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Abstract: Despite the disastrous consequences of habitat loss and fragmentation on
biodiversity, studies about his topic are scarce in Central America, even less in El Salvador. We
assessed the effects on habitat loss and fragmentation at the landscape level in the pine-oak
forests of El Salvador, which is an important global biodiversity hotspot and currently
endangered. We defined four regions in pine-oak forests across northern El Salvador
(Montecristo, Miramundo, EI Manzano, and Morazén regions). We established 20 point-counts
(five point-counts per region), where we surveyed birds and made vegetation plots for three
months in 2021. We created four buffers around each point-count (100, 300, 500, and 1000 m
of radii) and calculated nine landscape metrics for each buffer; we made a regression analysis
to evaluate the predicting power of vegetation structure and the landscape variables over the
bird community. We found that bird communities responded strongly to landscape variables;
we did not find any relationship with vegetation structure. We found that Montecristo and
Miramundo regions share similar bird communities. EI Manzano and Morazan regions also
share similar bird communities, being the former regions different from the latter regions. Our
results suggest that bird communities at the pine-oak forest are affected by forest fragmentation,
especially highland birds, frugivorous and forest-dependent birds. We highlight the importance
of continuing with systematic studies in northern areas of El Salvador since these areas are key
are for biodiversity but long understudied.

Keywords: biodiversity, habitat loss, forest fragmentation, neotropical birds, scale of effect.
Introduction

Land-use change continues to be one of the main threats to Mesoamerican biodiversity.
Mesoamerica is considered a global biodiversity hotspot due to its species richness, endemism,
and irreplaceability of ecosystems (Meyers et al., 2000; Olson & Dinerstein, 2002). Examples
of these unique ecosystems are the highland forests of northern Central America: cloud and
pine-oak forests, which provide vital ecosystem services such as freshwater (Aldirch et al.,
2000), soil erosion control, and climate regulation (Kappelle & Juérez, 2006). However, despite
its importance, the Central American Pine-Oak Forest Ecoregion (CAPOE hereafter) faces
similar threats to other forested ecosystems, including land-use change, degradation, and
fragmentation mainly resulting from advances of the agricultural frontier (Hernandez-Bafios et
al., 1995; Lineal & Laituri, 2013; Kappelle, 2006) and is currently considered an endangered
ecosystem (Olson & Dinerstein, 2002). Likewise, and despite being the most densely populated
and deforested country in continental America (Dull, 2008; Crespin & Simonetti, 2015), the
highland forests of northern El Salvador are still a refugee for several endemic and threatened
birds such as the globally endangered golden-cheeked warbler (Setophaga chrysoparia)
(Rappole et al., 1999; Vallely & Dyer, 2018). Several species new to science have been found
in this region, such as Hampea reynae, Casearia sanchezii, Petrejoides salvadorae, and
Lempira metapanensis (Fryxell, 1980; Schuster, 1989; Linares & Angulo, 2009; Rowell, 2012),
and large and medium-sized mammals such as pumas (Puma concolor) and collared peccaries
(Pecari tajacu) are almost restricted to the northern forests of El Salvador (Castillo-Mendoza,
2017; Argueta-Rivera et al., 2020; Morales-Rivas et al., 2020), highlighting the importance of
this region for biodiversity conservation.

In combination with abiotic factors (e.g., climate, topography, and soils), agriculture and other
human activities are essential drivers in shaping landscape patterns (Foley et al., 2005; Turner
& Gardner, 2015). The interaction of these factors creates heterogeneous landscapes consisting
of different land covers and land uses which are usually intertwined across gradients of



agricultural intensification (Foley et al., 2005; Fischer & Lindenmayer, 2007). The multiple
possible combinations of land covers and land uses have direct impacts on biological
communities persisting in these landscapes, as well as in ecological processes (Gustafson, 1998;
Fischer & Lindenmayer, 2007; Katayama et al., 2014). Among these biological communities,
birds, key organisms in seed dispersal and pollination processes (Whelan et al., 2008), are
sensitive to forest loss and fragmentation (Sekercioglu et al., 2004), making them an ideal
subject for studying impacts of fragmentation and landscape patterns on biodiversity.

Birds respond differently to local and landscape scale factors. Bird abundance is correlated to
vegetation structure at the local scale, including tree density, tree height, and tree diameter
(Calamari et al., 2018; Bhakti et al., 2018). However, landscape pattern variables may be more
critical at predicting changes in bird species richness and diversity (Fahrig, 2003; Morante-Filho
et al., 2021). For instance, several studies have found that the amount of forest cover (i.e.,
landscape composition) is the most crucial variable predicting bird diversity (Fahrig, 2003;
Zurita & Bellocq, 2011; Carrara et al., 2015; Gongalves-Bonfim et al., 2021; Morante-Filho et
al., 2021), but that the spatial arrangement of different landscape elements (i.e., landscape
configuration) can also play an important role shaping the bird community (Westphal et al.,
2003; Haddad et al., 2015; Calamari et al., 2018). Traditional approaches to studying bird
communities persisting in human-modified landscapes have focused on the patch-level
characteristics (i.e., vegetation structure and composition). However, fragmentation is a
landscape-level process (Fahrig, 2003; Radford & Bennet, 2007) with possible direct impacts
on these communities; therefore, it is essential to design studies that take into consideration
landscape patterns which can help better understand bird responses to land-use change (Radford
& Bennet, 2007).

Assessing the relationships between biological communities and landscape elements is critical
to inform biodiversity conservation strategies. Biodiversity dynamics cannot be fully understood
without considering the influence of the surrounding landscape (Mazerolle & Villard, 1999;
Dauber et al., 2003; Walz & Syrbe, 2013). At such, studies that have considered the landscape
for biological conservation have recommended the maximization of forest area, prioritization of
large patches of forest, increase of the narrowest sections of large patches to avoid edge effects,
and increase the benefits of a permeable matrix (Stouffer & Bierregaard, 1995; Ewers &
Didham, 2008; Uezu & Metzger, 2011; Goncalves-Bonfim et al., 2021). However, studies at
the landscape level are scarce in the Central American region (but see Cerezo et al., 2010; 2016),
particularly in El Salvador.

In this study, we assess the effect of different landscape composition and configuration metrics
and local-scale vegetation variables on bird communities of the pine-oak forests in four regions
of northern El Salvador. Despite the ecological importance of the highland forest ecosystems,
few studies of bird communities have been carried out in the pine-oak forests in El Salvador. To
our knowledge, none of them has evaluated landscape effects. Our research questions aim to
answer: Are studied regions different in bird richness, abundance, and diversity? At which scale,
bird richness, abundance, and diversity respond (i.e., local vegetation or surrounding landscape).
Do different bird feeding guilds respond differently to landscape patterns and local vegetation?
Testing whether local and landscape variables are good predictors of bird richness, abundance
and diversity can provide elements that will help inform conservation strategies aiming to
conserve the pine-oak ecosystem and the associated bird communities.



Methods
Study area

The CAPOE ranges from Chiapas (southern Mexico) to the northwestern region of Nicaragua,
covering an area of 103,842.71 km?, out of which an estimated 26,728.35 (26%) remains
forested (ACBPEM, 2008). Vegetation on this ecoregion is characterized by the dominant
presence of pines (Pinus spp.) and oaks (Quercus spp.) (ACBPEM, 2008; WWF, 2021). In El
Salvador, the pine-oak forests were formerly widespread at elevations ranging from 800 to 2000
m a.s.l., but have been reduced to the extent that nowadays can only be found in some northern
parts of the country, usually in association with other tree species such as Cedrella spp. and
Liquidambar styraciflua (Lauer, 1953; Harcourt & Sayer, 1996). According to Holdridge’s Life
Zone Classification, three main life zones can be found across the CAPOE, the very humid
subtropical forests with an annual temperature oscillating between 12 to 24 °C, the humid
tropical forests with an annual mean temperature of 24 °C, and the very humid montane forests
with an annual temperature oscillating between 18 to 24 °C, all three life zones have annual
precipitation between 2000 to 4000 mm (Holdridge, 1978).

In El Salvador, pine-oak forests are primarily found in Morazén, Chalatenango, and Santa Ana.
The main economic activity in these departments is agriculture (e.g., corn planting and cattle
raising) (DIGESTYC, 2019). However, human migration (exacerbated by the 1980 civil war),
rugged topography, poor soils, and relatively low population density made agriculture activities
impractical in some areas, allowing the preservation of forests patches (Masing, 1962; Pagiola
& Dixon, 1998; Binford, 2013). Many of these areas where forests persist are considered critical
for biodiversity conservation (Henriquez, 2009), providing habitat to several bird species not
known to occur anywhere else in the country, including the pheasant cuckoo (Dromoccocyx
phasianellus) and fulvous owl (Strix fulvescens), both populations of these species are
considered to be of least concern according to the IUCN Red List of Threatened Species but
present decreasing population trends. The highland guan (Penelopina nigra) is another species
associated with the CAPOE forests and is considered to have vulnerable populations with
decreasing trends (Thurber et al., 1987; Komar, 2002; IUCN, 2021).

Site selection

The main criteria considered for the selection of our study regions were: (i) areas with the
presence of pine-oak forests, (ii) accessibility, and (iii) security (i.e., the selected region was
considered safe to conduct fieldwork). Based on these criteria we selected four regions:
Montecristo, Miramundo, EI Manzano and Morazan (Figure 1). Montecristo is the most well-
known and studied of the four regions selected, including the Montecristo National Park
(MCNP). In this region, dry forests, pine-oak forests, cypress plantations, and cloud forests are
the dominant ecosystems (Cardoza-Ruiz, 2011). Miramundo is dominated by pine-oak and
cloud forests, although these forests have been significantly reduced mainly due to agricultural
expansion (Daugherty, 1973). Morazan has pine-oak and deciduous forests (Herrera-Serrano &
Dominguez-Miranda, 2020), while EI Manzano has been poorly studied, and little information
is available about this region; however, in terms of forests, it is dominated by pine-oaks
(Bolafios, 2009). In general, except for the MCNP and recent work conducted in Morazan, very
few studies have been carried out in the northern parts of EI Salvador.
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Figure 1

Diagram depicting (i) location of El Salvador related to other Central American countries, (ii)
study regions, and (iii) point-counts within study regions. A= Montecristo, B= El Manzano,
C= Miramundo and D= Morazan. In each study region, the white filled circles indicate
locations where bird point-counts and local vegetation data was collected; and the black open
circles illustrate buffers around these locations where landscape metrics were calculated at
four different scales

Bird surveys

In each of the four study regions, we established five study sites where we established point-
counts to assess bird communities (Figure 1). Bird point-counts were separated by a minimum
linear distance of 500 m to secure the independence of observations. They were established 30
m from the patch edge to avoid the edge effect. Each point-count was visited five times from
January to April 2021. We used a latin square sampling design to ensure we evaluated each
point-count at a different time of the day in each of the five visits. We used 30 m fixed-radius
point-counts and evaluated them for 10 min following Ralph et al. (1996); however, all birds
detected (i.e., whether seen or heard) within or beyond the 30 m fixed-radius were recorded.
Additionally, based on Stotz et al. (1996) and Komar & Dominguez (2001), we classified
detected birds into highland forest specialists (i.e., birds that inhabit only in a specific highland
forest), highland forest generalists (i.e., birds that inhabit in any highland forest), forest
generalists (i.e., birds that inhabit any forest) and generalists (i.e., birds that can be found in any
habitat). We also classified birds according to their feeding guild in (i.e., frugivores,
insectivores, omnivores, and nectarivores), based on information available from Billerman et al.
(2021). Lastly, we reviewed the local conservation status according to the Ministry of



Environment of El Salvador (MARN) (MARN, 2015) and the International Union for
Conservation of Nature’s Red List of Threatened Species (IUCN, 2021).

Local vegetation sampling

To assess local vegetation structure, we randomly established two 4 x 20 m plots in the areas
surrounding bird point-counts. We measured all arboreal individuals whose diameter at breast
height (DBH) was > 20 cm. All measured individuals were identified at the species level, and
their height was estimated using a Rangefinder (Bushnell V5). Species identification was
conducted with the help of botanists from the La Laguna Botanical Garden, El Salvador.

Land use map

We used Rapid Eye satellite images from 2016 with a spatial resolution of 10 m and generated
land use maps for selected study regions. The images were first pre-processed to solve issues
caused by clouds and shades. Then, we created the following thematic legends: pine-oak forest,
broadleaf forest, pastures, croplands, coffee plantations, and bare ground. We used the Random
Forest algorithm (randomForest) for the classification, one of the most commonly used
supervised classification methods due to its robustness and ease of interpretation (Canovas-
Garcia, 2016). We used the R Statistics software for the classification process. Our final pine-
oak classification corresponds to an association between Pinus spp., Quercus spp., and other
plant species (Siles et al., 2017).

Landscape metrics

We calculated nine different metrics at each study site to evaluate landscape characteristics at
landscape and class level (Table 1). Selected metrics have been previously used to assess the
effect of landscape characteristics on avian communities (Trzcinski et al., 1999; Magness et al.,
2006; Rehm & Baldassarre, 2007; Zurita & Bellocq, 2010; Morelli et al., 2013; Peak &
Thompson, 2013; Carrara et al., 2015).

We used FRAGSTATS (McGarigal et al., 2012) to calculate all metrics based on the 8-cell
neighborhood rule. Class-level metrics were calculated for both pine-oak and broadleaf forest
classes. Metrics were calculated at four scales by creating buffer zones (i.e., 100, 300, 500, and
1000 m radius) around each study site (i.e., bird point-counts and local vegetation data were
collected). Buffers at 500 and 1000 m had a considerable overlap between each other; however,
Zuckerberg et al. (2012) found no evidence that overlapping buffers are a problem for statistical
analysis. Several metrics are theoretically related; therefore, to avoid redundancy, we selected
independent metrics and provided additional instead of redundant information (Cushman et al.,
2008).

Table 1
Selected landscape metrics and their definition based on McGarigal et al. (2012)

Level Metric Definition Range (units)
Landscape Landscape LSI is a measure of landscape LSl > 1, without limit (none)
shape index disaggregation. The greater LSI = 1 when the landscape

(LSI) the value of LSI, the more

ists of a singl h of
dispersed are the patch types consists of a single square patch o

the corresponding type; LSI




Landscape

Landscape

Landscape

Class

Contagion
index

(CONTAG)

Patch richness
(PR)

Shannon
diversity index

(SHDI)

Percentage of
landscape

(PLAND)

(classes) LSI measures the
perimeter-to area ratio for the
landscape as a whole, and it
can also be interpreted as a
measure of the overall
geometric complexity of the
landscape. LSI provides a
standardized measure of total
edge or edge density that
adjusts for the size of the
landscape.

CONTAG summarizes both
class dispersion (i.e., the
spatial distribution of a patch
type) and interspersion (i.e.,
the intermixing of units of
different patch types). It is
based on cell adjacencies and
the probability of finding a
cell type i next to cell type j.

PR measures the number of
different patch types in the
landscape. Patch richness is
partially affected by scale,
and larger areas are richer
because there is generally
more significant
heterogeneity than in smaller
areas.

SHDI refers to the diversity
of patches in the landscape. It
is a measurement of diversity
used in ecology, applied here
to landscapes.

PLAND equals the
percentage of the landscape

increases without limit as
landscape shape becomes more
irregular or as the length of edge
within the landscape of the
corresponding patch type
increases.

0 < CONTAG <100 (percent)

Holding dispersion constant, a
landscape in which the patch types
are well interspersed will have

lower contagion than a landscape
in which patch types are poorly
interspersed. Also, holding

interspersion constant, a landscape
in which the patch types are
aggregated into larger, contiguous
patches will have a more
significant contagion than a
landscape in which the patch types
are fragmented into

many small patches.

PR > 1, without limit (none)

SHDI > 1 (none)

SHDI = 0 when the landscape
contains only 1 patch (i.e., no
diversity) and increases as the
number of different patch types
increases or the proportional
distribution of area among parch
types becomes more equitable

0 < PLAND <100 (percent)

PLAND approaches 0 when the
corresponding patch type (class)
becomes increasingly rare in the
landscape. PLAND = 100 when




comprised of the
corresponding patch type
(class)

the entire landscape consists of a
single patch type; that is when the
entire image is comprised of a

single patch.

Class Number of NP refers to the number of NP > 1, without limit (none).
patches patches of a given patch type NP = 1 when the landscape
(NP) (cla_ss). Itis the most contains only 1 patch of the

straightforward measure of o resnonding patch type, i.e.
subdivision. when the class consists of a single
patch.

Class Edge density ED equals the sum of the ED > 0, without limit (meter per
(ED) lengths (m) of all edge hectare).

segments (ljr?volvmghthe ED = 0 when there is no class
corresponding patch type edge in the landscape; the entire
(class, divided by the total landscape consists of the
landscape area). corresponding patch type.

Class Mean ENN_MN is the straight-line  ENN > 0, without limit (meters).
Euclidean distance to the nearest ENN approaches 0 as the distance
nearest neighboring patch of the to the nearest neighbor decreases.
neighbor same patch type, based on the
distance distance between cell centers
(ENN_MN) of the two 9Iosest cells form

the respective patches.
Constitutes the most
straightforward measure of
patch isolation.

Class Aggregation Al is the ratio of the observed 0 < Al <100 (%)
index number of like adjacencies to (percent)
(Al) the maximum possible '

number of like adjacencies,
expressed as a percentage.

Al equals 0 when the patch types
are maximally disaggregated (i.e.,
when there are no like
adjacencies); Al increases as the
landscape is increasingly

aggregated and equals 100 when
the landscape consists of a single
patch.

Statistical analysis

First, to explore similarities in species composition among studied regions, we ran a Principal
Component Analysis (PCA) with species whose individuals accounted for 75% of the total
accumulated frequency. Then, to evaluate relationships between the bird communities of the
pine-oak forests and local vegetation structure and landscape metrics, we performed a stepwise
regression method, which involves the selection of predictor variables to evaluate their
predictability capacity. We checked for multicollinearity based on the Variance Inflation Factor
(VIF), variables with a VIF more significant than 10 were excluded from the analyses. We used
bird species richness (SR), Shannon-Wiener index (SWI), Simpson index (SI), and abundance



as response variables and vegetation structure and landscape metrics as predictors variables.
Vegetation structure variables included the Shannon-Wiener index (SWIv) and Simpson index
(SIv) and average DBH and height. Landscape metric variables included the nine metrics (Table
1) calculated at four different scales (i.e., 100, 300, 500, and 1000 m radius). The graphical study
of residuals assessed normality and homoscedasticity assumptions. We also summarized all
vegetation structure variables in a single value using a PCA, taking the values along the first
PCA axis to measure vegetation complexity.

We explored the relationship between bird abundance (classified according to habitat preference
and feeding guild), vegetation structure, and landscape metrics. Overdispersion was detected by
assessing the relationship between the deviance and degrees of freedom; whenever this
relationship was > 2.5, we used a Negative Binomial distribution instead of a Poisson
distribution. All statistical analyzes were conducted using the InfoStat software (Di Rienzo et
al., 2021) and its R interface (R Core Team, 2021). We considered that there was a significant
relationship between variables when p-value < 0.05.

Results
Bird community

We registered 600 bird individuals belonging to 93 species and 30 families. EI Manzano
presented the highest species richness (46), followed by Miramundo (41), Montecristo (39), and
Morazan (32). Only three species were shared between regions, Yellow-backed Oriole (Icterus
chrysater), Dusky-capped Flycatcher (Myiarchus tuberculifer), and Black-throated Green
Warbler (Setophaga virens). In terms of species diversity, we found the highest SWI for
Montecristo (2.60), followed by EI Manzano (2.58), while Miramundo and Morazan mean SWI
corresponded to 2.50 and 2.33, respectively. The mean SI was relatively similar between
Montecristo, Miramundo, and EI Manzano (0.66, 0.60, and 0.64 respectively), but for Morazéan
was smaller (0.09).

Out of the 93 bird species detected, 81% were residents, 18% were migratory, and 1% were
classified as transient. Based on their preferred diet, 57% were classified as insectivores, 13%
as omnivores, 12% as frugivores, 6% respectively as granivores and nectarivores, and 3% as
carnivores. Regarding habitat preference, 37% of the species were classified as generalists, 28%
as highland forest specialists, 18% as forest specialists, and 17% as highland forest generalists.
The most common species detected was the bushy-crested jay (Cyanocorax melanocyaneus),
followed by the brown-backed solitaire (Myadestes occidentalis) and the slate-throated warbler
(Myioborus miniatus). Thirty-four out of the 93 species detected represented 75% of all
individuals registered across all study sites (Table 2). Also, we found 10 species that are locally
threatened according to local authorities (MARN, 2015), of which only one had a global
conservation status, the Highland Guan (Penelopina nigra), considered globally Vulnerable
(IUCN, 2021).

Comparison between regions

The analysis of species composition revealed along Axis 1 (PC1 22.8%) that Montecristo and
Miramundo bird community composition differed from those in Manzano and Morazan, and
that communities from Montecristo and Miramundo were more similar between them in
comparison with those from El Manzano and Morazan (Figure 2).
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Figure 2

Principal component analysis with species whose individuals accounted for 75% of the total
accumulated frequency detected across regions. Only six-letter code-names shown on the
figure, for a complete name of species, see Table 2

Vegetation

We measured 309 trees from which we identified 29 species belonging to 19 families. Out of
these 29 species, six could only be identified to the genus level. Most individuals were Pinus
sp. (23%). Other dominant species found were Quercus elliptica (15%) and Pinus oocarpa
(12%). Perymenium grande (3%) and Myrsine juergensenii (3%) were also frequent. Species
richness was higher in Montecristo, with 21 species, followed by Miramundo (12 species), El
Manzano (9 species), and Morazan (6 species). We found five species locally threatened
according to local authorities (MARN, 2015), two of which had a global conservation status,
Red Pine (Pinus tecunumanii) and Casearia sanchezii, respectively listed as Vulnerable and
Endangered (IUCN, 2021).
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Table 2

Bird species representing 75% of all individuals registered across study sites. Status refers to whether the species are R= residents or M=
neotropical migrants. IUCN status, LC= least concern. IUCN trends refer to whether the population trend is S= stable, D= decreasing, I=
increasing or U= unknown. AA= accumulated abundance, RA= relative abundance and ARA= accumulated relative abundance. Taxonomy
according to the American Ornithological Society (AOS), including updates of Chesser et al. (2020); IUCN status, and trends (IUCN, 2021)

Family Scientific name Alpha English name Status IUCN IUCN AA RA ARA
code StUs  yrengs
Corvidae Cyanocorax melanocyaneus CYAMEL  Bushy-crested Jay R LC S 36 0.06 0.06
Turdidae Myadestes occidentalis MYAOCC  Brown-backed Solitaire R LC D 25 0.04 0.10
Parulidae Myioborus miniatus MYIMIN Slate-throated Redstart R LC D 24 0.04 0.14
Parulidae Leiothlypis peregrina LEIPER Tennessee Warbler M LC S 22 0.04 0.18
Icteridae Icterus chrysater ICTCHR Yellow-backed Oriole R LC D 20 0.03 0.21
Troglodytidae  Cantorchilus modestus CANMOD  Cabanis's Wren R LC U 19 0.03 0.24
Parulidae Cardellina pusilla CARPUS Wilson’s Warbler M LC D 18 0.03 0.27
Parulidae Myioborus pictus MYIPIC Painted Redstart R LC D 18 0.03 0.30
Paserellidae Chlorospingus flavopectus CHLFLP Common Chlorospingus R LC D 17 0.03 0.33
Parulidae Setophaga graciae SETGRA Grace’s Warbler R LC D 16 0.03 0.36
Tyrannidae Myiarchus tuberculifer MYITUB Dusky-capped Flycatcher R LC D 16 0.03 0.39
Parulidae Setophaga virens SETVIR Black-throated Green M LC D 15 0.03 0.41
Warbler
Corvidae Calocitta formosa CALFOR White-throated Magpie-Jay R LC S 15 0.03 0.43
Peucedramidae Peucedramus taeniatus PEUTAE Olive Warbler R LC D 14 0.02 0.46




Emberizidae
Icteridae
Ramphastidae
Columbidae
Picidae
Picidae
Cardinaildae
Turdidae
Picidae
Trochilidae
Cardinalidae
Trogonidae
Psittacidae
Trochilidae
Corvidae
Momotidae
Tyrannidae
Cardinalidae
Tyrannidae

Fringillidae

Aimopbhila rufescens
Dives dives
Aulacorhynchus prasinus
Zenaida asiatica
Melanerpes formicivorus
Colaptes rubiginosus
Piranga flava

Turdus grayi
Melanerpes aurifrons
Hylocharis leucotis
Piranga bidentata
Trogon collaris
Amazona albifrons
Colibri thalassinus
Cyanaocitta stelleri
Aspatha gularis
Empidonax hammondii
Piranga ludoviciana
Contopus pertinax

Euphonia elegantissima

AIMRUS
DIVDIV
AULPRA
ZENASI
MELFOR
COLRUB
PIRFLA
TURGRA
MELAUR
HYLLEU
PIRBID
TROCOL
AMAALB
COLTHA
CYASTE
ASPGUL
EMPHAM
PIRLUD
CONPER
EUPELE

Rusty Sparow
Melodious Blackbird

Northern Emerald-Toucanet

White-winged Dove
Acorn Woodpecker
Golden-olive Woodpecker
Hepatic Tanager

Clay-colored Thrush

Golden-fronted Woodpecker

White-eared Hummingbird
Flame-colored Tanager
Collared Trogon
White-fronted Parrot
Mexican Violetear
Steller’s Jay

Blue-throated Motmot
Hammond's Flycathcer
Western Tanager

Greater Flycatcher

Elegant Euphonia
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0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

0.48
0.50
0.52
0.54
0.56
0.57
0.59
0.60
0.61
0.63
0.64
0.66
0.67
0.68
0.69
0.70
0.72
0.73
0.74
0.75
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Relationships between local vegetation, landscape metrics, and bird diversity

Bird species richness positively responded to pine-oak patch isolation, pine-oak forest
percentage of cover and edge density of broadleaf forest at 500 m scale, and negatively to edge
density of broadleaf forest at 1000 m scale (Figure 3). Bird SWI positively responded to pine-
oak aggregation index (Figure 4), while Sl positively responded to broad leaf forest edge
density, both at the 500 m scale (Figure 5). The scale at which landscape metrics better predicted
bird richness and diversity changes was in those landscapes with a 500 m radius (Table 3).
Across all models, all but one explicatory variable was positively correlated with the response
bird diversity variables. We did not find any significant correlation between birds’ richness and
diversity and vegetation variables.

Table 3

Significant relationships between bird community response variables and landscape metrics.
SR= Species richness, SWI= Shannon-Wiener index, SI= Simpson index (SR R?>=0.79, SWI
R?=0.51, SI R?= 0.43). ENN_MN= Euclidean mean distance, Al= Aggregation index, ED=
Edge density, PLAND: percentage of cover.

Bird community

Level Metrics (scale in m) Metric type SR SWiI Sl
Class  Pine-oak ENN_MN (500) Configuration 0.00010

Class  Pine-oak Al (500) Configuration 0.00300

Class  Pine-oak ED (500) Configuration 0.00360
Class  Pine-oak forest PLAND (500) Composition  0.00100

Class  Broad-leaf ED (500) Configuration 0.00120

Class  Broad leaf forest ED (1000) Configuration 0.00400
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Figure 3

Scatter plots depicting partial regressions of significant relationships between bird species
richness and landscapes variables. Scale at which metrics were calculated is within
parenthesis
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Pine-oak forest aggregation index (500 m)

Figure 4
Scatter plot depicting the significant relationships between bird Shannon-Wiener index and
Pine-oak aggregation index at 500 m scale
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Figure 5
Scatter plot depicting the significant relationships between Simpson index for birds and Pine-
oak edge density at 500 m scale

Relationships between birds preferred habitat and landscape metrics

In this analysis, we found significant relationships between the abundance of birds of specific
feeding guilds. We found significant relationships between the abundance of birds of specific
habitat preference and all nine landscape metrics at the four scales. The scales at which metrics
better predicted changes in bird abundance were 500 m, except for highland forests specialist
birds which only responded to landscape configuration at 300 m scale. At a 500 m scale, forest
generalists were positively related to the number of patches and edge density of pine-oak forest
and patch richness and negatively to the pine-oak forest aggregation index. Highland forests
generalists were positively related to the percentage of pine-oak forest cover, edge density of
pine-oak forest and aggregation index, and percentage of broadleaf forest cover, and were
negatively related to LSI and broadleaf forest edge density (Table 4).

Table 4

Significant relationships between bird abundance per habitat preferences and landscape
metrics. HFS= Highland forests specialists, HFG= Highland forests generalists, FG= Forests
generalists, G= Generalists. ED= Edge density, PLAND= percentage of the landscape of
patch type, NP= number of patches, PR= patch richness, SHDI= Shannon s diversity index,
Al= Aggregation index, LSI= Landscape shape index, ENN_MN= Euclidean mean distance,
CONTAG= Contagion index

Habitat preferences

Level Metrics (scale in m) Metric type HFS HFG FG G
Class Pine-oak forest ED (100) Composition 0.0088
Class Pine-oak forest PLAND (100)  Composition 0.0049 0.0014
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Class

Class
Class
Landscape
Landscape
Landscape

Class

Class
Class
Class
Landscape
Landscape
Landscape
Landscape
Class
Class
Class
Class

Class

Class
Class
Class
Class
Class
Class

Class

Class

Broad-leaf forest PLAND
(100)

Pine-oak forest NP (100)
Broad-leaf forest NP (100)
PR (100)

SHDI (100)

SHDI (300)

Broad-leaf forest PLAND
(300)

Pine-oak forest PLAND (300)
Broad-leaf forest Al (300)
Pine-oak forest Al (300)
LSI (300)

PR (300)

PR (500)

LSI (500)

Pine-oak PLAND (500)
Pine-oak forest NP (500)
Broad-leaf ED (500)
Pine-oak forest ED (500)

Broad-leaf forest ENN_MN
(500)

Broad-leaf forest Al (500)
Pine-oak forest Al (500)
Pine-oak forest ED (1000)
Broad-leaf forest ED (1000)
Pine-oak forest NP (1000)
Pine-oak ENN_MN (1000)

Broad-leaf forest ENN_MN
(1000)

Pine-oak forest Al (1000)

Composition

Configuration
Configuration
Composition
Composition
Composition

Composition

Composition
Configuration
Configuration
Configuration
Composition
Composition
Configuration
Composition
Configuration
Configuration
Configuration

Configuration

Configuration
Configuration
Configuration
Configuration
Configuration
Configuration

Configuration

Configuration

0.0119
0.0302

0.0234
0.0328
0.0005

0.0007
0.0059

0.0094
0.0001

0.0327
0.0197

0.0484

0.0135

0.0012

0.0421
0.0161

0.0161

0.0038

0.0093
0.0034

0.0303

0.0079

0.0286
0.0020

0.0005
0.0002
0.0029

0.0091

0.0226

0.0318

0.0061

0.0248

0.0089
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Landscape = CONTAG (1000) Configuration 0.0006 0.0023
Landscape = SHDI (1000) Composition 0.0165

Relationships between birds’ feeding guild and landscape metrics

In this analysis, we found significant relationships between the abundance of birds of specific
feeding guilds and all nine landscape metrics at the four scales. The scales at which metrics
better predicted changes in bird abundance were 1000 and 500 m (Table 5). Frugivores,
omnivores and nectarivores better responded to landscape pattern than insectivores. At a 1000
m scale, frugivores were positively correlated to patch isolation and cover percentage of
broadleaf forest and percentage of pine-oak forest cover but negatively associated with the
number of patches and edge density of the broadleaf forest, and with Shannon diversity index
of patches and with landscape shape index. Nectarivores were negatively associated with edge
density and cover percentage of broadleaf forest. Omnivores were positively associated with
pine-oak forest and broadleaf forest patch isolation but negatively with edge density of the pine-
oak forest. At a 500 m scale, frugivores responded positively to broadleaf forest patch isolation
and edge density and Shannon diversity index of patches, and negatively to edge density of the
pine-oak forest, the number of patches of broadleaf forest, and to contagion index. Nectarivores
were positively correlated with the Shannon diversity index of patches and patch richness but
negatively to the percentage of pine-oak forest cover. Finally, omnivores were positively
correlated with edge density of pine-oak forest and contagion index but negatively to patch
isolation of pine-oak and broadleaf forest (Table 5).

Table 5
Significant relationships between birds’ guild and landscape metrics. Fr= Frugivore, In=
Insectivore, Om= Omnivore, Ne= Nectarivore, Gr= Granivore

Feeding guild
Level Metrics (scale in m) Metric type Fr In Om Ne Gr
Class Pine-oak forest Composition 0.0006
PLAND (100)
Landscape PR (100) Composition 0.0011 0.0066
Landscape CONTAG (100) Configuration  0.0250
Class Broad-leaf forest Composition 0.0006
PLAND (100)
Class Pine-oak forest NP Configuration 0.0127
(100)
Class Broad-leaf forest Composition 0.0047 0.0063
PLAND (300)
Class Broad-leaf forest Configuration 0.0186

NP (300)
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Class

Class

Class

Landscape

Landscape
Landscape
Landscape
Landscape

Class

Class

Class

Class

Class

Class

Landscape

Class

Class

Class

Class

Landscape

Pine-oak forest NP

(300)

Broad-leaf forest

ED (300)

Pine-oak forest ED

(300)

Broad-leaf forest Al

(300)

CONTAG (300)

SHEI (300)
SHEI (500)
PR (500)

Broad-leaf forest

NP (500)

Pine-oak forest
PLAND (500)

Broad-leaf forest

ED (500)

Pine-oak forest ED

(500)

Broad-leaf

ENN_MN (500)

Pine-oak forest

ENN_MN (500)
CONTAG (500)

Broad-leaf forest Al

(1000)

Pine-oak forest

ENN_MN (1000)

Broad-leaf forest
ENN_MN (1000)

Pine-oak forest ED

(1000)

Broad-leaf ED
(1000)

Configuration

Configuration

Configuration

Configuration

Configuration
Composition
Composition
Composition

Configuration

Composition

Configuration

Configuration

Configuration

Configuration

Configuration

Configuration

Configuration

Configuration

Configuration

Configuration

0.0121
0.0316
0.0057

0.0147

0.0012

0.0007

0.0315

0.0001

0.0001

0.0342

0.0459

0.0219

0.0142

0.0259

0.0177

0.0064

0.0032

0.0071

0.0254

0.0005

0.0075

0.0081

0.0378

0.0109
0.0086
0.0098
0.0015

0.0034

0.0367

0.0047

0.0394

0.0061
0.0052
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Class Broad-leaf forest Configuration  0.0071

NP (1000)
Class Broad-leaf forest Composition 0.0233 0.0019
PLAND (1000)
Class Pine-oak forest Composition 0.0001 0.0442
PLAND (1000)
Landscape LSI (1000) Configuration  0.0001 0.0053
Landscape CONTAG (1000) Configuration  0.0001 0.0316 0.0447
Landscape SHEI (1000) Composition 0.0003
Discussion
Vegetation

Except for studies conducted on the MCNP, the floristic composition of El Salvador’s pine-oak
forests is poorly studied. However, some studies have reported Pinus oocarpa and Quercus
elliptica as abundant species (Murillo-Contreras, 2002; PRISMA, 2005). Cardoza-Ruiz (2011)
found that P. oocarpa Q. segoviensis and Q. elliptica were the three most ecological relevant
species in the pine-oak forest of MCNP according to the Importance Value Index (IV1) (which
was based on abundance, frequency, and basal area). Our results agree with these findings since
Q. elliptica and P. oocarpa were the most abundant species across our study regions. We also
found a greater species richness in the Montecristo and Miramundo regions located at higher
altitudes (nearly 800 m higher than EI Manzano and Morazéan) and have a steeper topography
than the EI Manzano and Morazan regions. Diversity of vegetation decreases linearly with
elevation (Gentry, 1993); however, in pine-oak forests, Siles et al. (2017) found greater species
richness in vegetation plots at higher altitudes in the pine-oak forests of Nicaragua compared to
those at lower elevations. Differences in elevation and topographic features across our study
regions can partially help explain differences in vegetation; however, other factors can also
influence these differences, such as the fact that Montecristo holds a protected area (the MCNP),
anthropogenic fires (Lineal & Laituri, 2013), soil differences between regions, as soils in
Montecristo are not the same as in Morazan (Vogt, 1946) and soil use, in previous decades, for
productive activities (i.e., agriculture & mining) (Masin, 1963).

Bird communities in highland forests of El Salvador

More than 50% of the total birds recorded across our study regions were insectivores. The fact
that pines (Pinus sp.) and oaks (Quercus sp.) are the most common trees found in our study area
and that these species lack any fleshy fruit could explain the dominance of insectivorous birds.
Martin & Karr (1986) found evidence that indicated that the presence of insectivore and
frugivore birds in forest gaps was driven by resource availability. Other studies have suggested
that tree species might provide different food resources for birds, determining certain species’
presence or abundance (Balda, 1969; Holmes & Robinson, 1981). The majority of the birds we
found were generalist (i.e., birds that can be found and any habitat) and highland forest
specialists (i.e., birds that inhabit only in a specific highland forest), among generalist birds,
resident species included the golden-olive woodpecker (Colaptes rubiginosus), house wren
(Troglodytes aedon) and great-tailed grackle (Quiscalus mexicanus), while migratory species
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included wilson’s warbler (Cardellina pusilla), tennessee warbler (Leiothlypis peregrina) and
western tanager (Piranga ludoviciana). Migratory species are known to use a wide range of
habitats in their wintering grounds (Terborgh, 1980); however, both residents and migratory
species we found are known to be frequent in a variety of ecosystems, such as coffee plantations,
urban and open areas and even in pine-oak forests (Vannini, 1994; Komar, 2002; Pablo-Cea et
al., 2018), some of these ecosystems were present in our study areas. Almazan-Nunez et al.
(2018) found similar results in a study conducted in pine-oak forests in México. As expected,
several of the highland forest specialists that we recorded are characteristic of the pine-oak
forests, such as painted warbler (Myioborus pictus), grace’s warbler (Setophaga graciae), olive
warbler (Peucedramus taeniatus), yellow-backed oriole (Icterus chrysater), and brown creeper
(Certhia americana) (Komar, 2002; Herrera-Serrano & Dominguez-Miranda, 2020).

Differences in species richness and composition were found between regions. Both Montecristo
and Miramundo have cloud forests in the surrounding landscapes (Daugherty, 1973; Komar,
2002), which explains a greater highland bird"s diversity (Watson & Peterson, 1999). The
greater richness of generalist bird species in El Manzano and Morazan, characterized by higher
heterogeneity, may be compensatory dynamics, where extinction of specialist species is masked
by the colonization of better-adapted species (Supp & Ernest, 2014); therefore, species richness
might not be a good indicator of habitat quality (Ernst & Brown, 2001). Environmental variables
can also help explain the similarity and differences between regions; there is evidence that
elevation range, climatic diversity, and population isolation play an essential role in determining
changes in bird species richness across topographic reliefs (Janzen, 1967; Ruggiero & Hawkins,
2008). Hernandez-Bafios (1995) identified pine-oak forest types based on humidity patterns,
recognizing humid pine-oak and arid pine-oak forests; our study sites at the four regions may
fit well in these categories, being Montecristo and Miramundo regions humid pine-oak and El
Manzano and Morazan arid pine-oak, and thus, having differences in species composition,
which is reflected in the species composition analysis. Also, the relative arid conditions,
vegetation, and altitude might explain the lower highland forest specialist’s species richness and
dominance of generalist birds in EI Manzano and Morazan. However, the lack of information
in these regions restricts our ability to make more interpretations.

Surrounding landscape and bird species diversity and composition

We did not find any significant relationships between bird"s abundance, richness, and diversity
with local vegetation structure; these findings agree with studies that have found that landscape
structure is more important in determining bird community characteristics (Morante-Filho et al.,
2021). Similarly, Miller & Chambers (2007) found few significant relationships between the
bird community and local vegetation variables of a pine-oak forest in Mexico; neither species
richness nor abundance was correlated with vegetation variables. Evidence suggests that
significant relationships with local vegetation become visible when studying interactions with
species and are hardly visible at the community level (Ueze & Metzger, 2011).

Bird communities responded to landscape metrics, particularly to configuration rather than
composition metrics. Forest’s configuration has been considered of lesser importance (in
comparison with landscape composition) in shaping birds’ community in both temperate and
neotropical landscapes (Fahrig, 2003; Zurita & Bellocqg; 2010; Carrara et al., 2015; De Camargo
et al., 2018; Shoffner et al., 2018; Gongalves-Bonfim et al., 2021). However, few studies have
been conducted in the Neotropics in comparison with temperate areas. Neotropical birds have a
different evolutionary history than temperate birds, differing in climate adaptation, sedentarism,
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biological interactions, among others (Janzen, 1967; Skutch, 1985; Marra & Remsen, 1997;
Tobias et al., 2013), which could make them more sensitive to forest’s fragmentation (Stratford
& Robinson, 2005; Cerezo et al., 2010; Bregman et al., 2014). For example, pine-oak specialist
birds like the brown creeper (Certhia americana) are sensitive to edge effects (Poulin & Villard,
2011) and require dead trees for nesting and large-diameter trees for foraging (Pouling et al.,
2008; Geylense et al., 2016), and though little is known about the ecology of many bird species
in the CAPOE, the sensitivity of highland specialist bird species to forest fragmentation might
occur in this region. Moreover, highland birds are restricted in their spatial distribution by
altitudinal limits, which make them more sensitive to forest isolation (i.e., fragmentation)
(Kattan et al., 1994) in addition to habitat loss (i.e., deforestation).

Surprisingly, we found a significant and positive relationship between species richness and pine-
oak Euclidean mean distance (ENN_MN) and broadleaf forest edge density at the 500 m scale
(Table 8). ENN_MN is a metric of patch isolation that reflects the lack of habitat around the
patch (Farigh, 2003). This Euclidean mean distance only reflects the geographical distance
between patches and does not provide information about the matrix around patches, which
directly influences patches (Stouffer & Bierregaard, 1995; Antongiovanni & Metzger, 2005;
Bender & Fahrig, 2005). The matrix around our study areas comprises croplands and broadleaf
forests patches, which might be suitable for some generalist species that could penetrate pine-
oak forest patches. The spillover effect, which is the exchange or movement of organisms from
natural habitat to matrix areas or vice versa (Blitzer et al., 2012; Frost et al., 2015), can help
explain this positive relationship. Most of the species we found were generalist birds, which can
be the result of species venturing into isolated pine-oak forest patches from adjacent habitats to
take advantage of resources, increasing species richness at pine-oak forest patches. The spillover
effect could also help explain the positive relationship of SR with broadleaf forest edge density
at 500 m and 1000 m scale. This effect is amplified in fragmented and heterogeneous landscapes,
where interaction between native habitat and the matrix is more frequent (Blitzer et al., 2012;
Boesing et al., 2017; van Schalkwyk et al., 2020), being the matrix where generalist bird species
are most frequently found.

Forest generalists were associated positively with edge density and patch numbers of pine-oak
forests, but negatively with the pine-oak aggregation index. Forest edge has been associated
with adverse effects (Laurence et al., 2002; Banks-Leite et al., 2009), but other studies also have
found positive edge relationships with forest birds (Carrara et al., 2015). More patches mean
more edges, and complex fragments might ease colonization due to patch shape complexity
(Ewers & Didham, 2006). Forest generalists and other species can use patches as steppingstones
(Gillies & St. Clair, 2010). On the other hand, highland forest generalists increased with more
coverage of pine-oak and broadleaf forests, more of these forests implies more suitable habitat
(Fahrig, 2003); but responded negatively to edge related metrics, which is not strange, given
their forest dependence and sensibility to fragmentation (Kattan et al., 1994; Devictor, 2008).

Generalist birds tend to be reduced with forest amount (Carrara et al., 2015; Morante-Filho et
al., 2016). Aggregated patches can indicate more forest and, in the context of our study areas
(which are relative forested), isolated patches might be surrounded by other types of forest. This
could also help to explain the negative relationship of generalist birds with the number of
patches at 1000 m since more patches in our study areas might be due to fragmented patches of
forests. Generalist birds tend to use resources from different habitats (Devictor, 2008) and
inhabit less specialized communities (Julliard et al., 2006), an increase in forest amount might
reduce these resources (Morante-Filho et al., 2016), leading to a decrease in generalist birds.
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Concerning birds’ feeding guilds, nectarivores, granivores, and omnivores did not show a clear
pattern of relationships with landscape metrics; overall, they were positively associated with
edge and isolation-related metrics at both 500 and 1000 m scale. Species and these guilds use
diverse resources (Pineda-Diez et al., 2012) and might benefit from a diverse matrix where
edges and diverse habitats are frequent (Gray et al., 2007; Bregman et al., 2014). Frugivores, in
turn, showed a more robust negative response to edge density of both pine-oak and broadleaf
forests and were positively associated with pine-oak and broadleaf forest cover. Broad-leaf
Forest might provide more resources for frugivorous birds in pine-oak forests since fruit is
common in broadleaf forests, especially secondary forests (Leck, 1987; Levey, 1988), but also,
frugivorous birds can be affected by an increase of edges (Gray et al., 2007). The frugivores
species we found, like the northern emerald-toucanet (Aulacorhynchus prasinus) and collared
trogon (Trogon collaris), might use resources from both broadleaf and pine-oak forests such as
fruits and snags (usually dead pines) that provide nesting holes since these species are cavity
nesters (Skutch, 1956; Riley, 1986). Furthermore, frugivorous with a large body mass
(especially toucans & guans) are vulnerable to fragmentation (Kattan et al., 1994; da Silva &
Tabarelli, 2000); therefore, frugivorous in the pine-oak forest might be affected by edges and
loss of both pine-oak and broadleaf forests.

Contrary to our expectations, we found few significant relationships between landscape metrics
and insectivores. Evidence suggests that landscape fragmentation significantly affects
insectivores (Canaday, 1997; Lindell et al., 2007; Sekercioglu et al., 2002; Bregman et al.,
2014). We found them to be positively correlated with the contagion index, broadleaf forest
number of patches but negatively with pine-oak cover. Insectivorous birds such as foliage
gleaners and bark foragers have been related to vegetation structures such as DBH, number of
stems, and basal area (i.e., spatial variation at fine-scale) (Castafio-Villa et al., 2014). We found
a dominance of pine trees (Pinus spp.), which can be interpreted as structurally homogeneous
vegetation at the study sites, requiring insectivorous birds to use broadleaf forest resources. King
& Rappole (2000) found flocks of pine-oak insectivores like grace warbler (S. graciae), olive
warbler (P. taeniatus), slate-throated redstart (M. miniatus), and black-throated green warbler
(S. virens), which were common in our study, associated to open-canopy pine forest, or in some
cases with deciduous forest, suggesting that insectivores in these types of habitats move through
a gradient of vegetation, and do not adhere strictly to the pine-oak ecosystem.

Scale

We found that bird SR, SWI, and Sl responded mostly to landscape configuration metrics within
a 500 m radius. King & Rappole (2000) estimated 9.6 ha as minimum home ranges (175 m of
radio assuming circular home ranges) for flocks of insectivorous birds at the CAPOE (for C.
americana has been estimated 10 ha in North America (Pouling et al., 2008)), similar findings
have been found in the region by Carrara et al. (2015) and Cerezo et al. (2010). Our results
indicate that the landscape structure affects pine-oak bird communities at larger scales than their
home range sizes, suggesting that management decisions based solely on local-scale information
might not be the most effective (Drapeau et al., 2000). The scale of effect (i.e., the spatial extent
or scale at which environmental variables are considered biologically or statistically significant)
can be affected by dispersal, species traits, landscape, abundance variables, or even regional
context (Jackson & Fahrig, 2012; Miguet et al., 2016). In our relatively forested study sites,
dispersal distances may be more significant since habitat cover and habitat aggregation facilitate
movement (Miguet et al., 2016), and thus being affected forest fragmentation occurring at larger
scales than the estimated home range.
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Our key findings are that 1) bird communities that inhabit pine-oak forests are affected by both
habitat loss and habitat fragmentation, 2) broadleaf forests in the vicinity of pine-oak forest
patches might be critical for some species, and 3) edge effect might be negatively affecting birds
at the pine-oak forests (specially frugivores and insectivorous birds). In addition to reduce
habitat loss, increasing the number of good quality forest patches might promote the
conservation of bird communities persisting in these landscapes. Conservation practitioners and
stakeholders must reduce shape complexity by stopping forest fragments’ deforestation and
increasing patch size to enhance core areas (Ewers & Didham, 2008). Of all pine-oak forests in
El Salvador, only 1170 ha are being officially protected (1000 ha in MCNP and 170 ha in La
Ermita Protected Natural Area (Komar, 2002; MARN, 2016). The effectiveness of traditional
conservation approaches such as natural protected areas might be debatable or even
controversial in some regions of Mesoamerica (Harvey et al., 2008; Ramirez-Albores et al.,
2020); in the case of the MCNP seems to protect these otherwise endangered ecosystems within
El Salvador. However, with a shifting view to landscape restoration nationwide (Patel, 2021), it
is important to explore alternative conservation options that can guarantee the persistence of
pine-oak forests. Forest community management implemented at EI Manzano and other areas
in Chalatenango and Morazan seem to provide feasible alternatives for sustainable pine-oak
management. Further studies should explore the efficiency of these approaches independently
or in combination.

Our data and few other studies conducted in Miramundo (Mertens, 1952) suggest that this area
is critical for highland forest specialist birds and biodiversity in general. However, the
Miramundo area is not under any protection and faces various threats derived mainly from
agricultural expansion in this region; species like northern pygmy-owl (Glaucidium gnoma),
unspotted saw-whet owl (Aegolius ridgwayi) seems to be restricted to this region (and to the
nearby mountain of El Pital). Meanwhile, EI Manzano region holds habitat for the globally
endangered golden-cheeked warbler (S. chrysoparia) (Bolafios, 2009), so further studies will
likely unveil other species of conservation concern that persist in this region. Finally, even
though we found fewer bird species and highland forest specialists in the Morazan region, recent
studies conducted in this region have revealed its importance for biodiversity (Argueta-Rivera
et al., 2020; Funes & Pocasangre-Orellana, 2020; Morales-Rivas et al., 2020), and locally
endangered species such as King Vulture (Sarcorhpamus papa), Bat Falcon (Falco rufigularis)
and Northern Barred-Woodcreeper (Dendrocolaptes sanctithomae) have been recorded in this
area (MARN, 2015; eBird, 2021). Large parts of Morazan (and other northern forests) have been
little explored; thus, we urge more systematic and long-term studies to be conducted across the
Miramundo, EI Manzano, and Morazan regions. Among the limitations of our work is that our
bird samples were only in pine-oak forests and not in other areas with other land cover or uses.
Our analysis focused on the community-level, missing possible relationships at species-level
with the landscape structures. Further studies should focus on species ecology at these forests
that help us advance our understanding of species respond to habitat loss and fragmentation and
improve conservation policies.

Acknowledgments

The study was conducted in partial fulfillment of an M.Sc. degree by GF at CATIE, thanks to
the financial support of Deutscher Akademischer Austauschdienst (DAAD). GF would like to
thank the Nohemi Guerra, Mancia family, Consuelo Roque, Francisco S. Alvarez, and Xochilt
Pocasangre for kindly providing accommodation and field support.

23



References

ACBPEM (Alianza para la Conservacion de los Bosques de Pino-Encino en Mesoamérica).
(2018). Plan de Conservacion de los Bosques de Pino-Encino de Centroamérica y el
Ave Migratoria Dendroica chrysoparia. Ciudad de Guatemala, Guatemala.

Aldrich, M.; Bubb, P.; Hostettler, S., van de Wiel, H. (2000). Bosques nublados tropicales
montanos: tiempo para la accion. WWF International/l[UCN.

Almazan-Nufez, R. C.; Charre, G. M.; Pineda-Lo6pez, R.; Corcuera, P.; Rodriguez-Godinez,
R.; Alvarez-Alvarez, E. A., & Bahena, A. M. (2018). Relationship Between Bird
Diversity and Habitat along a Pine- Oak Successional Forest in Southern Mexico. New
Perspectives in Forest Science, 2018. https://doi.org/10.5772/intechopen.72435

Antongiovanni, M., & Metzger, J. P. (2005). Influence of matrix habitats on the occurrence of
insectivorous bird species in Amazonian Forest fragments. Biological Conservation,
122(3), 441-451. https://doi.org/10.1016/j.biocon.2004.09.005

Argueta-Rivera, J. G.; Chica-Argueta, E. A.; Argueta-Romero, S. R.; Argueta-Romero, J. P.;
Chica-Chica, M.; Hernandez, M. S.; Cruz, J. E.; Pérez-Mestanza, V.; Pocasangre-
Orellana, X.; Giron, L. & Alvarez, F. S. (2020). A community-based survey of
mammals in the Rio Sapo basin, El Salvador. UNED Research Journal 12: e3015.

Balda, R. P. (1969). Foliage Use by Birds of the Oak-Juniper Woodland and Ponderosa Pine
Forest in Southeastern Arizona. The Condor, 71(4), 399-412.
https://doi.org/10.2307/1365738

Banks-Leite, C.; Ewers, R. M., & Metzger, J. P. (2010). Edge effects as the principal cause of
area effects on birds in fragmented secondary forest. Oikos, 119(6), 918-926.
https://doi.org/10.1111/].1600-0706.2009.18061.x

Bender, D. J. ., & Fahrig, L. (2005). Matrix structure obscures the relationship between
interpatch movement and patch size isolation. Ecology, 86(4), 1023-1033.

Bhackti, T.; Goulart, F., de Azevedo, C. S. & Antonini, Y. (2018). Does scale matter? The
influence of three-level spatial scales on forest bird occurrence in a tropical
landscape. PLoS ONE 13: e0198732.

Billerman, S.M.; Keeney, B. K.; Rodewald, P. G., & Schulenberg, T. S. (2020). Birds of the
World. Cornell Laboratory of Ornithology, Ithaca, NY, USA.
https://birdsoftheworld.org/bow/home

Binford, L. (2013). Migration, Tourism and Post-Insurgent Individuality in Northern Morazan,
El Salvador. In Burrell, J. E. & Moodie, E. (Eds). Central America in the New
Millennium: Living Transition and Reimagining Democracy. Berghahn Books.

Blitzer, E. J.; Dormann, C. F.; Holzschuh, A.; Klein, A. M.; Rand, T. A., & Tscharntke, T.
(2012). Spillover of functionally important organisms between managed and natural
habitats. Agriculture, Ecosystems and Environment, 146(1), 34-43.
https://doi.org/10.1016/j.agee.2011.09.005

24


https://doi.org/10.5772/intechopen.72435
https://doi.org/10.1016/j.biocon.2004.09.005
https://doi.org/10.2307/1365738
https://doi.org/10.1111/j.1600-0706.2009.18061.x

Boesing, A. L.; Nichols, E., & Metzger, J. P. (2018). Land use type, forest cover and forest
edges modulate avian cross-habitat spillover. Journal of Applied Ecology, 55(3), 1252—
1264. https://doi.org/10.1111/1365-2664.13032

Bolafios, O. (2009). Busqueda del Chipe Cachetidorado Dendroica chrysoparia en Parque
Ecoldgico ElI Manzano y sus alrededores, Departamento de Chalatenango. Temporada
2008-2009, Informe de Campo.

Bonfim, F. C. G.; Dodonov, P., & Cazetta, E. (2021). Landscape composition is the major
driver of the taxonomic and functional diversity of tropical frugivorous birds.
Landscape Ecology, 0123456789. https://doi.org/10.1007/s10980-021-01266-y

Boscolo, D. & Metzger, J. P. (2009). Is bird incidence in Atlantic Forest fragments influenced
by landscape patterns at multiple scales? Landscape Ecology 24(7), 907-918. DOI:
https://doi.org/10.1007/s10980-009-9370-8.

Bregman, T. P.; Sekercioglu, C. H., & Tobias, J. A. (2014). Global patterns and predictors of
bird species responses to forest fragmentation: Implications for ecosystem function and
conservation. Biological Conservation, 169, 372-383.
https://doi.org/10.1016/j.biocon.2013.11.024.

Calamari, N. C.; Vilella, F. J.; Sica, Y. V., & Mercuri, P. A. (2018). Patch and landscape
responses of bird abundance to fragmentation in agroecosystems of east-central
Argentina. Avian Conservation and Ecology, 13(2). https://doi.org/10.5751/ACE-
01222-130203.

Canaday, C. (1996). Loss of insectivorous birds along a gradient of human impact in
Amazonia. Biological Conservation, 77(1), 63—77. https://doi.org/10.1016/0006-
3207(95)00115-8

Céanovas-Garcia, F. (2016). Modificacién del algoritmo Random Forest para su empleo en
clasificacion de imagenes de teledeteccion. Aplicaciones de las Tecnologias de la
Informacion Geogréfica (TIG) para el desarrollo econdmico sostenible. XVII
Congreso Nacional de Tecnologias de Informacion Geografica, Malaga, Espafia, 29
junio-1 de julio 2016.

Cardoza-Ruiz, F. S. (2011). Diversidad y composicién floristica y funcional de los bosques del
Parque Nacional Montecristo, EI Salvador (Master’s thesis). Centro Agronémico
Tropical de Investigacion y Ensefianza (CATIE).

Carrara, E.; Arroyo-Rodriguez, V.; Vega-Rivera, J. H.; Schondube, J. E., de Freitas, S. M. &
Fahrig, L. (2015). Impact of landscape composition and configuration on forest
specialist and generalist bird species in the fragmented Lacandona rainforest, Mexico.
Biological Conservation, 184, 117-126. DOI:
https://doi.org/10.1016/j.biocon.2015.01.014

Castafo-Villa, G. J.; Ramos-Valencia, S. A., & Fontarbel, F. E. (2014). Fine-scale habitat
structure complexity determines insectivorous bird diversity in a tropical forest. Acta
Oecologica, 61, 19-23. https://doi.org/10.1016/j.actao.2014.10.002

25


https://doi.org/10.1111/1365-2664.13032
https://doi.org/10.1007/s10980-021-01266-y
https://doi.org/10.1007/s10980-009-9370-8
https://doi.org/10.1016/0006-3207(95)00115-8
https://doi.org/10.1016/0006-3207(95)00115-8
https://doi.org/10.1016/j.biocon.2015.01.014
https://doi.org/10.1016/j.actao.2014.10.002

Castillo-Mendoza, E. I. (n.d.). Composicion y diversidad de mamiferos medianos y grandes en
el Parque Nacional Montecristo, Santa Ana, El Salvador (Bachelor’s thesis).
Universidad de El Salvador, San Salvador, EI Salvador.

Cerezo, A.; Perelman, S. & Robbins, C. S. (2010). Landscape-level impact of tropical forest
loss and fragmentation on bird occurrence in eastern Guatemala. Ecological Modelling,
221(3), 512-526. DOI: https://doi.org/10.1016/j.ecolmodel.2009.10.038

Cerezo, A.; Perelman, S. B.; Ramirez, M.; Lépez, A.; Javier, O., & Robbins, C. S. (2016).
Temporal bird community dynamics are strongly affected by landscape fragmentation
in a Central American tropical forest region. Biodiversity and Conservation, 25(2),
311-330. https://doi.org/10.1007/s10531-016-1049-2

Chesser, R. T.; Billerman, S. M.; Burns, K. J.; Cicero, C.; Dunn, J. L.; Kratter, A. W.; Lovette,
I. J.; Mason,N. A.; Rasmussen, P. C.; Remsen, J. V.; Stotz, D. F., & Winker, K.
(2020). Sixty-first Supplement to the American Ornithological Society’s Check-list of
North American Birds. The Auk, 137(3), 1-24. https://doi.org/10.1093/auk/ukaa030

Crespin, S. J. & Simonetti, J. A. (2015). Predicting ecosystem collapse: Spatial factors that
influence risks to tropical ecosystems. Austral Ecology, 40(4), 492-501. DOI:
https://doi.org/10.1111/aec.12209

Cushman, S., MacGarigal, K. & Neel, M. C. (2008). Parsimony in landscape metrics:
Strength, universality, and consistency. Ecological indicators, 8, 691-703.

Da Silva, J. M. C., & Tabarelli, M. (2000). Tree species impoverishment and the future flora
of the Atlantic Forest of northeast Brazil. Nature, 404(6773), 72-74.
https://doi.org/10.1038/35003563

Dauber, J.; Hirsch, M.; Simmering, D.; Waldhardt, R.; Otte, A. & Wolters, V. (2003).
Landscape structure as an indicator of biodiversity: Matrix effects on species richness.
Agriculture, Ecosystems and Environment, 98(1-3), 321-329. DOI:
https://doi.org/10.1016/S0167-8809(03)00092-6

Daugherty, H. E. (1973). The Montecristo cloud-forest of El Salvador-A chance for
protection. Biological Conservation, 5(3), 227-230. DOI: https://doi.org/10.1016/0006-
3207(73)90025-6

De Camargo, R. X.; Boucher-Lalonde, V., & Currie, D. J. (2018). At the landscape level, birds
respond strongly to habitat amount but weakly to fragmentation. Diversity and
Distributions, 24(5), 629-639. https://doi.org/10.1111/ddi.12706

Devictor, V.; Julliard, R., & Jiguet, F. (2008). Distribution of specialist and generalist species
along spatial gradients of habitat disturbance and fragmentation. Oikos, 117, 507-514.
DOI: https://doi.org/10.1111/j.2008.0030-1299.16215.x

Di Rienzo, J. A.; Casanoves, F.; Balzarini, M. G.; Gonzalez, L.; Tablada, M.; Robledo, C. W.
InfoStat version 2021. Centro de Transferencia InfoStat, FCA, Universidad Nacional
de Cordoba, Argentina. http://www.infostat.com.ar

26


https://doi.org/10.1016/j.ecolmodel.2009.10.038
https://doi.org/10.1007/s10531-016-1049-2
https://doi.org/10.1093/auk/ukaa030
https://doi.org/10.1111/aec.12209
https://doi.org/10.1016/S0167-8809(03)00092-6
https://doi.org/10.1016/0006-3207(73)90025-6
https://doi.org/10.1016/0006-3207(73)90025-6
https://doi.org/10.1111/ddi.12706
https://doi.org/10.1111/j.2008.0030-1299.16215.x
http://www.infostat.com.ar/

DIGESTYC (Direccién General de Estadistica y Censos). (2019). Encuesta de Hogares de
Propositos Mdltiples. Ministerio de Economia, Gobierno de la Republica de El
Salvador.

Dull, R. A. (2008). Unpacking El Salvador’s ecological predicament: Theoretical templates
and «long-view» ecologies. Global Environmental Change, 18(2), 319-329.

EBird. (2018). eBird: an online database for bird abundance and distribution. www.ebird.org

Ewers, R. M., & Didham, R. K. (2008). Pervasive impact of large-scale edge effects on a

beetle community. Proceedings of the National Academy of Sciences, 105(14), 5426—

5429. https://doi.org/10.1073/pnas.0800460105

Fagan, J. & Komar, O. (2016). Field Guide to Birds of Northern Central America. Peterson
Field Guides. New York, NY. Houghton Mifflin.

Fahrig, L. (2003). Effects of Habitat Fragmentation on Biodiversity. Annual Review of
Ecology, Evolution, and Systematics, 34, 487-515. DOI:
https://doi.org/10.1146/annurev.ecolsys.34.011802.132419

Fischer, J. & Lindenmayer, D. B. (2007). Landscape modification and habitat fragmentation:
synthesis. Global Ecology and Biogeography, 16(3), 265-280. DOI:
https://doi.org/10.1111/].1466-8238.2006.00287.x

a

Foley, J. A, DeFries, R.; Asner, G. P.; Barford, C.; Bonan, G.; Carpenter, S. R.; Chapin, F. S.;

Coe, M. T.; Daily, G. C.; Gibbs, H. K.; Helkowski, J. H.; Holloway, T.; Howard, E.
A.; Kucharik, C. J.; Monfreda, C.; Patz, J. A.; Prentice, I. C.; Ramankutty, N. &
Snyder, P. K. (2005). Global consequences of land use. Science, 309(5734), 570-574.
DOI: https://doi.org/10.1126/science.1111772

Frost, C. ., Didham, R. K. ., Rand, T. A. ., Peralta, G. ., & Tylianakis, J. M. (2015).
Community-level net spillover of natural enemies from managed to natural forest.
Ecology, 96(1), 193-202. https://doi.org/10.1075/1i.37.1.03vie

Fryxell, P. A. (1980). A New Species of Hampea (Malvaceae) from El Salvador. Systematic
Botany, 5(4), 442-444,

Funes, G., & Pocasangre-Orellana, X. (2020). New records of Lontra longicaudis (Olfers,
1818) (carnivora, mustelidae) in El Salvador. Check List, 16(5), 1329-1335.
https://doi.org/10.15560/16.5.1329

Geleynse, D. M.; Nol, E.; Burke, D. M., & Elliott, K. A. (2016). Brown Creeper (Certhia
americana) demographic response to hardwood forests managed under the selection
system. Canadian Journal of Forest Research, 46(4), 499-507.
https://doi.org/10.1139/cjfr-2015-0112

Gentry, A. (1993). Biodiversity and Conservation of Neotropical Montane forests. In S.
Churchill, H. Balslev, E. Forero, & J. Luteyn (Eds.), Proceedings of the Neotropical
Montane forests Biodiversity and Conservation Symposium (pp. 103-126). The New
York Botanical Garden.

27


http://www.ebird.org/
https://doi.org/10.1073/pnas.0800460105
https://doi.org/10.1146/annurev.ecolsys.34.011802.132419
https://doi.org/10.1111/j.1466-8238.2006.00287.x
https://doi.org/10.1126/science.1111772
https://doi.org/10.1075/li.37.1.03vie
https://doi.org/10.15560/16.5.1329
https://doi.org/10.1139/cjfr-2015-0112

Gray, M. A.; Baldauf, S. L.; Mayhew, P. J., & Hill, J. K. (2007). The response of avian
feeding guilds to tropical forest disturbance. Conservation Biology, 21(1), 133-141.
https://doi.org/10.1111/j.1523-1739.2006.00557.x

Gustafson, E. J. (1998). Quantifying Landscape Spatial Pattern: What is the State of the Art?
Ecosystems, 1, 143-156.

Haddad, N. M.; Brudvig, L. A.; Clobert, J.; Davies, K. F.; Gonzalez, A.; Holt, R. D.; Lovejoy,
T. E.; Sexton, J. O.; Austin, M. P.; Collins, C. D.; Cook, W. M.; Damschen, E. |.;
Ewers, R. M.; Foster, B. L.; Jenkins, C. N.; King, A. J.; Laurance, W. F.; Levey, D. J,;
Margules, C. R.,... Townshend, J. R. (2015). Habitat fragmentation and its lasting
impact on Earth’s ecosystems. Science Advances, 1(2).
https://doi.org/10.1126/sciadv.1500052.

Harcourt, C. S. & Sayer, J. A. (1996). The conservation atlas of tropical forest: The Americas.
Simon & Schuster Macmillan.

Harvey, C. A.; Komar, O.; Chazdon, R.; Ferguson, B. G.; Finegan, B.; Griffith, D. M.;
Martinez-Ramos, M.; Morales, H.; Nigh, R.; Soto-Pinto, L.; Van Breugel, M., &
Wishnie, M. (2008). Integrating agricultural landscapes with biodiversity conservation
in the Mesoamerican hotspot. Conservation Biology, 22(1), 8-15.
https://doi.org/10.1111/].1523-1739.2007.00863.x

Henriquez, V. (2009). Las KBAS de EI Salvador: Establecimiento de una Linea Base de Areas
Claves para la Biodiversidad. SalvaNATURA, San Salvador.

Hernandez-Bafos, B. E.; Peterson, A. T.; Navarro Sigienza, A. G., & Escalante Pliego, B. P.
(1995). Bird faunas of the humid montane forests of Mesoamerica: Biogeographic
patterns and priorities for conservation. Bird Conservation International, 5(2—-3), 251
277. https://doi.org/10.1017/S0959270900001039

Herrera-Serrano, N.; Dominguez-Miranda, J. P. (2020). Aves de la cuenca del rio Sapo,
departamento de Morazan, El Salvador. Revista Minerva, 3(1), 38-64.

Holdridge, L. R. (1975). Desarrollo territorial y ordenacién de cuencas hidrogréficas El
Salvador: Zonas de Vida Ecoldgicas de El Salvador. Programa de las Naciones Unidas
para el Desarrollo, San Salvador.

Holmes, R. T., & Robinson, S. K. (1981). Tree species preferences of foraging insectivorous
birds in a northern hardwoods forest. Oecologia, 48(1), 31-35.
https://doi.org/10.1007/BF00346985

IUCN (International Union for Conservation of Nature). (2021). The IUCN Red List of
Threatened Species. Version 2021-1. https://www.iucnredlist.org.

Jackson, H. B. & Fahrig, L. (2012). What size is a biologically relevant landscape? Landscape
Ecology, 27(7), 929-941. DOI: https://doi.org/10.1007/s10980-012-9757-9

Janzen, D. H. (1967). Why Mountain Passes are Higher in the Tropics. The American
Naturalist, 101(919), 233-249. https://doi.org/10.1086/282487

28


https://doi.org/10.1111/j.1523-1739.2007.00863.x
https://doi.org/10.1007/BF00346985
https://doi.org/10.1007/s10980-012-9757-9

Julliard, R.; Clavel, J.; Devictor, V.; Jiguet, F., & Couvet, D. (2006). Spatial segregation of
specialists and generalists in bird communities. Ecology Letters, 9(11), 1237-1244.
https://doi.org/10.1111/j.1461-0248.2006.00977.x

Kappelle, M. & Juarez, M. E. (2006). Land Use, Ethnobotany and Conservation in Costa
Rican Montane Oak Forests. In Kappelle, M (Ed), Ecology and Conservation of
Neotropical Montane Oak Forests (pp. 393-406). Springer-Verlag Berlin Heidelberg.

Kappelle, M. (2006). Neotropical Montane Oak Forests: Overview and Outlook. In Kappelle,
M (Ed), Ecology and Conservation of Neotropical Montane Oak Forests (pp. 449-
467). Springer-Verlag Berlin Heidelberg.

Katayama, N.; Amano, T.; Naoe, S.; Yamakita, T.; Komatsu, I.; Takagawa, S.; Sato, N.; Ueta,
M., & Miyashita, T. (2014). Landscape Heterogeneity—Biodiversity Relationship:
Effect of Range Size. PLoS ONE 9, e933509.

Kattan, G. H.; Alvarez-Lopez, H., & Giraldo, M. (1994). Forest fragmentation and bird
extinctions: San Antonio Eighty years later. Conservation Biology, 8(1), 138-146.
https://doi.org/10.1046/j.1523-1739.1994.08010138.x

King, D. I., & Rappole, J. H. (2000). Winter flocking of insectivorous birds in montane pine-
oak forests in Middle America. The Condor, 102(3), 664-672.
https://doi.org/10.2307/1369798

Komar, O. & Dominguez, J. P. (2001). Lista de aves de El Salvador. Fundacion Ecoldgica-
SalvaNATURA. El Salvador.

Komar, O. (2002). Birds of Montecristo National Park, EI Salvador. Ornitologia Neotropical,
13, 167-193.

Lauer, W. (1954). Las formas de la vegetacién de El Salvador. Comunicaciones, 3, 41-45.

Laurance, W. F.; Lovejoy, T. E.; Vasconcelos, H. L.; Bruna, E. M.; Didham, R. K., Stouffer,
P. C.; Gascon, C.; Bierregaard, R. O. ., Laurance, S. G. W., & Sampio, E. (2002).
Ecosystem decay of Amazonian forest fragments: a 22-year investigation.
Conservation Biology, 16(3). https://doi.org/10.1214/a0s/1059655905

Leck, C. F. (1987). Habitat selection in migrant birds: seductive fruits. Trends in Ecology &
Evolution, 2(2), 33. https://doi.org/10.1016/0169-5347(87)90094-2

Levey, J. D. (1988). Spatial and Temporal Variation in Costa Rican Fruit and Fruit-Eating
Bird Abundance. Ecological Monographs, 58(4), 251-269.

Linares, J. L. & Angulo, D. (n.d.). Nueva Casearia (Flacourtiaceae) de los bosques mesoéfilos
de México y EIl Salvador. Revista Mexicana de Biodiversidad, 76, 3-6.

Lindell, C. A,; Riffell, S. K.; Kaiser, S. A.; Battin, A. L.; Smith, M. L., & Sisk, T. D. (2007).
Edge responses of tropical and temperate birds. Wilson Journal of Ornithology, 119(2),
205-220. https://doi.org/10.1676/05-133.1

Lineal, M. & Laituri, M. (2013). Community-based integrated fire management planning:

29


https://doi.org/10.2307/1369798
https://doi.org/10.1214/aos/1059655905
https://doi.org/10.1016/0169-5347(87)90094-2
https://doi.org/10.1676/05-133.1

linking ecology and society in Honduras. Community Development Journal, 48(1), 58—
74,

Magness, D. R.; Wilkins, R. N. & Hejl, S. J. (2006). Quantitative Relationships Among
Golden-Cheeked Warbler Occurrence and Landscape Size, Composition, and
Structure. Wildlife Society Bulletin, 34(2), 473-479.

MARN (Ministerio de Medio Ambiente y Recursos Naturales). (2015). Listado oficial de
especies de vida silvestre amenazadas o en peligro de extincion. Diario Oficial,
Acuerdo n.° 74.

MARN (Ministerio de Medio Ambiente y Recursos Naturales). (2016). Linea Base de
Biodiversidad en Sitios de Interés (Norte de Chalatenango, Cabafas y Morazén). El
Salvador.

Marra, P. P., & Remsen, J. V. (1997). Insights into the Maintenance of High Species Diversity
in the Neotropics: Habitat Selection and Foraging Behavior in Understory Birds of
Tropical and Temperate Forests. Ornithological Monographs, 48, 445-483.
https://doi.org/10.2307/40157547

Martin, T. E., & Karr, J. R. (1986). Patch utilization by migrating birds: resource oriented?
Ornis Scandinavica, 17(2), 165-174. https://doi.org/10.2307/3676865

Masing, U. (1962). The agricultural landscape of Eastern El Salvador (Master’s thesis).
University of Alberta, Canada.

Mazerolle, M. J. & Villard, M. A. (1999). Patch characteristics and landscape context as
predictors of species presence and abundance: A review. Ecoscience, 6(1), 117-124.
DOI: https://doi.org/10.1080/11956860.1999.11952204

McGarigal, K. & Cushman, S. A. (2002). Comparative Evaluation of Experimental
Approaches to the Study of Habitat Fragmentation Effects. Ecological Applications
12(2):335-345. DOI: https://doi.org/10.2307/3060945

McGarigal, K.; Cushman, S. A. & Ene, E. (2012). FRAGSTATS v4: Spatial Pattern Analysis
Program for Categorical and Continuous Maps. Computer software program produced
by the authors at the University of Massachusetts, Amherst.
http://www.umass.edu/landeco/research/fragstats/fragstats.htmi

Meyers, N.; Mittermeier, R. A.; Mittermeier, C. G., da Fonseca, G. A. B. & Kent, J. (2000).
Biodiversity hotspots for conservation priorities. Nature, 409, 513.

Miguet, P.; Jackson, H. B.; Jackson, N. D.; Martin, A. E., & Fahrig, L. (2016). What
determines the spatial extent of landscape effects on species? Landscape Ecology,
31(6), 1177-1194. https://doi.org/10.1007/s10980-015-0314-1

Miller, A. M., & Chambers, C. L. (2007). Birds of harvested and unharvested pine-oak forests,
Chihuahua, Mexico. Southwestern Naturalist, 52(2), 271-283.
https://doi.org/10.1894/0038-4909

30


https://doi.org/10.2307/3676865
https://doi.org/10.1080/11956860.1999.11952204
https://doi.org/10.2307/3060945
http://www.umass.edu/landeco/research/fragstats/fragstats.html
https://doi.org/10.1007/s10980-015-0314-1
https://doi.org/10.1894/0038-4909

Morales-Rivas, A.; Alvarez, F. S.; Pocasangre-Orellana, X.; Girén, L.; Guerra, G. N.;
Martinez, R.; Dominguez, J. P.; Leibl, F. & Heibl, C. (2020). Big cats are still walking
in El Salvador: first photographic records of Puma concolor (Linnaeus, 1771) and an
overview of historical records in the country. Check List, 16(3), 563—
570.https://doi.org/10.15560/16.3.563

Morante-Filho, J. C.; Arroyo-Rodriguez, V. & Faria, D. (2016). Patterns and predictors of -
diversity in the fragmented Brazilian Atlantic forest: A multiscale analysis of forest
specialist and generalist birds. Journal of Animal Ecology, 85(1), 240-250.
https://doi.org/10.1111/1365-2656.12448

Morante-Filho, J. C.; Benchimol, M. & Faria, D. (2021). Landscape composition is the
strongest determinant of bird occupancy patterns in tropical forest patches. Landscape
Ecology, 36, 105-117. DOI: https://doi.org/10.1007/s10980-020-01121-6

Morelli, F.; Pruscini, F.; Santolini, R.; Perna, P.; Benedetti, Y. & Sisti, D. (2013). Landscape
heterogeneity metrics as indicators of bird diversity: Determining the optimal spatial
scales in different landscapes. Ecological Indicators, 34, 372-379. DOI:
https://doi.org/10.1016/j.ecolind.2013.05.021.

Murillo-Contreras, L. C. (2002). Medicion de Biodiversidad Alfa y Beta en dos Tipos de
Vegetacion del Parque Nacional Montecristo, El Salvador (Bachelor’s thesis).
Universidad Zamorano. Francisco Morazéan, Honduras.

Newbold, T.; Hudson, L. N.; Phillips, H. R. P.; Hill, S. L. L.; Contu, S.; Lysenko, I.; Blandon,
A.; Butchart, S. H. M.; Booth, H. L.; Day, J.; De Palma, A.; Harrison, M. L. K.;
Kirkpatrick, L.; Pynegar, E.; Robinson, A.; Simpson, J.; Mace, G. M.; Scharlemann, J.
P. W., & Purvis, A. (2014). A global model of the response of tropical and sub-tropical
forest biodiversity to anthropogenic pressures. Proceedings of the Royal Society B:
Biological Sciences, 281(1792). https://doi.org/10.1098/rspb.2014.1371

Olson, D. M. & Dinerstein, E. (2002). The global 200: Priority ecoregions for global
conservation. ANN. MISSOURI BOT. GARD., 89, 199-224.

Pablo-Cea, J. D.; Funes, G. & Chinchilla-Rodriguez, A. C. (2018). Aves de la Universidad de
El Salvador. Huitzil, Revista Mexicana de Ornitologia, 20(1), 1-16.
https://doi.org/10.28947/hrm0.2019.20.1.388

Pagiola, S. & Dixon, J. A. (1998). Land degradation problems in El Salvador. In Valdés, A. &
Shaw, C. (Eds) El Salvador Rural Development Study. World Bank.

Patel, R. (2021). Paper plans and possibility: A critical analysis of landscape conservation
policy in the Mesoamerican Biological Corridor. Environmental Development, 37.
https://doi.org/10.1016/j.envdev.2020.100600

Peak, R. G. & Thompson, F. R. (2013). Amount and type of forest cover and edge are
important predictors of Golden-cheeked Warbler density. The Condor, 115(3), 659—
668.

Pineda-Diez De Bonilla, E.; Ledn-Cortés, J. L., & Rangel-Salazar, J. L. (2012). Diversity of

31


https://doi.org/10.15560/16.3.563
https://doi.org/10.1007/s10980-020-01121-6
https://doi.org/10.1016/j.ecolind.2013.05.021

bird feeding guilds in relation to habitat heterogeneity and land-use cover in a human-
modified landscape in southern Mexico. Journal of Tropical Ecology, 28(4), 369-376.
https://doi.org/10.1017/S026646741200034X

Poulin, J. F., & Villard, M. A. (2011). Edge effect and matrix influence on the nest survival of
an old forest specialist, the Brown Creeper (Certhia americana). Landscape Ecology,
26(7), 911-922. https://doi.org/10.1007/s10980-011-9615-1

Poulin, J. F.; Villard, M. A.; Edman, M.; Goulet, P. J., & Eriksson, A. M. (2008). Thresholds
in nesting habitat requirements of an old forest specialist, the Brown Creeper (Certhia
americana), as conservation targets. Biological Conservation, 141(4), 1129-1137.
https://doi.org/10.1016/j.biocon.2008.02.012

PRISMA (Programa salvadorefio de investigacion sobre desarrollo y medio ambiente). (2005).
Inventario participativo de especies vegetales del bosque de La Montafiona,
Chalatenango. El Salvador.

R Core Team. (2021). R: A language and environment for statistical computing. R Foundation
for Statistical Computing.

Radford, J. Q. & Bennett, A. F. (2007). The relative importance of landscape properties for
woodland birds in agricultural environments. Journal of Applied Ecology, 44(4), 737-
747. DOI: https://doi.org/10.1111/j.1365-2664.2007.01327.x

Ralph, C. J.; Geupel, G. R.; Pyle, P.; Martin, T. E., DeSante, D. F. & Mila, B. (1996). Manual
de métodos de campo para el monitoreo de aves terrestres. Pacific Southwest
Research Station, Forest Service, U.S. Department of Agriculture.

Rappole, J. H.; King, D. I. & Leimgruber, P. (2000). Winter habitat and distribution of the
endangered golden-cheeked warbler (Dendroica chrysoparia). Animal Conservation,
3(1), 45-59. DOI: https://doi.org/10.1111/j.1469-1795.2000.tb00086.x

Rappole, J.; King, H. D. I. & Barrow, W. C. Jr. (1999). Winter ecology of the endangered
Golden-cheeked Warbler. The Condor, 101, 762-770.

Rehm, E. M. & Baldassarre, G. A. (2007). The influence of interspersion on marsh bird
abundance in New York. Wilson Journal of Ornithology, 119(4), 648-654. DOI:
https://doi.org/10.1676/06-060.1

Riley, C. (1986). Observations on the breeding biology of Emerald Toucanets in Costa Rica.
The Wilson Bulletin, 98(4), 585-588.

Rowell, C. H. F. (2012). The Central American genus Rhicnoderma (Orthoptera, Romaleidae,
Bactrophorinae, Bactrophorini) and some closely related new taxa. Journal of
Orthoptera Research, 21(1), 1-24.

Ruggiero, A., & Hawkins, B. A. (2008). Why do mountains support so many species of birds?
Ecography, 31(3), 306-315. https://doi.org/10.1111/j.0906-7590.2008.05333.x

Schuster, J. C. (1989). Petrejoides salvadorae SP. NOV (COLEOPTERA: Passalidae) from El

32


https://doi.org/10.1016/j.biocon.2008.02.012
https://doi.org/10.1111/j.1365-2664.2007.01327.x
https://doi.org/10.1111/j.1469-1795.2000.tb00086.x
https://doi.org/10.1676/06-060.1
https://doi.org/10.1111/j.0906-7590.2008.05333.x

Salvador. Florida Entomologist, 72(4), 693-696.

Sekercioglu, C. H.; Ehrlich, P. R.; Daily, G. C.; Aygen, D.; Goehring, D., & Sandi, R. F.
(2002). Disappearance of insectivorous birds from tropical forest fragments.
Proceedings of the National Academy of Sciences, 99(1), 263—267.
https://doi.org/10.1073/pnas.012616199

Sekercioglu, C.; Gretchen, C. D. & Ehrlich, P. R. (2004). Ecosystem consequences of bird
declines. Proceedings of the National Academy of Sciences, 101(52), 18042-18047.
DOI: https://doi.org/10.1073/pnas.0408049101

Shoffner, A.; Wilson, A. M.; Tang, W., & Gagné, S. A. (2018). The relative effects of forest
amount, forest configuration, and urban matrix quality on forest breeding birds.
Scientific Reports, 8(1), 1-12. https://doi.org/10.1038/s41598-018-35276-9

Siles, P.; Talavera, P.; Andino-Rugama, F.; Alaniz, L. & Ortiz-Gonzélez, W. (2017).
Composicion floristica, estructura y biomasa de los bosques de pino-encino en la
reserva Santa Rosa, Tisey, Esteli, Nicaragua. Revista de Biologia Tropical, 65(2), 763-
775.

Skutch, A. (1956). A Nesting of the Collared Trogon. The Auk 73(3), 354-366.

Skutch, A. (1985). Clutch size, nesting success, and predation on nests of Neotrpical birds,
Reviewed. Ornithological Monographs, 36, 575-594.

Stotz, D. F.; Fitzpatrick, J. W.; Parker, T. A. & Moskovitz, D. K. (1996). Neotropical Birds:
Ecology and Conservation. The University of Chicago Press.

Stratford, J., & Robinson, W. (2005). Gulliver travels to the fragmented tropics: geographic
variation in mechanisms of avian extinction. Frontiers in Ecology and the
Environment, 3(2), 91-98.

Supp, S., & Ernest, S. (2014). Species-level and community-level responses to disturbances: a
cross-community analysis. Ecology, 95(7), 1717-1723.

Terborgh, J. W. (1980). The conservation status of neotropical migrants: Present and future. In
Keast, A. & Morton, E. S. (Eds), Migrant birds in the neotropics: Ecology, behavior,
distribution, and conservation (pp. 21-30). Smithsonian Institute, Washington, USA.

Thurber, W. A.; Serrano, F. J.; Sermefio, A. & Benitez, M. (1987). Status of uncommon and
previously unreported birds of EI Salvador. Proc. West. Found. Vert. Zool, 3, 109-293.

Tobias, J. A.; Sekercioglu, C. H., & Vargas, F. H. (2013). Bird conservation in tropical
ecosystems: challenges and opportunities. In W. Macdonald & W. Katherine (Eds.),
Key Topics in Conservation Biology 2.

Trzcinski, M. K.; Fahrig, L. & Merriam, G. (1999). Independent effects of forest cover and
fragmentation on the distribution of forest breeding birds. Ecological Applications,
9(9), 586-593.

Turner, M. G. & Gardner, R. H. (2015). Landscape Ecology in Theory and Practice. Springer-

33


https://doi.org/10.1073/pnas.012616199
https://doi.org/10.1073/pnas.0408049101

Verlag New York.

Uezu, A. & Metzger, J. P. (2011). Vanishing bird species in the Atlantic Forest: Relative
importance of landscape configuration, forest structure and species characteristics.
Biodiversity and Conservation, 20(14), 3627-3643. DOI:
https://doi.org/10.1007/s10531-011-0154-5

Vallely, A. C. & Dyer, D. (2018). Birds of Central America: Belize, Guatemala, Honduras, El
Salvador, Nicaragua, Costa Rica, and Panama. Princeton University Press.

Van Schalkwyk, J.; Pryke, J. S.; Samways, M. J., & Gaigher, R. (2020). Environmental
filtering and spillover explain multi-species edge responses across agricultural
boundaries in a biosphere reserve. Scientific Reports, 10, 14800.

Vannini, J. P. (1994). Nearctic avian migrants in coffee plantations and forest fragments of
south-western Guatemala. Bird Conservation International, 4(2—3), 209-232.
https://doi.org/10.1017/S0959270900002781

Vogt, W. (1946). The population of El Salvador and its natural resources. Pan American
Union.

Walz, U. & Syrbe, R. U. (2013). Linking landscape structure and biodiversity. Ecological
Indicators, 31, 1-5. DOI: https://doi.org/10.1016/j.ecolind.2013.01.032

Watson, D. M., & Peterson, A. T. (1999). Determinants of diversity in a naturally fragmented
landscape: humid montane forest avifaunas of Mesoamerica. Ecography, 22(5), 582—
589. https://doi.org/10.1111/j.1600-0587.1999.tb01288.x

Westphal, M. I.; Field, S. A.; Tyre, A. J.; Paton, D. & Possingham, H. P. (2003). Effects of
landscape pattern on bird species distribution in the Mt. Lofty Ranges, South Australia.
Landscape Ecology, 18(4), 413-426. DOI: https://doi.org/10.1023/A:1026115807529

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

WWEF (World Wildlife Fund). (2021). Central America: Southern Mexico, southern
Guatemala, into Honduras, El Salvador, and Nicaragua.
https://www.worldwildlife.org/ecoregions/nt0303

Zurita, G. A. & Bellocg, M. I. (2010). Spatial patterns of bird community similarity: Bird
responses to landscape composition and configuration in the Atlantic forest. Landscape
Ecology, 25(1), 147-158. DOI: https://doi.org/10.1007/s1098410-4

34


https://doi.org/10.1007/s10531-011-0154-5
https://doi.org/10.1017/S0959270900002781
https://doi.org/10.1016/j.ecolind.2013.01.032
https://doi.org/10.1023/A:1026115807529
https://doi.org/10.1196/annals.1439.003
https://www.worldwildlife.org/ecoregions/nt0303

	95cdf071d9b08026c394f31142c8f3f38bffe0964a186ebfc738ab9a9724eac0.pdf
	95cdf071d9b08026c394f31142c8f3f38bffe0964a186ebfc738ab9a9724eac0.pdf
	95cdf071d9b08026c394f31142c8f3f38bffe0964a186ebfc738ab9a9724eac0.pdf

