Ecological Applications, 26(5), 2016, pp. 14561474
© 2016 by the Ecological Society of America

Targeted reforestation could reverse declines in connectivity for

understory birds in a tropical habitat corridor
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Abstract.  Re-establishing connectivity between protected areas isolated by habitat clear-
ing is a key conservation goal in the humid tropics. In northeastern Costa Rica, payments
for environmental services (PES) and a government ban on deforestation have subsidized
forest protection and reforestation in the San Juan-La Selva Biological Corridor (SJLSBC),
resulting in a decline in mature forest loss and the expansion of tree plantations. We use
field studies and graph models to assess how conservation efforts have altered functional
connectivity over the last 25 years for four species of insectivorous understory birds. Field
playback studies assessed how reforestation habitat quality affected the willingness of Myrmeciza
exsul, Henicorhina leucosticta, Thamnophilus atrinucha, and Glyphorynchus spirurus to travel
outside forest habitat for territorial defense. Observed travel distances were greatest in non-
native and native tree plantations with high understory stem density, regardless of overstory
composition. In contrast, tree plantations with low stem density had travel responses com-
parable to open pasture for three of the four bird species. We modeled landscape connectivity
for each species using graph models based on varying possible travel distances in tree plan-
tations, gallery forests, and pastures. From 1986 to 2011, connectivity for all species declined
in the SJLSBC landscape (5825 km?) by 14% to 21% despite only a 4.9% net loss in forest
area and the rapid expansion of tree plantations over 2% of the landscape. Plantation place-
ment in the landscape limited their potential facilitation of connectivity because they were
located either far from forest cover or within already contiguous forest areas. We mapped
current connectivity bottlenecks and identified priority areas for future reforestation. We
estimate that reforestation of priority areas could improve connectivity by 2% with only a
1% gain in forest cover, an impressive gain given the small area reforested. Results indicate
key locations where spatial targeting of PES within the SJLSBC study region would protect
existing forest connectivity and enhance the connectivity benefits of reforestation.

Key words: Costa Rica, fragmentation; functional connectivity; Glyphorynchus spirurus; Henicorhina
leucosticta; Myrmeciza exsul; payments for environmental services; reforestation; Thamnophilus atrinucha;
tropical conservation, understory insectivores.

INTRODUCTION

The ongoing conversion of humid tropical forests to
agricultural lands in Latin America, Africa, and
Southeast Asia is a major threat to global biodiversity
(Sekercioglu and Sodhi 2007, Stork et al. 2009, Gibbs
etal.2010). Isolation of remaining tropical forest patches
in landscapes dominated by agricultural land use causes
further species extinctions, as forest fragments undergo
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“faunal relaxation” over several decades (Brooks et al.
1999, Ferraz et al. 2003). Populations of species that are
not connected to other populations through the inter-
change of individuals can undergo a loss of genetic
diversity and are more likely to suffer local extinction
(Saccheri et al. 1998, Cushman et al. 2006). Maintaining
functionally connected populations between persisting
fragments of humid tropical forest requires travel
through agricultural matrix habitats. We define func-
tional connectivity here as the degree to which landscape
structure and composition impedes or facilitates
movement of a particular species among habitat patches
(Taylor et al. 1993, Tischendorf and Fahrig 2000).
Matrix habitats with lower probabilities of successful
inter-patch travel, juvenile dispersal, and exchange of
genetic material (“harsher” matrices) have been shown
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to decrease the persistence of species in forest fragments
(Prugh et al. 2008, Prevedello and Vieira 2009, Kennedy
et al. 2010).

Continued forest clearing around many tropical pro-
tected areas has increasingly fragmented and isolated
protected forests (DeFries et al. 2005, Seiferling et al.
2012), jeopardizing their ability to maintain the species
they were established to protect. Costa Rica, with 26%
of its land area in protected areas, is often regarded as a
tropical conservation success story (Pagiola 2008, Porras
et al. 2013), yet agricultural clearing outside parks has
been extensive (Sader and Joyce 1988, Sanchez-Azofeifa
et al. 2003). In 1996, the Costa Rican government
acknowledged the increasing isolation of their protected
area system and enacted several reforms to its national
Forestry Law (no. 7575). These reforms banned defor-
estation and implemented country-wide payments for
environmental services (PES) program (Ley Forestal,
No. 7575 1996, Porras et al. 2013). In 1997, Costa Rica
became an official participant in the Mesoamerican
Biological Corridor and drafted a transboundary system
of habitat corridors to increase functional connectivity
between protected areas for all forest-dependent
organisms (DeClerck et al. 2010, Holland 2012). Corridor
regions are primarily comprised of private land and are
priority targets for PES programs aimed at forest pro-
tection, sustainable development, and reforestation
(Pagiola 2008, Daniels et al. 2010, DeClerck et al. 2010).

In this study, we investigated whether the estab-
lishment of the largest and oldest habitat corridor in
Costa Rica, the San Juan-La Selva Biological Corridor
(hereafter, the Corridor), was associated with a regional
increase in the functional connectivity of lowland rain-
forests. The Corridor and adjacent protected areas in
northeastern Costa Rica have received extensive PES,
and the passage of the 1996 Forest Law immediately
preceded a ~50% decrease in clearing of mature rain-
forests in the region (Fagan et al. 2013). However it is
unclear whether a decline in deforestation rates and con-
tinued reforestation has led to increased habitat connec-
tivity. Although forest conservation policies implemented
in the Corridor region were intended to promote habitat
connectivity, the region is an active agricultural zone with
continued forest conversion and widespread production
of cattle, pineapples, and bananas (Butterfield 1994,
Read et al. 2001, Fagan et al. 2013).

Like programs elsewhere in the tropics (Chazdon 2008,
Meyfroidt and Lambin 2008), the Costa Rican PES
reforestation program has favored tree plantation estab-
lishment over natural regeneration. Until recently,
payments per hectare for tree plantations were 20 times
greater than payments for natural regeneration (Daniels
et al. 2010). The reforestation program was established
with dual goals: (1) promoting forestry and timber pro-
duction as an economically sustainable land-use option;
and (2) increasing forest cover for biodiversity protection
(Daniels et al. 2010), including functional connectivity in
the biological corridor system (DeClerck et al. 2010). As
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a result, tree plantations were exempted from the clearing
ban imposed on natural forest (Ley Forestal, No. 7575
1996).

Quantifying the impact of reforestation efforts on forest
connectivity in Costa Rica faces two major hurdles. First,
determining the extent of reforested areas is challenging
because public records and data on the area of tree planta-
tions established is inexact, and tree plantations are difficult
to distinguish from secondary forests in satellite imagery
(Sterling and Ducharne 2008, Sanchez-Azofeifa et al.
2009). Second, the value of tree plantations for wildlife
movement or breeding habitat varies markedly across
forest species and with management practices (Carnus
et al. 2006, Brockerhoff et al. 2008, Najera and Simonetti
2010). In northeastern Costa Rica, nonnative timber
species with short rotation times make up ~88% of tree
plantations and may be providing only short-term, lower-
quality habitat (Barlow et al. 2007, Fagan et al. 2015).

Evaluating the impact of reforestation on connectivity
is only meaningful in the context of specific organisms;
how frequently organisms move among semi-isolated
populations varies markedly across taxa (Taylor et al.
1993, Lees and Peres 2009). Many species within lowland
rainforests are dependent on closed forest cover for
habitat and have a limited ability to travel outside forest
(Gardner et al. 2009, Stork et al. 2009). To evaluate func-
tional connectivity for forest organisms in this region, we
examined a representative, well-studied functional group:
understory-nesting insectivorous birds. This group is
known to be sensitive to forest fragmentation, dependent
on forest for breeding habitat, and have limited ability
to disperse across open habitat (Sekercioglu et al. 2002,
Laurance et al. 2004, Moore et al. 2008, Newbold et al.
2013). These characteristics make this functional group
an acceptable indicator for connectivity in the Corridor
region (Sigel et al. 2010). The habitat corridor system
was established to maintain functional connectivity for
multiple forest-dependent taxa (DeClerck et al. 2010),
including understory birds.

Through a combination of field playback experiments
and literature review, we analyzed the movement
ecology and behavior of four selected understory bird
species: Myrmeciza exsul (Chestnut-backed Antbird;
Thamnophilidae), Henicorhina leucosticta (White-
breasted Wood Wren; Troglodytidae), Thamnophilus
atrinucha (Black-crowned Antshrike; Thamnophilidae),
and Glyphorynchus spirurus (Wedge-billed Woodcreeper;
Furnariidae). All these species have smaller and more
variable local population sizes (one to 20 individuals) in
forest patches <4 ha in size (Cody 2000, Sekercioglu
et al. 2002, Libsch 2005, Roberts 2007). Furthermore,
decreasing fragment size is associated with a declining
trend in population density with decreasing fragment
size for H. leucosticta and M. exsul (Roberts 2007) and
higher population turnover and genetic isolation for
M. exsul (Losada-Prado 2009, Woltmann et al. 2012a,b),
implying that fragments are long-term population sinks.
For at least two of our species (H. leucosticta and
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TaBLE 1. Individual characteristics of each of the selected bird species.
Thamnophilus Glyphorynchus
Characteristic Myrmeciza exsul Henicorhina leucosticta atrinucha spirurus
Short name chestnut wood shrike wedge
Foraging height low understory, tall understory, ground understory to understory to canopy,
ground canopy forest edges
Territory size (ha) 1-3 2 0.8 0.5-1
Maximum observed flight 90 (90) 50 (150) 240 (240) 150 (250)
distance (m)
Family Thamnophilidae Troglodytidae Thamnophilidae Furnariidae
Common habitat forest, disturbed intact forest, disturbed intact forest forest, nearby wooded
forest forest, nearby regrowth pasture

Most open habitat shade coffee, cacao

observed in

fern-dominated pasture

forest wooded pasture

Notes: We estimated that ~1% of individual birds could fly the maximum flight distances shown in parentheses. Maximum flight
distance for H. leucosticta and G. spirurus is poorly constrained by existing work (Ibarra-Macias et al. 2011a). Few birds flew directly
to forest from pasture at ranges of 100-150 m, instead landing on pasture trees closer to the forest edge. To estimate flight distance
for these species, we assumed 25% of pasture tree birds eventually made it to the forest; this fit an exponential decline in dispersal
distance well. Data are drawn from Roper (1996), Woltmann et al. (2013), Robinson et al. (2000), Blake and Loiselle (2012), Moore
et al. (2008), Ibarra-Macias et al. (2011a), Tarwater and Brawn (2010), Losada-Prado (2009), and Van Bael et al. (2007).

G. spirurus), difficulties in perceiving and orienting to
forest cover at distances >100-150 m limit successful
long-distance matrix travel (Ibarra-Macias et al. 2011a).
These species are rarely observed outside forest, with the
exception of G. spirurus, which depends on forest habitat
but can forage in wooded pasture near forests (Lindell
et al. 2004). The understory-foraging species move
within dense shrub or fern cover outside forests and have
relatively short flight records from experimental trans-
locations (Table 1). T. atrinucha, with its long flight
record but tendency to remain within forest habitats and
disappear from small fragments (Roberts 2007, Van Bael
et al. 2007, Moore et al. 2008), is more typical among
area-sensitive insectivores (Van Houtan et al. 2007).
We combined movement parameters derived from our
ecological analysis with existing land cover maps to
create alternate graph-theoretic models of landscape con-
nectivity (Urban and Keitt 2001). We used the graph
models to assess regional changes in functional connec-
tivity (specifically, the potential for understory bird
movement) over the past three decades (1986-2011). We
then identified optimal locations for future reforestation
within the region described by the Corridor and con-
nected protected areas. We addressed three main ques-
tions: (1) Has functional connectivity for understory
birds increased since 1996 in the San Juan-La Selva
Biological Corridor region? (2) Has expansion of tree
plantations served to enhance connectivity for under-
story birds? (3) Which locations in the landscape are most
critical to reforest to improve functional connectivity?

METHODS

Study region

The northeastern Caribbean lowlands of Costa Rica
extend from the central Tilaran Mountains north to the

San Juan River. This warm tropical region has high, con-
stant rainfall (3.2 + 0.8 m/yr) and relatively little vari-
ation in elevation (108 + 98 m) (Fagan et al. 2013).
Central ranges of low hills are interrupted by wide river
valleys, transitioning to coastal plains and swamps in the
east. In the late 1960s, settlement of this region grew
quickly and led to widespread, rapid forest conversion
to agriculture at the rate of 2-3% per year (Butterfield
1994, Sanchez-Azofeifa et al. 1999). In recent decades,
land use change has been dynamic. Conversion of mature
rainforest continues, but declined after 1996 to ~1% per
year (Fagan et al. 2013). At the same time, extensive
natural forest regeneration and tree plantation estab-
lishment has occurred, often followed by clearing of both
natural regeneration and tree plantations (Read et al.
2001, Morse et al. 2009, Fagan et al. 2013). Pasture for
cattle grazing is the most common land use in the region,
with large areas of the coastal plains and river valleys in
intensive agriculture for pineapples, bananas, sugarcane,
heart-of-palm (palmito), and other crops. In addition,
selective logging has been an important activity in forest
areas located around protected areas in the last 20 yr
(Arroyo-Mora et al. 2014).

Despite declines in forest cover, the Caribbean low-
lands in Costa Rica currently retain the largest patches
of old-growth forest outside protected areas in the
country, as well as several large parks protecting lowland
rainforest and a flagship charismatic species, the Great
Green Macaw (Ara ambiguus; Psittacidae) (Watson et al.
1998, Fagan et al. 2013). In the center of the region, the
San Juan-La Selva Biological Corridor (2466 km?) is
designed to connect two protected areas, the montane
Braulio Carrillo National Park and the Indio Maiz
Biological Reserve (3602 km?) across the San Juan River
in Nicaragua (Fig. 1). The Corridor includes a mix of
private lands and private and public wildlife refuges such
as Maquenque Wildlife Refuge, with further connections
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Land-use map of the study region in 2011; the small inset map of Costa Rica shows the location of the study region and

the San Juan-La Selva Biological Corridor (SJLSBC, in yellow). In the main map, the yellow line outlines the SJLSBC, white lines
denote protected areas, and the black lines outline main highways. The black masked areas in the main map mark the limits of the
satellite image used to create the map; the shaded region was excluded from our connectivity analysis.

via Barra del Colorado Wildlife Refuge to Tortuguero
National Park (Fig. 1). From 1986 to 1996, selected farms
in the study region received subsidies for planting trees,
most of which were nonnative species (Fagan et al. 2013).
From 1996 onward, all of the protected areas and private
lands within the Corridor region have received numerous
multiyear PES contracts for forest protection or the
establishment of tree plantations (~1100 contracts cov-
ering ~950 km?2, M. E. Fagan, unpublished data).
Additionally, throughout Costa Rica, the 1996 Forestry
Law bans clearing of natural forests above a certain
density and size threshold, which in the Caribbean low-
lands typically protects forests >12 yr in age (Fagan et al.
2013).

Focal species

The selected understory insectivorous bird species
(Myrmeciza exsul, Henicorhina leucosticta, Thamnophilus
atrinucha, and Glyphorynchus spirurus) are relatively
abundant in fragmented landscapes, well-studied else-
where in the Neotropics, and responsive to song play-
backs. All four species are widely distributed and
abundant year-round residents in Neotropical lowland
forests, feed primarily on insects, depend on closed-
canopy forest for understory nesting habitat, and are
highly territorial, actively defending sedentary territories
year-round (Stiles et al. 1989, Robinson et al. 2000). The
individual characteristics of each species are described in
Table 1. Each species varied markedly in maximum

observed flight distance and tolerance of open areas
(Moore et al. 2008, Ibarra-Macias et al. 2011a).

Bird movement behavior: field experiments

For our field observations, we measured the movement
behavior of adult birds at forest edges. We used territorial
song playback experiments to assess bird willingness to
cross forest boundaries into matrix habitat (“boundary
softness”; Appendix S2: Fig. S1). We measured the dis-
tance of intrusion from the forest edge into the adjacent
matrix habitat as our response variable. Bird movements
were assessed across three habitat types: pastures, native
tree plantations, and nonnative tree plantations, all with
varying amounts of tree and shrub cover. From 2011 to
2012, during both the breeding (January—May) and non-
breeding (June—-August) seasons, studies were conducted
at 23 field sites across the Caribbean lowlands (Appendix
S2: Fig. S2). Random site location was not possible due
to difficulties in obtaining permission to work on private
property, but sites were separated more than 1 km and
effort was made to space samples of all three habitat
types across the Corridor region (Appendix S2: Fig. S2).

At each site, researchers walked along the edge of a
forest patch and used a portable speaker to play male
territorial vocalizations from each of the target species.
Songs were played at the average measured volume for
our four bird species (~80 db at 1 m; see Boscolo et al.
2006). When a bird responded to the song playbacks, the
researchers retreated >5 m from the speaker, crouched,
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and played the species’ song untilanindividualapproached
the forest edge, for a maximum of 10 min. Once a target
species neared the forest boundary, the experiment began
(Appendix S2: Fig. S1). A speaker was placed 25 m into
the agricultural habitat, and the song moved to play there.
If the bird proceeded out of the forest more than 15 m
into the agricultural matrix, the first speaker was turned
off and another activated 50 m into the agricultural
matrix. Individuals had a maximum time limit of 10 min
(Sieving et al. 2000) to travel the 50 m. At the end of each
10-min sample, we recorded maximum habitat pene-
tration distance. We also measured tree basal area and
the stem density of saplings and shrubs (with saplings and
shrubs defined as >1.3 m in height and <5 cm in diameter)
in a 30 X 50 m plot centered on the speaker transect.
For selected individuals, we conducted an additional
control playback experiment along the forest edge to
compare potential movement in matrix and forest habitats
(Appendix S2: Fig. S1). After each experiment, the
researchers moved 25 m before beginning playback of other
species, and playbacks of the same species were separated
by a minimum of 250 m to avoid sampling the same indi-
vidual. The paired control-edge trials and edge-only trials
were analyzed separately using general linear models in R
2.14 (R Core Team 2012). In each analysis, we predicted
maximum habitat penetration distance as a function of bird
species and the habitat variables described previously.

Linking bird movement behavior to functional
connectivity

Information on the focal species from our field experi-
ments and from other studies was used to determine
parameter values for a population connectivity model
(Fig. 2A). Our literature review focused on movement
and reproductive ecology, and is referenced later with
regards to the selected connectivity models and parameter
values. We sought to determine species’ movement
responses to habitat availability and configuration, their
dispersal through matrix (non-forest) habitats, and their
potential to successfully breed in fragmented forest
habitat. When information was insufficient for a selected
species, we estimated species characteristics from our
field observations and from studies on other similar
understory insectivorous birds.

Connectivity analysis: landscape maps

We modified existing 30-m resolution land-use maps of
northeastern Costa Rica to analyze habitat connectivity
(Figs. 1 and 2A; see Fagan et al. 2013 and Appendix S1 for
details of map generation and accuracy assessment). The
resulting land cover maps delineated 13 land cover types
(Appendix S1: Table S1) over five time periods, from 1986
to 2011, with >90% accuracy (Appendix S1: Table S2).

We focused our analysis of forest connectivity on the
Corridor and adjacent lowland areas with high forest
cover that were located between Maquenque National
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Wildlife Refuge and Braulio Carrillo and Tortuguero
National Parks (Fig. 1). A least-cost path linkage analysis
using Linkage Mapper software (McRae and Kavanagh
2011) was used to delimit all land in 1986 that lay within
a wide range of “resistance” values from the least-cost
paths between the three parks (generic forest:non-forest
resistance of 1:100 (McRae and Kavanagh 2011),
maximum cumulative resistance value of 20000). This
5825-km? subset of the region (Fig. 1) effectively selected
all lowland (<500 m in elevation) areas with high forest
cover, while including adjacent land-cover types and the
Indio Maiz Biological Reserve.

Graph connectivity model

We modeled the functional connectivity, or potential
for movement among habitat patches, of our four species
using a graph-theoretic, node-based model implemented
in the program Graphab 1.2 (Foltéte et al. 2012). In this
graph model, patches of core forest habitat, or nodes,
are located on a raster map and surrounded by habitat
with varying resistance values for animal movement.
Nodes are connected by links that take the least-cost path
along the resistance raster surface. For our selected con-
nectivity metrics, the frequency of travel from node to
node is modeled as an exponential decay in the proba-
bility of arrival at a maximum distance (Fig. 2B), and
thus can be modified for different species based on bio-
logical data about maximum flight distances or occu-
pancy patterns (Saura and Pascual-Hortal 2007).

For our resistance map, we set a minimum core patch
size of 4 ha that is the minimum fragment size for stable
populations of the target species (Cody 2000, Sekercioglu
et al. 2002, Libsch 2005, Roberts 2007, Losada-Prado
2009). Edges were defined as the outer 30 m of forest
patches, and had little effect on movement in our model
because edge forest pixels had the same low resistance to
movement as core forests. We chose to model all habitat
areas as either forest (resistance weight 1 for edge and
core forests) or non-forest (resistance weight 90); tree
plantations were set as forest or non-forest in a given
model run (see following section). Our resistance weights
were set based on field observations of behavior at forest
edges (see Results), and a literature review of the
maximum distance understory insectivores will travel
within forest toavoid open habitat (Bélisleand Desrochers
2002, Laurance and Gomez 2005, Boscolo et al. 2008,
Woltmann et al. 20125b). Preliminary analyses showed
that higher non-forest resistance weights did not alter
link locations or lengths; a resistance weight of 90 was
both biologically realistic (see Discussion) and convenient
for conversion between resistance and map distances
measured in 30-m increments.

Graph connectivity scenarios

Because of uncertainty about species-specific traits and
their responses to landscape structure and composition, we
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(A) A conceptual diagram describing the connectivity modeling process (black text) and tools (white text). The top left

model process green is general across species. The other three model processes were parameterized separately for each bird species.
See text for further details and references. (B) A set of parameters derived from field data: the probability of successful arrival at
neighboring core forests in the graph model, used for Probability of Connectivity (PC) and Equivalent Connected Area (ECA)
metric calculations. Probability declined as a negative exponential function, with a 0.01 probability of reaching a set distance, and
a maximum possible distance of 250 m. Species were Myrmeciza exsul (Chestnut-backed Antbird), Henicorhina leucosticta (White-
breasted Wood Wren), Thamnophilus atrinucha (Black-crowned Antshrike), and Glyphorynchus spirurus (Wedge-billed

Woodcreeper).

modeled functional connectivity in a sensitivity analysis
using a variety of different, biologically plausible parameter
values derived from the literature and our field work. We
varied graph parameters across eight possible travel dis-
tances and six map scenarios for each of the five image
dates, generating 30 different resistance maps with a total
of 240 different graph networks (Table 2). For each of the
four species, we assigned two maximum matrix travel dis-
tances: a lower bound, with the maximum observed travel
distance from our experiment (Fig. 3), and an upper bound,
using literature-derived record distances from flight trial
experiments (Tables 1 and 2). We then assumed that in

normal travel, an individual would have a 1% chance of
traveling to its matrix travel distance limit (Fig. 2B). The
assumption of 1% travel success conservatively estimates a
high probability of travel to maximum distance. This
estimate is based on high rates of failure (>80%) in experi-
mental translocations of forest birds that were well short
of their maximum possible flight distance (Table 1; Moore
et al. 2008, Ibarra-Macias et al. 2011a, Awade et al. 2011).

Next, for each species, we created six different resistance
map scenarios (Table 2). First, we varied the importance
of tree plantations for bird movement in three scenario
pairs. In the “forest” scenarios, all tree plantations had
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TaBLE 2. Summary outline of the graph model sensitivity analyses for each image date, showing the six travel scenarios and eight

different flight distances for the bird species.

Main travel scenario, by width Description

Maximum flight distances

Narrow width

All forest elements are usable for movement.

Wedge (129, 250 m)

Forest All core and edge forests and tree plantations have resistance
value of 1; non-forest resistance is 90.
Open Non-forest and tree plantation

resistance is 90; all core and Wood (85, 150 m)

edge forests have resistance of 1.

Non-harvest

Like forest model, but tree plantations never are converted to

Shrike (42, 240 m)

other land-uses after establishment.

Chestnut (27, 90 m)

Broad width Edge-dominated forest elements <60 m in width or <1 ha in
size are equivalent to non-forest for movement.
Forest Same as for narrow width
Open Same as for narrow width

Non-harvest Same as for narrow width

Note: Maximum flight distances are shown (lower, upper), and have 1% chance of arrival at maximum distance. The six travel
scenarios and eight flight distances were combined in the sensitivity analysis, with 48 graph models for each of the five image dates

(240 models in total).
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to understory stem density for three of the four species, all except G. spirurus. For the details of the GLM model that describes this
relationship, see Table 3, GLM 3. The overall R? of the GLM model was 0.60.

the same resistance to travel as forest, which might occur
if all tree plantations had dense, tall understory vege-
tation. In the “open” scenarios, tree plantations had the
same resistance to travel as pasture and other matrix
habitat, which might occur if all tree plantations were
harvested or if all tree plantations had low shrub density.
Finally, in the “non-harvest” scenarios, we assigned tree
plantations the same resistance as forest and did not allow
tree plantations to be harvested between land cover map
dates. These non-harvest scenarios tested the role plan-
tation harvests may play in decreasing connectivity and
movement between forest fragments for understory birds.
The non-harvest scenarios also removed the influence of
the shorter harvesting rotation time for nonnative tree
plantation species (Fagan et al. 2015). For each of the
scenarios, we did not distinguish between native and non-
native tree plantations because our playback experiment

results indicated that the understory birds studied did not
discriminate between the two plantation types.

In addition, for each scenario type, we created two
secondary scenarios relating to movement through
narrow, disturbed forests (Table 2). In the “narrow”
width scenario, birds could freely travel through narrow
forest corridors and small forest patches. In the “broad”
width scenario, birds could not travel easily in forest cor-
ridors <60 m in width or in small forest patches <1 ha
in size. The specific values of the movement constraints
in these scenarios were selected based on field observa-
tions and the literature. The limited number of available
studies suggested that understory insectivores either pass
freely through 10-25 m wide forest corridors (narrow
width) or experience population decline at corridor
widths <200 m (broad width) (Sieving et al. 2000,
Castellon and Sieving 2006, Lees and Peres 2008).
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Graph analysis: connectivity metrics

For each graph network scenario, we calculated con-
nectivity metrics to summarize differences in connectivity
at the landscape, patch, and link scale. Landscape scale
measures integrated regional connectivity, patch scale
refers to the importance of core forest patches for con-
nectivity, and link scale refers to the importance of least-
cost connections between forest patches.

We used the probability of connectivity (PC) metric to
characterize functional connectivity at these three scales
(Saura and Pascual-Hortal 2007). At the landscape scale,
the PC metric describes the “probability that two animals
randomly placed within the landscape fall into habitat
areas that are reachable from each other (interconnected)
given a set of n habitat patches and the connections (p;)
among them” (Saura and Pascual-Hortal 2007). Because
of its superior properties, the PC metric has been used
to measure functional connectivity in a number of tem-
perate and tropical studies (e.g., Awade et al. 2011,
Mazaris et al. 2013). The PC metric, which varies between
0 and 1, permits biologically realistic dispersal parame-
terization and takes into account changes in habitat area
and inter-patch connectivity (Awade et al. 2011). It is
calculated as follows:

X X aapy

PC e
L

where ¢; and a; are the areas of habitat patches 7 and j,
respectively, p;f‘j is the highest probability of movement
among all possible paths between patches i and j, and A}
is the total area of habitat and non-habitat patches in the
landscape (i.e., total landscape area). Graphab estimates
p;‘/., the probability of successful dispersal, as a negative
exponential decline with distance (Fig. 2B). This estimate
provided a reasonable fit for the dispersal of a Brazilian
understory bird, with some potential to overestimate dis-
persal (Awade et al. 2011).

By taking the square root of the numerator of the PC
equation, an additional metric with units of area can be
derived. This equivalent connected area (ECA) metric
can be directly related to changes in habitat area that
occur concurrently with changes in habitat connectivity
(Saura et al. 2011). If changes over time in habitat area
are small while positive or negative changes in ECA are
large, that implies that habitat was gained or lost in areas
strategically important for maintaining animal movement
among habitat patches (Saura et al. 2011).

At patch and link scales, the importance of a given
patch or link for functional connectivity can be assessed
by removing it and measuring the global proportionate
loss of PC, or delta PC (dPC), which is the difference in
PC divided by the original PC value (Saura and Rubio
2010). Further, dPC can be decomposed into three com-
ponents: dPC-Intra (intrapatch connectivity: directly
related to habitat area), dPC-Flux (the contribution of a
patch via direct dispersal to/from its neighbors), and
dPC-Connector (how much the loss of a patch or link
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decreases dispersal between neighboring patches) (Saura
and Rubio 2010).

Graph analysis: statistical analysis

Because small uncertainties in land cover map accuracy
propagated through our connectivity model (Appendix
S1: Table S2), we used statistical analysis of forest cover
and PC metrics over time to highlight consistent results
across model scenarios. At the landscape scale, we used
a general linear model to compare PC values among the
240 parameter scenarios, with model scenario types,
travel distance, and map date as predictors of landscape-
scale PC values. We also further compared shifts in the
value of the ECA metric with changes in total forest area.

At the patch scale, changes in forest patch location,
patch shape, and the value of landscape PC across years
and models made it difficult to statistically compare
patch dPC between individual forest fragments. But for
illustration of this variation, we mapped patch dPC
values over time for four out of 48 possible models.

At both the patch and link scale in the forest scenario,
we assessed whether tree plantations had higher or lower
importance for functional connectivity than forest
patches. We compared a metric relatively uncorrelated
with area, dPC-Connector, across model types. Because
99% of patches and links had extremely low importance
(<0.001%) for inter-patch connectivity, we restricted our
analysis to the top 2% of dPC-Connector values. We then
compared the relative number of tree plantation and
forest patches in the top 2% in a chi-square analysis, and
tested whether mean dPC-Connector values differed for
forest and tree plantation patches using a general linear
model implemented in the R statistics package v. 2.14.

Prioritizing new reforestation and natural regeneration

We conducted a spatial prioritization analysis to identify
locations critical for maintaining and improving landscape
connectivity (see Appendix S4 for details of the prioriti-
zation analysis methodology). The prioritization method-
ology combined the global connectivity metrics from our
graph connectivity analysis with further information from
circuit flow analysis (Circuitscape; McRae and Beier 2007,
McRae et al. 2008). We identified existing habitat bottle-
necks to connectivity (i.e., constrictions in the optimal flow
paths of animal movements, where paths converge ;McRae
et al. 2012). We also identified where future reforestation
could alter connectivity the most, and then simulated the
potential impact on connectivity of actually reforesting the
selected high-priority pasture land.

RESULTS

Field experiments and observations

Field playback studies of species movement behavior
revealed that three of the four species traveled 30-50 m
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farther along secondary and mature forest edges than into
agricultural matrix habitats (P < 0.0001, Table 3), while
G. spirurus traveled equally well in forest and matrix
habitats (P = 0.13, Table 3, Appendix S2: Fig. S3). In the

TaBLE 3. Best GLM models (by lowest AIC) for playback experiments.
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matrix-only experimental trials, travel distance did not
differ among native and nonnative tree plantation species
(P = 0.95, Table 3) and they were combined in further
analysis. In the experimental model with the lowest AIC,

Variable Deviance df F P Mean SE Pr(>1)
GLM 1
Species 29948 4 25.94 <0.0001
Chestnut 51.54 7.57 <0.0001***
Shrike 43.74 6.27 <0.0001***
Wedge 10.88 7.11 0.14
Wood 31.01 6.59 <0.0001***
Habitat 1407 1 4.88 0.04
Tree plantations (TP) —13.41 6.07 0.04*
GLM 2
Species 7870.2 2 15.96 <0.0001
Intercept 2.82 5.58 0.62
Wedge 27.04 8.30 0.0017**
Wood 11.05 7.11 0.12
Habitat 7666.8 2 15.55 <0.0001
Native tree plantation 0.55 8.33 0.95
Pasture -3.43 7.42 0.65
Stem density 3010.1 1 12.21 0.001
Mean stem density 10.08 2.75 0.0004%**
Native tree Ba 436.2 1 1.77 0.19
Native tree basal area 0.02 0.02 0.17
Species:habitat 1227.9 4 1.25 0.30
Wedge:native TP 9.71 11.79 0.41
Wood:native TP 12.25 10.61 0.25
Wedge:pasture -12.88 10.69 0.23
Wood: pasture -3.51 9.56 0.71
GLM 3
Species 52902 4 69.21 <0.0001
(Intercept) —-0.60 4.63 0.90
Shrike -3.89 5.14 0.45
Wedge 18.66 4.44 <0.0001***
Wood 5.16 3.88 0.19
Habitat 7400 1 38.73 <0.0001
TP 242 6.47 0.71
Stem density 4391 1 22.98 <0.0001
Mean stem density (Stem) 12.09 5.65 0.03*
Native tree Ba
Native tree basal area (BA) 885 1 4.63 0.03 0.02 0.01 0.16
Species:habitat 1164 3 2.03 0.11
Shrike: TP 6.52 8.94 0.47
Wedge: TP 21.75 8.41 0.01*
Wood: TP 2.68 8.38 0.75
Species:stem 4725 3 8.24 <0.0001
Shrike:stem 5.02 7.79 0.52
Wedge:stem —14.86 6.66 0.03*
Wood:stem 10.62 6.96 0.13

Notes: In GLM 1, travel distance in control:experimental pairs is the dependent variable, and intercept is set to zero for species;
parameter estimates are for forest travel minus pasture travel. In GLM 2, travel distance in native vs. exotic TP (three of four spe-
cies) is the dependent variable, and intercept refers to travel distance of Chestnut in exotic TP. In GLM 3, travel distance in pastures
and TP (all species) is the dependent variable and intercept refers to travel distance of Chestnut in pastures. Multiple comparisons
were significant (P < 0.05) when ¢ tests were significant, and all models are highly significant. Important nonsignificant effects are
highlighted in bold italics; parameter estimates are in units of meters.
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the travel distance of three of the four species was posi-
tively related only to understory stem density (P < 0.03,
Fig. 3) and otherwise did not differ between tree planta-
tions and pastures (P < 0.71, Table 3). G. spirurus flew
farther than the other species (P < 0.0001), farther in tree
plantations than pastures (P < 0.01), and its travel dis-
tance was not increased by understory stem density
(P < 0.03, Table 3, GLM 3). Understory stem density
varied fourfold across sites, but was often close to zero
in pastures and higher in tree plantations (P < 0.0001;
Appendix S2: Fig. S4). Maximum observed travel dis-
tances in pastures are shown in Table 2 (maximum flight
distances: the lower bound for the graph model).

Linking observations to a connectivity model

The strong preference of the species in our study for
travel in forested or wooded habitats and the low mean
experimental travel distances in open pasture led us to
model our landscape as forest or non-forest for esti-
mating connectivity. We rarely observed short flights
across open forest gaps (12-20 m) for the target species,
but none of the species hesitated to approach forest edges
for brief periods (M. E. Fagan, personal observation).
Remaining uncertainty about the utility of tree planta-
tions and narrow forest corridors for travel led to the
construction of the different model scenarios (Table 2).

Graph scenarios: changes in landscape connectivity over
time

Landscape functional connectivity, as measured by the
PC metric, declined from 1986 to 2011 across all scenarios
and across all flight distances (P < 0.0001, Appendix S3:
Table S1, Fig. 4). The rate of decline in connectivity did
not differ among flight distances and forest scenarios
(P > 0.5, interactions not significant; Fig. 4) and func-
tional connectivity declined linearly when the model
decreased travel distance (P < 0.0001; Appendix S3: Table
S1 and Fig. S1). However, the broad-width sub-scenario
showed a higher rate of decline in functional connectivity
over time than the narrow-width sub-scenario (P < 0.0002,
year by width interaction; Fig. 4).

For the narrow-width sub-scenarios, this 14.5% average
loss in connectivity across models exceeded a 6.6% rel-
ative decline in core forest area over 25 yr (Fig. 4B,
Appendix S3: Table S2), indicating a loss in inter-patch
connectivity in addition to habitat area (Saura et al. 2011).
For the broad-width sub-scenarios, a 21.2% mean loss in
connectivity was observed across models relative to a
6.8% relative decline in core forest area. In all scenarios,
the rate of loss of regional connectivity was highest
between 1996 and 2005. From 2005 to 2011, an increase
in connectivity occurred that was more marked (105%
greater on average) for the narrow-width models. The
recent small increase in connectivity in both the narrow
and broad-width models occurred despite continuing
declines in core forest area (Fig. 4, Appendix S3: Table
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S2). As core forest decreased from 2005 to 2011, the area
of secondary forest increased, implying that extensive,
edge-exposed regrowth occurred outside core forests (i.e.,
small fragments and riparian areas).

At the patch scale, we observed distinct spatiotemporal
patterns in declines in forest patch importance for func-
tional connectivity (dPC). Across all time periods, large
declines in patch dPC were observed within and to the
south of Barra del Colorado Wildlife Refuge (Fig. 5).
From 1986 to 1996, patch dPC decreased in the vicinity
of Braulio Carrillo and increased in the central and
northern Corridor (Fig. D1). This pattern was reversed
from 1996 to 2011, for a net effect (1986-2011) of spa-
tially intermixed gains and declines (Fig. 5); net declines
tended to occur in “bridge” patches that connected to
larger patches, like the Indio Maiz Biological Reserve
(Fig. 5). Patterns were similar across flight distances, but
the broad-width model had more widespread net declines
in patch dPC (Fig. D1).

Graph scenarios: effect of tree plantations

At the landscape scale, removing tree plantations from
the landscape (open scenario), or making them persist
longer (non-harvest scenario), had no significant effect on
PC (P = 0.83, Fig. 4). For models with maximum travel
distances greater than 128 m, there is indication of a recent
nonsignificant decline in PC in the open scenario (e.g.,
Fig. 4). However, this difference in connectivity (for the
2011 narrow models, a ~0.87% decline in PC) is much
smaller than the 1.9% difference in forest area that results
from removing tree plantations in 2011 (Appendix S3: Fig.
S1). At the patch and link scales, tree plantation patches
and links to tree plantations were less likely than forest
patches and links to be critical for inter-patch connectivity
(Figs. 6 and Appendix S4: Fig. S2). Tree plantations
patches and links were less abundant than expected in the
top 2% of dPC-Connector values (P < 0.0001; Fig. 6). Even
after accounting for differences in area with forest patches
(model not shown), tree plantations had lower mean values
in the top 2% of patches (P < 0.02 and P < 0.0001, respec-
tively, for patches and links; Appendix S4: Fig. S2).

Bottlenecks for reforestation

Current bottlenecks and key bridges for connectivity
are shown in Fig. 7 along with key areas for future refor-
estation. Bottlenecks and bridges to existing habitat are
largely confined to junctions between large and medium-
sized patches in the western Corridor. Priority areas for
future reforestation extend down all the river valleys of
the Corridor and also eastward on multiple different
pathsbetween La Selva Biological Station and Tortuguero
National Park. High-priority areas for reforestation are
adjacent to the majority of identified bottlenecks, and
make up 0.1% of the total land area (582 ha). Actually
reforesting all of the priority areas (1% of the total land
area) would, assuming no additional loss in forest area
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The six sensitivity scenarios are shown for the models with a maximum flight distance of 250 m. In the narrow scenario, there was a
14.5% decline in connectivity from 1986 to 2011 with only a 6.6% decline in core forest area. In the broad scenario, there was a 21.2%
decline in connectivity with a 6.8% decline in core forest area. In 2011, removing tree plantations in the open model caused declines
in connectivity of 0.87% (narrow scenario) and 0.82% (broad scenario) relative to the all forest model. (B) Declines in core forest
area (>4 ha in size) as a percentage of the landscape from 1986-2011, shown for the three narrow scenarios. The broad scenario

values were quite similar (Appendix S3: Table S2).

from the forest scenario in 2011, increase the ECA by
1.99% on average across models (Appendix S5: Table
S1). Targeted tree plantations would have roughly four
times the connectivity impact of existing tree plantations,
which occupy 2% of the total land area and increase con-
nectivity by only 0.87%.

DiscussioN

Critical evaluation of conservation programs is
essential for effective usage of conservation funds

(Naidoo et al. 2006). Policy programs to enhance habitat
connections between protected areas are increasingly
considered integral to park function in a changing world
(Heller and Zavaleta 2009, Hilty et al. 2012). In forested
landscapes, reforestation programs are commonly
employed to restore landscape connectivity (Hilty et al.
2006, Locatelli et al. 2015), and reforestation is a rapidly
expanding global land use (Sandel and Svenning 2013,
FAO 2015), often in the form of commercial tree planta-
tions (Sterling and Ducharne 2008). However this study
is one of relatively few to examine how planned or
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Net changes in patch-level importance for functional connectivity (as measured by delta landscape Probability of

Connectivity, or dPC (see text)) from 1986 to 2011. We show patch connectivity values for the narrow forest scenario with a 250 m
maximum movement distance (Table 2). The largest declines were in the east (Barra del Colorado Wildlife Refuge and Tortuguero
National Park), with smaller losses in the central and northern SJLS Biological Corridor (inset gray line). Other sensitivity scenarios

had largely similar patterns (Appendix S3: Fig. S1).

implemented reforestation programs alter functional
connectivity between forest patches. Ferraz et al. (2012)
reviewed the potential impact of a proposed Atlantic
forest restoration project on understory bird populations
and Nogués and Cabarga-Varona (2014) examined the
effect of tree plantations on forest connectivity in
northern Spain. Other studies have demonstrated
increased animal movement through tree plantations and
young secondary forests (Tubelis et al. 2007, Van Houtan
et al. 2007, Zurita and Bellocq 2010), but understanding
the degree to which reforestation increases local
movement between forest patches is just the first step in
evaluating its effect on functional connectivity. Equally
important is tracking the persistence of reforested areas
across large landscapes, understanding how reforestation
management alters habitat quality for different dis-
persing taxa, and assessing how to target reforestation
in the landscape to maximize regional connectivity. All
of these factors influence how reforestation programs
alter the availability and location of suitable dispersal
habitat for a given species.

Although considerable debate exists regarding whether
PES payments have led to additional forest protection in
Costa Rica (Morse et al. 2009, Daniels et al. 2010,
Robalino and Pfaff 2013), their role in expanding tree
plantations in northeastern Costa Rica is less contro-
versial (Morse et al. 2009, Fagan et al. 2013). Our results
indicate that PES for forest protection and reforestation
did not cause a net increase in connectivity over time for
understory birds in the focal Corridor region. Functional
connectivity for understory insectivorous birds declined

faster than habitat loss over time for all connectivity sce-
narios and species travel distances, by 13-22% (Fig. 4).
With low net forest cover change in the region from 1986
to 2011 (—=4.9% in total, or —0.2% per year), this rapid
decline in connectivity was unexpected, although it is
partly explained by the 6.6% decline in area of core forest
patches (>4 ha in size) in that time period, particularly
in the Barra del Colorado Wildlife Refuge. The observed
decline in connectivity in the corridor region parallels
connectivity losses in other, highly fragmented land-
scapes (Saura et al. 2011).

The relatively slow rate of change in forest habitat and
connectivity after 1996 could be ascribed to forest con-
servation policies taking effect (Fagan et al. 2013).
However a net recovery in connectivity was not observed
despite extensive tree planting, most likely because of
suboptimal location selection for improving connectivity
(Fig. 6, Appendix S3: Table S2). It is likely that PES
prevented greater losses in connectivity between 1996 and
2011 by protecting remnant patches of mature forest
(Fagan et al. 2013).

Given the importance of riparian forests and wooded
pastures for connectivity in our models, we argue that
more information is needed on how forest organisms use
small or diffusely forested corridors for dispersal.
Riparian forests and wooded pastures are especially
common landscape features in Latin America (DeClerck
et al. 2010) and other forested landscapes. Like many
other taxa, the species in this study had a “corridor
function” (i.e., the narrowest forest element they will use
for extended travel) that was poorly constrained by the



1468

MATTHEW E. FAGAN ET AL.

Ecological Applications
Vol. 26, No. 5

mmm All patches
== Patches in top 2%

1.12%

T

Tree Plantations

Patch types

mmmm Al links
=3 Links in top 2%

0.26%

1.2e+5
® 2.26%
% 1.0e+5
o
n
ke
c
© 8.0e+4 -
£
8
£ 6.0e+4
3]
=
@©
o
‘S 4.0e+4 -
L
[}
Q
g 2.0e+4
Z
0.0 T L
Forest
1e+5
2.75%
8 s
o e+4
6]
[7)]
©
&
= 6e+4 A
£
g
=
«— 4de+4 -
o
| .
[0)
£
3 2e+4
z
0 T
Forest

FiG. 6.

Tree Plantations

Link types

Proportion of patches and links that are in the top 2% of connectivity values for the dPC-Connector metric, across

models. The percentage of total patches and links that are high value for connectivity is labeled for each land use type. Tree
plantation links and patches that are important for connectivity are proportionately less common than forest links and patches that

are important for connectivity (P < 0.0001, chi-square analysis).

literature (Knowlton and Graham 2010). The recent rise
in connectivity from 2005 to 2011 was ~105% greater in
models when species were permitted to use narrow forest
corridors. This suggests that recent forest regrowth
occurred primarily in small forest fragments and riparian
forests, and that travel through riparian forests might a
key component of maintaining connectivity in this land-
scape. Notably, neither riparian forests nor small frag-
ments are currently targets of PES.

As expected, the maximum distances a species may
travel in open habitats had a large influence on functional
connectivity (Appendix S3: Fig. S1). Individual core
forests often had similar importance for connectivity
across flight distances however (Appendix S4: Fig. S1),

indicating that differences in movement probability among
our species (Fig. 2B) may have been relatively small in
comparison to the distances between many isolated
patches (04614 m, mean of 420 m). Dispersal limitation
has been shown to differentially structure the community
composition of understory insectivores with increasing
distance between forest habitats (Moore et al. 2008, Lees
and Peres 2009, Ibarra-Macias et al. 20115). However, at
larger distances between patches in fragmented land-
scapes, individual patch area may be more important for
population maintenance (Ferraz et al. 2007).

The contribution of tree plantations to connectivity in
our model was small and likely limited by their placement
in the landscape in areas with low connectivity value.
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FiG. 7.
forests are shown in dark brown, with core forest edges in dark gray. The inset shows priority reforestation areas and key bottlenecks
just northeast of La Selva Biological Station.

Tree plantations were commonly located either adjacent
to existing large forests or as isolated stands distant from
forest (Fig. 1) rather than bridges between forest patches.
The presence of tree plantation patches, despite making
up 2% of the total land area, rarely affected landscape
connectivity (Figs. 4 and 6). Some exceptions did exist
where five large tree plantation patches were identified
as part of the 57 critical bottlenecks important for main-
taining current connectivity (Fig. 6). Protecting all tree
plantations from clearing over time had little net effect
on forest connectivity however. This is mainly due to ad
hoc plantation placement and some plantation aban-
donment, where short-rotation nonnative tree planta-
tions established in the 1980s and 1990s were allowed to
revert to secondary forest (S. E. Sesnie, personal
communication).

The importance of native and nonnative tree planta-
tions for connectivity for three of our bird species further
depended on understory stem density, a factor not
included in our graph model (Fig. 3). Understory stem
density differed markedly across sites, varying with stand

- High priority reforestation

C] Outside study area
- Core forests
- Forest edges
:I Nonforest

Priority reforestation

Key bottlenecks

Map of priority reforestation areas and key bottlenecks to functional connectivity in northeastern Costa Rica. Core

age and management (i.e., cattle density, thinning, fire,
and manual clearing; M. E. Fagan, unpublished data).
Previous authors have suggested that nonnative tree
species have lower value for biodiversity than native
species (Lamb 1998, Hartley 2002), but we found that our
understory bird species were insensitive to overstory com-
position. We suggest that dramatic differences among
previous studies on biodiversity in tree plantations
(Barlow et al. 2007, Fonseca et al. 2009) are partly
explained by the presence or absence of native understory
vegetation, which can be dense under nonnative over-
stories (Butler et al. 2008, Fonseca et al. 2009). This obser-
vation is in agreement with studies on the presence of
remnant native trees in Australian tree plantations
(Lindenmayer and Hobbs 2004), structural complexity in
agroforests (Najera and Simonetti 2010), and bird travel
in subtropical nonnative pine plantations (Tomasevic and
Estades 2008). Restrictions on cattle grazing and silvicul-
tural management for understory vegetation (e.g., after
the 3-5-year establishment phase) could increase the con-
nectivity value of tree plantations for understory birds in
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our region. Moreover, techniques to promote understory
structure could be further developed through outreach
and PES programs already in place.

Further targeting of reforestation in specific areas
through PES programs could achieve significant gains in
connectivity (a ~2% increase from reforesting 1% of the
landscape), and help to reconnect the increasingly isolated
forested areas at the extreme eastern and western extents
of our study region. Although a 2% gain in connectivity
may seem relatively modest, we would expect that refor-
esting a small area will lead to a small overall shift in the
value of the PC connectivity metric, since it includes
habitat area (intra-patch connectivity; Saura and Rubio
2010). Targeted reforestation is four times more effective
in increasing connectivity than existing reforestation. A
point system already exists to prioritize forest protection
in certain regions (Daniels et al. 2010), and a similar
system could increase payments for tree planting in key
connectivity areas to create clusters of reforestation
(Drechsler et al. 2010). Including a spatial priority analysis
(Fig. 7) could aid evaluation of future reforestation
proposals.

Maintaining and restoring connectivity in this rapidly
developing frontier region will be challenging. Many key
forest bridges and priority reforestation areas are located
along roads and in fertile agricultural valleys that are
rapidly being converted to high-value crops like pineapple
(Fagan et al. 2013). In regions intensively managed for
agricultural production, competition between returns
from PES subsidies and crop production can limit
enrollment by private landowners in PES programs
(Phelps et al. 2013). Expansion of urban settlements along
the main highway has increasingly isolated Braulio
Carrillo from the northern Corridor, and ongoing
highway expansion projects may increase this isolation
further (ZEE 2013), potentially limiting forest connec-
tivity to underpasses and bridges (Laurance et al. 2009,
Lesbarréres and Fahrig 2012). If the central highway is
widened near La Selva, protecting and enhancing riparian
connectivity at underpasses may prove critical to retaining
connectivity between the northern and southern Corridor.

The broad conclusions of this study about functional
connectivity and tree plantations are limited by the
choice of model taxa and species, by the scale and
potential errors in the land cover data, and a reliance on
graph models and the literature to estimate connectivity.
Although we argue that these four insectivorous species
represent other forest-dependent taxa, the landscape con-
nectivity for less mobile forest-dependent animal taxa
may be lower and more sensitive to habitat proximity
(Prugh et al. 2008, Gardner et al. 2009, Watling et al.
2011). Additionally, sensitivity to edges may influence
travel for many taxa (Hansbauer et al. 2008), and edge-
sensitivity was not included in our graph models.
Alternatively, species with greater dispersal abilities and/
or increased ability to use very narrow forest corridors
like live fences may not have experienced as large a
decline in habitat connectivity. For example, given the
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large dispersal range of the forest-dependent Ara
ambiguus, it is likely that the flagship species for the
Corridor region has been more affected by loss of forest
area than habitat proximity (Chun 2008). The graph
models we used are relatively general however, and could
apply to groups with similar dispersal abilities and forest
habitat preferences as our study species (Saura et al.
2011).

For the species in this study, we lacked information
on their corridor function or their distance-to-avoid-gap,
or how far they will travel to avoid a gap of a given size
(Knowlton and Graham 2010). In Canada, forest birds
that took 50-m flights across open winter fields would
travel 500 m to avoid leaving forest (Bélisle and
Desrochers 2002), a 10:1 ratio of open to forest travel.
By contrast, none of our species was observed traveling
more than 5-10 m into a completely open field. This dif-
ference in gap avoidance behavior between temperate
and tropical forest birds is generally known (Stratford
and Robinson 2005, Martinez-Ortega et al. 2014), but
not well quantified for our species. We selected a high
open area to forest resistance ratio (90:1) in our graph
model, assuming that all species will travel 2.7 km of
forest in preference to crossing a 30 m forest gap.
Although understory bird species may travel in forest
corridors <10 m in width (Sieving et al. 2000), species’
usage of narrow corridors declines markedly with dis-
tance from source forests due to interspecific competition
and increasing probability of mortality with travel dis-
tance in lower-quality forests (Castellon and Sieving
2006, Lees and Peres 2008). We attempted to represent
this potential variation with the narrow- and broad-
forest sub-scenarios. Our models treated edge and core
forest habitat similarly however (resistance of 1), and
may overestimate long-distance connectivity for under-
story insectivores in the narrow-forest sub-scenarios.

Errors in the land cover data were low (Appendix S1:
Table S2; Fagan et al. 2013), but classification error could
have assigned secondary forest patches within tree planta-
tions and underestimated the contribution of tree planta-
tions to connectivity. The use of the PES property
boundaries to assign tree plantations makes this possibility
unlikely after 1996, but older tree plantations, planted prior
to PES records in the 1980s, may have transitioned into
secondary forest (S. Sesnie, personal communication).

Finally, although we used field data to determine the
parameters for our graph models, we did not use direct
measurements of animal movement or validate our graph
model with field occupancy or genetic data (Zeller et al.
2012). Direct animal movement data are challenging to
collect across landscapes and multiple habitat types,
especially for dispersing young (Awade and Metzger
2008, Knowlton and Graham 2010). We argue that our
playback experiments accurately reflected the relative
risks birds faced in different habitat types (Lima and
Zollner 1996) and concurred with previous movement
studies on our species (e.g., Moore et al. 2008, Ibarra-
Macias et al. 2011a). The detailed understanding of
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movement and breeding ecology required to parame-
terize connectivity models is lacking for many tropical
taxa (Chazdon et al. 2009, Gardner et al. 2009, Knowlton
and Graham 2010), but even simple matrix movement
data can predict habitat occupancy well for forest-
dependent birds (Awade and Metzger 2008, Moore et al.
2008, Lees and Peres 2009, Awade et al. 2011).

Collecting field data on population persistence and
inbreeding across our landscape is a logical next step in
our analysis, although isolated populations of our species
and others can take many years to disappear from large
fragments (Ferraz et al. 2003, Roberts 2007, Woltmann
et al. 20124a). Further work should also extend our con-
nectivity analysis to other taxa, and place this study in a
broader regional context. It remains to be seen whether
similar results would be obtained in other locations
within the Costa Rican corridor system or the larger
Mesoamerican Biological Corridor (DeClerck et al.
2010).

Costa Rica has committed to becoming carbon neutral
by its bicentennial in 2021 (Lansing et al. 2014), but pro-
tecting and increasing tree cover to offset carbon emis-
sions does not always lead to high habitat connectivity
(Jantz et al. 2014). Spatial conservation planning and
improved habitat management (Brockerhoft et al. 2008,
Najera and Simonetti 2010, Jantz et al. 2014) are needed
to make tree plantations and agroforestry a more
favorable linkage for species dispersal and movement in
fragmented tropical landscapes. Costa Rica has made
strides in reducing deforestation rates within the San
Juan-La Selva Biological Corridor (Fagan et al. 2013)
and raising population numbers of the endangered Great
Green Macaw (Chassot and Arias 2013). Our results
suggest that more targeted reforestation and forest pro-
tection efforts, identified through analyses such as those
presented here, are needed to reverse the loss of func-
tional connectivity for understory insectivores in this
vital corridor region.
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