groups (Barlow, Peres, Henriques,
Stouffer, & Wunderle, 2006; Bradfer-Lawrence, Gardner, & Dent,
2018; Ferraz et al., 2007; Stouffer, Bierregaard, Strong, & Lovejoy,
2006). Thus, the conservation value of SF for birds is affected by
species-specific responses mediated by both site and landscape
factors, including habitat age, and level of isolation and connec-
tivity to PF.

Here, we examine the species richness and composition of bird
communities in central Panama across the longest SF chronosequence
studied to date, spanning forest ages from 20 to 120 years, as well as
PF controls (see Figure 1). Across this age gradient, we sampled for-
ests that were either isolated from or connected to extensive PF. This
landscape presents an opportunity to examine how bird communities
change across both successional and isolation gradients, and to investi-
gate the relative importance of forest age versus isolation in determin-
ing the conservation value of SF. Including forest age and landscape
context introduces a new level of complexity to classical forest frag-
mentation studies, which arguably reflects the reality of most human-
modified tropical forest landscapes.

In this context, we assessed the relative role of secondary for-
est age versus connectivity with primary forest in determining bird
diversity—estimated as (a) bird species richness and other diversity
metrics, (b) bird population density, and (c) the similarity of avian
community composition to PF. In all cases, we examined the extent
to which variation in bird communities is mediated by landscape con-

text, such as isolation by water barriers.

2 | METHODS

2.1 | Study sites

We conducted field surveys in the Panama Canal Watershed,
where vegetation is classified as tropical moist forest (Holdridge
& Budowski, 1956). The climate is seasonal with a distinct dry
season, typically from mid-December until early May, and an-
nual rainfall of 1,900-3,600 mm (Turner, Yavitt, Harms, Garcia,
& Wright, 2015; Windsor, 1990). We selected study sites in the
Barro Colorado Nature Monument, Soberania National Park, and
the adjacent Agua Salud Project (Figure 1). The Barro Colorado
Nature Monument (5,600 ha; 9°9'N, 79°51'W) is comprised of



MAYHEW ET AL.

N A 3
DIOTROPICA i Fseisuse, WILEY——

SF (20-yrs-old) [ | ASP
SF (40-yrs-oid) [ | BCNM
SF (60yrs-old) | | SNP
SF (90-yrs-old) [ Forest
SF (120-yrs-old) Non-forest
PF (isolated) Water

PF (extensive)

i BONONON N N J

6 Kilometers
1

Lake Gatun

FIGURE 1 Map of the 14 study sites in central Panama. Sites are color-coded by forest age (PF: primary forest; SF: secondary forest).
This area of central Panama is composed of a mosaic of contiguous forest stands of different age interspersed among a matrix of water and
agricultural land. The main areas in which forest stands are embedded among other patches of forest (and therefore difficult to discretely
identify) are the Barro Colorado National Monument (BCNM), including Barro Colorado Island (1,560 ha) and Gigante peninsulas (2,600 ha),
Soberania National Park (SNP), and surrounding contiguous forest (22,000 ha), including the Agua Salud Project (ASP)

five peninsulas and Barro Colorado Island (BCl), all situated in
Lake Gatun, which was formed in 1914 by the flooding of the
Panama Canal. The Barro Colorado Nature Monument is a mo-
saic of PF mixed with SF stands of different ages that were used
for cattle pasture or fruit production between the 1880s and
the establishment of the park in 1979 (Leigh, Rand, & Windsor,
1982). Soberania National Park (22,000 ha; 9°9'N, 79°44'W)
was established in 1980 and is a mix of PF and very old SF (Van
Bael, Zambrano, & Hall, 2013). The Agua Salud Project research
site (664 ha; 9°13'N, 79°47'W) was once predominantly cat-
tle pasture or small-scale shifting cultivation, but, after es-
tablishment in 2008, the landscape is now predominantly SF
of relatively young age (Van Breugel et al., 2013). The differ-
ence in annual rainfall between our northernmost and south-
ernmost sites (separated by a latitudinal distance of 9.8 km) is
159 mm pa (Rompre, Robinson, Desrochers, & Angehr, 2007).
As this variation is minor compared to a difference of 2,100 mm
pa across the full rainfall gradient in Central Panama (Rompre
et al., 2007), we treated the study area as a single climatic band
(see Figure 1).

2.2 | Site selection

We selected secondary forest sites along a chronosequence of
approximately 20, 40, 60, 90, and 120 year since abandonment,
with two replicates per forest age. We selected sites within exist-
ing research areas having data on long-term vegetation dynamics,
tree communities, and accurate age estimates compiled from his-
torical records, aerial photographs, and interviews with residents;
for details, see Denslow and Guzman (2000) and Van Breugel
etal. (2013). The youngest SF in the Barro Colorado Nature
Monument is 40 year old, while SF in Agua Salud is 10-34 year
old (mean = 19 year old). For ease of presentation, we refer to
Agua Salud sites as 20 year old. We selected four PF sites: two in a
relatively small patch (c. 800 ha) of isolated PF on Barro Colorado
Island (henceforth referred to as isolated PF) and two in an exten-
sive area of mainland PF in Soberania National Park (c. 22,000 ha;
henceforth referred to as extensive PF). The PF is at least 500 year
old, and there is no indication that they have ever been logged
or cultivated (Piperno, 1990). There is no ongoing disturbance

(such as logging or hunting) in Barro Colorado Nature Monument,
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whereas in Agua Salud there may be some forest clearance and
disturbance in the wider landscape. Across the Barro Colorado
Nature Monument chronosequence, average canopy height and
structural complexity increase with SF age (DeWalt et al., 2003;
Mascaro, Asner, Dent, DeWalt, & Denslow, 2012). Further details
of vegetation structure and composition are available in Dent,
DeWalt, and Denslow (2013), DeWalt et al. (2003), and Mascaro
et al. (2012).

Habitat patch size is an important determinant of species’ per-
sistence in fragmented landscapes (Bender, Contreras, & Fahrig,
1998). However, the importance of patch size relates to the com-
position of the surrounding matrix. The SF sites in our study are
embedded within a mixed-age forest matrix, which buffers the
effects of fragment size and limits our ability to accurately cal-
culate areas of single-aged fragments. The three forest areas in
which study sites are embedded include Barro Colorado Island
(1,560 ha), Gigante peninsulas (2,600 ha), and Soberania National
Park and surrounding contiguous forest (22,000 ha; see Figure 1
for details). The SF and PF sites in this study experience different
connectivity. The 20-year-old Agua Salud SF sites form part of
a large forest network connected to extensive PF in Soberania
National Park, while both island and peninsula SF sites are smaller,
isolated areas of forest surrounded by water. Island SF sites (90-
120 year old) are connected only to isolated PF and are separated
from extensive mainland PF by water. Secondary forest on the
Gigante Peninsula is more extensive and contains older patches
(>200 year old) interspersed with patches of 40-60-year-old SF,
but is separated from extensive PF by either water or agriculture.
We sampled PF sites on both island and mainland settings to ex-
amine the effects of different types and extents of forest isola-
tion, and to provide a baseline for studying the effects of SF age
on bird communities. Due to the restrictions of available PF and
SF in the study landscape, it was not possible to replicate within
categories (e.g., isolation type x isolation extent x forest type),
and even where replicates were possible, the sampling design
is weakened because some sites are embedded within the same
geographic feature (e.g., BCl) and therefore to some extent non-
independent. We take these factors into account in our analyses
(see below) and emphasize that the study landscape has distinct
advantages—not least the comparison across different levels of
isolation, and the availability of background data on the history
of forest regeneration—which provide a unique opportunity to

understand secondary forests in a spatial and temporal context.

2.3 | Bird survey methods

At each of the 14 sites, we established nine point-counts with each
point separated by a minimum of 100 m from other points and by
at least 50 m from forest of a different age (Robinson, Brawn, &
Robinson, 2000; Van Bael et al., 2013). Two trained observers sur-
veyed one site per morning, with the first count beginning ten mins
before sunrise and the last completed by 10:30 hr. All nine stations
at a site were sampled once during a survey visit, with a minimum

of 3 days between surveys; no surveys were conducted on days
with heavy rain or strong wind because these limit bird activity and
detectability.

Point-counts were 10 min in duration, and all birds seen or
heard within a 50 m radius were identified, following previous
studies (De Bonilla, Ledn-Cortés, & Rangel-Salazar, 2012; Martin
& Blackburn, 2014; O'Dea & Whittaker, 2007; Raman & Sukumar,
2002). Limiting counts to a 50 m radius can help to reduce the
differences in detectability of birds among habitat types due to
vegetation structure, and minimizes biases and errors in species
identification and distance estimates (Petit, Petit, Saab, & Martin,
1995). For each bird seen or heard, observers used a laser range-
finder to estimate the Euclidean distance from the center of the
point-count to the bird (Buckland, Marsden, & Green, 2008).
Distance estimates to birds detected only by ear are likely to be
less consistent than estimates based on visual detections, but in
most cases, the location of calling birds can be judged reasonably
accurately. Birds flying above the canopy were excluded from the
survey. Along with the point-count data, we kept a list of additional
species encountered as we walked between the point-count sta-
tions during a survey. We conducted surveys over 3 years: July to
October 2014 (wet season), January 2015, and January to March
2016 (dry season). Each site was surveyed a total of ten times over
the 3 years, five times in the wet season and five times in the dry
season, giving a total of 1,260 point-counts.

Observers had considerable ornithological field experience, in-
cluding in tropical forest habitats. Two observers were Panamanian,
with many years' experience identifying local avifauna. All observers
received training before data collection began, including detection
tests to check for any bias in identification ability and for consis-
tency in estimations of distance. Recordings of calls and songs were
used intensively to improve identification skills and check identifica-

tions based on vocalizations.

2.4 | Data analysis

Prior to analysis, we removed unidentified birds from the dataset
(1.8% of total number of detections). We conducted all analyses both
on the remaining bird species (henceforth, all birds) and on a data-
set restricted to birds with a higher dependency on forest habitats
(henceforth, forest specialists). We defined forest specialists as spe-
cies characteristic of the interior of undisturbed forest, breeding al-
most invariably within forests, occurring less often away from forest
interior and rarely seen in non-forest habitats, even though they may
persist in secondary forest and forest patches if their particular eco-
logical requirements are met (BirdLife International 2018, Buchanan,
Donald, & Butchart, 2011). We note that classification of forest de-
pendency in birds is potentially subjective, partly because species
vary in their habitat selection geographically. We used the most re-
cent classification of forest specialism (BirdLife International 2018)
because it is global in focus, comprehensive, and widely accessible.
We found results to be very similar when we used alternative, geo-
graphically restricted classifications of forest dependency, including
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published descriptions by Ridgely and Gwynne (1989), habitat codes
of Stotz et al. (1996), and habitat scores of Tobias et al. (2016).

We calculated rarefaction curves to compare rates of species
accumulation among forest age classes for all birds and forest spe-
cialists. When scaled by the number of samples, curves reached or
approached the asymptote for all forest ages and species sets, sug-
gesting survey effort was adequate (Supporting Information Figures
S1 and S2). However, curves did not reach asymptotes for some
forest ages and species sets when scaled by individuals, suggesting
some sites were under-sampled (Supporting Information Figures S1
and S2). To identify species that were missing from the extensive
PF dataset, we compared our dataset to the species list reported in
a previous survey of the same extensive PF forest (Robinson et al.,
2000). This long-term study used intensive survey methods to de-
scribe the species composition of the extensive PF site and so pro-
vides a complete picture of the species present at this locality.

We calculated species richness and the percentage of PF species
present in SF by combining both the point-count data and the addi-
tional species encounters. All other analyses used data from point-
counts only. We conducted analyses using R (version 3.4.1, R Core
Team 2017).

2.5 | Speciesrichness, diversity, and dominance

We compared species richness, Shannon-Weiner diversity indi-
ces, and dominance across forest ages using data from all sur-
veys combined. We calculated dominance as the percentage of
individual birds represented by the five most common species in
each site.

2.6 | Bird population density

We used the R package “Distance” (Laake, Borchers, Thomas,
David, & Bishop, 2015) to estimate bird community population
density among forest ages pooled over the 1,260 point-counts,
following methods described in Buckland, Rexstad, Marques, and
Oedekoven (2015). We pooled visual and audial detections, and
stratified analyses by forest age to allow for differences in de-
tectability among habitats. Using the function “ds” (“Distance”
R package; Laake et al. (2015), we fitted 36 detection functions
with various combinations of covariates (year, season, detec-
tion method, and observer) per forest age and used AIC model
selection to choose the best-fit models (Burnham, Anderson, &
Huyvaert, 2011). The detection functions provided an estimation
of bird population density (number of individuals per hectare) in
each of the forest ages. The function “ds” requires a minimum
of 80 observations within a category to give reliable estimates
per species; thus, we did not calculate detection functions for in-
dividual species, since only 4-9 bird species in each forest age
category had more than 80 detections. Our results should be
interpreted with caution since pooling community detectability
data assumes that each species is equally detectable across each
of the 14 sites.

) 5
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2.7 | Species composition and similarity to
primary forest

We calculated the percentage of bird species detected in PF that
were also detected in SF separately for isolated PF and extensive PF
sites by pooling data for each forest age category.

We used the Morisita-Horn abundance-based similarity index
(Syy) to compare species composition between pairs of assem-
blages. The S,,,, is robust to uneven and insufficient sampling and
thus suited to determine whether reassembly of PF communities oc-
curs in SF in terms of relative abundance (Chao, Chazdon, Colwell, &
Shen, 2006). We examined whether species composition of SF con-
verged with either isolated PF or extensive PF over time by compar-
ing the similarity in composition (S,,,) of each SF forest site to each
of the PF sites. We examined similarity to isolated and extensive PF
sites separately because isolation-related extirpations have altered
the island bird communities (Robinson, 1999). Similarity values were
produced using the function “vegdist” (“vegan” R package; Oksanen
etal., 2016).

To determine whether forest age or geographic location ex-
plained patterns in species composition across sites, we performed
Mantel tests on three matrices of pairwise distances among sites:
Euclidean geographic distance, difference in forest age, and dissim-
ilarity in species composition (1-S,,,,). We assigned PF sites a nom-
inal age of 500 year to include these sites in the distance matrix for
forest age. Mantel tests were performed using the function “mantel”
(“vegan” R package; Oksanen et al., 2016).

We explored qualitative similarities in species composition
among sites with non-metric multidimensional scaling (NMDS;
Anderson et al., 2011). This approach uses rank order, rather than
absolute abundances of species, to represent the original position
of communities in multidimensional space as accurately as possi-
ble using a reduced number of dimensions. We used similarity ma-
trices generated from both the S,,, abundance-based and Jaccard
incidence-based similarity values (S)). We included the S, similarity
values to investigate whether PF species were present in SF, even
if patterns of relative abundance were different from those in PF.
Ordinations were performed using the function “metaMDS” (“vegan”
R package; Oksanen et al., 2016).

To assess the significance of observed differences in species com-
position as related to SF age, isolation level (isolated or connected),
forest type (SF or PF), and distance to extensive PF, we conducted
a series of permutational MANOVAs, an analysis of variance using
distance matrices. This analysis uses pseudo-F values to compare
among-group to within-group similarity and assesses significance by
permutation. We also investigated the effect of season (wet or dry)
on species composition by conducting a permutational MANOVA
at survey level. Permutational MANOVAs were produced using the
function “adonis” (“vegan” R package; Oksanen et al., 2016).

We calculated the mean number of migratory bird detections in
different forest age categories based on count data with no distance
corrections. This gives a relative abundance of migratory birds in

habitats for those species with similar detection probabilities. We
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also used the point-count data to list the five most abundant species

per forest age and classified these species using diet and habitat in-

formation from Ridgely and Gwynne (1989) and Wilman et al. (2014).

3 | RESULTS

Our surveys recorded a total of 183 bird species from 42 families, of
which 55 species from 24 families were forest specialists (Supporting
Information Table S1). We detected 13,894 individual birds in fixed-
radius point-counts, of which 5,256 were forest specialists (BirdLife
International 2018).

3.1 | Patterns of species richness,
diversity, and dominance

No clear relationship was found between species richness and for-
est age (Table 1). The youngest SF (20 year old) had higher species
richness than all other sites and a species richness of forest special-
ists similar to extensive PF (Table 1). The oldest SF (120 year old)
had the lowest species richness for all birds and forest specialists.
These counter-intuitive patterns of species richness appear to be
influenced by differences in connectivity among sites, with higher
species richness found in sites that were connected to extensive PF
(Figure 2). Compared with extensive mainland PF sites, the isolated
PF sites had lower species richness for both datasets. Species diver-
sity (Shannon-Weiner index) showed similar patterns across sites,
while dominance values were highest in isolated sites and lowest in
connected sites (Table 1).

3.2 | Bird population density

There was no clear pattern in bird community population density es-
timates across the different forest ages or levels of isolation. For all
birds, the 20-year-old SF had the greatest density of birds, estimated
at 29 individual birds/ha (95% ClI: 26, 31; Figure 3). This compares
with the lowest density estimate of 17 individual birds/ha (95% Cl:
16, 19) in the 120-year-old SF. Qualitatively similar patterns were

found for forest specialists.

3.3 | Similarity to primary forest

Focusing on all birds, we found no clear relationship between SF
age and the percentage of PF bird species detected in SF sites (as
estimated by our surveys), but there was a relationship between
isolation and percentage of PF species present in SF. Percentage of
PF species present was consistently highest in connected sites and
lower in isolated sites. When comparing SF ages, we found that the
highest percentage of PF species occurred in the 20-year-old con-
nected SF (86% when compared with extensive PF sites as estimated
by our surveys; Figure 4). Surprisingly, the 120-year-old isolated SF
had the lowest percentage of PF species present, with only 72 per-
cent in common with isolated PF and 57% in common with extensive
PF. This is likely due to shifts in species richness driven by isolation
effects in the island PF, where we detected just 62% of the species
that we found in extensive mainland PF.

For all birds, compositional similarity to isolated (but not exten-
sive) PF increased with forest age (Figure 5). The highest similarity in

species composition between PF and SF was recorded on BCI where

TABLE 1 Approximate forest age, level of isolation, species richness, Shannon-Weiner diversity index, and dominance statistics for bird
communities of ten secondary forest and four primary forest sites in central Panama, for both forest specialists and all bird species

Forest specialists®

All birds
Level of Shannon-
Site  Age(years) isolation Species richness  Wiener index
1 20 Connected 117 3.97
2 20 Connected 113 4.03
3 40 Isolated 84 3.63
4 40 Isolated 90 3.73
5 60 Isolated 76 3.61
6 60 Isolated 89 3.73
7 90 Connected 95 4.04
8 90 Isolated 83 3.77
9 120 Isolated 63 3.27
10 120 Isolated 62 3.37
11 Primary Isolated 74 3.63
12 Primary Isolated 75 3.64
13 Primary Extensive 99 411
14 Primary Extensive 96 3.95

Shannon-

Dominance (%) Speciesrichness Wienerindex Dominance (%)

29.86 40 3.07 46.19
27.65 37 3.01 49.22
36.75 26 2.72 54.55
38.01 25 2.75 53.67
37.16 25 2.83 50.00
34.35 30 293 45.21
22.32 34 3.19 40.05
32.12 26 2.77 54.25
48.37 22 2.45 66.57
46.42 23 2.49 63.84
36.89 27 2.78 54.77
35.94 28 2.79 54.17
21.02 39 3.41 28.74
25.13 38 3.20 39.87

?Forest specialists: species that are scored as having high forest dependence (BirdLife International 2018).
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FIGURE 2 Bird species richness by forest age, forest type, and degree of isolation from extensive PF. “Forest Specialists” are species that
are scored as having high forest dependence (BirdLife International 2018)
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FIGURE 3 Population density estimates and 95% confidence intervals for all bird species (number of birds per hectare) using distance
corrections. Species data have been pooled for the two sites in each of seven forest age categories
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categories for isolated PF sites and extensive PF sites. Species data have been pooled for the two sites in each of seven forest age categories
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FIGURE 5 Similarity (Morisita-Horn) between secondary forest sites (SF) and both isolated and extensive primary forest (PF). Each bar
represents the mean similarity index (+1 SE) between the two SF sites in each age category (20, 40, 60, 90, and 120 years old) and the PF

sites. Calculated using the all-bird dataset

the community composition of the oldest isolated SF (120 year old;
n =2 sites) was very similar to isolated PF (n = 2 sites; similarity index
[Syp]: 0.87 £ 0.03). By contrast, the lowest similarity was between the
20-year-old SF and the isolated PF (0.58 + 0.03); these sites span the
widest range in both isolation level (mainland vs. island) and age (20-year
vs. PF). Similarity was higher between extensive PF sites and 20-year-old
SF (0.69 +0.03) than between extensive PF sites and the older, isolated
120-year-old SF (0.61 + 0.04). Mantel tests indicated that geographic dis-
tance among sites (R?=0.74, p = <0.001) explained a greater proportion
of variation in species composition than forest age (R? = 0.30, p = <0.05).
Similar patterns were found for forest specialist species, except forest
age was not a significant predictor of species composition (geographic
distance: R? = 0.66, p = <0.01,; forest age: R?= 0.21,p =0.06).

The NMDS of abundance-based species composition (S,,,,) across

all bird species showed a separation of sites in relation to both forest

age and isolation level (Figure 6). Sites displayed a clear split along Axis
1 that related to site location (connected or isolated), while the age of
forest sites tended to increase along Axis 2. The NMDS comparisons
for forest specialists showed very similar patterns as those seen for all
birds, as did the NMDS results for both datasets using S, although the
effect of forest age became less apparent when restricting analyses to
species presence/absence data (Figure 6).

The permutational MANOVA using S, indicated that forest iso-
lation level explained a greater portion of the variation in community
composition of all bird species than forest age or forest type (SF vs.
PF; Table 2) Distance to extensive PF was not a significant predic-
tor of community composition. The permutational MANOVA using
S, for all birds showed very similar results (Table 2). Season had a
significant effect on community composition, but it did not change

the patterns observed for forest isolation, forest age, or forest type,

Jaccard index

Morisita-Horn index

2y o A ®

0.0
=

‘ Approximate forest age (yrs)
s @20

£ |2 e
Z ®s60

A 90

A 120

D P A E
A

@ Primary forest (isolated)

% () Primary forest (extensive)
o/l @ A, [ A g| Isolation level
© ® A |2 Il Connected
-0 2A. A g Extensive
' A @ u‘c-_, Isolated

4
-0.50-0.250.00 0.25

-0.50-0.250.00 0.25
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FIGURE 6 Non-metric multidimensional scaling (NMDS) plots of bird communities in two forest sites in each of five secondary forest
(SF) age categories (20, 40, 60, 90, and 120 year old), and isolated primary forest (PF) and extensive PF. NMDS were generated using the
Morisita-Horn index (all birds stress = 0.07; forest specialists stress = 0.08) and Jaccard index (all birds stress = 0.07; forest specialists

stress = 0.06). Isolation levels are represented by different symbols. “Forest Specialists” are species that are scored as having high forest

dependence (BirdLife International 2018)
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TABLE 2 Permutational MANOVA results assessing species composition using community similarity matrices generated with both
Morisita-Horn abundance-based similarity index (Sy,,,) and Jaccard incidence-based similarity index (S,). We tested observed differences
between forest age, isolation level (isolated or connected), forest type (SF or PF), and geographic distance to extensive mainland PF. We also
investigated the effect of season (wet or dry) on species composition by conducting a PERMANOVA at survey level

Forest specialists ?

All birds
R? F df
SMH
Forest isolation 0.15 9.12 1
Forest age 0.13 7.80 1
Forest type (SF vs. PF) 0.08 5.10 1
Distance to extensive PF 0.02 1.35 1
S,
Forest isolation 0.10 219 1
Forest age 0.11 2.42 1
Forest type (SF vs. PF) 0.09 1.93 1
Distance to extensive PF 0.06 1.29 1
sMH b
Season (wet vs. dry) 0.05 11.69 1
Forest isolation 0.03 7.45 1
Forest age 0.05 10.29 1
Forest type (SF vs. PF) 0.03 6.30 1
Distance to extensive PF 0.03 5.69 1

p R? F df p
<0.01 0.18 6.28 1 <0.05
<0.01 0.02 0.84 1 ns
<0.01 0.01 0.51 1 ns

ns 0.04 1.31 1 ns
<0.05 0.11 2.18 1 <0.05
<0.05 0.07 1.37 1 ns
<0.05 0.06 1.14 1 ns

ns 0.06 117 1 ns
<0.01 0.04 8.84 1 <0.01
<0.01 0.05 9.38 1 <0.01
<0.01 0.04 715 1 <0.01
<0.01 0.02 5.35 1 <0.01
<0.01 0.02 3.56 1 <0.05

?Forest specialists: species that are scored as having high forest dependence (BirdLife International 2018). PData analyzed at survey level, with season

included.

although distance to extensive PF became significant (Table 2).
Community composition of forest-dependent species (using Sy, or
S)) was largely dictated by forest connectivity. The same patterns
were found for forest specialists as the all-bird dataset when season

was taken in to account (Table 2).

3.4 | Compositional changes

The composition of the five most abundant bird species differed across
forest ages (Supporting Information Table S2). Only one species,
Black-crowned Antshrike (Thamnophilus atrinucha), was consistently
abundant across all sites. Southern Bentbill (Oncostoma olivaceum)
was among the top five most abundant species in the youngest for-
est sites (20-, 40-, and 60-year-old SF), while Red-lored Amazon
(Amazona autumnalis) appeared in the top five for both the isolated
and extensive PF, as well as the 90-year-old SF. The five most abun-
dant species in the isolated and extensive PF, and the 90-year-old SF
exhibited a greater diversity of feeding guilds and foraging strata than
those found in the younger SF sites (Supporting Information Table S2).

We detected 15 species in isolated PF that we did not see in ex-
tensive PF, including species such as Crested Guan (Penelope purpu-
rascens) that are susceptible to hunting and therefore extirpated from
most mainland localities. By contrast, 44 species were detected in
extensive PF that were not seen in isolated PF. These were predom-
inantly understory, insectivorous species, many of which have be-
come extinct on BCl since its isolation (Robinson, 1999; Willis, 1974).

The number of migratory birds detected per point-count was high-
est in the 20-year-old SF (0.533 + 0.091) and declined with increasing
SF age to only 0.078 + 0.032 migrants detected per point-count in the
120-year-old SF (Supporting Information Figure S3). The number of
migrants detected in PF sites was about half the number detected in
the 20-year-old SF (island PF: 0.27 + 0.07; mainland PF: 0.29 + 0.06).

4 | DISCUSSION

Our survey data, sampled across tropical SF of varying ages and iso-
lation levels, revealed that variation in avian species richness was
best explained by connectivity to extensive PF, rather than forest
age. We found the highest species richness in the youngest SF sites,
which were adjacent to extensive PF. Similarly, connectivity, rather
than the forest age, was the strongest predictor of community com-
position. Finally, the highest bird population density was also found
in younger SF, although broader patterns in density did not appear to

be driven by either forest age or connectivity.

4.1 | Species richness, diversity, and dominance

High species richness and abundance of birds in SF or successional
areas have been documented in many studies (Blake & Loiselle,
2001; Johns, 1991; Karr, 1976; Petit & Petit, 2003), supporting
the hypothesis that intermediate levels of disturbance may lead to
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high species richness (Connel, 1978). In general, species richness in
younger SF is boosted by an influx of non-forest, open habitat, and
generalist species, although it also may contain an important compo-
nent of forest species (Barlow, Mestre et al., 2007; Dunn & Romdal,
2005). Most studies report that species richness and community
structure of tropical secondary forests progressively approach that
of PF over time, and tend to track the increasing structural com-
plexity of secondary forests (Dent & Wright, 2009; Raman, 1998). In
our study, however, species richness and abundance did not increase
with forest age and were instead highest in the youngest SF even
when non-forest bird species were removed. We also found that
species richness and abundance both increased with greater con-
nectivity to extensive PF, suggesting that high species richness in
the 20-yér-old SF is driven by proximity to extensive PF in adjacent
Soberania National Park.

Proximity to undisturbed habitats has been shown to increase
the diversity of bird communities in degraded sites (Johns, 1991;
Terborgh & Weske, 1969; Waltert, Mardiastuti, & Muhlenberg,
2004). In La Selva, Costa Rica, PF was the primary habitat and
source population for many of the bird species found in SF (Blake &
Loiselle, 2001). This pattern is supported by our findings, in which a
greater number of forest specialists were found in well-connected
20-year-old SF, than in isolated PF. In a landscape of mixed ages of
SF and varying connectivity among forest patches, our findings sug-
gest that the key factor determining avian diversity is connectivity to
extensive PF, rather than forest age. Extinction and colonization dy-
namics shape the avifaunas of forests within this landscape, with po-
tentially lower colonization rates in isolated forest sites, and greater
colonization rates in regenerating forests that are sufficiently well-
connected to PF (Bradfer-Lawrence et al., 2018; Robinson, 1999).

4.2 | Bird population density

The density of birds in SF and PF varied across sites, with the high-
est density estimates in the youngest SF, matching patterns previ-
ously reported for the Neotropics (Blake & Loiselle, 2001; Johns,
1991; Karr, 1976; Petit & Petit, 2003). Earlier studies in Soberania
National Park have reported densities 2-3 times higher than our
PF estimates (Robinson et al., 2000; Van Bael et al., 2013). The
disparity in figures may result from differing methodologies, par-
ticularly the spot mapping and smaller point-count radius used by
previous studies. By contrast, previous population density esti-
mates for young SF (5-6 year old) from Agua Salud were about 45
percent lower than estimated population densities from our sur-
veys (20 year old), but comparable with our estimates from older
SF (Van Bael et al., 2013). Higher population density in younger
forest may in part reflect increased detectability of some spe-
cies, particularly those associated with the forest canopy, which
is harder to survey in PF (Robinson, Lees, & Blake, 2018). Our re-
sults may also reflect the increased resource availability of both
fruit and insects often found in younger SF (Blake & Loiselle, 1991;
Levey, 1988; Martin, 1985), which may encourage birds from PF to
use adjacent SF for foraging.

4.3 | Similarity to primary forest

Most studies comparing the similarity of avian species composition
between SF and PF report increasing similarity to PF with SF age
(Borges, 2007; Dent & Wright, 2009; Raman, 1998). All our SF sites
had high levels of compositional similarity to PF, and upper figures
were within the range of similarity found in extensive PF. In line with
our hypothesis, SF community composition became increasingly
similar to that of isolated PF across the chronosequence. However,
SF community composition did not converge on that of extensive
mainland PF sites with increasing SF age. Similarly, there was no rela-
tionship between SF age and the percentage of PF species detected:
The highest percentage of PF species was found in the youngest SF
that, critically, was also the least isolated and most well-connected
to extensive PF.

Based on our findings, isolation plays a greater role than forest
age in determining the reassembly of bird communities in SF. Despite
the persistence of high-stature PF forest on BCI, many species have
disappeared from the local community since it was isolated by the
inundation of Lake Gatun (Robinson, 1999; Willis, 1974). While habi-
tat size effects and isolation by water have influenced patterns local
extinction, they do not appear to drive our results since peninsula
sites have similar bird communities to the island PF, with relatively
low species richness. By contrast, bird communities in extensive
mainland PF sites include forest specialists that have been lost from
both BCl and peninsula sites, and are unlikely to recolonize SF unless
it is contiguous with PF that harbors these species. In summary, SF
avian communities are at least partially dependent on contiguous PF
source populations. If connected PF populations have low species
richness, then SF will likely never develop the bird communities as-
sociated with extensive PF forest stands (Ferraz et al., 2007; Jones
et al., 2016; Stouffer et al., 2006). However, if SF sites are adjacent
to extensive PF, forest specialists may recolonize relatively rap-
idly. For example, understory insectivores increased in abundance
just 10 years after SF was abandoned adjacent to PF in Amazonia
(Andrade & Rubio-Torgler, 1994). Our findings highlight that connec-
tivity is critical for reassembly of avian communities in regenerating
tropical forests (Barlow et al., 2006; Lees & Peres, 2009).

4.4 | Compositional changes

Despite the key role of connectivity in determining avian com-
position, forest age may still influence bird community reassem-
bly, as demonstrated by the increasing similarity of communities
in older isolated SF to that of isolated PF. However, six forest
species present in isolated PF on BCl were missing from the
adjacent 120-year-old SF, including the forest specialists Long-
billed Gnatwren (Ramphocaenus melanurus), Rufous Mourner
(Rhytipterna holerythra), Scaly-throated Leaftosser (Sclerurus gua-
temalensis), Semiplumbeous Hawk (Leucopternis semiplumbeus),
Spot-crowned Antvireo (Dysithamnus puncticeps), and Wood
Thrush (Hylocichla mustelina). Conversely, there were no forest

specialists detected in the 120-year-old SF that were not also
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present in the isolated PF. Although several studies report a high
representation of PF species present in SF (>70% of PF species),
SF communities often lack rare species, or those with highly spe-
cialized dietary or habitat requirements (Chazdon et al., 2009;
Dent & Wright, 2009).

The loss of forest species from isolated sites across this land-
scape is striking and is especially evident when comparing isolated
PF with extensive PF. BCl is a relatively large forest fragment
(1,560 ha), but it has been isolated for >100 years, and during
this time, numerous avian extinctions have been documented
(Chapman, 1938; Eisenmann, 1952; Karr, 1982, 1990; Robinson,
1999; Willis & Eisenmann, 1979); 65 species have been lost
from the island, including 30 forest species and 35 edge species
(Robinson, 1999). Many of the forest species missing from the PF
sites on BCI are understory insectivores such as Dusky Antbird
(Cercomacroides tyrannina), Ocellated Antbird (Phaenostictus
mcleannani), and Black-faced Antthrush (Formicarius analis). In
addition, we only detected two of the ten species identified by
Robinson (1999) as forest birds that are close to extirpation on
BCl: Black-tailed Trogon (Trogon melanurus) and Rufous Piha
(Lipaugus unirufus). The isolation of BCI within a large waterbody
makes recolonization by many forest species unlikely as they are
poorly adapted to sustained flight, and unwilling or incapable of
dispersing across open water (Moore et al., 2008; Tobias et al.,
2013).

Species richness and relative abundance of migratory birds were
highest in younger SF, with numbers decreasing with increasing SF
forest age. Similarly, Van Bael et al. (2013) found more migrant spe-
cies in SF (5-6 year old) than PF sites in central Panama (0.5 and
0.2 birds/point-count for SF and PF, respectively). Migrant birds
may occupy degraded and open habitats because they are excluded
from optimal habitats by resident species, or because they are better
able to adapt to the resources offered by SF (Greenberg, Ortiz, &
Caballero, 1994; Willis, 1980; Wunderle & Latta, 1996). Our results
add to a growing body of evidence confirming that secondary and
degraded tropical forests are important habitats for migrant bird
species (Greenberg, Bichier, Angon, & Reitsma, 1997; Greenberg
et al., 1994; Van Bael, Bichier, Ochoa, & Greenberg, 2007; Wunderle
& Latta, 1996).

It is possible that other aspects of community structure, such
as functional and phylogenetic composition, may be affected by
forest age and connectivity (Bregman et al., 2016; Pigot, Trisos,
& Tobias, 2016). For example, if SF provides a simplified range of
structural and dietary resources for roosting and foraging birds,
then young forests may not be able to support as many closely
related or functionally similar species, resulting in functional and
phylogenetic over-dispersion (Bregman et al., 2016). In addition,
isolation may increase functional and phylogenetic clustering as
certain groups are selected against due to their inability to cross
gaps between forest fragments (Bregman et al., 2016). Further
studies are needed to clarify how forest successional status and
connectivity across the wider landscape interact to shape bird
community composition.
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4.5 | Caveats

Our study design is limited by the historical and geographic features
of the study landscape, making it impossible to establish a fully rep-
licated study within the different levels of isolation and forest age
(Denslow & Guzman, 2000). Thus, some of the patterns detected
may be specific to the local context of water barriers associated with
the Panama Canal. Nonetheless, while further studies are now re-
quired to assess how far our conclusions can be generalized to other
tropical landscapes, we argue that the water barriers and detailed
history of forest regeneration in central Panama provide a valuable
setting for testing the relative effects of isolation and forest age on
the conservation value of SF.

Effectively surveying birds across differing habitats remains a
methodological challenge for studies such as ours (Buckland et al.,
2008). We standardized survey effort at all sites at the risk of gen-
erating spurious differences in bird communities due to variation in
detectability (Bregman et al., 2016; Robinson et al., 2018). For exam-
ple, it is possible that estimates of species richness and population
density in younger SF are inflated because (a) individual birds tend
to be more detectable at forest edges and in lower-stature forests
(Barlow, Mestre et al., 2007; Buckland et al., 2008; Ruiz-Gutiérrez,
Zipkin, & Dhondt, 2010) and (b) PF bird species may have been
missed by our surveys because they are relatively quiet, inactive, and
inconspicuous or occur at low population densities (Robinson et al.,
2018; Terborgh, Robinson, Parker, Munn, & Pierpont, 1990). To ex-
plore how detectability may have affected our results, we compared
our species counts to a dataset from a previous study surveying the
same extensive PF site with more intensive survey methods (in-
cluding mist-netting), over a far longer survey period, and across an
expanded set of species (Robinson et al., 2000). Overall, Robinson
et al. (2000) reported an additional 132 species in the community.
However, the majority (65%) of these were either unavoidably or de-
liberately excluded from our study because they fall into one of three
categories: (a) nocturnal, vagrant, or migratory species which are not
core components of the diurnal communities we studied (45%); (b)
aerial species (e.g., swifts and raptors) (15%); and (c) birds associated
with aquatic landscape features (5%). Because of our study aims, we
did not survey species in the second and third categories, and indeed
discounted all individual birds detected on waterbodies or in flight
passing over the forest. Excluding these species, 46 species from
Robinson et al. (2000) were not observed, most of which are rare or
difficult to detect. While the absence of these 46 species from our
censuses may underestimate the importance of PF for conservation
in our analysis, we note that this is a relatively minor component
of overall biodiversity and represents a small number of individual
birds. Moreover, increased surveying and mist-netting of our SF sites
would no doubt also increase species richness in SF by an unknown
amount; thus, we do not believe our main conclusions would be al-
tered by further surveying.

A separate issue relates to the breeding status or viability of
populations of forest birds in younger SF. It has been hypothesized

that populations of many PF bird species in SF may be non-viable,
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and therefore less important to conservation, because they are
largely made up of (a) transient individuals or (b) temporary terri-
tories with infrequent breeding and low breeding success (Tobias
et al., 2013). We cannot rule out this possibility based on our re-
sults, and more research is needed to clarify population demog-
raphy and viability in SF. However, the relatively high population
density of primary forest bird species in younger SF suggests
that, at a minimum, SF can greatly increase the population car-
rying capacity of adjacent PF, thus increasing its importance for

conservation.

5 | CONCLUSIONS

Our results suggest that the link between tropical bird communi-
ties and successional trajectories differs between isolated and non-
isolated SF sites; in isolated sites, bird communities converge with
isolated PF over time, whereas highly connected SF sites converge
rapidly with extensive PF. In addition, we find evidence that SF, even
when relatively young, can support dense populations of PF species, so
long as forests are connected to extensive PF. Crucially, even if these
populations are transitory, SF may theoretically increase the popula-
tion carrying capacity of PF, reducing the risk of local extinction. The
importance of habitat connectivity highlighted by our results is spe-
cifically relevant to tropical forests as species at higher latitudes are
often better adapted for survival in SFs or dispersal between patches
of PF (Stratford & Robinson, 2005). These findings emphasize the im-
portance of reforesting and maintaining existing SF at the borders of
extensive tropical forest and highlight the need for improved protec-
tion of SF in protected area buffer zones throughout the tropics.

ACKNOWLEDGMENTS

This paper was greatly improved by helpful comments from Alex
Lees, Sunshine Van Bael, and two anonymous reviewers. We thank
Tom Bradfer-Lawrence, Nick Gardner, Ovidio Jaramillo, Samuel
Jones, and Juan Pablo Rios for their valuable assistance with bird
identification and verification, as well as their support during field-
work. We would also like to thank the Smithsonian Tropical Research
Institute for providing logistical support and the members of the
Tropical Ecology and Conservation (TEAC) group at the University
of Stirling for many helpful discussions. Thanks to Sergio Estrada-
Villegas for help with the Spanish translation of the abstract. We
thank Jeff Hall and the Agua Salud project for facilitating access
to their sites. Research was supported by a Carnegie Research
Grant (R.J.M.), a Gilchrist Travel Grant (R.J.M.), and the Natural
Environment Research Council (NE/1028068/1 to J.A.T.).

DATA AVAILABILITY

Data available from the Dryad Digital Repository: https://doi.
org/10.5061/dryad.77mé6100 (Mayhew, Tobias, Bunnefeld, & Dent,
2019).

ORCID

Rebekah J. Mayhew https://orcid.org/0000-0003-4463-0787

REFERENCES

Anderson, M. J, Crist, T. O., Chase, J. M., Vellend, M., Inouye,
B. D., Freestone, A. L., .. Swenson, N. G. (2011). Navigating
the multiple meanings of beta diversity: A roadmap for the
practicing ecologist. Ecology Letters, 14, 19-28. https://doi.
org/10.1111/j.1461-0248.2010.01552.x

Andrade, G. I., & Rubio-Torgler, H. (1994). Sustainable use of the trop-
ical rain forest: Evidence from the avifauna in a shifting-cultivation
habitat mosaic in the Colombian Amazon. Conservation Biology, 8,
545-554, https://doi.org/10.1046/j.1523-1739.1994.08020545.x

Barlow, J. T. A., Gardner, I. S., Araujo, T. C., Avila-Pires, A. B., Bonaldo,
J. E,, Costa, M. C,, ... Peres, C. A. (2007). Quantifying the biodi-
versity value of tropical primary, secondary, and plantation for-
ests. Proceedings of the National Academy of Sciences of the United
States of America, 104, 18555-18560. https://doi.org/10.1073/
pnas.0703333104

Barlow, J., Mestre, L. A. M., Gardner, T. A., & Peres, C. A.(2007). The value
of primary, secondary and plantation forests for Amazonian birds.
Biological Conservation, 136, 212-231. https://doi.org/10.1016/j.
biocon.2006.11.021

Barlow, J., Peres, C. A., Henriques, L. M. P., Stouffer, P. C., & Wunderle,
J. M. (2006). The responses of understorey birds to forest frag-
mentation, logging and wildfires: An Amazonian synthesis.
Biological Conservation, 128, 182-192. https://doi.org/10.1016/j.
biocon.2005.09.028

Bender, D. J., Contreras, T. A., & Fahrig, J. (1998). Habitat loss and pop-
ulation decline: A meta-analysis of the patch size effect. Ecology,
79, 517-533. https://doi.org/10.1890/0012-9658(1998)079[0517:
HLAPDA]2.0.CO;2

BirdLife International (2018). World bird database. BirdLife Int. Retrieved
from http://www.birdlife.org

Blake, J. G., & Loiselle, B. A. (1991). Variation in resource abundance af-
fects capture rates of birds in three lowland habitats in Costa Rica.
The Auk, 108, 114-130.

Blake, J. G., & Loiselle, B. A. (2001). Bird assemblages in second-growth
and old-growth forests, Costa Rica: Perspectives from mist nets and
point counts. The Auk, 118, 304-326. https://doi.org/10.1642/0004
-8038(2001)118[0304:BAISGA]2.0.CO;2

Borges, S. H. (2007). Bird assemblages in secondary forests devel-
oping after slash-and-burn agriculture in the Brazilian Amazon.
Journal of Tropical Ecology, 23, 469. https://doi.org/10.1017/
S0266467407004105

Bowman, D., Woinarski, J., Sands, D., Wells, A., & McShane, V. T. (1990).
Slash-and-burn agriculture in the wet coastal lowlands of Papua
New Guinea: Response of birds, butterflies and reptiles. Journal of
Biogeography, 17, 227-239. https://doi.org/10.2307/2845121

Bradfer-Lawrence, T., Gardner, N., & Dent, D. H. (2018). Canopy bird
assemblages are less influenced by habitat age and isolation than
understory bird assemblages in neotropical secondary forest.
Ecology and Evolution, 8, 5586-5597. https://doi.org/10.1002/
ece3.4086.

Bregman, T. P, Lees, A. C., MacGregor, H. E. A., Darski, B., de Moura,
N. G., Aleixo, A., ... Tobias, J. A. (2016). Using avian functional traits
to assess the impact of land-cover change on ecosystem processes
linked to resilience in tropical forests. Proceedings of the Royal Society
B-Biological Sciences, 283(1844),20161289. https://doi.org/10.1098/
rspb.2016.1289

Buchanan,G.M.,Donald,P.F.,&Butchart,S.H.M.(2011). |dentifying prior-
ity areas for conservation: A global assessment for forest-dependent


https://doi.org/10.5061/dryad.77m6100
https://doi.org/10.5061/dryad.77m6100
https://orcid.org/0000-0003-4463-0787
https://orcid.org/0000-0003-4463-0787
https://doi.org/10.1111/j.1461-0248.2010.01552.x
https://doi.org/10.1111/j.1461-0248.2010.01552.x
https://doi.org/10.1046/j.1523-1739.1994.08020545.x
https://doi.org/10.1073/pnas.0703333104
https://doi.org/10.1073/pnas.0703333104
https://doi.org/10.1016/j.biocon.2006.11.021
https://doi.org/10.1016/j.biocon.2006.11.021
https://doi.org/10.1016/j.biocon.2005.09.028
https://doi.org/10.1016/j.biocon.2005.09.028
https://doi.org/10.1890/0012-9658(1998)079[0517:HLAPDA]2.0.CO;2
https://doi.org/10.1890/0012-9658(1998)079[0517:HLAPDA]2.0.CO;2
http://www.birdlife.org
https://doi.org/10.1642/0004-8038(2001)118[0304:BAISGA]2.0.CO;2
https://doi.org/10.1642/0004-8038(2001)118[0304:BAISGA]2.0.CO;2
https://doi.org/10.1017/S0266467407004105
https://doi.org/10.1017/S0266467407004105
https://doi.org/10.2307/2845121
https://doi.org/10.1002/ece3.4086
https://doi.org/10.1002/ece3.4086
https://doi.org/10.1098/rspb.2016.1289
https://doi.org/10.1098/rspb.2016.1289

MAYHEW ET AL.

ASSOCIATION FOR

birds. PLoS One, 6, €29080. https://doi.org/10.1371/journal.
pone.0029080

Buckland, S. T., Marsden, S. J., & Green, R. E. (2008). Estimating bird
abundance: Making methods work. Bird Conservation International,
18, pp S91-5108.

Buckland, S. T., Rexstad, E. A., Marques, T. A., & Oedekoven, C. S. (2015).
Distance sampling: Methods and applications. London, UK: Springer.
https://doi.org/10.1007/978-3-319-19219-2

Burnham, K. P., Anderson, D. R., & Huyvaert, K. P. (2011). AIC model
selection and multimodel inference in behavioral ecology: Some
background, observations, and comparisons. Behavioral Ecology and
Sociobiology, 65,23-35. https://doi.org/10.1007/s00265-010-1029-6

Casas, G., Darski, B., Ferreira, P. M. A., Kindel, A., & Midiller, S. C.
(2016). Habitat structure influences the diversity, richness and
composition of bird assemblages in successional Atlantic rain
forests. Tropical Conservation Science, 9, 503-524. https://doi.
org/10.1177/194008291600900126

Chao, A., Chazdon, R. L., Colwell, R. K., & Shen, T. (2006). Abundance-
based similarity indices and their estimation when there are un-
seen species in samples. Biometrics, 62, 361-371. https://doi.
org/10.1111/j.1541-0420.2005.00489.x

Chapman, F. M. (1938). Life in an air castle. New York, NY:
Appleton-Century.

Chazdon, R. L., Peres, C. A., Dent, D. H., Sheil, D., Lugo, A. E., Lamb, D.,
Stork, N. E., & Miller, S. E. (2009). The potential for species conser-
vation in tropical secondary forests. Conservation Biology, 23, 1406~
1417. https://doi.org/10.1111/j.1523-1739.2009.01338.x

Connel, J. H. (1978). Diversity in tropical rain forests and coral
reefs.  Science, 199, 1302-1310. https://doi.org/10.1126/
science.199.4335.1302

De Bonilla, E. P.-D., Leén-Cortés, J. L., & Rangel-Salazar, J. L. (2012).
Diversity of bird feeding guilds in relation to habitat heterogene-
ity and land-use cover in a human-modified landscape in south-
ern Mexico. Journal of Tropical Ecology, 28, 369-376. https://doi.
org/10.1017/5026646741200034X

Denslow, J., & Guzman, G. (2000). Variation in stand structure, light
and seedling abundance across a tropical moist forest chronose-
quence, Panama. Journal of Vegetation Science: Official Organ of the
International Association for Vegetation Science, 11, 201-212. https://
doi.org/10.2307/3236800

Dent, D. H., DeWalt, S. J., & Denslow, J. S. (2013). Secondary for-
ests of central Panama increase in similarity to old-growth
forest over time in shade tolerance but not species composi-
tion. Journal of Vegetation Science, 24, 530-542. https://doi.
org/10.1111/j.1654-1103.2012.01482.x

Dent, D. H., & Wright, S. J. (2009). The future of tropical species in sec-
ondary forests: A quantitative review. Biological Conservation, 142,
2833-2843. https://doi.org/10.1016/j.biocon.2009.05.035

DeWalt, S. J., Maliakal, S. K., & Denslow, J. S. (2003). Changes in veg-
etation structure and composition along a tropical forest chrono-
sequence: Implications for wildlife. Forest Ecology and Management,
182, 139-151. https://doi.org/10.1016/50378-1127(03)00029-X

Dirzo, R., & Raven, P. H. (2003). Global state of biodiversity and loss.
Annual Review of Environment and Resources, 28, 137-167. https://doi.
org/10.1146/annurev.energy.28.050302.105532

Dunn, R. R., & Romdal, T. S. (2005). Mean latitudinal range sizes of
bird assemblages in six Neotropical forest chronosequences.
Global Ecology and Biogeography, 14, 359-366. https://doi.
org/10.1111/j.1466-822X.2005.00155.x

Eisenmann, E. (1952). Annotated list of birds of Barro Colorado Island,
Panama Canal Zone. Washington, DC: Smithsonian Institution.

FAO (2015). Global forest resources assessment 2015. Rome, Italy: Food
and Agriculture Organisation of the United Nations.

Ferraz, G., Nichols, J. D., Hines, J. E., Stouffer, P. C., Bierregaard, R. O.
Jr, & Lovejoy, T. E. (2007). A large-scale deforestation experiment:

) 13
bIOTROPICA & s, WILEY—2

Effects of patch area and isolation on Amazon birds. Science, 315,
238-241. https://doi.org/10.1126/science.1133097

Gibson, L., Lee, T. M., Koh, L. P.,, Brook, B. W., Gardner, T. A., Barlow, J.,
... Sodhi, N. S. (2011). Primary forests are irreplaceable for sustaining
tropical biodiversity. Nature, 478, 378-381. https://doi.org/10.1038/
nature10425

Greenberg, R., Bichier, P, Angon, A. C., & Reitsma, R. (1997). Bird
populations of sun and shade coffee plantations in Central
Guatemala. Conservation Biology, 11, 448-459. https://doi.
org/10.1046/j.1523-1739.1997.95464.x

Greenberg, R., Ortiz, J., & Caballero, C. (1994). Aggressive competition
for critical resources among migratory birds in the Neotropics. Bird
Conservation International, 4, 115-127. https://doi.org/10.1017/
$0959270900002719

Guariguata, M. R., & Ostertag, R. (2001). Neotropical secondary for-
est succession: Changes in structural and functional characteris-
tics. Forest Ecology and Management, 148, 185-206. https://doi.
org/10.1016/50378-1127(00)00535-1

Holdridge, L. R., & Budowski, G. (1956). Report on an ecological survey of
the Republic of Panama. Caribbean Forester, 17, 92-110.

Hughes, J. B, Daily, G. C., Ehrlich, P.R., & Letters, E. (2002). Conservation
of tropical forest birds in countryside habitats. Ecology Letters, 5,
121-129. https://doi.org/10.1046/j.1461-0248.2002.00294.x

Johns, A. D. (1991). Responses of Amazonian rain forest birds to habi-
tat modification. Journal of Tropical Ecology, 7, 417-437. https://doi.
org/10.1017/5026 6467400005812

Jones, I. L., Bunnefeld, N., Jump, A. S., Peres, C. A.,, & Dent, D.
H. (2016). Extinction debt on reservoir land-bridge islands.
Biological Conservation, 199, 75-83. https://doi.org/10.1016/j.
biocon.2016.04.036

Karr, J. R. (1976). On the relative abundance of migrants from the north
temperate zone in tropical habitats. The Wilson Bulletin, 88, 433-458.

Karr, J. (1982). Avian extinction on Barro Colorado island, Panama:
A reassessment. American Naturalist, 119, 220-239. https://doi.
org/10.1086/283904

Karr, J. R. (1990). Avian survival rates and the extinction process on Barro
Colorado Island, Panama. Conservation Biology, 4, 391-397. https://
doi.org/10.1111/j.1523-1739.1990.tb00313.x

Laake, J., Borchers, D., Thomas, L., David, M., & Bishop, J. (2015).
mrds: Mark-Recapture Distance Sampling. R package version 2.1.14.
Retrieved from http://cran.r-project.org/package=mrds

Lees, A. C., & Peres, C. A. (2006). Rapid avifaunal collapse along the
Amazonian deforestation frontier. Biological Conservation, 133, 198-
211. https://doi.org/10.1016/j.biocon.2006.06.005

Lees, A. C., & Peres, C. A. (2009). Gap-crossing movements predict spe-
cies occupancy in Amazonian forest fragments. Oikos, 118, 280-290.
https://doi.org/10.1111/j.1600-0706.2008.16842.x

Leigh, E. G. J.,Rand, S. A., & Windsor, D. M. (Eds.) (1982). The ecology of a
tropical forest: Seasonal rhythms and long-term changes. Washington,
DC: Smithsonian Institution Press.

Levey, D. J. (1988). Spatial and temporal variation in Costa Rican fruit
and fruit-eating bird abundance. Ecological Monographs, 58, 251-269.
https://doi.org/10.2307/1942539

MacArthur, R. H., & MacArthur, J. W. (1961). On bird species diversity.
Ecology, 42, 594-598. https://doi.org/10.2307/1932254

Martin, T. E. (1985). Selection of second-growth woodlands by frugivo-
rous migrating birds in Panama: An effect of fruit size and plant den-
sity? Journal of Tropical Ecology, 1, 157-170. https://doi.org/10.1017/
S0266467400000213

Martin, T. E., & Blackburn, G. A. (2014). Conservation value of second-
ary forest habitats for endemic birds, a perspective from two widely
separated tropical ecosystems. Ecography, 37, 250-260. https://doi.
org/10.1111/j.1600-0587.2013.00234.x

Mascaro, J., Asner, G. P., Dent, D. H., DeWalt, S. J., & Denslow, J. S.
(2012). Scale-dependence of aboveground carbon accumulation in


https://doi.org/10.1371/journal.pone.0029080
https://doi.org/10.1371/journal.pone.0029080
https://doi.org/10.1007/978-3-319-19219-2
https://doi.org/10.1007/s00265-010-1029-6
https://doi.org/10.1177/194008291600900126
https://doi.org/10.1177/194008291600900126
https://doi.org/10.1111/j.1541-0420.2005.00489.x
https://doi.org/10.1111/j.1541-0420.2005.00489.x
https://doi.org/10.1111/j.1523-1739.2009.01338.x
https://doi.org/10.1126/science.199.4335.1302
https://doi.org/10.1126/science.199.4335.1302
https://doi.org/10.1017/S026646741200034X
https://doi.org/10.1017/S026646741200034X
https://doi.org/10.2307/3236800
https://doi.org/10.2307/3236800
https://doi.org/10.1111/j.1654-1103.2012.01482.x
https://doi.org/10.1111/j.1654-1103.2012.01482.x
https://doi.org/10.1016/j.biocon.2009.05.035
https://doi.org/10.1016/S0378-1127(03)00029-X
https://doi.org/10.1146/annurev.energy.28.050302.105532
https://doi.org/10.1146/annurev.energy.28.050302.105532
https://doi.org/10.1111/j.1466-822X.2005.00155.x
https://doi.org/10.1111/j.1466-822X.2005.00155.x
https://doi.org/10.1126/science.1133097
https://doi.org/10.1038/nature10425
https://doi.org/10.1038/nature10425
https://doi.org/10.1046/j.1523-1739.1997.95464.x
https://doi.org/10.1046/j.1523-1739.1997.95464.x
https://doi.org/10.1017/S0959270900002719
https://doi.org/10.1017/S0959270900002719
https://doi.org/10.1016/S0378-1127(00)00535-1
https://doi.org/10.1016/S0378-1127(00)00535-1
https://doi.org/10.1046/j.1461-0248.2002.00294.x
https://doi.org/10.1017/S0266467400005812
https://doi.org/10.1017/S0266467400005812
https://doi.org/10.1016/j.biocon.2016.04.036
https://doi.org/10.1016/j.biocon.2016.04.036
https://doi.org/10.1086/283904
https://doi.org/10.1086/283904
https://doi.org/10.1111/j.1523-1739.1990.tb00313.x
https://doi.org/10.1111/j.1523-1739.1990.tb00313.x
http://cran.r-project.org/package=mrds
https://doi.org/10.1016/j.biocon.2006.06.005
https://doi.org/10.1111/j.1600-0706.2008.16842.x
https://doi.org/10.2307/1942539
https://doi.org/10.2307/1932254
https://doi.org/10.1017/S0266467400000213
https://doi.org/10.1017/S0266467400000213
https://doi.org/10.1111/j.1600-0587.2013.00234.x
https://doi.org/10.1111/j.1600-0587.2013.00234.x

MAYHEW ET AL.

14 = ASSOCIATION FOR

—I—Wl LEY DIOTROPICA a’f‘ TROPICAL Blotacy,
secondary forests of Panama: A test of the intermediate peak hy-
pothesis. Forest Ecology and Management, 276, 62-70. https://doi.
org/10.1016/j.foreco.2012.03.032

Mayhew, R. J., Tobias, J. A., Bunnefeld, L., & Dent, D. H. (2019). Data
from: Connectivity with primary forest determines the value of
secondary tropical forests for bird conservation. Dryad Digital
Repository, https://doi.org/10.5061/dryad.77m6100.

Moore, R. P, Robinson, W. D., Lovette, I. J., & Robinson, T. R. (2008).
Experimental evidence for extreme dispersal limitation in tropical
forest birds. Ecology Letters, 11, 960-968. https://doi.org/10.1111/
j.1461-0248.2008.01196.x

O'Dea, N., & Whittaker, R. J. (2007). How resilient are Andean mon-
tane forest bird communities to habitat degradation? Biodiversity
and Conservation, 16, 1131-1159. https://doi.org/10.1007/
s10531-006-2095-9

Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P.R., O'Hara,
R.B.,... Wagner, H. (2016). vegan: Community Ecology Package. R pack-
age version 2.3-5. Retrieved from http://cran.r-project.org/package=
vegan

Pefa-Claros, M. (2003). Changes in forest structure and species com-
position during secondary forest succession in the Bolivian Amazon.
Biotropica, 35, 450-461. https://doi.org/10.1111/j.1744-7429.2003.
tb00602.x

Petit, L. J., & Petit, D. R. (2003). Evaluating the importance of human-
modifiedlandsforNeotropical bird conservation. Conservation Biology,
17, 687-694. https://doi.org/10.1046/j.1523-1739.2003.00124.x

Petit, D. R., Petit, L. J., Saab, V. A., & Martin, T. E. (1995). Fixed-radius
point counts in forests: Factors influencing effectiveness and efficiency.
Washington, DC: United States Forest Service.

Pigot, A. L., Trisos, C. H., & Tobias, J. A. (2016). Functional traits reveal
the expansion and packing of ecological niche space underlying
an elevational diversity gradient in passerine birds. Proceedings of
the Royal Society B: Biological Sciences, 283, 20152013. https://doi.
org/10.1098/rspb.2015.2013

Piperno, D. R. (1990). Fitolitos, arquelogia y cambios prehistéricos de
la vegetacion en un lote de cincuenta hectareas de la Isla de Barro
Colorado. In E. G. Leigh, A. S. Rand, & D. M. Windsor (Eds.), Ecologia
de un bosque tropical: Ciclo estacionales y cambios de largo plazo
(pp. 153-156). Balboa, Panama: Smithsonian Tropical Research
Institute.

R Core Team (2017). R: A language and environment for statistical comput-
ing. Vienna, Austria: R Foundation for Statistical Computing.

Raman, T.R. S. (1998). Recovery of tropical rainforest avifauna in relation
to vegetation succession following shifting cultivation in Mizoram,
north-east India. Journal of Applied Ecology, 35, 214-231. https://doi.
org/10.1046/j.1365-2664.1998.00297.x

Raman, T. R. S., & Sukumar, R. (2002). Responses of tropical rainfor-
est birds to abandoned plantations, edges and logged forest in the
Western Ghats, India. Animal Conservation, 5, 201-216. https://doi.
org/10.1017/51367943002002251

Ridgely, R. S., & Gwynne, J. A. (1989). A guide to the birds of Panama.
Chichester, UK: Princeton University Press.

Robinson, W. D. (1999). Long-term changes in the avifauna of Barro
Coloradolsland, Panama,atropical forestisolate. Conservation Biology,
13, 85-97. https://doi.org/10.1046/j.1523-1739.1999.97492 .x

Robinson, W. D., Brawn, J. D., & Robinson, S. K. (2000). Forest bird
community structure in central Panama: Influence of spatial scale
and biogeography. Ecological Monographs, 70, 209-235. https://doi.
org/10.1890/0012-9615(2000)070[0209:FBCSIC]2.0.CO;2

Robinson, W. D, Lees, A. C., & Blake, J. G. (2018). Surveying tropical birds
is much harder than you think: A primer of best practices. Biotropica,
50, 846-849. https://doi.org/10.1111/btp.12608.

Rompre, G., Robinson, W. D., Desrochers, A., & Angehr, G. (2007).
Environmental correlates of avian diversity in lowland Panama rain
forests. Journal of Biogeography, 11, 674-675.

Ruiz-Gutiérrez, V., Zipkin, E. F., & Dhondt, A. A. (2010). Occupancy dy-
namics in a tropical bird community: Unexpectedly high forest use by
birds classified as non-forest species. Journal of Applied Ecology, 47,
621-630. https://doi.org/10.1111/j.1365-2664.2010.01811.x

Schulze, C., & Waltert, M. (2004). Biodiversity indicator groups of
tropical land-use systems: Comparing plants, birds, and insects.
Ecological Applications, 14, 1321-1333. https://doi.org/10.1890/
02-5409

Sekercioglu, C. (2006). Increasing awareness of avian ecological function.
Trends in Ecology & Evolution, 21, 464-471. https://doi.org/10.1016/j.
tree.2006.05.007

Stotz, D. F., Fitpatrick, J. W., Parker, T. A. lll, & Moskovits, D. K. (1996).
Neotropical birds: Ecology and conservation. Chicago, IL: University of
Chicago Press.

Stouffer, P. C., Bierregaard, R. O., Strong, C., & Lovejoy, T. E. (2006).
Long-term landscape change and bird abundance in Amazonian rain-
forest fragments. Conservation Biology, 20, 1212-1223. https://doi.
org/10.1111/j.1523-1739.2006.00427.x

Stratford, J. A., & Robinson, W. D. (2005). Gulliver travels to the frag-
mented tropics: Geographic variation in mechanisms of avian extinc-
tion. Frontiers in Ecology and the Environment, 3, 85-92. https://doi.
org/10.1890/1540-9295(2005)003[0085:GTTTFT]2.0.CO;2

Terborgh, J., Robinson, S. K., Parker, T. A. lll, Munn, C. A., & Pierpont,
N. (1990). Structure and organization of an Amazonian forest
bird community. Ecological Monographs, 60, 213-238. https://doi.
org/10.2307/1943045

Terborgh, J., & Weske, J. S. (1969). Colonisation of secondary hab-
itats by Peruvian birds. Ecology, 50, 765-782. https://doi.
org/10.2307/1933691

Tobias, J. A., Sekercioglu, C. H., & Vargas, F. H. (2013). Bird conser-
vation in tropical ecosystems: Challenges and opportunities. In
D. MacDonald & K. Willis (Eds.), Key topics in conservation biol-
ogy, Vol. 2 (pp. 258-276). London: John Wiley & Sons. https://doi.
org/10.1002/9781118520178.ch15

Tobias, J. A., Sheard, C., Seddon, N., Meade, A., Cotton, A. J., &
Nakagawa, S. (2016). Territoriality, social bonds, and the evolution
of communal signaling in birds. Frontiers in Ecology & Evolution, 4,
74.

Turner, B. L., Yavitt, J. B., Harms, K. E., Garcia, M. N., & Wright, S. J.
(2015). Seasonal changes in soil organic matter after a decade of
nutrient addition in a lowland tropical forest. Biogeochemistry, 123,
221-235. https://doi.org/10.1007/s10533-014-0064-1

Tvardikova, K. (2010). Bird abundances in primary and second-
ary growths in Papua New Guinea: A preliminary assess-
ment. Tropical Conservation Science, 3, 373-388. https://doi.
org/10.1177/194008291000300403

Van Bael, S. A., Bichier, P, Ochoa, |., & Greenberg, R. (2007). Bird diversity
in cacao farms and forest fragments of western Panama. Biodiversity
and Conservation, 16, 2245-2256. https://doi.org/10.1007/
s10531-007-9193-3

Van Bael, S. A., Zambrano, R., & Hall, J. S. (2013). Bird communities
in forested and human-modified landscapes of Central Panama:
A baseline survey for a native species reforestation treatment.
International Journal of Biodiversity Science, Ecosystem Services &
Management, 9, 281-289. https://doi.org/10.1080/21513732.201
3.842187

Van Breugel, M., Hall, J. S, Craven, D., Bailon, M., Hernandez, A., Abbene,
M., & Van Breugel, P. (2013). Succession of ephemeral secondary for-
ests and their limited role for the conservation of floristic diversity in
a human-modified tropical landscape. PLoS ONE, 8, e82433. https://
doi.org/10.1371/journal.pone.0082433

Van Houtan, K. S., Pimm, S. L., Halley, J. M., Bierregaard, R. O., &
Lovejoy, T. E. (2007). Dispersal of Amazonian birds in continuous
and fragmented forest. Ecology Letters, 10, 219-229. https://doi.
org/10.1111/j.1461-0248.2007.01004.x


https://doi.org/10.1016/j.foreco.2012.03.032
https://doi.org/10.1016/j.foreco.2012.03.032
https://doi.org/10.5061/dryad.77m6100
https://doi.org/10.1111/j.1461-0248.2008.01196.x
https://doi.org/10.1111/j.1461-0248.2008.01196.x
https://doi.org/10.1007/s10531-006-9095-9
https://doi.org/10.1007/s10531-006-9095-9
http://cran.r-project.org/package=vegan
http://cran.r-project.org/package=vegan
https://doi.org/10.1111/j.1744-7429.2003.tb00602.x
https://doi.org/10.1111/j.1744-7429.2003.tb00602.x
https://doi.org/10.1046/j.1523-1739.2003.00124.x
https://doi.org/10.1098/rspb.2015.2013
https://doi.org/10.1098/rspb.2015.2013
https://doi.org/10.1046/j.1365-2664.1998.00297.x
https://doi.org/10.1046/j.1365-2664.1998.00297.x
https://doi.org/10.1017/S1367943002002251
https://doi.org/10.1017/S1367943002002251
https://doi.org/10.1046/j.1523-1739.1999.97492.x
https://doi.org/10.1890/0012-9615(2000)070[0209:FBCSIC]2.0.CO;2
https://doi.org/10.1890/0012-9615(2000)070[0209:FBCSIC]2.0.CO;2
https://doi.org/10.1111/btp.12608
https://doi.org/10.1111/j.1365-2664.2010.01811.x
https://doi.org/10.1890/02-5409
https://doi.org/10.1890/02-5409
https://doi.org/10.1016/j.tree.2006.05.007
https://doi.org/10.1016/j.tree.2006.05.007
https://doi.org/10.1111/j.1523-1739.2006.00427.x
https://doi.org/10.1111/j.1523-1739.2006.00427.x
https://doi.org/10.1890/1540-9295(2005)003[0085:GTTTFT]2.0.CO;2
https://doi.org/10.1890/1540-9295(2005)003[0085:GTTTFT]2.0.CO;2
https://doi.org/10.2307/1943045
https://doi.org/10.2307/1943045
https://doi.org/10.2307/1933691
https://doi.org/10.2307/1933691
https://doi.org/10.1002/9781118520178.ch15
https://doi.org/10.1002/9781118520178.ch15
https://doi.org/10.1007/s10533-014-0064-1
https://doi.org/10.1177/194008291000300403
https://doi.org/10.1177/194008291000300403
https://doi.org/10.1007/s10531-007-9193-3
https://doi.org/10.1007/s10531-007-9193-3
https://doi.org/10.1080/21513732.2013.842187
https://doi.org/10.1080/21513732.2013.842187
https://doi.org/10.1371/journal.pone.0082433
https://doi.org/10.1371/journal.pone.0082433
https://doi.org/10.1111/j.1461-0248.2007.01004.x
https://doi.org/10.1111/j.1461-0248.2007.01004.x

MAYHEW ET AL.

ASSOCIATION FOR

Waltert, M., Mardiastuti, A., & Muhlenberg, M. (2004). Effects of land use
on bird species richness in Sulawesi, Indonesia. Conservation Biology,
18, 1339-1346. https://doi.org/10.1111/j.1523-1739.2004.00127.x

Whelan, C. J., Wenny, D. G., & Marquise, R. J. (2008). Ecosystem services
provided by birds. Annals of the New York Academy of Sciences, 1134,
25-60. https://doi.org/10.1196/annals.1439.003

Willis, E. (1974). Populations and local extinctions of birds on Barro
Colorado Island, Panama. Ecological Monographs, 44, 153-169.
https://doi.org/10.2307/1942309

Willis, E. O. (1980). Ecological role of migratory and resident birds on
Barro Colorado Island, Panama. In A. Keast & E. S. Morton (Eds.),
Migrant birds in the Neotropics. Ecology, behavior, distribution and con-
servation (pp. 205-225). Washington, DC: Smithsonian Institution
Press.

Willis, E., & Eisenmann, E. (1979). A revised list of birds of Barro Colorado
Island, Panama. Smithsonian Contributions to Zoology, 291, 1-30.
https://doi.org/10.5479/si.00810282.291

Wilman, H., Belmaker, J., Simpson, J., de la Rosa, C., Rivadeneira, M. M.,
& Jetz, W. (2014). EltonTraits 1.0: Species-level foraging attributes
of the world's birds and mammals. Ecology, 95, 2027. https://doi.
org/10.1890/13-1917.1

Windsor, D. M. (1990). Climate and moisture availability in a tropical for-
est, long term record for Barro Colorado Island, Panama. Smithsonian
Contributions to the Earth Sciences, 29, 1-145.

Wolfe, J. D., Stouffer, P. C., Mokross, K., Powell, L. L., & Anciaes, M.
M. (2015). Island vs. countryside biogeography: An examination of
how Amazonian birds respond to forest clearing and fragmentation.
Ecosphere, 6, 1-14.

) 15
bIOTROPICA & s, WILEY—2

Wright, S. J. (2005). Tropical forests in a changing environment. Trends
in Ecology & Evolution, 20, 553-560. https://doi.org/10.1016/j.
tree.2005.07.009

Wright, S. J., & Muller-Landau, H. (2006). The uncertain future of
tropical forest species. Biotropica, 38, 443-445. https://doi.
org/10.1111/j.1744-7429.2006.00177.x

Wunderle, J. M., & Latta, C. S. (1996). Avian abundance in sun and shade
coffee plantations and remnant pine forest in the Cordillera Central,
Dominican Republic. Ornitologia Neotropical, 7, 19-34.

Zahawi, R. A, Dandois, J. P., Holl, K. D., Nadwodny, D., Reid, J. L., & Ellis,
E. C. (2015). Using lightweight unmanned aerial vehicles to mon-
itor tropical forest recovery. Biological Conservation, 186, 287-295.
https://doi.org/10.1016/j.biocon.2015.03.031

SUPPORTING INFORMATION

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

How to cite this article: Mayhew RJ, Tobias JA, Bunnefeld L,
Dent DH. Connectivity with primary forest determines the
value of secondary tropical forests for bird conservation.
Biotropica. 2019;00:1-15. https://doi.org/10.1111/btp.12629



https://doi.org/10.1111/j.1523-1739.2004.00127.x
https://doi.org/10.1196/annals.1439.003
https://doi.org/10.2307/1942309
https://doi.org/10.5479/si.00810282.291
https://doi.org/10.1890/13-1917.1
https://doi.org/10.1890/13-1917.1
https://doi.org/10.1016/j.tree.2005.07.009
https://doi.org/10.1016/j.tree.2005.07.009
https://doi.org/10.1111/j.1744-7429.2006.00177.x
https://doi.org/10.1111/j.1744-7429.2006.00177.x
https://doi.org/10.1016/j.biocon.2015.03.031
https://doi.org/10.1111/btp.12629

