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Abstract

Habitat loss, fragmentation, and degradation threatenthe 6 OUOE z Uwl EOUAa UUI O
and species. These, and other threats, will likely be exacerbated by climate change. Due
to a limited budget for conservation, we are forced to prioritize a few areas over others.
These places are selected based on their unigueness andwnerability. One of the most
famous examples is the biodiversity hotspots: areas where large quantities of endemic
species meet alarming rates of habitat loss. Most of these places are in the tropics, where
species have smaller ranges, diversity is higher, and ecosystems are most threatened.
Species distributions are useful to understand ecological theory and evaluate
extinction risk. Small -ranged species, or those endemic to one place, are more vulnerable
to extinction than widely distributed species. Ho wever, current range maps often
overestimate the distribution of species, including areas that are not within the suitable
elevation or habitat for a species. Consequently, assessment of extinction risk using these
maps could underestimate vulnerability.
IOWOUET UwUOWET wi T i TEUPYI whbOwOUUwW@UI U0wUOWE O
places we must: 1) Translate global and national priorities into practical local actions, 2)
Find synergies between biodiversity conservation and human welfare, 3) Evaluate the
dif ferent dimensions of threats, in order to design effective conservation measures and
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extinction risk and prioritize areas for conservation. The purpose of this dissertation is to
address these points in Colombia and other global biodiversity hotspots.

In Chapter 2, | identified the global, strategic conservation priorities and then
downscaled to practical local actions within the selected priorities in Colombia. | used
existing range maps of 171 bird species to identify priority conservation areas that
would protect the greatest number of species at risk in Colombia(endemic and small-
ranged species) The Western Andes had the highest concentrations of such speciels 100
in total| but the lowest densities of national parks. | then adjusted the priorities for this
region by refining these species ranges by selecting only areas of suitable elevation and
remaining habitat. The estimated ranges of these species shrank by 18100% after
accounting for habitat and suitable elevation. Setting conservation priorities on the basis
of currently available range maps excluded priority areas in the Western Andes and, by
extension, likely elsewhere and for other taxa. By incorporating detailed maps of
remaining natural habitats, | made practical recommendations for conservation actions.
One recommendation was to restore forest connections to a patch of cloud forest about
to become isolated from the main Andes.

For Chapter 3, | identified areas where bird conservation met ecosystem service
protection in the Central Andes of Colombia. Inspired by the November 11th (2011)
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Law 99 of 1993 as a conservation measure itthis country, | set out to prioritize
conservation and restoration areas where landslide prevention would complement bird
conservation in the Central Andes. This area is one of the most biodiverse places on
Earth, but also one of the most threatened. Usirg the case of the Rio Blanco Reserve, near
Manizales, | identified areas for conservation where endemic and small-range bird
diversity was high, and where landslide risk was also high. 1 further prioritized
restoration areas by overlapping these conservation priorities with a forest cover map.
Restoring forests in bare areas of high landslide risk and important bird diversity yields
benefits for both biodiversity and people. | developed a simple landslide susceptibility
model using slope, forest cover, aspect, and stream proximity. Using publicly available
bird range maps, refined by elevation, | mapped concentrations of endemic and small-
range bird species.| identified 1.54 km2 of potential restoration areas in the Rio Blanco
Reserve, and 886 km2 in the Catral Andes region. By prioritizing these areas, | facilitate
the application of Article 111 which requires local and regional governments to invest in
land purchases for the conservation of watersheds.

Chapter 4 dealt with elevational ranges of montane birds and the impact of
lowland deforestation on their ranges i n the Western Andes of Colombia, an important
biodiversity hotspot . Using point counts and mist-nets, | surveyed six altitudinal

transects spanning 2200 to 2800m. Three transects were forested from 2200 to 2800m,
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and three were partially deforested with f orest cover only above 2400m. Icompared
abundance-weighted mean elevation, minimum elevation, and eleva tional range width.
In addition to analyzing the effect of deforestation on 134 species, | tested its impact
within trophic guilds and habitat preference groups. Abundance -weighted mean and
minimum elevations were not significantly different between forest ed and partially
deforested transects. Range width was marginally different: as expected, ranges were
larger in forested transects. Species in different trophic guilds and habitat preference
categories showed different trends. These results suggest that déorestation may affect
Uxl EDI Uz wi Ol YEUPOOEOQWUEOT T UOwl YI OwpbUIl DOWUT T wi
OPOI Oawl REET UEEUI wi EUOI UOWPOXEEUUwWOI wEl I OUI UUE
Future conservation strategies need to account for this by protecting connected forest
tracts across a wide range of elevations.
In Chapter 5, | refine the ranges of 726 species from six biodiversity hotspots by
suitable elevation and habitat. This set of 172 bird species for the Atlantic Forest, 138 for
Central America, 100 for the Western Andes of Colombia, 57 for Madagascar, 102 for
Sumatra, and 157 for Southeast Asiamet the criteria for range size, endemism, threat,
and forest use. Of these 586 species, the Red List deems 108 to be threatened: 15 critically
endangered, 29 endangered, and 64 vulnerable. When ranges are refined by elevational

limits and remaining forest cover, 10 of those critically endangered species have ranges <
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100km2, but then so do 2 endangered species, seven vulnerable, and eight non
threatened ones. Similarly, 4 critically endangered species, 20 endangered, and 12
vulnerable species have refined ranges < 5000km2, but so do 66 nothreatened species.
A striking 89% of these species | have classified in higher threat categories have <50%f
their refined ranges inside protected areas. | find that for 43% of the species| assessed,
refined range sizes fall within thresholds that typically have higher threat categories

than their current assignments. | recommend these species for closer insgction by those
who assess risk. These assessments are not only important on a specidsy-species basis,
but by combining distributions of threatened species, | create maps of conservation

priorities. They differ significantly from those created from unref ined ranges.
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1. Assessing threat and conservation priorities for birds
in the tropics

1.1 Conservation priorities and hotspots

Conservation biology seeks to understand, protect, and perpetuate all levels of
biodiversity, and the goods and services they provide, in the face of fast-moving threats
and a limited budget (Sodhi and Ehrlich 2010) Conservation strategies are diverse and
need to be contextual. The two main strategies are proactive, and reactive conservation.
Proactive conservation prioritizes areas of low vulnerability, normally with larger
extensions of habitat left, and fewer threats; it also seeks conservation of species that are
not necessarily threatened. Reactive conservation, on the contrary, seeks to conserve
very vulnerable places and species, those with little habitat left, severe fragmentation,
and large concentrations of endemic and restricted range specieg(Brooks et al. 2006) To
address the latter circumstances, conservation biologists focus on areas that contain
large numbers of species that are vulnerable to extinction - those that have restricted
ranges, or arethreatened (Pimm et al. 1995, Pimm and Lawton 1998) which tend to be
locally rare (Gaston 1994) Since these endemism centers have also lost great portions of
Ul 1l DBUwWI EEPUEUWmsAYUAOWEOOUI UY @ieB6etaubmaadl pUUUw
information fed into many of these conservation priority setting methods is often too

coarse spatially, making their outputs limiting when seeking tactical conservation

actions. The use of equalarea grids, ecoregions(Brooks et al. 2006) or even country
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boundaries (Mittermeier et al. 1997) makes setting local conservation priorities harder
since, in practice, conservation actions unfold across much smaller geographic extents.
Moreover, the key insight from hotspots is that threatened species concentrate in places
where most of the habitat has already been destroyed(Myers et al. 2000)or soon will be
(Jenkins et al. 2013)
Tropical forests are a hotspot for biodiversity and a conservation priority. For
instance, global bird conservation priorities often foc us on the tropics, where two thirds
Ol wOT 1T whpOUOEZ UWEPUEWUXxT EPI UwODYI OWDOEOUEDOT wA N
International Union for the Conservation of Nature (IUCN) (Sodhi et al. 2011)

1.2 Colombia, a biodiversity hotspot

Colombia is part of the Tropical Andes, Choc6-Darién, and Caribbean
EPOEDPYI UUPUawi OUUxOUUwm, al UUwl OWwEOS wl YYYAB w3T 1
of a privileged geographic location and elevations that range from sea level to 5800 m.
Bird diversity is exc eptional with over 1800 species (72 endemic) and a rate of discovery
of 1 new species per year (Franco et al. 2009), compared to a global 2.4 per year (Long et
al. 1996). This is 18% of the world bird species, in less than 1% of its icdree land surface;
more than any other country. The diversity of mammals and amphibians is also
exceptional (Jenkins et al. 2013), while the northern Andes more generally hold one of

the largest numbers of flowering plant species in the world (Kier et al. 2005), and the



largest numbers of species predicted yet to be described by taxonomist (Joppa et al.
2011). Although the country still keeps intact portions of ecosystems in the Amazon, the
Chocd, and the Orinoco, the Andes have lost 70% of the original forest cover (Etter ard
Van Wyngaarden 2000) and most species with small geographic ranges live here (Renjifo
et al. 2001). National parks cover 12% of the national surface, but most parks, and the
largest ones, are located outside the Andes (Sistema de Parques Nacionales Natales de

Colombia 2013).

1.3Speciesd ranges

Identifying and understanding the geographic distribution of species has been
i UOEEOI OUEOQWUOWOEEUOI EOOOT awp! OEEOEUUOWEOEW&EU
geographical ranges, biogeographers examine the expres®DOwOi wEwUx1 EPI Uz wi EO
niche in space (Sexton et al. 2009).

The frequency distribution of range sizes is right -skewed: large quantities of
species have small ranges, and few species have large ranges (Blackburn and Gaston
1996). In space, this distild UD OO wi OO0O0OPUwW1ExOx OUUz UwUUOI o wUx I
have larger ranges, than those with tropical distributions (Stevens 1989). This also

applies to altitude: as elevation increases, the altitudinal range widens (Stevens 1992)

and species richnessdecreases (Rahbek 1995).



As Stevens (1992) explained, ranges of species at higher altitudes and latitudes
are perhaps larger because these species have a wider tolerance to environmental
variations throughout the year, or during the day. Historically, ab iotic factors, such as
climate, have been found to limit the ranges of species at higher latitudes, and biotic
factors have played a more important role with decreasing latitude (Dobzhansky 1950,
MacArthur 1972). Furthermore, biotic factors may have a more important role when the
ranges are small and species diversity is high (Brown et al. 1996), as is the case with New
World birds (Blackburn and Gaston 1996). Studies of species ranges have been mostly
driven by the motivation to understand range limits for commercially important plants,
invasive weeds and pests, and biological control agents (Brown et al. 1996). Few studies
have explored ecological patterns of range limits.

Research about species ranges has focused mainly on its relation to: body size,
latitude, and abundance (Blackburn and Gaston 1996): fewer studies have studied the
effect of altitude (Stevens 1992). Elevational data for most organisms is generated by
extrapolating from a small number of observations, while hardly any studies have
looked at determining the lower and upper altitudinal limits of species ranges (Stevens
1992). Due to the intense fieldwork involved in an altitudinal transect, very few have
beencompleted, and even fewer have been resampled. Plants and temperate localities

have dominated the research on species ranges on environmental gradients, whereas



few studies have focused on animals or tropical areas (Fischer et al. 2011). Examples of
altitu dinal transects in the tropics include: vegetation studies in Borneo (Kitayama 1992),
soil development in Bolivia (Schawe et al. 2007), liana distribution in Ecuador (Homeier

et al. 2010), and insect diversity in Panama (Wolda 1987).

1.4 Elevational ranges
I DPOT 1T OT UExT 1 UUWEOGEWI EOOOT PUUUWT EYT wOEx x1 Ewl
Information System (GIS) technology, recognizing how species are distributed two -
dimensionally (Franklin 2009). However, they are still working to understand the
altitudinal dist ribution component, especially in places with very high diversity (Stevens
1992) like the tropical Andes.
The study of birds along altitudinal transects on tropical and subtropical areas
has been going on for several decades: in Costa Rica (Loiselle an@8lake 1991), in Mexico
(Navarro 1992), Vanuatu (Diamond and Marshall 1977), and Peru (Terborgh 1977,
Forero-, | EPOEwWl UWEOB wl YA w( ET1 OUPI PEEUDPOOWOI wUx1 E
understand how species distribute in space. We can use this information subsequently to
EUUI U0wOT T wxEOUUT UOU WOl wUT T wbOXxEEUWOI wi EEPUEUWO
compression, and extirpation) and how species composition changes at certain sites.

Ultimately, we can determine how species ranges will shift in respon se to warming.



1.5 Species ranges in conservation

Ecologists and conservation biologists strive not only to understand how species
ranges are spatially distributed, but also to determine range shifts in response to
landcover and climate change. Elevational ranges have been found to explain the
probability of a species becoming threatened, and ultimately extinct (Sekercioglu et al.
| YYWAS w( UwPUWEOUOWOOOPOWUT E0w OEI EOWEPUEUWEEOGOD
and Whittaker 2007), and that birds will be more likely to track habitat changes, than
temperature (Forero-Medina et al. 2011). Along altitudinal gradients in Venezuela,
Colombia, and Ecuador Thiollay (1996) found that habitat loss and fragmentation
Ul EUET EWUE x 00Uz UwU E 4 Intensify thés©eifeats bf landéoveEchdndewp B O
which will produce alterations in temperature and rainfall seasonality. Range
contractions and species extirpations in polar areas and mountaintops are already being
documented (Parmesan 2006), and even consefative climate change scenarios result in

the predicted extinction of 100 to 500 land birds (Sekercioglu et al. 2008).

1.6 International Union for Conservation of Nature (IUCN)

The International Union for Conservation of Nature (IUCN) is a global,
intit UOEUDPOOEOwWOUT EOPAEUDOOwWPT OUI wOBUUDOOWHUwWUOwW?
throughout the world to conserve the integrity of nature and to ensure that any use of
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Conservation of Nature (IUCN) 2016). One of its more important programmes is the Red
List. In here, speciesare classifiedinto various categories that reflect their risk of
extinction (IJUCN 2012). It employs rigorously objective criteria, is transparen t, and
democratic in soliciting comments on individual species decisions. The process updates

species status regularly and all the associated data are publicly accessible

1.7 This dissertation

In this dissertation | study distributions of endemic, threaten ed and small-ranged
birds in biodiversity hotspots to assess their usefulness in assessing extinction risk, and
setting conservation priorities. Through intensive use of Geographic Information
Systems, | map areas of high concentrations of birds of consenation concern in the most
biodiverse places, to inform conservation decisions and refine the process that assigns
species to threat categories.

Chapters 2, 3 and 4 of this document examine bird conservation in Colombia
from three different angles. Chapter 2 looks at national priorities for bird conservation,
identifies the Western Andes as a priority, and downscales this priority to on -the-
ground conservation actions. In Chapter 3, | combine priorities for bird conservation
with landslide prevention to iden tify areas where forest restoration would benefit both
biodiversity and people in the Central Andes. Focusing on the Western Andes, and

specifically the area identified as priority on Chapter 2, | examine the impacts of



deforestation on bird elevational ra nges in Chapter 4. Using fieldwork to provide
original data, | compare altitudinal transects with different extents of forest to evaluate
impacts of lowland deforestation on the ranges of remnant bird populations.

Chapter 5 presents a global analysis of bid conservation priorities in six
biodiversity hotspots. By refining ranges by elevation and forest, | show that the
International Union for the Conservation of Nature (IUCN) should incorporate habitat
EEVUEwWDOwWUT 1T wEUUT UUOIT O U wihihnguahgek sigbificahdywhafgesb O
conservation priorities and the assignment of threat categories for forest birds.

Some of these chapters, and additional research | undertook while at Duke
University, have been published in peer -reviewed journals. Chapt er 2 was published in
the flagship journal Conservation Biology in 2014, Chapter 3 was published in PeerJ in
2015, Chapter 4 was published in PloS One in 2015, and Chapter 5 will be submitted to
Nature after the completion of this defense. | have also published additional research on
birds in naturally fragmented landscapes in the journal Neotropical Ornithology in 201 3
(Ocampo-Perfiuela, N & A. Etter. 2013. Contribution of different forest types to the bird
community of a savanna landscape in Colombia. Neotropical Ornithology 24: 3553.),
and on bird -window collisions in PeerJ in 2016 (Ocampo-Pefiuela, N., R.S. Winton, C.
Wu, E. Zambello, T. Wittig & N. Cagle. 2015. Patterns of bird-window collisions inform

mitigation on a university campus. PeerJ 4:e1652; DOI10.7717/peerj.165p
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2. Setting practical conservation priorities for birds in
the Western Andes of Colombia

2.1 Introduction

Priority setting in conservation looks at where all species are supposed to live, or
at those that areat risk or special in some way, and then optimally selects sitesthat
capture the largest fraction of species in a specified total area(Pimm and Lawton 1998).
Such methods are strategically useful because they identify regions that need
consideration and investm ent. Biodiversity hotspots (Myers et al. 2000)are the most
cited example. We have found that the information that informs these methodsis often
unhelpful in effecting local, tactical conservation actions. The information is often too
coarse spatially; that is, it is based onequal-area grids, ecoregions(Brooks et al. 2006) or
even country boundaries. Practical conservation actions unfold across much smaller
geographic extents. Moreover, the key insight from hotspots is that threatened species
concentrate in places where most of the halitat has already been destroyed (Myers et al.
2000)or soon will be (Jenkins etal. 2013)FOUwWNK 0 wOi wUT 1T whOUOEZz DwUT UI E
their status is due to habitat loss (Sodhi et al. 2011) Consequently, tactical conservation
actions must reflect the habitat loss and fragmentation that have sharply restricted
where species now live. We hoped to identif y and map areas ofglobal, strategic
conservation priority and then downscale these maps to a local scale to implement

practical conservation actions that would be globally significant .
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Colombia contains parts of the Tropical Andes, Choco6-Darién, and Caribbean
biodiversity hotspots (Myers etal. 2000p w31 I wWwEOUOUUaz UwUPET wEDOEDYI
of its geographic location and elevations that range from sea level to 5800 m.t has over
1800 species and 1 new specieis discovered per year (Franco et al. 2009) This is 18% of
the world bird species, in <1% of its ice-free land surface. Globally, on average 2.4 bird
species are discoveredper year (Long et al. 1996) The diversity of mammals and
amphibians is also exceptional (Jenkins et al. 2013)More generally, the N orthern Andes
house the largest numbers of flowering plant species in the world (Kier et al. 2005)and
the largest numbers of species predicted to beasyet undescribed by taxonomists (Joppa
et al. 2011) Although the country still contains intact portions of ecosystems in the
Amazon, the Chocd, and the Orinoco, the Andes have lost 70% of thér original for est
cover (Etter and Van Wyngaarden 2000). Most species with small geographic ranges live
in the remaining forest (Renjifo 2001) National parks cover 12% of the nationz lrface,
but most parks, and all the largest ones, are outside the Andes(Sistema de Parques
Nacionales Naturales de Colombia 2013)

We considered how to set conservation priorities that might lead to direct
conservation actions in Colombia. We recognized previous efforts to set priorities for
birds in Colombia such as Terborgh and Winter (1982), national efforts such as the

National Bird Conservation Strategy (Renjifo et al. 2001) and species modelingwork by
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Velasquez-Tibata et al. (2013)and Verhelst (2011) We complement these with our
analyses

Conservation priorities a re usually based on species with small geographical
ranges (Long et al. 1996) endemic species(Stotz 1996)or speciesthreatened with
extinction (Jenkins et al. 2010) The latter group includes all speciesthe International
Union for the Conservation of N ature (IUCN) (IUCN 2012) classified asvulnerable,
endangered, and critically endangered. Using all small-ranged speciesin a priority
scheme means including both species that are already threatenedand those that will
likely be threatened soon because oftheir range size and continuing habitat loss .

For endemic and small-range bird species we followed methods that were
successfully applied to the coastal forests of Brazil(Harris et al. 2005, Jenkins et al. 2010,
Pimm and Jenkins 2010, Jenkins et al. 2Q1). Expecting the remaining habitats to be
severely fragmented, we sought areas to reconnect forest fragments in the Western
Andes of Colombia that would have the highestconcentrations of endemic and small-
ranged bird species.

First, we considered how recent surveys expanded known bird distribution s.
Although birds are relatively well known , there are uncertainties in range maps (Harris
and Pimm 2008). In particular, decades of political ly motivated violence in Colombia

have severely restricted biological exploration.
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Second, wecreated realistic species range maps given the elevational limits of
species, informed by remote sensing of wheretheir habitats remain. We then compared
priorit y areasbased on existing range maps(BirdLife International and NatureServe
2011)with those extended by recent surveys, and by those refined by the elevational
limits and remaining habitats. Finally, we show how to employ these priorities to
reconnect forest fragments. Our approach and methods have great potential to enhance

UT 1 wi RPUUDOT wxUOUI EUI EWEUI EUZ wOi UpPOUOS

2.2 Methods
2.2.1 Study area and species
Seventy bird species and2 genera are endemic to Colombia(Franco et al. 2009)
Of these, 40 species are threateneBirdLife International 2014)as are a further 47 that
are not endemic. Four endemic bird areas are exclusively in Colombia and another 10
are shared with neighboring countries (Stattersfield et al. 2005) Nationally, 116
DPOx OUUEOUWEDUEWEUI EUwm( ! A0 k® Oletsah of ti’lBAs" OOOOE b
are completely protected, and 18% are partially protected (Franco et al. 2009) The
national park system includes 56 protected areas that cover 12% of Colombia(Sistema

de Parques Nacionales Naturales de Colombia 2013)A system of regional, local, and

private reserves (RESNATUR 2013)complements the national parks.
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In the southwestern corner of Colombia, the Andean mountain range divid es
into 3 cordilleras (Western, Central, Eastern) with two river valleys between them
(Cauca and Magdalena). Of the three, the Western Andes has the highest species
richness and the most endemic rodents, bats, butterflies, frogs, and birds(Cuervo et al.
2003, Kattan et al. 2004)In this cordillera, the western slope is extremely humid due to
the interception of winds from the Pacific Ocean (Kattan et al. 2004) while the eastern
UOOxT zUwOOUT wWEUPEWEOPOEUT wbUwUT 1T wUTl UUOUwWOT wEwWU
western slope has minimized deforestation (Robbins and Stiles 1999) but human
disturbance deforests much of the eastern slope(Cuervo et al. 2003)

In setting conservation priorities, we considered only terrestrial bird species
endemic to Colombia and specieswith a known geographic range of <100,000 kn#
(BirdLife International and NatureServe 2011), species that we called smaltrange
species. We chose the 100,000 kxthreshold based on IUCN criteria (IUCN 2012);
species with smaller ranges aresometimes classified as nearthreatened, while species
with | arger ranges aregenerally classified asof least concern. The species we chose are
in urgent need of conservation, given continuing threats of habitat loss and
fragmentation (Etter et al. 2006) Of the 171 species that met the criteria, 69 are endemics.
We excluded one endemic species Arremon basilicusfrom our analyses because it is a

recent taxonomic split (Remsen et al. 2013and a range map was not available. We used
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the species ranges, follow the taxonomy, and employ the threat status provided by
BirdLife International and NatureServe (BirdLife International and NatureServe 2011).
We mapped priority conservation areasfor all 171 bird species inColombia.
Subsequent detailed analyses of practical conservation priorities focused only on the
Western Andes, including just 100 birds. Within this region, analysis of IUCN categories

comprised only 13 species endemic to the Western Andes(Stiles et al. 2014)

2.2.2 Range update

We updatedonly Ux 1 EDT Uz wUEOT 1 UwOOwUT T w6l U0UI UOw
highest concentration of endemic and small-range bird species. Within the Western
Andes, we found that 73 of the 100 available range mapsexcluded localities with known
presences. We updated these ranges from inventories and fieldwork. To update the
ranges, we created a bounding polygon around the Western Andes. For the 100 species
whose ranges fell within this polygon, we gathered locality data from the Global
Biodiversity Information Facility (GBIF) (Global Biodiversity Information Facility 2013) ,
the Sigema de Informacién sobre Biodiversidad (SIB)(Instituto de Investigacion de
Recursos Biologicos Alexander von Humboldt 2013), and published and unpublished
bird inventories. These inventories included 13 localities (Appendix 1) .

We updated the ranges in a similar way to BirdLife International and

NatureServe (2011) For each species, we displayed the localities where it is present, the
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current range map, and the preferred elevation. Using ArcMap 10 (ESRI 19992013) and
following the techniques for exper t-drawn range maps (Graham and Hijmans 2006), we
drew an extension of the existing polygon that included the new localities, following the
elevation limits of the range. The polygon was the most conservative possible without
assuming the presence of the sgcies in areas lacking data. If a locality was >5km away

from the current polygon, we created a 10 km buffer around it (Appendix 2) .

2.2.3 Range refining

Published range maps, and those drawn following the expert -drawn techniques,
often include areas unsuitable for the species(Harris et al. 2005). Two steps refined the
ranges to achieve more accurate and realistic maps. First, we refined the updated range
maps with the known limits of elevation with a 90m digital elevation model (Jarvis et al.
2008) The preferred elevation for each specieswas the minimum and maximum
elevations recorded for the species(Hilty and Brown 1986, Restall et al. 2006)or on the
Ux1 EPI Uz wi EBwdlifelinteinatibhal bnd NabuweServe (2011). We understand
that the elevational limits of a species may vary along its distribution (Terborgh 1977)
Second, we further refined the range by remaining habitat. We used the most re@nt
land cover map of Colombia (SanchezCuervo et al. 2012)and selected only natural
cover as habitat (mature and secondary forest).We called the final map resulting from
Ul PUwxUOET UUWEwWUxI1 EPI Uzwl EEDUEUWOE x 8 w
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For example, Figure 1shows the range modific ations for the Multicolored
Tanager (Chlorochrysa nitidissimaa vulnerable and endemic speciesfound in the
Western and Central Andes (Hilty and Brown 1986, BirdLife International 2012) . We
refined ! DUE + D[ (Figute wd s mawde new observations of its occurrence (Figure
1b). This species prefers elevations between 1,300 and 2,200 nso we then refined the
map to include areas within this elevational range ( Figure 1¢). Unless one does so, the
implied ranges can often be many times larger than is possible given the known
elevational limits of the species (Harris and Pimm 2008). Using this new range, we
further refined the map by selecting only areas stil EOY 1 Ul EwEa wi OUT U0OwUT 1 w

habitat (Figure 1d) (Hilty and Brown 1986) .
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Figure 1: Range maps for the Multicolored Tanager (Chlorochrysa nitidissima),
a Colombian endemic: (a) BirdLife range (b) range updated on the basis of presence
data (c) range as refined by elevation (d) range refined by both elevation and  habitat
(i.e., forest).

2.2.4 Bird conservation priorities and reassessing threat level

We overlaid 171 BirdLife range maps (BirdLife International and NatureServe
2011)and repeated the processwith only threatened species(IUCN 2012). We then
summed the number of species to map high concentrations of endemic, smallrange, and

threatened bird species.
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category of birds. Thresholds are set for the following criteria: reduction of population
size, reduction in geographic range (extent of occurrence or area of occupancy),
decreasing estimates of mature individuals in the population, and known extinction
probability (IUCN 2012). Most of these criteria are difficult to assessand estimating
population size s and trends for all species is far from practical (Freile et al. 2010)
Geographic range is an accessible measure that serves as a proxgf them. Following the

range refining process, we evaluated the threat categories for 13 specie®f birds whose

total ranges are entirely within the Western Andes of Colombia.

2.3 Results
2.3.1 Initial map for Colombia

Small ranged speciesconcentrate in the isolated Sierra Nevada de Santa Marta
and in the Eastern, Central, and especially the WesternAndes (Figure 2a). The pattern of
threatened specieswas similar (Figure 2b). The Western Andes housel the highest
concentrations of endemic and small-range speciesand threatened species(35 and 12
species respectively). The largest national parks, which are in the Amazon lowlands,
contained no endemic or small-range bird species.Along the Andes, and especially on

the Western Andes, there are few parks andthey do not protect most of the species
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concentrations (Figure 2). Henceforth, we consider only th e Western Andes. Figure 3a is

the detail of Figure 2a for this region.
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Figure 2: Concentration of (a) endemic and small -range bird species (n =171)
and (b) threatened bird species (N = 42) in Colombia on the basis of BirdLife and
NatureServe maps (2011).

61 wOOl Pwi UOOWOUUWEOEwWOUT 1 UUgaBamatl OEP OUOQwUT EC
substantial omissions. For example, for the Mesenia-Paramillo Reserve (Figure 3), Suarez
(2013)reported at least 23 species of endemic and threatened bird pecies.Figure 3a

shows only 3 endemic and 2 threatened species.
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Figure 3: Concentration of 100 endemic and small -range bird species for the
Western Andes of Colombia (a) BirdLife maps, (b) after our range updates based on
presence data, (c) refined by suitable elevation, and (d) refined by elevation and
habitat.

2.3.2 Impacts of better knowledge and range refinement

The highest concentration of bird species in the Western Andes changeal from 41
to 46 when we updated the range maps, and high concentrations of species extened
much farther north : compare Figure 3a and 3b

Although the general patterns of concentration of endemic and small-range birds
were similar, with range refinement, theseareasbecame smaller and highly fragmented:

compare Figure 3b and Figure 3d. Our updates to the ranges resulted in generally larger
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rangesthan those reported by BirdLife (Figure 4: top grey line compared to the black
line below it). O nce refined by elevation, however, the range sizes decreasea (Figure 4.
dashed line), and then decreased substantially when refined by habitat (Figure 4 dotted

line) (Appendix3) .

100000

Range size log 10 (km?)

16 11 16 21 26 31 36 41 46 51 56 61 66 7L 76 81 %6 91 9%
Rank of bird species

= BirdLife Range = Updated Range = = Refined by elevation =~ =++=** Refined by elevation and habitat

Figure 4: Rank of 100 Western Andes birds by range size (smallest to largest)
on the basis of the original BirdLife range map, ranges updated on the basis of
presence data, ranges refined by elevation, and ranges refined by elevation and

habitat.
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2.3.3 Re-assessing threat levels with refined ranges

The combination of limited elevational range and exten sive habitat loss means
these species have much smaller ranges than previously thought.Inevitably, range
updates resulted in larger ranges (Figure 4), while the refining process resulted in
smaller ranges because remaininghabitat did not cover all the area within the chosen
elevations. Scytalopus canus, Picumnus granadensis, Habia cristatd,Bucco noanamasre
all of least concern or near threatened. After we trimmed the ranges by elevation and
habitat, all their ranges were <20,000 kn?. In extreme cass, such asPicumnus granadensis
and Bucco noanamathe species lost 836 and 54% of their estimated range respectively
after we refined by suitable elevation and habitat. P. granadensiss of less concern
because itusesforest borders, secondary plantations, and coffee plantations extensively.
Comparatively, B. noanamaes a forestrestricted species.A recently rediscovered species
presents arother interesting case. The original BirdLife range for Coeligena orinavas 25
kmz2; after updates it was 1,084 knt. Its estimated range drop ped when we refined by

elevation to 55 km? and by and habitat to 45 km2,

2.4 Discussion

The Western Andes had the highest concentration of endemic and smallrange

bird species. This finding updates priorities set by the Nationa | Bird Conservation
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Strategy (Renjifo et al. 2001)that suggested the Central and Eastern Andes asareas of
the highest conservation priority. Velasquez-Tibata et al. (2013)also identified the

Western Andes asof the highest conservation priority for bird s.

2.4.1 Importance of range updating

Updating the U x | ErBnigdd wittunew data showed that BirdLife International
and NatureServe (2011y U w U E O Tuhderéstimatédd important areas such as the
northern part of the Western Andes : compare Figure 3a to 3b This area was poorly
studied for most of the twentieth century . Various studies in the last decadehave
resulted in rediscoveries (Krabbe et al. 2006Dp wU x 1 EPI Uz wUEG@ivéardl.R U1 OUD OO
2003)and discoveries of new species(Robbins and Stiles 1999 Salaman and Stiles 2008,
Caranton-Ayala and Certuche-Cubillos 2010). Our study was limited by the limited
locality data for some species, especially endemics, as has been the case with other
studies (Graham and Hijmans 2006, VelasquezTibata et al. 2013) Updating bird ranges
in all other areas of Colombia remains an important task becausewe may still be

underestimating priority areas for conservation in Colombia.

2.4.2 Justification for refining ranges

The original range map for the Multicolored Tanager generally follows the
known elevation limits of the species. Our refining by a detailed map of elevation only

decreases the estimate range by 38%: compare Fig 1b and Mithout such refining, the
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implied ranges sometimes be many times larger than is possible given the known
proposed range lacks forest cover, however. Fragmentation and land use conversion
Ul YT Ul OawUIl E UrBnigabechuddl is sekldnEdind Wutside native forests
(Renijifo 2001)
After Ul | DODPOT wUx1 EPI Uz wUEOT | UwWE athdo@iaf EUDPOOWE O
distributions of endemic and small-range speciesare broadly the same: compare the four
panels of Figure 3The ranges became smaller andwvere highly fragmented, however
(Figure 3c-d). The majority of the BirdLif e ranges included areas thatno longer contain
habitat for the species due to recent severe deforestation and fragmentation. Thisfinding
is consistent with results of studies in the Atlantic forest in Brazil (Jenkins et al. 2010)

and in Central America (Harris and Pimm 2008).

2.4.3 Reclassifying threat

For 13 Western Andes endemics, Birdlife considers 11 to be threatened. We
recommend the remaining 4 species be reassessed. When we refined the ranges by
elevation and remaining habitat, their sizes fell within the broad limits of other species
Birdlife deems threatened (Figure 5). We suggest this exercisebe replicated for all
endemic and small-range species in Colombia becausetheir threat status could also be

currently underestimated. Analyses of range fragmentation and threat categories have
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been done successfully for the Atlantic Coast forest of Brazil, where Schnell et al. (2013)
found that in addition to the 28 speciesalready deemed threatened by IUCN, 30 more

might also be categorized asthreatened.

BirdLife Range Updated Refined by elevation Refemed ';-'":b’;‘a':‘"’" aad

- —Adapetes lancae - 34—
—,":l

-

5,000 km?

Bangsia melanochlamys- 8220_Bangsia melanochiamys - 8,976

100,000 km?

Figure 5: Thirteen Western Andes endemic species ranked by increasing range
size (top to bottom) on the basis of BirdLife ranges, ranges we updated with presence
data, ranges refined by suitable elevation, and ranges refined by elevation and
habitat.

2.4.4 \Western Andes conservation actions

The Western Andes had the highest concentrations of endemic and small-range
bird species.Long et al. (1996)showed the Choc6 Endemic Bird Area had more
restricted range species than any other in the world. The western slope starts with

lowland rainforest , rises to paramo, and extends through very humid cloud forests .
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These areas aresome of the best preserved in Colombia; the forests are almost
completely intact (Cuervo et al. 2003) On the other slope, the landscape is extremely
fragmented and covered by agricultural fields and urban areas (Forero-Medina and
Joppa 2010)

Between the 5 national parks in the Western Andes, large unprotected gaps
remain (Figure 3, d). The southern part of the cordillera, bordering Ecuador, is also
unprotected. Between Munchique and Farallones is a gap that could potentially connect
these 2 important parks. Landmines cover some of this region. These prevent direct
conservation action, but they also impede logging and hunting and have allow ed the
forest to remain intact. To the north of Farallones, ranges are evidently fragmented and
lack protection. Land acquisition here is expensive due to dense human settlement and
agriculture (Etter et al. 2011) Another large unprotected area is between Tatama and
Orquideas, a region that has recently opened up for research after many years of social
unrest.

Other than identifying particular large areas that one might hope the Colombian
government might protect, we suggest the creation and enlargement of private protected
EUI EUwOT ECWEOUOEWEOOXx OI O OU wWPhramilid i®arprivat® 01 00Uz Uwl
reseave located between Tatama and Orquideas National Parks, an area in need of

conservation with high concentrations of endemic, small -range, and threatened species
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(Figure 3). In Figure 6, satellite imagery shows a large continuous forest west of
Mesenia-Paramillo Reserve (star in Figure 3) that is protected by indigenous peoples and
the regional authorities. To the east of the reserve is an approximately 10,000 ha area of
forest under regional protection, with some private conservation areas. Deforestation
threatens to isolate it. This situation encouraged Fundacién Colibri, a Colombian
nonprofit organization, to acquire land for conservation in the crucial area between

these forests. It purchased MeseniaParamillo Reserve (630 ha) in 2007. Currently, two
foundations SavingSpecies (SavingSecies 2014) and SPThe Netherlands (SPN 2013)
have contributed resources for acquiring more land. The reserve is currently 2500 ha and
continues to expand with new purchases. This private reserve will maintain the existing
fragile connection between these forests and, through forest restoration, broaden it. This
will provide more habitat for dozens of threatened and endemic species and thus

improve their conservation status.
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Figure 6: Mesenia-Paramillo Reserve (green) and protected areas around it on a
satellite image provided by Earthstar Geographics.

There are broad consequence®f these protection actions. Many studies highlight
global conservation priorities (e.g.,Myers et al. 200Q Jenkins etal. 2013) Joppa et al.
(2011)asked the obvious question of how one candownscale from global strategic
studies to practical actions. Jenkins et al. (2011 provide a case history for coastal Brazil,
and here we provide another for Colombia . Four key recommendations emerge as likely

having international relevance.

28



First, regional or international conservation priorities must be downscaled to
practical geographical extents that allow conservation actions. Merely saying the
Northern Andes of South Ameri ca or the Western Andes of Colombia is a priority is not
enough.

Second, while strategic conservation priorities may change slightly as better data
on vertebrates (Jenkins et al. 2013and quantitative information on other taxa (such as
plants (Joppa et d. 2011))become available, there is broad agreementon the location of
the hotspots. Most priority setting studies assume speciesoccur across their entire
original ranges. Based on our work, we recommend demarcating these ranges by
elevation and by remaining habitat. Such information is extremely important in making
tactical recommendations for land protection. Habitat cover is continually changing, of
course.

Third, inadequate knowledge of species rangesaffect these priorities, as is the
case inColombia because of its recenthistory. We recommend updating these
EOOUI UYEUDPOOwWxUPOUPUDPI UWEUWOOOPOI ETT woOi wUxI1 EDI

Finally, we recommend complementing national protected areas, such as
national parks, with smaller, strategically positioned, pr ivate reserves. Mesenia

Paramillo Reserve provides an example. Enactment of private reserves would be a

small-scaleeffort, but it would likely be highly effective at preventing the isolation of
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large areas of habitatand restoring their habitat connections. Restoration of degraded
land and reconnection of forest fragments may involve land acquisitions small enough

for regional conservation organizations and even individuals to effect.
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3. Bird conservation complements landslide prevention
in the Central Andes of Colombia

3.1 Introduction

From October 19" to 29", 2011, an estimated 400,000 people in the city of
Manizales, in the Central Andes of Colombia, lost all access to their water supply. The
cause wasa major landslide that broke two main pipes transporting water from the
cloud forests and paramos to the city, causing millions of dollars of economic loss.

In montane areas with abundant rainfall, seismic activity, volcano -ice
interactions and natural erosion processes, landslides are a natural process and key
disturbances (Restrepo and Alvarez 2006, Huggel et al. 2007) The overexploitation of
natural resources and deforestation increase the magnitude and frequency of landslides
by removing the vegetati on and root matrix that hold soil in place, however (Allan 2004,
Keefer and Larsen 2007) Climate change will likely worsen the frequency and
magnitude of landsides (Nadim et al. 2006). Cleared forests on steep slopes are
especially vulnerable to landslide s, while areas affected by landslides are ideal for
restoration of forest cover. Restoring forests would reduce the risk of further disasters.

Tropical montane areas also house high levels of biodiversity. The northern
Andes have high numbers of endemic and threatened vertebrate taxa (Jenkins et al.
(2013) Similarly, Joppa et al. (2010xhowed the region to have exceptional numbers of

plant species, many of which are endemic, and they predicted it to have large numbers
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of undiscovered species. In particular, the Central Andes holds 56 endemic and smalt
ranged bird species (Ocampo-Pefiuela and Pimm 2014) Human settlement and land
clearing for agriculture (Etter et al. 2006, Etter et al. 2011have extensively fragmented
their ranges (Ocampo-Pefuela and Pimm 2014) so many species are at risk of extinction.
Forest restoration in areas of high endemism and small-ranged bird species would have
the greatest conservation benefit as exemplified also by Important Bird Areas (Franco et
al. 2009)
We prioritize cons ervation and restoration areas in the Central Andes of
Colombia, with a localized case study in the Rio Blanco Reserve, near the city of
Manizales. Our aim is to find places where conserving or restoring an area would
provide habitat for endemic and threat ened bird species, while contributing to landslide
prevention. We then extrapolate this exercise to the entire Central Andes ecoregion
where comparable landslide occurrence data were not available.
"OO0OOOEPEZEW UUPEOI whihvhuwOIi uptrEnhlse pf puadd@or whuN N+ wx U
conservation and restoration in watersheds that provide water to towns and cities. We
conducted this priority setting exercise to facilitate the implementation of Article 111 at
the Rio Blanco Reserve (Aguas de Manizales), and at othemunicipalities in Colombia.
UUDPEOI whhwwUUEUT UwUOT EVW?EOOwWOUODEDXxEODUDI UWEOD
their revenue in purchasing or maintaining land that protects watersheds, or in paying
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for ecosystem services that contribute to the same @ EOWE UUD OT whik wal EUUOwUU
(Ministerio del Medio Ambiente 1993) . Although this Article provides an avenue for the
conservation of biodiverse lands, it has rarely been implemented.

Local and regional governments have largely neglected the law. After 15 years,
only 0.12% of the revenue was invested in land purchasing and fewer than half of the
municipalities, and a third of the departments implemented the law (Rudas 2010) In
some cases, the revenue funds have been spent on other activities. Inther cases, local
governments have found it difficult to identify the land to purchase for conservation
(Rudas 2010) In response, Decree 0953 delineated new guidelines for Article 111 and
was published in 2013 (Ministerio de Ambiente y Desarrollo Sostenib le 2013) The new
decree details the source of the 1% of the revenue and lays out specific investment rules.
The new Decree allows local governments to pay for ecosystem services, such as
hydrological regulation and sediment and erosion control, as they re ady for land
purchases.

Prioritization strategies are highlighted to include: improvement of water
guality, presence of water sources, aquifer conservation, natural land cover, areas
vulnerable to anthropogenic pressure, and ecosystem connectivity (Minist erio de
Ambiente y Desarrollo Sostenible 2013) The goal of our study was to contribute to

developing these strategies for identifying lands that should be purchased for
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conservation. We do this by mapping areas important for conservation of existing fores t,

and restoration to natural forest of current cattle pasture and croplands.

3.2 Methods
3.2.1 Study area

| DPUEWEDPYI UUPUaAawbOw" OOOOEPEWPUWUT T we OUOEz Uwl
endemic species(Stiles et al. 2014) Of the total, 106 species are lited as threatened by
the International Union for Conservation of Nature (IUCN) (BirdLife International 2014) .
The high diversity is partly explained by the unique geography of the Andes in
Southwestern Colombia, where it divides into three cordilleras: the Eastern, Western,
and Central. All three are identified as priority areas for biodiversity (Jenkins et al. 2013)
and are inside the Tropical Andes biodiversity hotspot (Myers et al. 2000) one of the
three hotspots found in Colombia. The Western Andes hold the highest numbers of
endemic and small-range bird species, followed by the Eastern cordillera (Cuervo et al.
2003, Kattan et al. 2004, OcampdPefiuela and Pimm 2014) Although the Central Andes
are not as diverse as the other two cordilleras (Kattan et al. 2004) they house 16 endemic
and 6 threatened species in a given placgOcampo-Pefiuela and Pimm 2014)
Importantly, the Central Andes is the most threatened cordillera: over 70% of

"OOOOEPEZUwxOxUOEUPOOwWI EVwWUI UOOI reheCétall 1T w OEIT U
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Andes (Etter and Van Wyngaarden 2000), resulting in significant land conversion for
agriculture (Etter et al. 2011) and habitat fragmentation (Etter et al. 2006)

Coupled with high bird diversity, the Andes are prone to landslides and
avalanches due to their steep terrain and high rainfall (Nadim et al. 2006, Huggel et al.
2010) The Central Andes are specifically vulnerable to these phenomena due to their
characteristic geological and geomorphic conditions, wet climate, and location. Our
specific study area is located near the Ruiz and Bravo volcanoes, on a seismically active
region, increasing its vulnerability to erosion and landslides locally (Westen and Terlien
1996)

We studied the Reserva Forestal Protectora de Rio Blanco y Quebrada Olivares
(hereafter the Rio Blanco Reserve), located 3.5 km from the city of Manizales, on the
western slope of the Central Andes of Colombia, in the department of Caldas (Figure 7).
The Rio Blanco Reserve covers 49.32 kinwith 17.76 kmz2 (36%) in pasture for cattle and
0.8 km2 in pasture for cattle rotating with potato crops. The rest is forest (62%). The
elevation rises from 2,000 to 3,800 meters above sea level and the dominant@system is
cloud forest. It has some paramo areas at higher elevations and houses 409 species of
plants, 344 birds, and 41 mammals(Corpocaldas et al. 2010)

Rio Blanco Reserve was declared a protected area in 1990 as part of the

conservation corridor ar ound Los Nevados National Park, which conserves 49 km? of
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paramo, And ean forests, and glaciers (Figure 7 b). The reserve currently provides 35%
of the potable water to the city of Manizales. Some of the threats to the forests of the area
include landslide s, cattle ranching, potato plantations, and densely planted introduced

trees (Corpocaldas et al. 2010)

|:' Central Andes * Manizales %
|:| National Parks D Rio Blanco Reserve

*  Manizales
[ Forest 0o 15 300 600 Km
]

Figure 7: Study area. (A) Map of Colombia (B) Localized study area near
Manizales.

36



3.2.2 Landslide susceptibility index

A landslide susceptibility index expresses the likelihood of landslide occurrence
in an area based on local terrain conditions (Brabb 1984) We developed a simple
landslide susceptibility index for the Rio Blanco Reserve using slope, aspect, stream
proximity, and the presence or absence of forest cover. Other studies have developed
susceptibility indices using a suite of variables, including rainfall (Farahmand and
AghaKouchak 2013), slope, aspect, stream proximity, and landcover (Perotto-Baldiviezo
et al. 20Q1). Landcover, slope and aspect tend to be the strongest predictors of landslide
hazard (Perotto-Baldiviezo et al. 2004)

Our landslide susceptibility index ranges from 0 to 100, with 100 indicating the
highest risk. All input variables were transformed i nto weighted index values following
guidelines used by Perotto-Baldiviezo et al. (2004) but adapting the weights to the local
context. The variable with the highest weight was slope (40), followed by forest cover
(30), stream proximity (20), and aspect (D) (Table 1).

Table 1: Input variables to the landslide susceptibility index, and their
associated weighted values, for the Rio Blanco Reserve

Layer Categories Index Value
0-12 % 0
12-30 % 10
Slope 30-60 % 20
60-100% 30
>100 % 40
Forest cover Forest - 10
No forest (grass, crops, bare soil) 30
Stream Proximity 0-300 m 20
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300500 m 10

>500 m 0

N 0

E 5

Aspect W 5
S 10

We derived the slope and aspect from a 90m Digital Elevation Index (Jarvis et al.
2008)using tools from ArcMap 10.2 (ESRI 19992010)and downscaling the resolution to
30 m using nearest neighbor cell resampling. We generated a slope scale of100%
steepness, and divided the aspect into 4 directions (Table 1). We derived the forest cover
(forest/not forest) from data produced by Hansen et al. (2013)at a 30 m resolution for the
world using LANDSAT images. Stream proximity was calculated in three categories
using the Kernel Density tool in ArcMap 10.2 (ESRI 19992013) The resulting landslide
susceptibility index has a 30 m resolution.

We tested the accuracy of the landslide susceptibility index using georeferenced
data collected in 2013 for landslide occurrence. We used 68 points for landslide presence
and 29 for landslide absence(Appendix 4) . Aguas de Manizales personnel collected
these points both inside the Rio Blanco Reserve and in areas 10 km to the south of it. In
January of 2014, we collected data in different types of landcover (forest, open grass,
elfin forest, and param o), where landslides had not occurred in order to test our

landslide susceptibility index. We used a confusion matrix to determine the overall
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(also known as commission and omission error).This is the most widely used method in
remote sensing (Foody 20028 w6 I WEOUOE wOOUwUT U0 wUT 1 wbOEI Rz UwE
Central Andes regions due to the lack of publically available georeferenced landslide

data.

3.2.3 Birds

For the purpose of this study, we considered only terrestrial diurnal bird species
that were either endemic or had a range smaller than 100,000 km, and whose range
included the Central Andes region (Appendix 5) . We started with the range maps
provided by BirdL ife International and NatureServe (2013) and refined it by suitable
1 Ol YEUDOOwWiI OO00OPPOT wl EET wUx1 EPI Uz wWEOUDUUEDPOEOW
Harris et al. (2005)and Ocampo-Pefiuela and Pimm (2014). The resulting range
included only areas that were within the lowest and highest elevational limits ever
recorded for the species in field guides or in the BirdLife factsheet (Hilty and Brown
1986 Restall et al. 2006, BirdLife International 2012) Refining by elevation prevents us
from including areas that are potentially not occupied by a species (Harris and Pimm
2008)

Finally, we mapped the ranges of the 56 endemic and smallrange bird species
whose distributions were restricted to or included the Central Andes. We then looked

for areas that had high concentrations of species.
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3.2.4 Conservation and restoration areas

We consider potentially good conservation areas those that have a high risk of
landslides (as shown by our landslide susceptibility index), and high concentrations of
endemic and small-range bird species (as depicted by our bird maps) in areas covered
by forest. We define restoration areas as those that have these same characteriss, but
lack forest cover. To visualize the results, we divided landslides into two categories
based on our landslide susceptibility index: 0-60 and 63100; and, divided bird
concentrations into two categories: 0-6 species and 714 species. Then, we compeed
these two layers to find conservation areas where high landslide risk and a high
concentration of endemic and small-range birds overlapped. To identify restoration
areas in the Rio Blanco reserve, we overlapped our conservation priorities with forest
cover to find potential areas for restoration. We narrowed the priorities further by
ordering areas according to their restoration urgency using kernel density in ArcMap
10.2(ESRI 19992010) Areas very close to known landslides, we selected as first priority,
and second and general priorities are further away from the landslide center.

For the Central Andes, we mapped human population density (Tatem et al. 2013)
and main roads in relation to the conservation and restoration areas prioritized in our
exerdse. We would have liked to have mapped the main water pipe conducts but this

information is not publicly available. Our aim was to evaluate the extent to which
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restoring the proposed areas would prevent landslides on main roads or near populated

areas, thus providing an ecosystem service.

3.3 Results

To identify landslide susceptibility in the Central Andes of Colombia, we created
an index using slope, aspect, stream proximity, and forest cover (Figure 8). For landslide
sites, the forest layer showed tha 77% of the points lacked forest. As for slope, 4.5% sites
were on slopes with a weighted value of 30, 50% a 20 value, and 43% a 10 value. Thirty
four percent were located near a stream (3300m). Twenty-eight percent were on the
southern aspect, which is most vulnerable to landslides. Sites without a landslide
showed a different pattern. Although for forest cover the values were similar, with 70%
of the points lacking forest for the absence points, only 6.9% of the points were in the 30
slope category and 24% in the 20 slope category, less steep in general. Only 7% of the
points fell within the most vulnerable stream proximity category, and 15% within the

most susceptible aspect.
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Figure 8: Input layers for the landslide susceptib ility index in and near the Rio
Blanco Reserve. All values are standardized to the 100 -point scale of the landslide
susceptibility index. (A) Slope derived from Digital elevation Index (Jarvis et al.,
2008). (B) Forest cover derived from the Hansen et al. (2013) forest map. (C) Stream
proximity derived from a stream layer. (D) Aspect derived from Digital elevation

index (Jarvis et al., 2008).

Our landslide susceptibility index had an overall accuracy of 55% based on the
confusion matrix (Table 2). The index predicted past landslides correctly 90% of the
time, but it tended to overestimate landslide presence, i.e. the commission error. In 39%

of the time landslide absence was predicted accurately, i.e. omission error. Nonetheless,
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90% of the time the index predicted a lack of landslides where observed points
confirmed the absence. Two factors affected the accuracy of the model: (1) some
landslide absence points are in paramos, naturally tree-less ecosystemgvan der
Hammen and Cleef 1986) and, (2) some landdide presence points were inside the forest,
in areas that not visible to remote sensors, but clearly identified as dangerous by field
workers.

Table 2: Confusion matrix for landslide susceptibility index in the Rio Blanco

Reserve.
Observed
Landslide No Landslide
. Landslide 27 41 0.40 | x & =

|
Predicted N 7 andslide 3 26 000 | ' @SNRa
0.90 0.39 0.55 Overall Accuracy

t N2 RdzOSNDa !

To compliment landslide susceptibility, we mapped endemic and small -ranged
bird concentration (Figure 9c-d). Maximum concentration in a given place was 14
species and it was mostly concentrated at mid-elevations, excluding paramos (above
3000) and subAnde an forests. Over half of the Rio Blanco Reserve fell within the 7-14

species category indicating the importance of this site for bird conservation.
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Figure 9: (A) Landslide susceptibility index for the Rio Blanco Reserve and its
surroundings. (B) Simplified landslide susceptibility (0 460, and 6@ 100). (C)
Concentration of endemic and threatened bird species. (D) Simplified concentration
of endemic and threatened bird species (0 6, and # 14 species). (E) Areas with high
landslide s usceptibility, high concentrations of endemic and threatened bird species,
both (conservation priorities), or none.

We simplified endemic and small -range bird concentration and the landslide
susceptibility index layers (Figure 9). Purple pixels correspond to areas that we consider
appropriate for conservation due to high landslide susceptibility and endemic and
small-range bird concentration. We identified 5.5 km 2 as potential conservation areas.
Some of these conservation areas were inside forest (72%),ral a few were in cattle
pasture or crop land (28%). We overlapped these conservation priorities with a forest
cover map to further prioritize restoration areas lacking forest (Figure 10), leaving 1.57
kmz2as high priority for restoration. Of these 0.21 km 2 are first priority, 0.24 km 2 are of

secondary priority, and the remaining 1.12 km 2are of general priority.
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Figure 10: Restoration priority areas that lack forest cover and have high
landslide risk and high landslide risk and h  igh endemic and small -range bird
concentrations (first, second, and general priority) in the Rio Blanco Reserve. Paramo
ecosystem (above 3500 m) shown in gray.

Using the method that we developed for the Rio Blanco Reserve, we mapped
conservation and restoration priorities for the Central Andes using the same criteria:
landslide susceptibility, endemic and small -ranged bird concentrations, and forest cover,

but added population density and roads (Figure 11).
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Figure 11: Conservation and restoration priorities, and human population
density for the Central Andes. Conservation and restoration areas in the Central
Andes in Colombia overlaid on layers of population density (as people per pixel,
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from the WorldPop dataset (Tat em et al., 2013)), and roads for the coffee-growing
region (A), and the Medellin area (B).

We identified 1980 km? of potential conservation areas in the Central Andes
region that present high landslide susceptibility and high concentrations of endemic and
small-ranged bird species. This accounts for 27% of the total area. After overlaying these
priorities on areas lacking forest, 886 kn? (12%) remained potential areas of forest cover
restoration. To further prioritize restoration areas, we examined the loc ation of the
restoration areas in relation to roads and human population density. We consider those
areas close to densely populated areas and roads, of crucial importance. Areas we
highlight (Figure 11A-B) include major cities of Colombia like Medellin, P ereira,

Manizales, Armenia, and Ibague, all with populations above 400,000.

3.4 Discussion

Inspired by the November 11t landslide event near Manizales, and the current
poor results of Article 111 as a conservation measure(Rudas 2010) we set out to
pri oritize conservation and restoration areas where landslide prevention would be
coupled with bird conservation.

We found landslides to be common on steep slopes and areas that lack forest

cover. Lack of forest cover is a main contributor to landslide susceptibility, and a major
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triggering effect (Dai and Lee 2002, Keefer and Larsen 2007, Huggel et al. 2010)
Steepness is often associated with landslide susceptibility (Carrara et al. 1991, Dai et al.
2002) Additionally, Perotto-Baldiviezo et al. (2004)found slope and landcover to be the
main determinants for landslide hazard in Honduras, in accordance with our data in
Colombia.

Our landslide susceptibility index had an overall accuracy of 55%. Although not
the ideal 85% accuracy proposed for landcover clasification (Congalton 1991, Nishii and
Tanaka 1999) our index predicts 90% the known landslides acting as a strong
susceptibility measure and exhibiting great potential for restoration to prevent
landslides.

Landslides are serious threats to human lives, social welfare, and local economies
(Huggel et al. 2010) Preventing them is important. The risk is highest in countries with
large portions of arable land and significant resulting forest conversion, but overall high
national forest cover like Colombia ( Nadim, Kjekstad et al. 2006, Farahmand and
AghaKouchak 2013).

Montane areas with high landslide susceptibility also house high concentrations
of endemic and small-range bird species. We identified 5.5 km? as potential conservation
areas where these two ©nditions overlapped in the Rio Blanco Reserve. We further

prioritized restoration areas by overlapping our conservation priorities with a forest
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cover map. A smaller area of 1.57 knt is ideal for forest cover restoration, with 0.21 km?2
being first priorit y, and 0.24 km?second priority.

Few studies combine the protection of vulnerable species with the provision of
ecosystem services as we have done for the Central Andes. Successful examples in
Ecuador, Costa Rica, and New York City show watershed protection to benefit
ecosystem services like potable water availability in cities (Postel and Thompson 2005)
However, the goal is often species conservation(Kattan 1992, Orsi et al. 2011)setting
new protected areas(Jenkins et al. 2010)or the protection of ecosystem services alone
(Costanza et al. 1997, Chan et al. 2006, Naidoo et al. 200&cosystem services are
fundamental for the survivorship of all species, but the provision of these is imperiled
by anthropogenic activities (Daily et al. 2000). For instance, we know that whenever
human activities, such as agriculture and cattle grazing, are associated with watersheds,
bank stability may decrease (Allan 2004) and soil water retention capacity increases
(Harden 2006), causing landslides. We also know that Andean birds cannot survive in
the absence of forestp. z #1 EWEOE wW6 I.DUUEOI Uwl YYAK

As conservation biologists, we would like to purchase and set aside the 5.5 km?
we identified as priority for conservation. However, we know this is not possible,
especially here because land is very expensive. In light of Article 111 and recent decree

0953, Aguas de Manizales has the responsibility to expand the Rio Blanco Reserve each
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year. With our priority setting exercise we have downsized the priority areas from 17.76
km2that are currently pasture or crops to 5.5 km2 (31%) which are conservation
priorities, and further to 1.57 km 2which are restoration priorities, and 0.21 km 2which
are the most urgent sites. Rio Blanco is one of the most popular bird watching sites in
Colombia thanks to the presence of endemics like the Masked Saltator and the
Bicoloured Antpitta, restoration of degraded land would expand the area for bird
watching and other nature -related activities. Although restoration might take several
years, Aguas de Manizales has conducted paramo restoration at higher elevations and
have been successful at recovering organic matter cover by using appropriate plant
species We invite other montane municipalities in Colombia to replicate this exercise.
This will contribute to guide the investment of the US$20 million that are available for
land purchase in the country, about one third of the National System of Protected AreaU 7 w
annual budget (Rudas 2010)

As a first step towards the use of this method in other montane areas, we
extrapolated our priority setting exercise from the Rio Blanco Reserve to the Central
Andes (Figure 11). We identified 27% of the Central Andes as potential conservation
areas, and 12% as potential restoration areas. However, 886 ks a large area to
purchase and restore, so we further narrowed our priorities by mapping population

density and roads. Restoring priority areas near cities would enhance ecosystem services
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bringing economical and social benefits to the cities (Daily et al. 2000). Landslide
prevention near roads contributes to lower human deaths and operation costs. In
Colombia, landslides are the main cause for road closing (INVIAS -Institut o Nacional de
Vias 2014)and have been shown to generate significant damage locally (Huggel et al.
2010) Figure 5 shows several potential restoration areas in the vicinity and within the
cities of Manizales, Pereira, Armenia, Ibague, and Medellin, some of* OOOOEDPEz UwWwOEUT |
populated centers. Land near cities is probably more expensive but also in more urgent
need of restoration.
We presented a simple priority setting exercise for selecting conservation and
restoration areas that could be purchased followb 0T w UUPE Ol whihihiwEQE w#1 EUI
guidelines and enhancing biodiversity and ecosystem service conservation. We
understand the limitations of applying a local index to a general region like the Central
Andes and encourage the application of this index in ot her places using complimentary
variables (soil, precipitation, volcanic influence, etc.) and updated georeferenced

landslide data.
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4 . El evati onal

ranges of montane
deforestation in the

Western And

4.1 Introduction

Deforestation causes habitat loss, fragmentation, and degradation, and can
ultimately cause the extinction of the remnant species (Brooks et al. 1999b, Brooks et al.
1999c, Laurance 1999, Pimm and Jenkins 2005, Moura et al. 2013} the tropics, these
are the main driv ers of immediate and delayed extinction in birds (Sodhi et al. 2004)
Researchers have studied the effects of habitat loss and fragmentation and identified
edge effects(Robinson et al. 1995, Laurance et al. 2011a, Haddad et al. 2019pss of
landscape canectivity (Krosby et al. 2010) reductions of population sizes (Andren
1994) and ultimately influence on genetic structures of populations (Moore et al. 2008,
Dixo et al. 2009)as the major contributors to species vulnerability to extinction.
Endangerment and extinction are likely not the result of one of these causes, but rather a
synergy of processes which will likely be exacerbated by climate change (Brook et al.
2008)

Geographic ranges of species have been used to study species vulnerability
(BirdLi fe International 2014) and inform conservation decisions with a wide range of
success(Orme et al. 2006, Jenkins et al. 2011, OcampBefiuela and Pimm 2014) From
previous studies, we know that species with the smallest geographical ranges, such as

those found on mountains or islands (Orme et al. 2006) are the most threatened with
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extinction (Renijifo et al. 1997, Brooks et al. 1999band will be more severely affected by
climate change (Shoo et al. 2005, White and Bennett 2015Remnant populations of

bird s, for instance, are often restricted to mountain ranges(Channell and Lomolino
2000)and thus we expect the larger number of future extinctions to be on mountain tops
(Sekercioglu et al. 2008, ForereMedina et al. 2011) Projections of range contraction in
response to climate change anticipate 400 bird species reducing their ranges by half,
although in the tropics the main cause of range contractions remains land-use change
(Jetz et al. 2007)

We know that specialized bird species disappear soon after the disturbance from
deforested areas, and slowly from remaining forest fragments (Brooks et al. 1999c)
Here, we explore one neglected question: do species adjust their elevational ranges in
response to the loss of natural habitat below them? We compare species ranges from
completely forested transects to those that have lost forest from lower elevations. We
anticipated differences, expecting that across comparable elevational spans species
would have larger ranges when there was forest below than when there was not. Some
species might well be absent near the lower end of their range if there is a forest edje
because of the added harm that befalls them there(Restrepo and Gémez 1998, Laurance

2004)
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Our motivation is both to add to the body of literature on the effects of habitat
loss and to understand the effect of lowland deforestation on the elevational r anges of
species. An increasing number of studies search for longterm changes in species
distributions along elevational transects driven by changes in the global climate
(Bohning-Gaese and Lemoine 2004, Shoo et al. 2005, Peh 2007, VelasguEbata et al.
2013) We still need to understand the potentially confounding effect of lowland
deforestation in the face of climate change (Brook et al. 2008)

We chose the Northern Andes as our study area as it is one of the most diverse
areas in the world (Myers et al. 2000, Jenkins et al. 2013)n the Western Andes of
Colombia, concentrations of endemic and threatened birds peak at 46 species in specific
areas(Ocampo-Pefiuela and Pimm 2014)and the diversity of other taxa is also high
(Kattan et al. 2004)

In addi tion, Neotropical birds, and especially those preferring higher elevations,
have narrower ranges than birds in other regions, making them more vulnerable to
extinction (Blackburn and Gaston 1996, Sekercioglu et al. 2008, Sorte and Jetz 2010,
Laurance et al. 2011b, White and Bennett 2015)When faced with habitat loss and
climate change, species with narrow niches and poor dispersal ability will be severely
affected (Travis 2003), while generalists and mobile species may thrive (Warren et al.

2001)
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We evaluate the effects of deforestation on the elevational ranges of montane
birds, specifically their mean and minimum elevations, and elevational range width. In
addition to analysing the effect on species, we tested its impact across different trophic
guilds and habitat preferences. We are unaware of previous studies designed to use
extensive elevational transect fieldwork to evaluate impacts of lowland deforestation in
the species that remain at the still forested higher elevations.

Previous studies have found bird extinction risk increases as elevational ranges
become smaller. We predicted that deforestation in the lower portion of an altitudinal
transect might disproportionately impact the elevational ranges of bird species with
narrow elevational ranges and those that prefer forest interiors, or depend on seasonal
food resources (such as nectar or fruit). Species with narrower elevational ranges lack
the option to find refuges from anthropogenic disturbances, increasing their extinction
risk (Laurance et al.2011b, White and Bennett 2015 w6 I wl B x1 EUl EwUx1 EPI Uz w
minimum elevations to be at higher elevations in transects lacking forest in the
lowlands, since some montane birds are altitudinal migrants and will likely be forced to
move up in search of resources, especially fruit and nectar-eating birds. As for
elevational range width, we expected a contraction in partially deforested transects, in
accordance to previous studies that predict range contractions due to habitat loss

(Rodriguez 2002)
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4.2 Materials and methods
4.2.1 Study area

"OO0OOO0EPEZUw OEI Uwi EYI wUOT Ul 1 wWOEPOWEOUEDOOI UE
Pacific Ocean and the Cauca Valley. The Western Andes of Colombia have the highest
diversity and endemism of birds (Cuervo et al. 2003, Lee et al2005, OcampePefiuela
and Pimm 2014), rodents, bats, butterflies, and frogs in the country (Cuervo et al. 2003,
Kattan et al. 2004) The east and west slopes of this cordillera differ in their climate and
conservation status. The east slope is located ira rain shadow, making its climate more
arid than the moist west slope which receives winds from the Pacific Ocean (Kattan et al.
2004) Most of the human population in the Western Andes lives on its east slope and
causes severe disturbances from agricultural use and cattle grazing (Cuervo et al. 2003)
Forests remain large and connected along the west slope, due to the lack of road access
(Robbins and Stiles 1999, ForereMedina and Joppa 2010) and the presence of groups of
political insurgents.

Our study took place in the Mesenia-Paramillo Nature Reserve (henceforth
Mesenia-Paramillo) located in the municipality of Jardin, in Antioquia (Fig ures 12a, b). It
lies between Tataméa and Orquideas National Parks, and currently covers 3000 ha.

Mesenia-Paramillo was purchased by Fundacién Colibri in 2007 and continues to
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expand its conservation area. Elevations span 2200 to 3200 meters above sea level (masl),
ranging from Andean cloud forests to paramos. The reserve conserves large
concentrations of endemic and small-ranged bird species (Ocampo-Pefiuela and Pimm

2014) as well as significant diversity of other taxa (Fundacién Colibri 2015).
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Figure 12 a) Location of Colombia in South America .. b) Location of Mesenia -
Paramillo Nature Res erve over a forest cover map from Hansen, Potapov (45). c)
Location of forested and partially deforested transects and their respective mist -net
and point count locations in Mesenia -Paramillo Reserve. Background image from
satellite RapidEye for dates 28/1 2/201301/04/2014. Displayed here with permission
from Saving Species (www.savingspecies.org) and in line with agreement from seller

BlackBridge.
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4.2.2 Field Methods

Between April 2014 and March 2015, we surveyed six altitudinal transects for
bird speciesrichness and abundance using point counts and mist-nets. Three transects
had forest from 2200 to 2800 m (Figire 12 c, teal). The other three transects only had
forest between 2400 and 2800 m; between 2200 and 2400 there were pastures (Erg 12
c,orange w' 1 OET 1 OUUT Owbi wpPOOwWUI 11 UwUOwUT T Ul wOUEOL
EIl i OUIl UUI1 E2 OwUI1 Wefbrdstocbirdrnsedta Ifave/nd hhd ®resOoowver for at
least 40 years, with no forest regeneration, as we observed in historical satellite imagey.
In a similar way, forested transects have remained forested for at least 40 years. The
forest in all transects had no obvious differences in plant structure and composition, but
we acknowledge the fact that other factors could be influencing bird commu nities in
these transects. We conducted all surveys inside forest, excluding paramos and pastures.
Although we collected bird data from 2200 to 2800m, we only compared bird data from
the forested part of both transects (24002800m) because we were interesd in the
changes to the elevational ranges of birds in the remaining forest. Bird diversity and
structure was strikingly different below 2400m due to the lack of forest in partially
deforested transects.

Point counts are generally the preferred method for assessing bird richness and

abundance (Bibby et al. 1993) Although measuring distance to each observation is
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recommended (Buckland et al. 2001) this was not possible in the dense and complex
cloud forest of the study site, especially because montane bids often move in mixed
species flocks(Bohérquez 2003) To keep abundance estimates as accurate as possible,
we had fixed-distance point counts with a 25 m radius.

We placed point counts every 150 linear meters spanning 2400 to 2800 m
following methods suggested by (Ralph et al. 1993) We measured the elevations and
distance using a handheld GPS. Due to differences in topography, some transects had
more point counts than others: the three forested transects had a total of 24 point counts
while partially deforested transects had a combined 27 point counts. Point survey
started at 0600 h and generally went until 2000 h. In each point count, a single observer
recorded every bird seen or heard during 12 minutes; within and outside the fixed
EDUUEOET wOi wl kwOdw. EVUI UYI UUwPI Ul wi Bx1 UDPI OET Ewb
their calls. We surveyed each point 20 times, alternating the order of the surveys to keep
the effort standard. To control for unknown impacts of altitudinal migrations,
repetitions of point count surveys for all six transects were distributed along one year as
follows: 8 repetitions between May and October of 2014, 6 in November and December

of 2014, andan additional 6 between January and February of 2015. We did not survey

during rain or severe winds.
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At each transect we had five mist-netting stations located every 100 altitudinal
meters (2400, 2500, 2600, 2700, and 2800) inside forest. We operatefieien 12 m, 36mm
mesh size, mistnets at each station for a total of 600 net/hours, generally lasting 4 to 5
days. Operating protocol generally followed (Ralph et al. 1993) We mist-netted on 2
transects at the same time, using two separate field teams, baveen April and September
of 2014. We opened nets before sunrise at 0530 and closed them before sunset at 1730,
except in the presence of rain or severe winds. One experienced bander and an assistant
checked nets every 30 minutes and identified, banded, ard released each captured

individual.

4.2.3 Data preparation

We used two different types of data to answer our research questions: species
richness, and species relative abundance. For species richness (presence/absence), we
used data from both point count s (inside and outside the fixed distance) and mist-nets.
When analysing species relative abundance, we only employed data from inside the 25m
point count radius because this method had more repetitions and thus better seasonal
representation. Additionally, we only captured 18 species in mist-nets that were not
observed in point counts. Most of these mist-net exclusive species we captured only

once.
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For all analyses, we grouped the three forested transects, and the three partially
deforested transects and treated them as forested and partially deforested respectively.
For each point count, we considered relative abundance as the sum of the counts on the
20 repetitions. We compared the two types of transects based on elevational range
variables: mean, minimum, and elevational range width. For the mean elevation, we
used abundance from point counts to weight the mean by taking the sum of each count,
multiplying it by its elevation, and then dividing that sum by the sum of all elevations.
Abundance-weighted mean elevations are more appropriate for understanding the
distribution of the species along the altitudinal transect (Forero-Medina et al. 2011) The
minimum and maximum elevations were the extreme observations of a species on any
transect replicate. The elevadional range width is the subtraction of the minimum
elevation from the maximum . We determined range width for each species as the
average of the three transect replicates.
Following analyses at the species level, we compared ecologically meaningful
groups classifying each species in a specific trophic guild and habitat preference
EEUI T OUadw6el wEUUDT O Ewl UOUxUWEEUTI EwOOwWbOIi OGUOEU
 DPUEUwWOT wOT 1 (debHOy 6tEILROIG YE O BwUT 1T w? &UPET wOOwWUT T w!
" O 0O O O HiE=endiBrown 1986). We assigned a trophic guild category to each species

based on accounts of its major food source: nectar, fruit, seeds, insects, or meat. For
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analyses, we excluded raptors that have very broad ranges and are likely not as
constrained by changes in land cover at different altitudes. We also excluded seed eating
species because this category had only 11 species.
We also classified species into one of four habitat categories according to their
habitat use accounts from (del Hoyo et al. 2015Y inUT UDPOU wpO O Oa wbi T Qwli 1 wp (
was explicitly used and when the text indicated edge avoidance), edge (only when the
POUEwW?T ET1 »whPEUVUwWI RxOPEPUOAWUUT EAOQwi OUT U0wmppki 1 O
statement of interior or edge), and non-forest (when explicitly stated as not using forest).
We excluded the non-forest category because it only had two species, both present only

in partially deforested transects.

4.2.4 Data analysis

Using 134 species found in both forested and partially deforested transects, we
Ul U001 Ewbi wUx1 EPT Uz wl Ol YEUDOOEOWUEOT I Uwkl Ul wi BI
one-tailed, one-factor ANOVAs for variables: abundance -weighted mean, minimum
elevation, and range width using the statistics package R (R Core Team 215). For the
range width, we excluded species that we only recorded once. This process eliminated
37 species from forested transects, and 31 from partially deforested transects.
We also tested if the presence of forest below 2400 m affected species in th

various trophic guilds and habitat preference categories differently. We analysed these
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effects using two-factor ANOVAs in R (R Core Team 2015)Using the previously
established elevation variables (abundanceweighted mean, minimum, and elevational
range width) as response variables, we evaluated the factors trophic guild/habitat
preference, and presence of forest below 2400 m. When the ANOVAs were at least
marginally significant (p<0.1), we ran TukeyHSD tests for more detail on the effect

analysed. We treated range width as in the species analyses and eliminated zero values.

4.3 Results

During our field season, including point counts and mist -nets, we recorded 227
species in 39 families in MeseniaParamillo (Appendix 6 ). Nine of the species recorded
are deemed threatened by the International Union for the Conservation of Nature
(BirdLife International 2014) : the critically endangered Munchique Wood -wren
(Henicorhina negre}i the endangered Chestnutbellied Flowerpiercer (Diglossa
gloriosissimg, Yellow-eared Parrot (Ognorhynchus icterotls Magdalena Tapaculo
(Scytalopus rodrigue}i and the vulnerable Bicoloured Antvireo ( Dysithamnus occidentaljs
Tanager Finch (Oreothraupis arremonojpsRuddy Pigeon (Patagioenas sulnaced, White-
capped Tanager Sericossypha albocristatand Red-bellied Grackle (Hypopyrrhus
pyrohypogastgr Of these threatened species, four are endemic to Colombia (Munchique

Wood-wren, Chestnut-bellied Flowerpiercer, Magdalena Tapaculo, Red-bellied
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Grackle), and an additional three non-UT Ul EUIT O EwUx1 EPI UwWEUI wEOU Quwl

Tapaculo (Scytalopus stile}j Paramo Tapaculo Scytalopus cangsand Chestnut Wood-

quail (Odontophorus hyperythrysAs far as we know, this is the first time the Magdale na

Tapaculo has been recorded this far north.
Forested transects had 179 species (171 in point counts and mishets, 8 incidental

observations outside standardized point counts) in 37 families, while partially

deforested transects had 192 species (177 ipoint counts and mist -nets, 15 incidental

observations outside standardized point counts) in 36 families. Differences between

species composition and families of the two types of transects were not statistically

significant (two sample t -tests, t = 0.409df = 37, p-value = 0.685). Of the endemic species,

five were present in both types of transects (Chestnut Wood-quail, Paramo Tapaculo,

Munchique Wood -wren, Chestnut-bellied Flowerpiercer, Red-bellied Grackle), and two

were unique to forested transects (MagE E O1 OE W3 EXEEUOOOwW2 UDPOI Uz w3 ExE
61 wxUIl EPEUI EwUT EOwUxT EPI Uz wOl EQwl 01 YEUDOOEC

would be higher and elevational ranges narrower in partially deforested transects. A

comparison of 134 species shared by forested and partially ddorested transects showed

no statistically significant differences between the abundance-weighted mean and

minimum elevations (Fig uresl3a, b). Figure 13c shows that species in forested transects

had mean range width 208177 m, while those in partially defor ested transects had
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marginally narrower elevational ranges with average 186+83 m (F= 2.575, p=0.055).An
additional 26 species, not included in the analyses, had at least two observations in
forested transects but only one in partially deforested transects (13 species), or at least

two in partially deforested transects but only one observation in forested transects (13

species).
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Figure 13: Comparison of elevational range variables for forested and partially
deforested transects (p values shown are for one -factor ANOVAS). a) Abundance -
weighted mean elevation. b) Minimum elevation. c) Elevational range width. Dots
represent outliers.
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We tested if species of distinct trophic guilds or habitat preference categories
showed significant differences in their elevational range variables. Figure 14 shows the
elevational range variables for different trophic guilds for forested and partially
deforested transects. Results from two-factor ANOVAs showed no statistical
signifi cance of trophic guild in the abundance-weighted mean and minimum elevations
of the two types of transects (Figures 14a, b). It is important to note, however, that
nectar-eating birds had considerably higher abundance-weighted mean elevations in
partially deforested transects than other guilds. Elevational range width, in contrast, was
marginally significantly different between forested and partially deforested transects,
but the differences were explained mostly by the type of transect (F=2.613p=0.054), and
not the trophic guild ( F=0.708p=0494) (Table 3).Fruit -eating birds showed no
discernible trend, while insect and nectar -eating birds had considerably wider ranges in
forested transects. These results confirm those in Figurel3c, in that forested transects

ranges are wider.
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forested and partially deforested transects (p values shown are for one -tailed two -
factor ANOVAS). a) Abundance -weighted mean el evation. b) Minimum elevation. c)
Elevational range width. Dots represent outliers.

Table 3: Results from one -tailed ANOVA test comparing elevational range
width of different trophic guilds, in forested and partially deforested tra nsects.

Df Sum Sg Mean Sq Fvalue Pr(>F)
Guild 2 13195 6597 0.708 0.494
Forest 1 24349 24349 2.613 0.054
Residuals 189 1761327 9319

p<0.001  p<0.01 * p<0.05 . p<0.1

Habitat preference categories were more important than trophic guilds when we

analysed the differences between transects. Abundanceweighted mean was
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significantly different between habitat preference categories (F= 4.654, p=0.01),
regardless of transect type (F= 0.004, p=0.47§)Table 4). Within the habitat preference
categories, a posthoc Tukey test showed the strongest differences in abundance
weighted mean elevation were between interior -edge (p=0.013) and interiorforest
species (p=0.024|Table 5).Interior birds had means at generally higher elevations in
both transects, but highest in partially deforested transects. We found edge species at
lower mean elevations in partially deforested transects (Figure 15a, Table 6). Minimum
elevation only showed a trend for edge species, which were at lower elevations in
partially deforested transects. Elevational range width was marginally significantly
different between transect type (F= 1.829, p=0.089) but not between habitat preference
categories (F= 0.295, p=045) Figure 15c, Table6).

Table 4: Results from one -tailed ANOVA test comparing abundance -weighted

mean elevations of different habitat preference categories, in forested and partially
deforested transects.

Df SumSqg MeanSq Fvalue Pr(>F)
Habitat 2 56509 28254 4.654 0.01 *
Forest 1 23 23 0.004 0.476
Residuals 256 1554094 6071

#+p<0.001  **p<0.01 *p<0.05  .p<0.1
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Table 5: Results from TukeyHSD test showing differences in  abundance-
weighted mean elevation between habitat preference categories, and forest and no -
forest transects.

Habitat diff Iwr upr p adj
ForestEdge 13.9 -18.2 46.1 0.562
Interior-Edge 49.9 8.8 91.0 0.013 *
Interior-Forest 36.0 3.8 68.1 0.024 *
DeforestedForested 0.6 -18.6 19.7 0.477

*p<0.05 **p<0.01  ***p<0.001

Table 6: Results from ANOVA test comparing elevational range widths of
different habitat preference categories, in forest and no -forest transects.

Df SumSq MeanSq Fvalue Pr(>F)
Habitat 2 5345 2673 0.295 0.745
Forest 1 16551 16551 1.829  0.089
Residuals 194 1755846 9051

**

#+p<0.001  p<0.01 *p<0.05  .p<0.1
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Figure 15: Comparison of elevational range variables per habitat preference
category for forested and partially deforested transects (p values shown are for one -
tailed two -factor ANOVAS). a) Abundance -weighted mean elevation. b) Minimum

elevation. c) Elevational range width. Dots represent outliers

4.4 Discussion

We had expected abundanceweighted mean, and minimum elevations to be
significantly higher in partially deforested transects in response to deforestation below
2400 m. When analysing species and trophic guilds, we found no significant dif ference

in these elevational variables between transects. Habitat preference categories, in
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contrast, presented significant differences in abundance-weighted mean elevation, but
habitat categories, not deforestation, explained these.

Range width, however, showed marginally significant differences in all analyses:
per species, trophic guild, and habitat categories. These differences, though slight, are
nonetheless consistent: overall range widths were larger in the forest transects (Figure
13c). They were larger for insect- and nectar-feeding species, essentially the same for
fruit -eating species (Figire 14c), and also larger for edge, forest and interior species
(Figure 15c).

First, we discuss why mean and minimum elevations were similar in forested
and partially deforested transects. Two factors might explain this pattern:

1) Bird distributions are not only affected by forest cover locally, but also by the
landscape configuration (Villard et al. 1999) and matrix (Renijifo 2001) Areas adjacent to
our partially deforested transects had significant forest cover, so species probably
moved to available nearby forests at similar elevation, instead of upslope. The existence
of refuges can dampen the effects of deforestation since species that are affected by a
disturbance can persist in the refugia, and then colonize larger areas that arise or exist
nearby (Brash 1987) If our study was replicated in an area with higher rates of
deforestation, we might see different results or even results in accordance to our

predictions.
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2) Different abiotic or biotic factors that we did not account for, at both local and
global scales, could also affect the mean and minimum elevations of montane birds.
These species might be tracking microclimates, may be displaced by competitas
(Altshuler 2006, Jankowski et al. 2010) or respond to global scale climate change
@©1 Ol UE P OA O Rande Shiftt dhé tauhalyitht kchéinge are local and difficult to
Ul EUI WEXxEUUOwi UOOwOUT T Uwi EEVUOUUWEIT I 1 EUDOT wUx1 ED
deforestation we used to classify our transect types (200m) might not be enough to

separate impacts of deforestation on elevational ranges from those of the above

mentioned factors that also play a role.

4.4.1 Range width

Now we discuss the impacts of deforestation on elevational range widths, in
accordance to our predictions. Montane birds, regardless of species, trophic guild, and
habitat preference had narrower elevational ranges when faced with deforestation below
2400 m (Figures 13c, 14, 15c). Although the effects were marginally significant (p<0.1),
they are consistent in their direction. We discuss this trend because it could have
important conservation implications for these species.

Scientists have documented geographical and elevational range contractions of
species in response to climate changgParmesan 2006, Popy et al. 2010and predicted

alarming consequences®2 I OOwl DWEO3 wl YYKOw" T 1 OQwl ODWwEOS8 wl Y huhu
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Climate change could exacerbate the slight range contractions we found in montane
birds. As a result of a large-scale model, (Jetz et al. 2007jound an estimated 400 of 8750
species analysed should lose >50% of their current range due to land cover changes
resulting from climate change.

Montane birds in our study site likely mi grate altitudinally as studies on quetzals
(Powell and Bjork 1994), bellbirds (Powell and Bjork 2004), and manakins (Rosselli 1994)
have documented in other tropical mountains. Altitudinal migrants in our forested
transects had larger suitable areas for atitudinal movements, while partially deforested
transects only offered a portion of that elevational span covered by forest. Looking at the
records of our banded birds, we found evidence of 100-400 m altitudinal movement of
birds along forested transects, which were scarcer in partially deforested transects.
Range contractions resulting from deforestation could harm these, still unknown,

migration patterns (Kattan et al. 1994)

4.4.2 Trophic guilds

Nectar-eating birds had higher mean and minimum elevations, and slightly
narrower range in partially deforested transects (Fig ures 14a, b, c). We expected this
response because birds that depend on highly variable and seasonal resources often
need to move along larger areas and are more susceptible to fragmentation(Loiselle and

Blake 1992) In this case, we suspect hummingbirds moved upslope in partially
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deforested transects in search of food. Although hummingbirds have also been
described as less sensitive to fragmentation and crossing of forest gapgMoore et al.
2008) their movements through landscapes are affected by forest availahlity, as a study
of the Green Hermit (Pheathornis guyshowed (Hadley and Betts 2009)

We found insect-eating birds had considerably lower minimum elevations and
narrower ranges in partially deforested transects (Figures 14a, c). These bird species
preferred the edge of the forest in our study, probably due to higher availability of
insects. Restrepo and Gémez (1998klso found more insectivores near forest edges in
wet months in a similar montane forest. While another study at similar elevations in
Ecuador showed insectivores had highest densities in second growth and agricultural
land, compared to primary forest . 7z #1 E wE OE w6 1. Phis bdadfbr thantaney A A
insectivores contrasts with results for Amazonian forests that show loss of understory
insectivores after fragmentation (Canaday 1996)but the life histories of these
Amazonian birds are different from most Andean insectivores.

Fruit -eating species and, in general, differences between trophic guilds were not
significantly different between transec t types in our study (Fig ure 14). A study in the
Atlantic Forest of Brazil found trophic guild to be a good predictor of vulnerability
(Ribon et al. 2003) and research from the Colombian Andes found large frugivores to be

most vulnerable (Kattan et al. 194). This similarity might be because the forests we
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studied offer a wide array of feeding resources. The 200m of deforestation might not be
a significant loss of food resources for the species found in this forest, and they could

also complement their diet by visiting the surrounding mostly forested matrix.

4.4.3 Habitat categories

Our analyses of habitat preference categories showed edge specialists at lower
elevations, and with narrower ranges, while interior birds were at higher elevations in
partially deforested transects (Figures 15,b,c). Birds that prefer forest interior are very
vulnerable to fragmentation and habitat loss 3 UU Ol UwhNNt Ow. z #1 EWEOE w6 T
As we predicted, in partially deforested transects the species in our interior habitat
preference category were likely forced upslope in search for suitable habitat and away
from harmful edge effects (Wilcove 1985). The similarity between mean and minimum
elevations on forested and partially deforested transects might be a result of the large
amounts of forest in this region. Studies in fragmented landscapes in both Andean
forests (Kattan et al. 1994) and Amazonia (Laurance 2004)have shown marked
differences in species found in forest edges and interior. However, the geometry of a
fragment and its edges are different from those of elevational transects where the edge is
only found at one end of the forest. Because the majority of the species we classified in a
habitat preference category were forest generalists, these species are probably dving

the statistical tests and making it hard to see signals for edge and interior species.
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4.4.4 Recommendations

This study should be replicated in the future in areas with higher rates of
deforestation, and comparing transects with a larger difference between forest
availability (more than 200m), which may lead to different results. Ideally, an
experiment could be conducted where the same transects are compared before and after
lowland deforestation to document species loss over time and extinction debt. We
recommend that researchers in the future control for other variables that could affect the
results of this experiment such as food availability, plant composition and structure,
microclimate, predator abundance, presence of invasive species, and otherfactors
identified as important. This was the main limitation of our study. In addition, it was
hard to tease apart the impact of lowland deforestation when the rest of the matrix was
mostly forested, perhaps the impact would have a stronger signal in an area with a non-

forested matrix.

4.4.5 Conservation implications

Limited elevational range increases extinction risk (Manne and Pimm 2001,
White and Bennett 2015) Species with narrow elevational ranges are more sensitive to
landcover change and will be severely affected by climate change (Sorte and Jetz 201Q)
The conservation of forest along elevational ranges is essential for present and future

species conservation. Protected areas would ideally provide continuous altitudinal
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corridors to allow upslope r ange shifts (Channell and Lomolino 2000, Becker et al. 2007,

Sekercioglu et al. 2008, ForereMedina et al. 2011, Laurance et al. 2011b)in addition,

I YEOUEUDOOwWOI wUx1 EPI Uz w0T Ul EDWUUEUVUUwWUT OUOEwWDO
for extinction, in addition to geographic range, as was also suggested by(White and

Bennett 2015) Studies that incorporate elevational ranges into the assessment of threat

TEYTI wi OUOEwWUT ECwUx1 EPI Uz wUEOT I UWEUI wUOEOOI UwUI
are more threatened than their current categories suggest(Harris et al. 2005, Ocampc

Pefiuela and Pimm 2014)

4.4.6 Conclusions

We compared elevational ranges of montane birds in altitudinal gradients with
different amounts of forest between 2200 and 2800 m. Forestedransects had forest from
2200 to 2800m , while partially deforested transects only had forest between 2400 and
2800m. Abundance-weighted mean and minimum elevations were not significantly
different between forested and partially deforested transects. Range width was
marginally but consistently different, with wider ranges in forested transects. Species of
different trophic guilds and habitat preference categories showed different trends. These
results suggest a small, but harmful impact of deforestaton oQwUx 1 EPI Uz wUEOT 1 UOu
encourage further research. Future studies should include the assessment of other

factors that could influence elevational distribution of species, as well as temporal
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comparisons of transects, and the evaluation of this effect within different landscape

matrices.
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5. Evaluation of threatened bird species using land-
cover data in biodiversity hotspots

5.1 Introduction

Conservation assessments inform the overall state of biodiversity through
estimates of extinction rates (Pimm et al. 2014)and the progressive increase in risk
species suffer over time. Individual assessments are vital to understand the threats to
particular species and so which to prioritise and how to mitigate those threats.

Moreover, practitioners are often faced with limited budgets that force them to prioritize

some areas over othersOne of the most commonly used prioritization schemes are

biodiversity hotspots, fi rst described by Myers et al. (2000)and revisited both globally

(Grenyer et al. 2006, Jenkins et al. 2013nd locally (Jenkins et al. 2010, OcampePerfiuela

and Pimm 2014, Li and Pimm 2015)by other researchers. Areas where high

concentrations of endemic and endangered species meet habitat loss and growing

threats are priority for conservation (Margules and Pressey 2000) The principles and

Ol ET EOPUOUWPT wUOUT wOOWET U1 UOPOT wUx1 EPI UzwYUOOI U
guantify the extent of habitat loss and fragmentation are thus fundamental to the

conservation decisions we make.
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5.2 Materials and Methods
5.2.1 Study area

We selected six geographic regions in three different continents (Figure 16). All
regions are part of the currently described bio diversity hotspots (Myers et al. 2000,
Jenkins et al. 2013knd house significant concentrations of small -ranged birds, as shown
by the background map on Figure 16. These regions are biogeographically distinct and
so are their bird communities. Our study f ocused on endemic, threatened, and smalt
ranged forest birds. The supplementary materials provide details of how we defined
such species. We focused our analyses on birds of tropical moist forests because such
forests hold the majority of terrestrial anima | (Jenkins et al. 2013gand plants species and

global forest cover products are readily available (Sexton et al. 2016)
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Figure 16: Study area. Six study regions highlighted with black outlines

overlaid on a map of concentration of small -ranged bird species (n=4964, species with

ranges smaller than the median) from Jenkins et al. (2013)

5.2.2 Study species

EOUD
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not include the species. Using these criteria, we are analysing species that need forest for
all or some part of their life cycle.
We selecked endemic and small-ranged speciesbased onlists of Endemic Bird
Areas (Stattersfield et al. 2005)for each region and included all the species listed there
that were endemic, threatened, or had a range smaller than 100,000 Kra Because these
lists only inclu de species that already threatened, we complemented this list with lists

published by AVIBASE, and in scientific papers by other researchers (Harris et al. 2005,

Jenkins et al. 2011, Jenkins et al. 2015)

5.2.3 Range refinement

We sarted with current range maps published by BirdLife International and
NatureServe (2014)for the 726 bird species in the 6 study regions (Figure 17A). Those
maps often included areas that were not suitable for the species because they were not at
the right elevation, or have lost available habitat (Harris et al. 2005) We refined ranges
by the known elevational ranges of each species and by remaining forest cover.To refine
by elevation, we used a 90m digital elevation model (Jarvis et al. 2008}and selectd only
areas that were within the preferred elevation for each species (Figure 17B). We

determined these preferred elevations as the maximum and minimum elevation at
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which the species has been observed as described bRirdLife International (2014) and
the Handbook of the Birds of the World Alive (del Hoyo et al. 2015)

Once we refined the range map by elevation, we used forest cover maps at two
different scales to further refine the ranges by forest (Figure 17D). We evaluated forest
cover at two spatial resolutions: 250m and 30m.The 250m forest cover classification was
produced using the MODerate -resolution Imaging Spectroradiometer (MODIS) 250m
Vegetation Continuous Fields (VCF) tree cover dataset Version 5 201(qDiMiceli 2011)
for 2014.For all regions except Western Andes and Atlantic Forest, we created the 30m
forest cover classification using the Hansen Global Forest Change Dataset Version 1.2
(Hansen et al. 2013) To create binary classifications for both forest cover datasets we
used a threshold of 60% to define forest/ no forest classifications.For the Hansen dataset,
we used this threshold on the continuous tree cover data for 2000 and used loss and gain
products to estimate forest cover in 2014. For the Western Andes and the Atlantic Forest
we used in-country forest cover maps which had been ground -truthed to check
classification accuracy. For the Western Andes, we used a forest cover product at 30m
scale published by SanchezCuervo et al. (2012) and for the Atlantic Forest we used a

land cover map produced by Fundacao SOS Mata Atlantica (2013and selected regions
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As a result of these refinements, we had four different range maps for each
species: the original BirdLife International range map (Figure 17A), one refined by 90m
elevation layer (Figure 17B), one refined by elevation and forest at a 250m scale (Figure
17C), and a last one refined by elevation and forest but at the 30m scale (Figurel7D). We
then calculate the range size for each of these maps anda@mpare the totals. For each
study region, we add the ranges of all selected species at each process step to show areas
of high concentration of endemic, small -ranged species, and threatened species. To
compare how areas of high concentrations of endemic ard small-ranged bird species
changed throughout the refining process, we calculated the area of the highest
concentrations of species after the 30mforest refinement at thresholds 10% and 25%. For
example, if concentrations of species ranged from G100 afte refining by forest at 30m,
we calculated the area covered by the top 10% (96100 species), and by the top 25% (75

100 species).

86



Figure 17: Range refinement process. A) Original range for the Yellow -
breasted Antpitta ( Grallaria flavotincta ) as determined by BirdLife International and
NatureServe (2014), and updated by Ocampo-Pefiuela and Pimm (2014). B) Range map

refined by elevation using 90m digital elevation model  (Jarvis et al. 2008) C) Range
map refined by elevation and fore st at 250m. D) Range map refined by elevation and
forest at 30m.

5.2.4 Threat category re-assessment

4UDPDOT wUT T wuUl i DpOI EWUEDBT 1 UOwPIT WEUUI UUI EwUT Ul E
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(<5000Kn®), and vulnerable (<20000Kn®). For all analyses of threat, we only included
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species whose original range was at least 80% within our study regions, assuring that
our assumptions of threat were applicable to the majority of the speciesz WUE OT 1 6
We calculated the range size for each species on every step of the refining
process: ariginal range, refined by elevation, refined by forest (Figure 17 A, B, D). For the
threat analysis we chose to used forest cover maps at the 30m scale becauseaio
experience in some of these regions tells us that these are more accurate, especially when

using in-country forest cover products versus global assessments(Ocampo-Pefiuela and

Pimm 2014).

5.2.5 Protected areas

Following the re -assessment of threat for all species within the study regions, we
selected only those that resulted in one of the threatened categories (critically
endangered, endangered, vulnerable) after their range was refined by forest at 30m. For
this subset of species, we calculated the percentage of the range that was within the
boundaries of protected areas. We used the protected area layer fromlUCN (2015) and

included all categories of protection.

5.3 Results and discussion

We selected a set 0fL72 bird species for the Atlantic Forest(Appendix 7), 138 for

Central America (Appendix 8), 57 for Madagascar(Appendix 9), 157 for Southeast Asia
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(Appendix 10), 102 for Sumatra(Appendix 11), and 100 for the Western Andes of
Colombia (Appendix 12) that met the criteria for range size, endemism, threat, and
forest use. Of these 586 species, the Red List deems 108 to be threatened: 15 critically

endangered, 29 endangered, and 64 vulnerable.

5.3.1 Threat category reassessment

We used IUCN thresholds for eent of occurrence to reassign threat categories to
486 species whose range was 80% within our study region based solely on range size. We
used the original ranges fromBirdLife International (2014), those refined by elevation, and
only ranges refined by brest using the 30m forest product. During the process, we kept
current IUCN categories to examine how these changed after our refining process. Figures
18-22 show graphs of change in threat categories based on range size throughout the
refining process fa each region. The last column of the graph (Refined by forest (30m))
shows our recommended threat category and those boxes outlines in black represent
agreement between current IUCN categories and those suggested by us. On the contrary,
boxes that are notoutlined in black represent a mismatch between current and
recommended threat categories.

For the Atlantic Forest, in the case ofk A wUx 1 ED1 UOw( 4" - zUwEUUUI OU
matches the category we assigned based solely on range size. Fifteen species are placed
in higher threat categories than those based only on range size (3 critically endangered, 6

endangered, and 6 vulnerable) (Figure 18).
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IUCN uses five criteria to evaluate extinction risk, and range size is only one of
those. For species suffering from hunting pressure, like the Red-billed Curassow (Crax
blumenbachjiin the Atlantic Forest, IUCN classifies it as endangered, and we place it in
the vulnerable category based on range size(Figure 18). Other cases in which [IUCN
assigns a higher threat categoryare those for parrots and related species (Psittacidae)
which might be threatened by the pet trade. These cases are evidence of the
completeness of the IUCN classification scheme The use of this additional information
is essential

Habitat loss and degradation are, however, the biggest threat to most species in
UT 1T we OUOE z Uwob O U U(draorRseEab 3002UB4illiewex ab EOB4)aktespedally
in the Atlantic Forest (Brooks et al. 1999a, Jenkins et al. 2010pur refining process
recommends that some species be placed on higher threat categoriebased on the
available forest. For twenty three species currently deemed near threatened or least
concern, range size suggest they should be recognized as vulnerable (18), and
endangered (5). This is alsothe case for 4 species currently classified as vulnerable,
which should be endangered (2), and critically endangered (2). One of the species
currently classified as vulnerable, which we recommend be listed as critically

endangered, is the Greywinged Cotin ga (Tijuca conditg, one of the least known birds

90



and one that we have recommended be uplisted| given a higher risk of extinction |

due to its fragmented habitat and small population size (Alves et al. 2008)

Current IUCN Categories Refined by elevation (90m) Refined by forest (30m)
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Figure 18: Atlanti ¢ Forest of Brazil. Patterned boxes show threat categories
suggested based on range size thresholds established by IUCN. Solid filled boxes
reflect current global IUCN categories. Arrows show changes in threat category as the
range is refined by elevation and forest, their width depicts the number of species

that changed categories.

In Central America, we suggest 78 species be placed on higher threat categories,

while JUCN does not classify any of them as more threatened than we suggest (Figure

19).
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Figure 19: Central America. Patterned boxes show threat categories suggested
based on range size thresholds established by IUCN . Solid filled boxes reflect current
global IUCN categories. Arrows show changes in threat category ast he range is
refined by elevation and forest, their width depicts the number of species that
changed categories.

In the case of Madagascar, IUCN classifies 5 species in a higher threat category,

while we suggest that 29 be up-listed (Figure 20).
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Figure 20: Madagascar. Patterned boxes show threat categories suggested
based on range size thresholds established by IUCN . Solid filled boxes reflect current
global IUCN categories. Arrows show changes in threat category as the ra nge is
refined by elevation and forest, their width depicts the number of species that
changed categories.

Southeast Asia shows that no species were assigned to a higher threat category

by IUCN, but that 49 should be placed in higher threat categories based on our

assessment (Figure2l).
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Figure 21: Southeast Asia. Patterned boxes show threat categories suggested
based on range size thresholds established by IUCN . Solid filled boxes reflect current
global IUCN categories. Arrows s how changes in threat category as the range is
refined by elevation and forest, their width depicts the number of species that
changed categories.

In the island of Sumatra, IUCN recommends that 5 species be placed on a higher

threat category, while we suggest that 14 need to be uplisted (Figure 22).
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Figure 22 Sumatra. Patterned boxes show threat categories suggested based on
range size thresholds established by IUCN . Solid filled boxes reflect current global
IUCN categories. Arrows show changes in threat category as the range is refined by

elevation and forest, their width depicts the number of species that changed
categories.

In the Western Andes two species are classified under a higher threat category
than that assigned by us based on range size, and 13 should be in higher threat

categories when assessing range size (Figure 28
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Figure 23: Western Andes of Colombia. Patterned boxes show threat categories
suggested based on range sizethresholds established by IUCN . Solid filled boxes
reflect current global IUCN categories. Arrows show changes in threat category as the
range is refined by elevation and forest, their width depicts the number of species
that changed categories.

Figure 24 summarisesthis process for all the regions. The question that follows is
whether elevation range, remaining forest cover, and extent to which ranges are
protected are factors already implicitly incorporated into the IUCN criteria. For example,
IUCN classifies some birds as critically endangered when their original ranges are
>20,000kn? and some as vulnerable when their original ranges are >100,000 kra The

expert opinion system that IUCN employs factors in specific knowledge of diverse
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additional threats that could involve whether the species is hunted, how specific are its
habitat requirements, how many mature individuals are in the populations, how much
habitat remains within its broad range, and how well it is protected. In short, some
might assert that decisions on the risks experienced by individual species may be the
correct even if the assessors did not use geographical data explicitly.

Even in cases in which this assertion is correct, using explicit quantitative criteria
woul d greatly improve this process.

We understand that the criteria for endangerment that IUCN employs are based
on the original ranges, not our refined ones, which are inevitably smaller. [IUCN uses an
original range of 20,000km?2 as an important benchmark. Our use of the same extent is
not to confuse it, but merely to identify species of concern| species that IUCN does not
deem threatened and yet have small geographical ranges once remaining habitat is
assessed.

Figure 24 shows that there are substantial numbers of species of concern. For
example, in addition to 10 species that are already recognised as being critically
endangered, there are an additional 2, 7, and 8 that are endangered, vulnerable, and
non-threatened that have refined ranges < 100kn.

The most parsimonious interpretation of our results it that there are more species

at risk than first thought. Were we to apply range criteria based on refined ranges, 27
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species (6% of all species evaluated) would be placed in higher threat categories by
IUCN than what we suggest by solely rang e size. In the case of 249 species (51%), our
suggested threat categories match those determined by IUCN currently. And for 210
species (43%), we suggest a higher threat category than that currently proposed by
IUCN. In this group of species, a striking 189 species are currently classified as near
threatened and least concern, when their refined range size indicates they might be

vulnerable (115), endangered (66), and critically endangered (8)(Figure 24).

Current IUCN Categories Refined by elevation (90m) Refined by forest (30m)
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Figure 24: Six biodiversity hotspots (Atlantic forest, Western Andes of
Colombia, Sumatra, Madagascar, Central America, and Southeast Asia). Patterned
boxes show threat categories suggested based on range sizethresholds established by
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IUCN . Solid filled boxes refl ect current global IUCN categories. Arrows show
changes in threat category as the range is refined by elevation and forest, their width
depicts the number of species that changed categories.

This is a double-edged result: first, the actual ranges of many non-threatened
species are small, indeed small enough that most other similar species are deemed to be
threatened. Second, they are much smaller than one might expect them to be because so
much habitat has been lost. (It is likely to be continuing to be lost| something that
remote sensing can best confirm.)

One might counter this by arguing that those species that IUCN does not
consider threatened, but that have small refined ranges, might be disproportionately
protected by the network of protected areas. We show that this is not the case. Figure 25
shows results of our calculations of the fraction of the range which is protected for those
species that we consider more threatened than IUCN. This is particularly important
because even species whose ranges \lin protected areas might suffer from illegal
threats. A recent study has shown that there is huge variation on the amount of
deforestation prevented in protected areas across the tropics, showing some areas to be

successfully protected, and others with significant forest loss (Spracklen et al. 2015)
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Figure 25: Percent of range protected in all categpories of protected areas for
species classified as critically endangered, endangered, or vulnerable solely based on
range size, and after refining their range by elevation and forest (30m).

5.3.2 Refining of conservation priorities
(OWEEEPUDPOOWUOWET POT wUUI 1 U Gangebnads Bréhlsa) UwU x 1 EE
vital to identify conservation priorities. These too differ when spedes ranges are refined
by elevation and remaining habitat in our study regions. These are also affected by the
forest product used to refine the ranges by habitat.
When we refine by elevation, areas of high concentrations of species shrink and
often mount ainous features are highlighted, such as in the Western Andes (Figure31),

and the Ankaratra mountains of Madagascar (Figure 28).
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The digital elevation model used to refine the ranges by elevation is usually
standard, but the layer used to refine by forest (or other habitat types) may vary
according to availability and spatial scale (Harris et al. 2005) We compared results of
refined ranges using two of the most commonly used, freely available, global forest
cover maps at 250 and 30 m. Panels C and D ofigures 26-31 show the differences in the
concentration of endemic and small-ranged species when refined by these two forest
cover maps. The 250mscale forest product had less area classified as forest than the
30m-scale product in all cases except for theAtlantic Forest (Table 7), resulting in
different maps of concentrations of endemic and small-ranged birds.

Table 7: Comparison of forest areas for 250 and 30m forest cover products, and

areas covered by the highest concentrations of endemic and small -ranged bird species
(10% and 25%) after range refinement steps.

Forest area (Kf Area top 10% species (Rm Area top 25% species (Rm

Ref. for. Ref.for. Ref. Ref. Ref.for.

Original for.
(250m)  (30m) elev (250m) (30m)

Region
250m 30m Original  Ref. elev

Atlantic Forest 160,211 146,720 121,542 10,688 3,463 3,122 232,058 108,130 34,563 31,324
Central

America 223,616 421,863 5,971 411 284 394 15,514 5,843 3,863 5,367
Western

Andes 40,782 90,892 4,954 147 38 125 3,777 1,666 507 2,206
Madagascar 53,516 73,842 84,509 693 376 540 162,361 3,708 894 4,499
Southeast Asic 689,398 1,462,396 565,386 61 21 29 866,312 855 208 405
Sumatra 235,529 410,174 189,639 92,054 33,291 50,492 275,067 154,357 60,353 85,973

After we refine by forest, an even more striking reduction of areas of

concentration of endemic and small-ranges species is evident. These areas are not only
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reduced, but become fragmented as a result of the state of the forests. In places like the
Atlanti ¢ Forest, where less than 10% of the original forest remains, the range maps
change drastically and it is obvious that most species are confined to small fragments
near the coast (Figure26 C-D). Madagascar also shows a marked difference in the ranges
when refined by forest, with most species confined to the mountains (Figure 28). In other
cases, like that of Central America and the Western Andes (Figures27 and 31), the
ranges are reduced by refining by forest, but not as drastically due to larger, continu ous,

forested areas.
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Figure 26: Concentrations of endemic, threatened, and small -ranged bird
species in the Atlantic Forest, Brazil. A) Original ranges from BirdLife International
and NatureServe (2011). B) Ranges refined by elev ation using 90m digital elevation
model (Jarvis et al. 2008) C) Ranges refined by elevation and forest at 250m scale. D)

Ranges refined by elevation and forest at 30m scale.
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Figure 27: Concentrations of endemic, threatened, and small -ranged bird
species in Central America. A) Original ranges from BirdLife International and
NatureServe (2011). B) Ranges refined by elevation using 90m digital elevation model
(Jarvis et al. 2008) C) Ranges refined by elevation and forest at 250 m scale. D) Ranges
refined by elevation and forest at 30m scale.
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Figure 28: Concentrations of endemic, threatened, and small -ranged bird
species in Madagascar. A) Original ranges from BirdLife International and
NatureServe (2011). B) Ranges refined by elevation using 90m digital elevation model
(Jarvis et al. 2008) C) Ranges refined by elevation and forest at 250m scale. D) Ranges
refined by elevation and forest at 30m scale.
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Figure 29: Concentrations of endemic, threatened, and small -ranged bird
species in Southeast Asia. A) Original ranges from BirdLife International and
NatureServe (2011). B) Ranges refined by elevation using 90m digital elevation model
(Jarvis et al. 2008) C) Ranges refined by ele vation and forest at 250m scale. D) Ranges
refined by elevation and forest at 30m scale.
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Figure 30: Concentrations of endemic, threatened, and small -ranged bird
species in Sumatra. A) Original ranges from BirdLife International a nd NatureServe
(2011) B) Ranges refined by elevation using 90m digital elevation model  (Jarvis et al.
2008) C) Ranges refined by elevation and forest at 250m scale. D) Ranges refined by

elevation and forest at 30m scale.

107





















































































































































































































