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Abstract 

Global climate change can cause shifts in species distributions, and increases in 

some of their competitors, predators, and diseases that might even cause their 

extinction. Species may respond to a warming climate by moving to higher latitudes or 

elevations. Shifts in geographic ranges are common responses in temperate regions. For 

the tropics, latitudinal temperature gradients are shallow: the only escape for species 

may be to move to higher elevations. There are few data to suggest that they do, and our 

understanding of the process is still very limited. Yet, the greatest loss of species from 

climate disruption may be for tropical montane species. To better understand the 

potential process of elevational range shifts in the tropics and their implications we have 

to: 1) Build theoretical models for the process of range shifting, 2) Evaluate potential 

constraints that species could face while moving to higher elevations, 3) Obtain 

empirical evidence confirming the uphill shift of species ranges, 4) Determine the 

number of extinctions that could arise from elevational range shifts (mountain top 

extinctions) and 5) Identify vulnerable species and areas, and determine their 

representation by the Protected Areas Network. The purpose of this dissertation is to 

address these issues, by applying novel methods and collecting empirical evidence.  

In the second chapter I incorporated temperature gradients and land-cover data 

from the current ranges of species in a model of range shifts in response to climate 
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change. I tested 4 possible scenarios of amphibian movement on a tropical mountain and 

estimated the constraints to range shifts imposed by each scenario. Confirming the 

occurrence of elevational range shifts with empirical data is also essential, but requires 

historical data as a baseline for comparison.  I repeated a historical transect in Peru, 

sampling birds at the same locations they were sampled 40 years ago, and compared 

their elevational ranges between sampling occasions to evaluate if they were moving 

uphill as a response to warming temperatures. Finally, based on the results from this 

comparison, I estimated the potential extinctions derived from elevational range shifts, 

using information on the species distribution, the topography and land cover within the 

ranges and surrounding areas. I evaluated the extent of mountain top extinctions for 172 

bird species with restricted ranges in the northern Andes. I also considered how 

Colombia’s protected Area Network represents species and sites that are vulnerable in 

the face of climate change. 

More than 30% of the range of 21 of 46 amphibian species in the tropical Sierra 

Nevada de Santa Marta is likely to become isolated as climate changes. More than 30% 

of the range of 13 amphibian species would shift to areas that currently are unlikely to 

sustain survival and reproduction. Combined, over 70% of the current range of 7 species 

would become thermally isolated or shift to areas that currently are unlikely to support 

survival and reproduction.  The constraints on species’ movements to higher elevations 
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in response to climate change can increase considerably the number of species 

threatened by climate change in tropical mountains. 

In the comparison of bird distributions in the Cerrros del Sira, in Peru, I found an 

average upward shift of 49 m for 55 bird species over a 41 year interval. This shift is 

significantly upward, but also significantly smaller than the 152 m one expects from 

warming in the region. The range shifts in elevation were similar across different trophic 

guilds. Endothermy may provide birds with some flexibility to temperature changes and 

allow them to move less than expected. Instead of being directly dependent on 

temperature, birds may be responding to gradual changes in the nature of the habitat or 

availability of food resources, and presence of competitors. If so, this has important 

implications for estimates of mountaintop extinctions from climate change.  

The estimated number of mountain top extinctions from climate disruption in 

the northern Andes is low, both the absolute number (5 species) and the relative number 

(less than 0.5% of Colombian land birds). According to future climate predictions these 

extinctions will not likely occur in this century. The extent of species loss in the Andes is 

not predicted by absolute mountaintop extinctions modeled by the kind of processes 

most other studies use.  Rather, it is highly contingent — the species will survive or not 

depending on how well we protect their much reduced ranges from the variety of other 

threats.  
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1. Addressing the issue of elevational range shifts  in 
tropical mountains 

Global climate change can cause shifts in species distributions, and increases in 

some of their competitors, predators, and diseases that might even cause their extinction 

[1,2,3,4,5,6]. Due to a lower rate of warming, harmful impacts from climate change might 

be less in the tropics relative to high latitudes [7,8]. Recent studies indicate otherwise. 

Many tropical species are elevation specialists that have narrow thermal tolerances due 

to reduced environmental fluctuations in their current habitat [9,10,11,12,13]. Such 

species are vulnerable to temperature changes. For these species, uphill movements are 

the most probable outcome if they are to maintain suitable climatic conditions. There are 

records of such distribution and elevation range shifts in temperate regions, but far 

fewer for the tropics [2,14,15,16]. Yet, the greatest number of predicted extinctions and 

changes in fauna from climate disruption will likely be of tropical montane species 

[17,18].  

Range displacement as a response to warming involves demographic and 

dispersal processes. At the lower limit of the distribution (southern in case of latitudinal 

shifts), vital rates are expected to decrease as conditions become less favorable [19,20]. 

At the same time, movement of individuals towards optimal temperatures should also 

occur along the species range. At the highest (or northern) limits, these movements are r 
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esponsible for the colonization of new areas that become habitat as warming 

continues. The study of range shifts can therefore be addressed in several ways, 

demographic, spatial, or both. Many studies have examined future ranges using species 

distribution models, or SDMs (see [21] for a review). This modeling approach makes 

projections of future distributions based on future climates from General Circulation 

Models (GCM) [6,22]. However, limitations to the use of SDMs in this context have been 

highlighted [21]. These include inappropriate or no evaluation of the effects of biotic 

interactions and dispersal abilities of species [21,23].  

In this dissertation I study the process of elevational range shifts driven by 

climate change in tropical vertebrates. This is one of the expected outcomes from climate 

disruption, and is expected to cause range contractions and extinctions in the tropics 

[24,25]. I address this problem using an approach different from traditional habitat 

modeling. I rely on comparison of historical data and spatial analyses based on the 

topography, land cover, and habitat availability within species ranges and surrounding 

areas, to examine potential constraints to elevational range shifts, to determine whether 

such shifts are occurring in a particular tropical mountain, and to evaluate potential 

extinctions resulting from the process in the northern Andes. Chapters 2 and 3 of this 

document examine the implications of climate disruption for species ranges in tropical 

mountains while Chapters 4 and 5 evaluate Colombia’s protected area network and how 

this network can contribute to conserve species that are vulnerable to climate disruption.  
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More specifically, in Chapter 2 I propose a model for evaluating the potential 

outcome of amphibian movements as a response to warming in a tropical mountain. 

Using information on the temperature gradients and land cover data, I propose and 

examine potential constraints to elevation range shifts for species occurring in the Sierra 

Nevada de Santa Marta massif, in Colombia. 

Chapter 3 examines whether the birds in the Cerros del Sira Mountain, in Peru, 

are experiencing elevation range shifts as a response to 40 years of climate change. For 

this, I revisit John Terborgh’s elevation gradient, re-sampling bird communities at 

different elevations. 

Chapter 4 is a thorough evaluation of Colombia’s protected area network in 

terms of its representativeness of global and national conservation priorities. I first 

evaluate the agreement of Colombia’s protected area network with global conservation 

priorities and then the extent to which the network reflects the country’s biomes, species 

richness, and common environmental and physical conditions. With this information, I 

highlight conservation priorities for Colombia. 

Chapter 5 examines the number of potential extinctions that may occur in the 

Colombian Andes as a result from climate disruption, and how Colombia’s protected 

area network represents the areas/species that are most vulnerable to the effects of 

warming. 
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2. Constraints to species’ elevational range shifts  as 
climate changes  

2.1 Introduction 

Species may respond to climate change by moving to different elevations or 

latitudes. Understanding how species’ ranges may shift requires models that incorporate 

data on topography and land use. Information on potential movement routes and 

barriers to movement may help identify vulnerable species and areas where species may 

not be able to track temperatures that are optimal for their survival.  

Many tropical species have narrow elevational ranges and thermal tolerances, 

and their local environmental conditions fluctuate little (e.g., [10,11,12]). As regional 

temperatures increase, such species may not persist unless they move to higher 

elevations. There are records from temperate regions of species that have shifted their 

elevational ranges coincident with increases in temperature, but there are far fewer 

examples from the tropics (e.g., [2,14,16]). Yet, the greatest proportion of extinctions and 

changes in species assemblages in response to climate change are projected to occur in 

tropical montane areas [17,18]. Some of these species live close to mountain tops, which 

means their present thermal environment may no longer exist as climate changes [24,26].  

 We modeled the potential movements of amphibians in response to 

deterministic increases in temperature on a tropical mountain in Colombia, the Sierra 

Nevada de Santa Marta, to explore the possible constraints to species’ elevational range 

shifts. The Sierra Nevada de Santa Marta massif has a steep elevational gradient and an 
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unusually large number of species with small geographic ranges. We built our models 

with information on current species distributions and associated temperature gradients. 

We did not model future species distributions under different climate-change scenarios. 

Our goal was to determine how the vulnerability of species to climate change might 

differ as a function of the topography and climate in their current ranges. 

Rarely are individuals likely to move upslope unimpeded and successfully 

establish in areas with cooler temperatures. More often, individuals’ movements will be 

constrained by topographic features or by land-cover types such as urban, agricultural, 

or bare ground. Species vary in their abilities to survive and reproduce in areas with 

intensive human use. Individuals may also move upslope to previously unoccupied 

peaks with elevations that are higher than the maximum elevation occupied by the 

species, thereby filling gaps in their current distribution. Additionally, animals may 

move to high elevations within their current range. These areas will become thermally 

isolated if warming continues.  

We illustrate the difference between filling unoccupied high-elevation peaks and 

thermal isolation by considering a species currently occupying an area with 

heterogeneous topography (Fig. 1). Movements toward cooler but thermally isolated 

areas do not represent range expansion; instead, such movements ultimately result in 

range contraction. Filling unoccupied high-elevation peaks, by contrast, implies the 

species’ range is expanding to elevations higher than where it currently occurs (Fig. 1). 
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We evaluated potential topographic and land-cover constraints to elevational 

movements for all amphibian species in the Sierra Nevada de Santa Marta.  

 

Figure 1: Representation of 3 of the potential outcomes of species movements 

to higher elevations (areas of thermal isolation, high points in an animal species 

current geographic range that will attract individuals as they move upslope toward 

cooler temperatures; unoccupied high-elevation peaks,  areas that are higher than the 

maximum elevation occupied by the species). Animals to the far right moving 

upslope will be able to colonize new areas and continue moving to higher elevation 

as temperatures increase. Dashed diagonal lines indicate the area occupied by the 

species. 
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2.2 Methods 

2.2.1 Study Area 

The Sierra Nevada de Santa Marta is a high-elevation massif in northern 

Colombia (10°52′00″N 73°43′12″W) that is isolated from the Andes (Appendix A). From 

the coast it rises to 5700 m asl over approximately 42 km and thus presents a steep 

gradient in elevation and ecosystem types. It has a large number of endemic species: 17 

species and 53 subspecies of birds and 125 species of seed plants [27]. At elevations over 

3000 m, all amphibians are endemic [28], and many have narrow elevational ranges. 

Despite designation as a national park, the region has been affected by continuous 

human activity  since colonization by Amerindians [29].  

2.2.3 Species Ranges 

We obtained information on the geographic distributions of all amphibians 

occurring on the Sierra Nevada de Santa Marta massif from the Global Amphibian 

Assessment [30]. We also considered species occurring within 10 km of the 200-m 

elevation contour line to evaluate whether they could move upslope as climate changes. 

Because the geographic ranges corresponded to minimum convex polygons joining sites 

of occurrence [31], we refined the polygons. We constrained each species’ range to the 

elevational limits and associated land cover [32] reported in the literature . The 

elevations we used for constraining the polygons were derived from a digital elevation 

model with a resolution of 90 m [33]. For forest specialists, we excluded from the range 
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polygon agricultural land cover, pastures, rocky, bare ground, and snow-covered areas 

[34]. For species that coexist with agriculture and livestock grazing, we did not exclude 

associated land-cover types. 

2.2.4 Movement Analyses 

We used hydrology tools from the spatial analyst toolbox in ArcMap (version 9.3; 

ESRI 2009) to model the potential movement of individuals to locations with lower 

temperatures [24]. These tools model water flow within a grid corresponding to a digital 

elevation model. Water flows from each cell to its steepest down slope neighbor [35]. By 

analogy, we addressed how species ranges will shift to areas with lower temperatures as 

climate changes. This process mirrors that of watershed delimitation. We replaced the 

elevational grid with a temperature grid.  

 We assumed amphibians may move in this fashion because their 

dispersal abilities are limited and because warmer temperatures are associated with 

declines in amphibian abundance [1,5,36,37]. In some models, amphibians are the 

taxonomic group that is most expected to undergo range shifts  in response to climate 

change [17]. Given the limited dispersal and high site fidelity of many amphibians (e.g., 

[38,39,40], as temperatures increase their ranges may shift slowly to adjacent areas of 

higher elevation and lower temperature. Our  model includes only temperature, which 

in tropical mountains depends primarily on topography and other landscape features 

(e.g., vegetation  cover). Amphibians may respond to other factors, such as moisture 
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[38]. However, the effects of climate change on precipitation are less predictable than on 

temperature, especially for areas with complex topography.  

We examined the percentage of each species’ range that might shift to cooler but 

thermally isolated areas within its present range, to areas outside the present range with 

land cover that will not support survival and reproduction, and to unoccupied high-

elevation peaks. Unoccupied high-elevation peaks correspond to areas with elevations 

higher than the present maximum elevation within a species’ range that would support 

the species in the future if temperatures increase.  

We used the refined range maps as templates to produce a map with the 

maximum temperature (as a grid) of the warmest month within each species’ range . We 

obtained these data from WorldClim version 1.4  [41]. We used the maximum 

temperature grid for each species to create a movement direction surface. We then 

estimated the total area of the range (number of pixels) for which animal movements 

along the temperature gradient lead to cooler locations within the current range. We 

considered these areas thermally isolated. To estimate the proportion of the range that 

would shift to areas with land cover types that would not support survival and 

reproduction in the future, we calculated the area of the range within which movements 

would take individuals to the border cells corresponding to these land cover types. We 

estimated the area of the current range that would shift to unoccupied high-elevation 

peaks in the same way we estimated the area that would likely be thermally isolated.  
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To understand the isolation effects of movement toward cooler areas within the 

range, we considered the effects of gradual increases in temperature of 0.5, 1.0, 1.5, and 

5° C (maximum projected temperature increase for South America by 2100 [42]) on the 

endemic species Centrolene tayrona. We assumed temperature would decrease by 0.0055 

°C/m (the adiabatic lapse rate) [43] and the range of C. tayrona would gradually shift 

upslope as temperatures increased. We also evaluated the degree of fragmentation to 

which C. tayrona would be subject to as its range shifted to higher elevations by 

examining the percentage of the species’ range occurring in small patches. The higher 

the percent area of a range that occurs in small patches, the higher the fragmentation. 

We calculated the future range of the species under 4 deterministic temperature 

increases. We plotted the cumulative area of the range in habitat patches of increasing 

size for each future range.  

 We analyzed each of the 46 species occurring within the Sierra Nevada de 

Santa Marta and the 10-km lowland area surrounding the massif. For each species, we 

summed the percentage of the range that would become thermally isolated and that 

would shift to areas where land cover would not support survival and reproduction. We 

assumed this percentage  was positively correlated with the percentage of individuals in 

the population or species that would not be able to move to and persist at higher 

elevations. We assumed a percentage >30% implies a considerable reduction in habitat 
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area that could affect the species and that a percentage >70% would reduce the range 

such that survival of the entire population would be threatened. 

2.3 Results 

The procedure for refining the species ranges resulted in smaller, more 

irregularly shaped polygons that represented ranges more realistically than the original 

polygons. The analysis for the refined range of Pristimantis sanctamartae (Fig. 2) showed 

that individuals throughout the species range moved into cooler areas. Some of these 

movements ended in cooler areas within the range, analogous to a sink in a water shed 

(Fig.2 a,b). For example, when we considered only a portion of the range of P. 

sanctamartae, some individuals followed the temperature gradient toward 2 unique areas 

of cooler temperature (Fig.2 b). Other individuals followed the gradient outside the 

current range (Fig.2 b). Thirty-five percent of the range of P. sanctamartae would be 

thermally isolated as animals move to cooler locations within the range (Fig.2 c). 

Another 15% of the species range would shift outside the present range into land cover 

that would not support survival and reproduction (Fig.2 c,d), whereas 8% of the range 

would shift to fill unoccupied high- elevation peaks within the range (Fig.3). 
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Figure 2: Pristimantis sanctamartae (a) Range , (b) direction of movements 

according to the temperature gradient , (c) areas of thermal isolation and shifts to 

unsuitable land cover, and (d) movement toward 2 different cool locations within its 

range (i.e., areas of thermal isolation) . Cells are 500x500 m. 
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Figure 3: Unoccupied high-elevation peaks within the range of Pristimantis 

sanctamartae. As temperature increases some portions of the range shift to these 

areas. Arrow heads indicate movement direction according to the temperature 

gradient. 

 

The projection of Centrolene tayorna’s range shift as climate changes showed the 

effect of thermal isolation associated with movements to cooler areas within the range. 

During this gradual process, at some points the projected range of C. tayrona overlapped 

with the present range, but the range also shifted into currently unoccupied areas (Fig. 

4). We identified the cool areas within the current range to which animals would move 

as they followed the temperature gradient. As the range shifted to higher elevations, 

these areas became isolated (Fig.4). Individuals within these areas did not move to the 
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projected range, they remained behind. For a 1.5 °C warming, some areas were already 

isolated. As temperatures increased, these areas were not likely to support the species 

(Fig.4). An increase of 1.5 °C could be reached in approximately 45 years in a scenario of  

3.3 °C rise in temperature over the next century (median temperature increase projected 

for South America; Christensen et al. [42]).  

 

Figure 4: The range  of Centrolene tayrona as it shifts to higher elevations 

under 4 different temperature increases (upper right corner of each map).  The 

enlargements show areas of thermal isolation to which animals move for cooler 

temperatures. Eventually these areas become unsuitable for the survival of the 

species. 
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As temperatures increased and the range of C. tayrona shifted to higher 

elevations, the fragmentation of future ranges remained similar, except for the range 

corresponding to a temperature increase of 5 °C (Fig.5). At this temperature, 

fragmentation of the range was lower than before the temperature increase —, as 

indicated by the reduced area of fragments of small size. However, for this extreme 

increase in temperature the total range size of C. tayrona was also much smaller (Fig.5).  

 

Figure 5: Cumulative area of the range of C. tayrona in increasing habitat patch 

size. Distribution of the total area of the range of C. tayrona with increasing habitat 

patch size. Each line corresponds to a range generated by shifting the current range 

according to deterministic increases in temperature. The x-axis indicates the size of 
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the habitat patches, and the y-axis indicates the total area contained in patches of that 

size or less. 

 

More than 30% of the current range of 21 species became thermally isolated. 

Three of those species are endemic to the massif. This same percentage (30%) of the 

ranges of 13 species, including 1 endemic species, shifted to areas with land cover that 

would not support survival and reproduction (Table 1). In our models, the combined 

effect of thermal isolation and land cover restricted amphibian species movements. 

Seven species were affected severely;  >70% of their current range shifted to areas that 

would become thermally isolated or to areas unlikely to support survival and 

reproduction (Table 1). Thus, <30% of these species’ present ranges actually shifted to 

higher elevations. The species most affected (highest percentage of their ranges) by the 

combined effects of thermal isolation and movement to areas unlikely to support 

survival and reproduction were Scinax rostratus, Scinax ruber, Hypsiboas crepitans, and 

Leptodactylus bolivianus. Finally, for 70% (32) of the species some portion of their ranges 

shifted to unoccupied high-elevation peaks, , but the percentage of the range was >30% 

for only one species (Table 1). 
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Table 1: Percentage of species ranges that shifted to thermally isolated locations, to 

land-cover types that would not support survival and reproduction, and to 

unoccupied high-elevation peaks. 

Species 

Thermally 

isolated areas 

(%) 

Unsuitable 

land cover 

(%) 

Thermally isolated 

plus unsuitable land 

cover (%) 

Unoccupied 

high- 

elevation 

peaks (%) 

     

Atelopus arsyecue 0 30 30 0 

Atelopus carrikeri 26 20 47 6 

Atelopus laetissimus 0 0 0 0 

Atelopus nahumae 3 1 4 0 

Atelopus walkeri 14 0 14 0 

Bolitoglossa savagei 0 0 0 0 

Rhinella beebei 53 3 56 7 

Rhinella granulosa 65 2 67 12 

Rhinella marinus 83 2 85 4 

Caecilia subnigricans 43 35 78 0 

Centrolene tayrona 17 9 26 12 

Ceratophrys calcarata 16 34 49 15 

Chiasmocleis panamensis 0 43 43 0 

Colostethus ruthveni 11 11 22 0 

Cryptobatrachus boulengeri 13 0 13 0 

Dendropsophus 

microcephalus 11 32 43 19 

Elachistocleis ovalis 17 29 45 18 

Pristimantis carmelitae 0 0 0 62 

Pristimantis cristinae 48 5 53 0 
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Pristimantis delicatus 36 10 46 14 

Pristimantis insignitus 0 2 2 13 

Pristimantis megalops 16 12 29 5 

Pristimantis ruthveni 12 0 12 8 

Pristimantis sanctaemartae 36 13 49 8 

Pristimantis tayrona 20 7 27 8 

Pristimantis w-nigrum 53 13 67 1 

Geobatrachus walkeri 28 6 34 5 

Hypsiboas crepitans 77 2 79 5 

Hypsiboas pugnax 41 6 47 15 

Leptodactylus bolivianus 42 39 81 2 

Leptodactylus fuscus 40 32 72 9 

Leptodactylus pentadactylus 43 26 69 13 

Leptodactylus poecilochilus 8 6 14 8 

Phyllomedusa venusta 37 25 62 0 

Engystomops pustulosus 63 1 64 5 

Pleurodema brachyops 15 27 42 19 

Pseudis paradoxa 0 63 63 0 

Pseudopaludicola pusilla 0 63 63 0 

Lithobates catesbeianus 40 24 64 14 

Lithobates vaillanti 0 46 46 6 

Relictivomer pearsei 30 32 62 7 

Scinax rostratus 55 32 87 0 

Scinax ruber 79 2 81 4 

Scinax x-signatus 0 47 47 0 

Trachycephalus venulosus 45 3 48 11 

Typhlonectes natans 58 5 63 4 
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2.4 Discussion 

Our data on current ranges of species encompass areas where occurrence of the 

species is uncertain. The terrain of the Sierra Nevada de Santa Marta is rugged and often 

inaccessible. Most records of species presence or absence are located near roads 

(Appendix A). However, our objective was not to predict future ranges. Rather, our goal 

was to quantify constraints to species movements in response to temperature increases  

Climate-envelope models do not account for dispersal [44]. Our model shares 

some of the assumptions and limitations of bioclimatic models [44], however. First, we 

assumed that temperature would be the primary driver of animal movement and thus 

did not consider the effects of biotic interactions, such as competitive exclusion or 

predation, which can strongly influence responses to climate change [23]. Second, our 

model does not account for evolution. Tropical ectotherms may occur close to their 

thermal optimum (e.g., [10,13,45]) and thus may be less adaptable to changes in 

temperature than temperate species. Adaptative potential depends on the rate of 

environmental change relative to the rate of evolutionary response of the species. Long-

lived species and poor dispersers may not evolve rapidly because selection occurs over 

generations and at expanding range margins [46]. Shifts in elevational range are a likely 

response of many amphibian species in tropical mountains to changes in climate.  

Current models assume that if temperatures increase species will move to higher, 

cooler elevations . A better understanding of species’ responses to climate change 
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requires consideration of landscape characteristics that could present obstacles to 

upslope movements. Our results indicate that temperature gradients, imposed mainly 

by topography, and land cover may constrain elevational range shifts. Within 

substantial portions of some species’ ranges, animal movements may lead to isolated 

areas or to areas where survival and reproduction is unlikely. These constraints to range 

shifts affect 46% and 28% of amphibian species within the massif. Many of these species 

are not yet considered to have a high probability of extinction, but their abundances 

could decrease as climate changes.   

Range shifts toward unsuitable land cover seem primarily to affect species 

occurring at intermediate and lower elevations because lower elevations, where terrain 

is less steep, are more suitable for human activities. At higher elevations, however, 

where less area has been transformed by human activity, unsuitable land cover (mainly 

in the form of bare rock) also surrounds some species. Examples include the endangered 

and endemic harlequin frogs Atelopus arsyecue and Atelopus carrikeri; 20% of the area of 

their current ranges would shift to areas that are unsuitable for them. This shift of 

portions of the range to unsuitable areas can result in reductions of already small 

geographic distributions and populations. If the effects of these reductions combine with 

the effects of other warming-related threats, such as the spread of chytrid fungus, 

populations could decline much faster than is expected currently.  
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Movements to areas of thermal isolation affected a slightly higher proportion of 

the species ranges than movements to unsuitable land cover. This suggests that the 

topography on the massif may pose greater restrictions on range shifts than land cover. 

When we combined the effects of thermal isolation and movements to unsuitable land 

cover, 4% of the species were highly restricted in their movements out of their current 

ranges. The movements of some species, however, did not seem to be constrained. The 

ranges of several endemic species including Bolitoglossa savagei and Atelopus laetissimus 

did not contain any areas of thermal isolation or areas where range shifted to 

surrounding unsuitable land cover. Some might view the presence of unoccupied high-

elevation peaks  as beneficial because individuals would have places to move and 

expand their distribution. Although these areas represent new habitat, at some point 

they could also become temperature traps as temperature increases, depending on the 

elevation of the hill and the magnitude of warming.  

Intensive human land use on the lower elevations surrounding the Sierra 

Nevada de Santa Marta may impede the movement of lowland species upslope. One of 

the expected effects of climate change is reduction in species richness in lowlands as 

species move to higher elevations [24]. If species movements from lowlands to higher 

elevations are constrained, and thus lowland species do not persist, there could also be 

loss of species richness at intermediate elevations. Range contractions may be 

widespread throughout an elevation gradient, at least temporarily, as the character of 
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parts of the range change and animals shift to smaller suitable areas or to areas with 

unsuitable land cover.
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3. Elevational ranges of birds on a tropical montan e 
gradient lag behind warming temperatures 

3.1 Introduction 

Most of the evidence showing that species’ ranges follow changing climate 

comes from latitudinal or elevational shifts of temperate species 

[16,47,48,49,50,51,52,53,54]. However, the effects of warming on elevational ranges of 

tropical species are potentially strong [13,55]. Such species may have narrow thermal 

tolerances, perhaps due to less varying environmental conditions [12]. This would make 

them more vulnerable to temperature changes [12,13]. The tropics contain most of the 

world’s species at risk of extinction [56], yet few studies evaluate the response of tropical 

species to climate disruption other than through modelling [25,57,58]. Given the absence 

of a strong latitudinal gradient in mean annual temperature at sea level within the 

tropics [59], warming-driven latitudinal range shifts are less likely than elevational shifts 

[24]. There are few documented range shifts in the tropics [2,14,60]. The few studies 

quoted are for insects and other exothermic species that are thought to be most affected 

by climate disruption [10,13]. Endothermic species may tolerate a wider range of 

temperatures, though evidence from temperate regions shows that they are already 

responding to warming [16,49]. The question we address is what is the response for 

tropical endotherms — birds. 

 The few studies that refer to elevation range extensions for tropical birds [36,61] 

rely on indirect evidence, derived from community changes in census plots [36] or 
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changes in elevation limits inferred from bird lists [61]. As much as warming may drive 

these changes, they do not provide an effective and unbiased signal with which to 

identify warming effects. For example, differences in sampling effort between datasets 

may bias range shifts measured at boundaries [62]. Baseline information on the 

abundance of species along elevation gradients is essential to determine whether species 

shift in elevation and, if so, by how much [62]. Some changes are likely to be in terms of 

abundance rather than presence versus absence and may be harder to detect.  

Here, we present evidence of elevation range shifts for bird species on a tropical 

mountain, Cerros del Sira, in Peru (Fig. 6). In 1969, Terborgh and Weske [63,64], 

documented the distribution of birds along this gradient. Because they used a standard 

sampling protocol based on mist nets, their data present a unique opportunity to study 

the effects of over 40 years of warming on the bird species along the gradient. In 2010, 

G.F-M and S.J.S. were part of an expedition that resurveyed the gradient.  Exceptionally 

for studies of the effects of global change, this earlier work studied elevational limits 

explicitly by documenting different limits on different mountains with different sets of 

species and environmental conditions.  The Cerros del Sira had relatively few species 

compared to the main Andean chain. Many species occurred at higher elevations in 

Cerros del Sira as a result of release from direct or diffuse competition [63]. Other 

species occurred at different elevations according to shifts in the elevation of ecotones on 

the Sira compared to the main Andes [64].   
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Figure 6: Sampling locations along the elevation gradient in the Cerros del 

Sira. The five locations are within the Reserva Comunal El Sira, Huánuco, Peru, at 690 

m, 1310 m, 1570 m, 1970, and 2220 m. 
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3.2 Results 

Land use conversion had destroyed some of the lower elevation sites from 1969. 

The 2010 survey did not have time to survey two sites at 900 m and 1130 m. For 

comparisons, we only used the data from five sites, at 690 m, 1310 m, 1570 m, 1970 m 

and 2220 m, sampled on both occasions (Appendix B, Table 4).    

Considering the change in abundance-weighted mean elevation between 

surveys, the 55 species moved an average of 92 m uphill (± 21.5 m).  Some 36 moved up, 

12 down, and 7 were unchanged (Appendix B, Table 5). A chi-square test of upward 

versus downward movements is significant (χ2= 12, df=1 ,p <0.001).  

Despite broadly comparable efforts, the numbers of individuals caught at each 

site varied between the two surveys. This could lead to spurious elevational shifts with 

species not caught at some elevations when, indeed, they were present but at low 

numbers. We ran Monte Carlo simulations to generate the distributions of elevational 

changes for each species under the null hypothesis that there were no elevational 

differences between the two time periods.  These simulations show that, by chance 

alone, given the difference in number of birds captured in each expedition, we expect a 

~40 m upward movement averaged across all species (Appendix B, Table 6). We 

subtracted the individual species average values from those observed. Figure 7 displays 

the results.   
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Figure 7: Elevational range shifts. Weighted mean elevation (m) for each bird 

species in 1969 and in 2010, minus elevation changes expected by chance from uneven 

sampling effort. Each dot (species) is coded according to its diet. The diagonal line is 

the x=y lines, points along this line indicate no change between the two time periods. 

N=55. 

When so corrected, 33 species moved up, versus 15 that moved down (χ2=6.75, 

df=1,p =0.009), with a corrected average upward movement of 49 m (± 17.3 m), p =0.007, 
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two-tailed t-test.).  This method allows inferences on individual species. Thirteen species 

had observed changes greater than 97.5% of the randomly generated shifts, while only 

four species were in the bottom 2.5% of those movements (chi-square test on these 

numbers of up versus down: χ2= 4.8, df=1 ,p =0.03).   

The historical rate of temperature change indicates the region has warmed 0.019 

°C per year from 1952 to 2001 [65]. Using this rate for the 41-year time interval between 

samples corresponds to a 0.79°C warming. Using the lapse rate we estimated for the Sira 

(0.52°C per 100 m), and the estimated warming of the region during the 41 years 

between samplings (0.79°C), the expected shift would be 152 m. Thus, the 55 species 

moved, on average, only 49m/152m = ~32% as much as expected, a significantly smaller 

amount (t=2.76, df=54, p =0.007) 

There was no significant difference in the mean response between trophic guilds 

(F=1.41, p=0.25, df=3, 51) (Fig. 8). The 11 nectar-feeding species had three of the six 

downward shifts > 100 m, and three of eight upward shifts > 200m, perhaps reflecting 

their mobility to access seasonally variable nectar producing flowers [66,67]. 
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Figure 8: Response to warming according to trophic guilds. Boxplot of the 

elevational range shifts according to diet category. Boxplot widths are proportional to 

the square root of the samples sizes 
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3.3 Discussion 

We have caveats. Comparisons of two points in time may not necessarily be 

representative of long-term trends, and they do not account for inter-annual variation 

that may confound interpretations of such trends. This is a limitation of many studies on 

the effects of climate change on specific taxa [2,14,60], and it is a consequence of the 

available information. These comparisons, however, are the bases of most of the current 

understanding of the effects of warming on elevational range shifts. Although they 

should be considered with caution, they do indicate strong patterns and direction of the 

range shifts. 

Besides rising temperatures, there are no competing explanations for an upward 

shift in the range of birds in the Sira. Land use changes do not obviously affect the 

forests above 700 m. Detailed information from local weather stations does not go back 

to the date of first sampling. Therefore, temperature change in the area was inferred 

from interpolated global data [65]. This data set has been used in other studies in 

tropical regions lacking local data for remote areas. Based on this historical rate of 

temperature change  we estimated that the 55 species moved, on average, 49 m. This is 

equivalent to 12 m per decade, very close to the median value of 11 m per decade found 

recently in a study across different regions and taxa [54] . However, the mean elevation 

shift in this study was only ~32% as much as expected, indicating a partial response.  We 

might consider that a partial (or delayed) response to warming might to be due to poor 
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dispersal abilities or physical barriers to dispersal [53,54]. The undisturbed conditions of 

the forest in the Cerros del Sira seem to discard habitat barriers as an explanation along 

this elevation gradient. Besides, given the steep gradient at the Sira, a 152 m shift in 

elevation corresponds to a horizontal distance of no more than a few hundred metres. 

Dispersal limitation therefore does not seem to represent a factor affecting the rate of 

shift.  

Exceptional for studies on changes in species ranges with climate change, the 

initial study [63] centered on the factors that determine elevational ranges. Terborgh 

compared elevational limits of the same species in different mountains to disentangle 

the factors responsible for them. This prior research with Sira birds established that 

upper and lower range limits are conditional, often depending on the presence or 

absence of elevationally exclusive competitors and or ecotones between major habitats 

(e. g., lowland forest and cloud forest) [63]. Thus, the same bird species exhibited 

different elevational ranges on different mountains, indicating considerable flexibility in 

the occupancy of habitat and independence of temperature [64,68]. Consequently, the 

limited upward elevational shifts reported here are unlikely to be simple responses to 

increased temperature per se.  Instead, birds are likely responding to gradual changes in 

the nature of the habitat or availability of food resources through their dependence on 

long-lived elements of the ecosystem (trees), and how the species’ competitors respond.  

Given this complexity, it is remarkable that the upward changes in range are so 
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consistent.  Recent studies on the Andean region of South Eastern Peru have 

demonstrated that many tropical tree genera have shifted their distributions upslope 

due to elevated temperatures [69]. Not surprisingly, the rate of migration of trees is less 

(~45%) than the predicted from the temperature increases of the region. Similar lags in 

the response of trees may be occurring at the Sira, accounting for the lag in response of 

birds.  

The lag in the response of bird resources may be due to their slow life history, 

but could also be related to the influence of changes in precipitation from climate 

change. Increases in water availability that outpace evaporative demand may induce 

downhill shifts by plants [70]. On the other hand, reduction in rainfall can affect bird 

habitat and distribution [71]. Although historical interpolated data indicate the region 

has experienced a reduction in rainfall [65], there is no information for this variable 

along the gradient making it hard to infer its potential effects on species ranges.  

Most models of species movement and potential extinctions from climate 

disruption do not encapsulate the lags we observe in this study. To do so would require 

including habitat availability, dynamic vegetation models and terrain characteristics 

[72,73,74]. For montane species, understanding lags in the response to warming is 

especially important as this may dictate the rate of extinction as the range approaches 

the summit.  What happens to species that remain in place as the climate warms is 

nonetheless a serious challenge in understanding their fate [26].  
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3.4 Methods 

In 2010, we sampled bird communities at five different elevations at the Reserva 

Comunal El Sira, on the Cerros del Sira massif, Peru. These correspond to five of the 

nine localities sampled by Terborgh and Weske in 1969 [63]. From the original localities, 

the two lowermost have experienced land conversion and we excluded them. Sampling 

methods replicated those Terborgh and Weske used in 1969. At each of the five 

locations, we used 20-23 mist nets (2m x 12m, 36mm mesh), located along a single line 

when possible, and opened from 0600 to 1730 h. We identified, banded and released 

each captured individual. We recorded the number of birds caught during broadly 

comparable numbers of days mist netting (3, 5, 5, 6 and 6 days in 1969 and 5, 5, 5, 4.5, 4.5 

days in 2010) and net-days (average 88 net-days, range 59 to 126) (Appendix B, Table 4). 

Our field work ran from June to August in the first survey and during July to August in 

2010, with both sampling events taking place during the driest period [63]. 

We estimated abundance as the number of birds caught per net-day. Similar 

efforts are required for comparative purposes because bird captures tend to drop off 

over time. From these data, we calculated an abundance-weighted mean elevation for 

both surveys for 55 species caught two or more times in both 1969 and 2010 (Appendix 

B, Table 5).  The differences in these means provide one set of estimates of how much the 

birds have changed their mean elevations.  Such estimates are still subject to the vagaries 
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of different numbers of individuals caught at each site for reasons both related to the 

slightly different trapping efforts as well as other variables.   

To correct for such factors, we ran Monte Carlo simulations.  We combined the 

counts for both periods at a given site.  For example, we combined the total of 264 

individuals caught at the 690 m site in 1969, with the total of 51 individuals caught there 

in 2010. We then randomly selected 264 and 51 individuals from this combined pool to 

create a sample.  We repeated the process across all sites, with the respective 

combinations of individuals caught.  When complete, we analyzed the sample as for the 

observed data, calculating a mean difference in elevation for all the species.  We then 

repeated the entire process 100 times.  For analysis, we selected only the 55 species with 

at least two individuals captured at both periods. The remaining 162 species were either 

not abundant enough, or were not captured at both sites. We compared the observed 

mean shifts and those expected from the simulations using a two tailed t-test. For each 

species, we could then calculate an empirical 95% percent confidence interval for the 

range of mean elevations expected — the bottom 2.5% and the top 2.5% (Appendix B, 

Table 6).  

To determine the expected shift in elevation according to the warming in the 

region we used historical data on temperature from an available database  [65]. We 

estimated the lapse rate in the Sira by recording the temperature at each elevation 

sampled using temperature loggers, and regressing the dawn temperature (°C) at 0630 
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against the elevation (m) [63]. Using the obtained lapse rate we then estimated the 

expected increase in elevation required to match the increase in temperature in the 

region. 

We classified each species into one of four guilds by diet: fruit, insects, nectar, 

and omnivores [75].  We then tested for differences in range shifts among guilds using 

Analysis of Variance (ANOVA). We used trophic guild as a potential correlate of range 

shift under the expectation that omnivorous species, being less dependent on specific 

resources, would be able to respond by moving to new areas. Traits such as dispersal 

ability, reproductive rate and ecological generalization may correlate with rate of shifts 

[76]. Most of these life history traits are unknown for the tropical bird species included 

here, but trophic guild serves as a measure of diet specialization.      
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4. Representation of global and national conservati on 
priorities by Colombia’s protected area network 

4.1 Introduction 

Human activities have transformed Colombia’s natural landscapes, mainly 

through cattle ranching and agriculture [77,78,79]. Some ecosystems, like montane 

tropical forests, currently occupy less than 30% of their original extent [80,81]. Starting in 

the 1960s Colombia began to build a network of protected areas in order to repel these 

land cover changes and protect biodiversity. This network now covers more than 10% of 

the country’s territory, although some biologically unique areas remain under-protected 

and face serious threats. Colombia possesses extraordinary biological diversity. Among 

countries, it harbors the highest number of known bird species, and is second for known 

plants and amphibians [82]. Colombia has the potential to preserve a considerable 

portion of the world’s biodiversity, making its conservation schemes both regionally and 

globally relevant.  

Because conservation resources are limited, scientists and organizations have 

proposed different global prioritization schemes to maximize conservation investment 

[83,84]. Global priorities differ in their approaches. Some of them prioritize highly 

vulnerable areas, a strategy defined as a reactive, while others concentrate on less 

vulnerable, well-preserved areas, following a proactive strategy [84]. We ask: to what 
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extent do these global schemes overlap with finer scale national protection targets? 

Evaluating how a country’s network fits into global conservation priorities allows us to 

understand if any of these priorities are over or under represented and helps to identify 

the strategy decision makers followed in the creation of the network. At the national 

level, increasing evidence shows that protected areas are often non-randomly located. 

Protected areas are often on steep slopes, high elevations, poor soils, and other places 

unrepresentative of the common climatic, geographic, or biotic conditions of the country 

[85,86,87,88].  

We analyze Colombia’s network of protected areas to understand how the 

network agrees with global prioritization schemes and to what degree it represents the 

biotic and abiotic conditions of the country. This is important to do as protected area 

networks are the most important global strategy for biodiversity conservation, and are 

the first line of defense in efforts to slow habitat degradation and prevent species 

extinctions [89,90]. The term “protected area” is really a mix of different legal 

designations [91], but most are used in one way or another to help carry on the main 

function of preserving vulnerable/unique sites, for the maintenance of species, 

evolutionary history, ecosystems, or ecosystem services. 

We conduct a comprehensive assessment of Colombia’s protected areas network 

in two ways. We start from a global perspective by determining how protected areas in 

the country fit into commonly accepted global conservation priorities. Then, we ask if 
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the network properly represents the biomes, species richness, threatened vertebrate 

species, and common environmental and physical conditions within the country. These 

two questions address independent decision-making criteria. Additionally, we identify 

six priority biomes for conservation based on two criteria. In the first, we consider low 

protection, based on the percent of the biome’s extension protected by the network, and 

high land use change. In the second, we determine biomes with low protection and high 

levels of threatened species. Protecting Colombia’s abundant biodiversity should be a 

conservation matter of global importance, and our approach contributes to identifying 

potential directions for the selection of conservation priorities in Colombia.  

4.2 Methods 

4.2.1 Study area 

Colombia is located in northwestern South America, and has an area of 1,142,00 

km2. The climate is predominantly tropical with temperature affected by altitude in the 

Andes mountain range, which subdivides into three branches when it enters the 

country. Mountain position and elevation gradients contribute to the presence of a 

variety of climatic conditions. These conditions are represented by 34 different 

continental and marine biomes and 314 ecosystem types, as recognized by National 

Institutions [34]. For the present analyses we considered Protected Areas in IUCN 

categories I to VI, which include areas from the Colombia Natural National Parks 

System (categories I to IV) and National Protective Forest Reserves (category VI). We 
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also considered Regional Protected Areas in our analysis of representativeness. These 

Regional protected areas do not have an IUCN category because their level of protection 

can vary from one place to another. However, their number is increasing in Colombia, 

and they can play an important role in conservation. The data used corresponds to the 

most up to date (2009) spatial information on Colombia’s Protected Areas [92], 

comprising 105 National protected areas, and 219 Regional protected areas. 

4.2.2 Study area 

To understand how protected areas in Colombia are representative of global 

conservation priorities, we estimated the number of individual protected areas and the 

percentage of the total land protected located within each of seven recognized global 

conservation priorities. These correspond to prioritization templates published over the 

past decade by various organizations. Brooks et al. [84] reviewed their methods and 

impacts. They are: Frontier Forests [93], Last of the Wild [94] and Wilderness Areas [95], 

which follow a proactive approach; Biodiversity Hotspots [89] and Crisis Ecoregions 

(updated version, Hoekstra personal communication), which follow a reactive approach; 

Endemic Bird Areas (EBAs) [96] and Centers of Plant Diversity [97], which do not 

incorporate vulnerability but only a uniqueness criterion [84].  

We also estimated the percent of the G200 regions [98] in Colombia that is 

protected by the network and the number of sites identified by the AZE (Alliance for 

Zero Extinction) that are within protected areas. The G200 ecoregions are conservation 
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priorities aimed at protecting representative examples of all of the world’s ecosystems. 

They are also areas with exceptional concentrations of species and endemics [99]. The 

AZE is a global initiative that seeks to prevent extinctions by identifying and 

safeguarding key sites where species are in imminent danger of disappearing [100]. 

4.2.3 Representation of local biomes 

For determining the representation of national priorities, we first estimated the 

proportion of each biome’s total area that is protected. Biome types follow the 

classification from the most recent version of the map of Colombian Ecosystems [34] 

(Appendix C). The insular biomes from the Caribbean and the Pacific were not included 

on these analyses. We first considered the protection under National protected areas and 

then estimated the protection under both National and Regional protected areas 

together. In this way we could examine how and where regional protected areas are 

complementing the protection by national protected areas.  

4.2.4 Representation of biophysical variables 

We analyzed the distribution of protected areas across Colombia relative to 

elevation [101], slope (derived from elevation data), species richness (amphibians, 

mammals, and breeding birds), agricultural suitability [102], distance to roads [103], and 

distance to urban areas [104]. We inverted the original agricultural suitability index so 

that it would indicate increasing suitability and be more intuitive. All of the above 

datasets were in raster (grid) format. We used ArcGIS 9.3 to harmonize projections, cell 
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size (1 km2), and extent. We carried out all further analyses in the program R (version 

2.8.1) [105].  

We first binned each of the variables into discreet intervals (elevation: 100 m, 

slope: 1º, richness: 50 species, distance to roads: 5 km, distance to urban areas: 5 km, 

agricultural suitability: 1-8 increasing suitability index). For each of these variables we 

plotted the difference between the percent of Colombia’s terrestrial land surface, and the 

percent of Colombia’s protected area network at each interval. Doing this highlights the 

areas where Colombia’s protected lands differ from what we would anticipate given the 

distribution of each variable across the country. The number of vertebrate species in 

each biome was extracted from richness maps compiled by Jenkins [106] from the Global 

Amphibian Assessment, the Global Mammal Assessment [82] and NatureServe, version 

3.0 of the Birds of the Western Hemisphere [107].  

4.2.4 National priority biomes for conservation 

We established national priority biomes for conservation in Colombia using level 

of protection, degree of land cover transformation, and numbers of threatened species. 

To be a priority biome first required protection levels below 3%. Additionally, a biome 

must either have more than 70% of its natural land cover transformed by human 

activities [34], contain more than 12 threatened vertebrate species, or both. The cutoff for 

the number of threatened species corresponds to >50% of the maximum number for a 

single biome. The combination of protection level and land cover transformation is an 



 

42 

approach similar to the one used for global crisis ecoregions [108]. The rationale is that 

areas that are experiencing high levels of land cover transformation and have low 

protection require immediate attention. Protecting these areas will contribute to 

preserving the diversity of biomes in the country, along with their characteristic fauna 

and flora. Additionally, extinction is irreversible, so protecting biomes with high 

concentrations of threatened species is a priority. We identify biomes that meet all three 

criteria as top national-level priorities. 

4.3 Results 

4.3.1 Global priorities 

The highest numbers of individual protected areas are located in Endemic Bird 

Areas and Biodiversity Hotspots. Both of these are global priorities because of their high 

number of endemic species or high vulnerability (Table 2). However, the highest 

proportion of protected land in Colombia is located within Frontier Forests, Last of the 

Wild and Wilderness Areas (Fig. 9). These are all well-preserved, isolated, and low 

vulnerability regions. This pattern remains when considering only National protected 

areas or both National and Regional protected areas together (Table 2). When the 

Regional protected areas are included in the analysis, the proportional area protected for 

EBAs, Hotspots, and Crisis Ecoregions increases. However, they remain less protected 

than areas of low vulnerability. Six of the twelve G200 terrestrial ecoregions have more 

than 10% of their area protected, while two of them have no protection at all. The 



 

43 

Alliance for Zero Extinction (AZE) has identified 48 important places in Colombia so far, 

of which only 15 (31%) are represented by the network.  

 

 

 

Table 2: Representation of Global Conservation Priorities in Colombia’s Protected 

Area Network. Number of National Protected Areas (PAs) and proportion of the total 

protected land in Colombia (both for National and combined PAs) located within 

different global conservation priorities. Type of strategy according to Brooks et al. 

(2006): P= Proactive; R= Reactive; * Does not consider vulnerability. 

 

Global Conservation 
Template 

Number of PAs in IUCN 
category 

Total 
Number 

% Total 
Protected 

Area 
(National 

PAs) 

% Total Protected 
Area (National + 
Regional PAs) I-IV V-VI 

Frontier Forests (P) 17 4 21 68.7 70.0 

Last of the Wild (P) 12 3 15 66.6 68.0 

Wilderness Areas (P) 12 2 14 62.1 64.7 

Centers of Plant Diversity* 16 9 25 55.1 41.8 

Endemic Bird Areas (EBA)* 42 50 92 54.5 62.9 

Hotspots (R) 36 53 89 43.9 58.1 

Crisis Ecoregions (R) 31 41 72 39.3 53.6 
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Figure 9: Best represented global conservation priorities in Colombia. A) 

Endemic Bird Areas are the Global Biodiversity Conservation template with the 

highest number of individual protected areas (National and Regional) within 

Colombia; B) Frontier Forests (proactive approach) are the template with the highest 

percent of the total protected area in the country. 

 

4.3.2 Representation of Colombian biomes by the net work 

When considering only National protected areas, ~30% of Colombia’s biomes 

have at least 10% of their area protected, although nearly 70% have at least some degree 

of protection. When considering National and Regional protected areas together, these 

percents increase to ~40% and ~90%, respectively (Table 3). The biomes with best 
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coverage are the Orobioma Alto de Santa Marta and Orobioma de la Macarena. 

Nonetheless, 11 biomes are entirely absent from the National protected areas network. 

This number decreases to three by considering National and Regional protected areas 

together (Table 3). The biomes with less than 10% protection are located in the Pacific 

and Caribbean regions, the Cauca and Magdalena River Valleys and lower Andes, and 

part of the Orinoquia (Fig. 10). Although considering National and Regional networks 

together in the analysis improves the protection level for some areas, (ex: Orinoquia, 

lower Andes, and lower Magdalena River valleys), other regions remain with the same 

low levels of protection. These are the Pacific region, the upper Magdalena and Cauca 

River valleys, and the Caribbean (Fig. 10).  
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Figure 10: Percent of each biome’s area protected by different networks. A) 

National network (IUCN I-VI) and B) National and Regional Networks together. 
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Table 3: Percent of area protected for the Colombian Biomes. Percent protected under 

National protected areas is discriminated by IUCN categories. 

Biome Area (km2) 
IUCN IUCN Including 

I -IV I - VI 
Regional 
PAs 

Helobioma de La Guajira 905.10 0.0 0.0 0.0 

Orobioma de San Lucas 8573.55 0.0 0.0 0.0 

Orobiomas azonales del Valle del Patφa 1242.99 0.0 0.0 0.0 

Helobiomas del Río Zulia 132.48 0.0 0.0 0.1 

Helobiomas andinos 333.51 0.0 0.0 0.2 
Zonobioma alternohígrico y/o subxerofítico tropical del 
Alto Magdalena 10279.62 0.0 0.0 0.4 

Zonobioma seco tropical del Caribe 55591.36 0.2 0.3 0.5 
Zonobioma alternohígrico y/o subxerofítico tropical del 
Valle del Cauca 5453.52 0.0 0.0 0.5 

Orobiomas azonales de C·cuta 1102.38 0.0 0.0 0.6 

Zonobioma húmedo tropical del Catatumbo 2553.31 0.9 0.9 1.1 
Zonobioma del desierto tropical de La Guajira y Santa 
Marta 6677.61 1.2 1.2 1.2 

Zonobioma húmedo tropical del Pacífico y Atrato 34314.71 0.8 1.9 2.7 

Helobiomas del Valle del Cauca 1401.64 0.0 0.0 2.8 

Helobiomas del Magdalena y Caribe 33300.47 0.2 0.2 2.9 

Helobiomas del Pacífico y Atrato 12761.41 3.0 3.4 3.4 

Orobiomas azonales Río Dagua 59.65 0.0 0.0 3.9 

Zonobioma h·medo tropical del Magdalena y Caribe 33999.28 3.6 4.5 5.8 

Peinobiomas de la Amazonia y Orinoquia 121602.69 4.0 4.0 7.4 

Orobioma del Baudó y Darién 12883.16 6.6 10.0 10.0 

Helobiomas de la Amazonia y Orinoquia 116671.84 6.8 6.9 11.5 

Halobiomas del Pacífico 5036.88 10.1 11.3 11.6 

Orobiomas bajos de los Andes 143152.53 7.6 8.4 12.7 

Orobiomas medios de los Andes 75697.39 7.0 8.6 13.0 
Zonobioma húmedo tropical de la Amazonia y 
Orinoquia 321131.22 11.7 11.7 15.9 

Orobioma bajo de Santa Marta y Macuira 9944.97 17.1 17.1 17.4 

Halobioma del Caribe 3984.63 9.4 16.0 19.9 

Litobiomas de la Amazonia y Orinoquia 72549.33 24.1 24.4 24.8 

Orobiomas altos de los Andes 41834.91 22.2 24.8 30.1 

Orobiomas azonales del Río Sogamoso 443.26 0.0 0.0 33.1 

Orobioma medio de Santa Marta 1741.49 63.0 63.0 63.0 

Orobioma alto de Santa Marta 1576.21 92.9 92.9 92.9 

Orobioma de La Macarena 2994.86 77.2 77.2 99.7 

Total 1139927.96    
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4.3.3 Representation of biophysical conditions 

The distribution of biophysical variables indicates that the protected areas 

network has proportionally more area of high species richness than one would expect by 

chance alone (Fig. 11i,j). This is indicated by the fact that the percent of area within 

protected areas with richness values above 600 is higher than the proportion of the 

country with this same richness values (Fig. 11i,j). The network is also far from 

highways and urban areas (Fig. 11e,f and Fig. 11g,h, respectively), at high elevations 

(Fig. 11a,b) and on steep terrain (Fig. 11a,b). Combined, these results indicate that the 

network is on lands of low agricultural suitability (Fig. 11k,l). For example, lowland 

areas below 200 m are proportionally underrepresented, while areas over 2800 m are 

proportionally more protected (Fig. 11a,b). Excluding species richness, across all of the 

variables the extreme negative values (i.e, those places where protected areas are the 

most proportionately absent) occur on the lowest, flattest, lands that are the closest to 

roads and urban areas and are highly suited for agriculture. 

4.3.4 Priority biomes 

Using the criteria of protection, land cover conversion, and threatened species, 

we identified six Colombian biomes as priority regions for conservation (Fig. 12). Two 

are priorities based only on protection and land cover conversion, one is a priority based 

only on protection and numbers of threatened species, and three are priorities due to all 

three criteria (Fig. 12). All six biomes are located within Hotspots, Endemic Bird Areas, 



 

49 

or both. Here we describe the main characteristics of these biomes, and the processes 

leading to their threatened status.  

Two of Colombia’s biomes have less than 3% of their area protected, are located 

in areas of dense population settlements and high road densities and hence have more 

than 70% of their area transformed to non-natural landscapes [34]. These biomes are the 

Helobiomas del Rio Zulia and the Zonobioma alternohígrico y/o subxerofítico tropical 

del Valle del Cauca, (Fig. 12).   

Helobiomas del Rio Zulia. This biome consists of wetlands that are under the 

influence of the Zulia River, along the frontier with Venezuela. Agriculture has 

intensively transformed the wetland vegetation  in the region. Only around 10% of the 

original vegetation remains and only a small fraction (0.1%) is protected under Regional 

protected areas. 

Zonobioma alternohígrico y/o subxerofítico tropical Valle del Cauca. Corresponds to 

tropical dry forests located in the upper Cauca River valley. The area has been highly 

transformed since the 1950’s for sugar cane plantations [109]. Less than 10% of the 

vegetation remains, and the forest remnants correspond to secondary and highly altered 

vegetation [109].  
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Figure 11: Distribution of Biophysical variables in Colombia’s Protected Area 

Network. The distribution of A,B) elevation (m), C,D) slope (degrees), E,F) distance to 

roads (km), G,H) distance to urban areas (km), I,J) species richness, and K,L) 

agricultural suitability (increasing suitability from 1 to 7) across Colombia and 

Colombia’s protected area network is shown. Left Column: the difference between 

the percent of Colombia’s protected area network at each increment and the percent of 

the entire country within that increment. Anything above the dashed horizontal line 

indicates disproportionate presence of that landscape type within the protected 

network, while below the line is disproportionate absence. Because of the extreme 

negative values in several of the graphs, some of the axes in the left hand graphs have 

been truncated. In these cases the arrows indicate the minimum y-axis value and the 

maximum x-axis value. Right Column: the percent distribution of each variable across 

all of Colombia, which we provide as context for the matching graph in the left 

column. The axes on the right hand graphs were not truncated in order to display the 

full distribution of the variable. 

 

One priority biome has low levels of protection, high numbers of threatened 

species (19 species), yet retains largely undisturbed natural land cover. 

Zonobioma húmedo tropical del Pacífico y Atrato. This tropical rain forest retains 

considerable portions of natural vegetation, which represent the best-preserved part of 

the Tumbes-Choco-Magdalena hotspot (Fig. 13). It is an area of high endemism, 

containing some of the richest tropical moist forests on earth. The highest concentration 

of endemics occurs close to the eastern boundary of the biome, close to the western 

Colombian Andes (Fig. 13). 
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Figure 12: Priority Biomes for Conservation in Colombia. The six biomes 

identified as important for conservation using three criteria: I) low protection level 

(<3%), II) high land cover transformation by human activities (>70%), and III) high 

number of threatened vertebrate species (> 12 species). The criteria met by each biome 

is indicated in the legend in parenthesis. 

 

This biome also presents a high concentration of threatened species. Many these  

have restricted ranges, like the Colourful Puffleg (Eriocnemis mirabilis), with a known 

range of only 31 km2 [110]. In other cases, the Pacific region represents the only part of a 

threatened species range in South America, like Baird’s Tapir (Tapirus bairdii). Most of 

the threatened species occur on the southern part of the biome (Fig. 13). Unfortunately, 
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this is where most colonization, road building, and development projects have taken 

place. Although this region retains some extensive natural forests, many less detectable 

threats are taking place. Activities such as illegal logging and mining for gold and 

platinum are common. In addition, there are development projects either approved or to 

be approved. These include hydrocarbon exploration and new roads that would go 

through well-preserved areas [111,112,113].  

 

Figure 13: The Pacific biome Zonobioma humedo tropical del Pacifico y el 

Atrato. The number of threatened (left) and endemic (right) vertebrates is shown for 

the areas of the biome with remaining natural vegetation. 
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Three of our six priority biomes fall into all three of our criteria , with low 

protection levels, high land cover conversion, and high numbers of threatened species. 

We mark these as the top conservation priorities in Colombia. The biomes are the 

Zonobioma alternohígrico y/o subxerofítico tropical del Alto Magdalena  (16 species), 

Helobiomas Andinos (15 species), and the Zonobioma seco tropical del Caribe (13 

species) (Fig. 12).  

Helobiomas Andinos. It corresponds to the wetlands of Cundinamarca and Boyacá. 

The biome is a system of swamps and lakes that used to cover a considerable portion of 

the plateau where the capital city of Bogotá is located today. These biomes contain 

endemic species of vertebrates, and unique assemblies of plant communities [114]. They 

are also important areas for migratory birds from North America [115]. The high 

population density in the area contributed to the transformation of land for agriculture, 

cattle farming and urbanization [34,116]. Human activities have transformed more than 

90% of the land and only a very small fraction (0.2%) is protected under Regional 

protected areas. 

Zonobioma alternohígrico y/o subxerofítico tropical del Alto Magdalena. This biome has 

warm temperatures and a marked dry season, when plants experience water deficit 

[117]. It is included within the broad biome of Tropical Dry Forest [34], and is located in 

the upper basin of the Magdalena River. This area is used intensely for cattle and 

agriculture, and is one of the leading producers of both in Colombia. Most of the forest 
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patches remaining are the ones located on steep hills where agriculture is not viable. 

Therefore, remaining areas with vegetation should be protected, and reforestation 

practices should be implemented to connect the smaller remnants. 

Zonobioma seco tropical del Caribe. This biome is within the broad biome of 

Tropical Dry Forest [34,117]. Extensive cattle farming and urban development have 

transformed its landscapes. Although human activities have severely transformed 

around 70% of its original vegetation, only 0.5% is protected under National and 

Regional protected areas. 

4.4 Discussion 

Our results indicate that the dominant strategy in Colombia has been a proactive 

one, allocating a higher proportion of the protected land on well-preserved, remote and 

species rich areas, mainly in the Amazon. The smaller size of parks in more threatened 

areas like Hotspots may relate to the reduced availability of large portions of land for 

protection, or to the price of land near urban settlements. Given these constraints, the 

organizations that have helped in designing the National Natural Parks have clearly 

identified areas of high biological richness. Unfortunately, areas with high total richness 

do not coincide with areas that contain high numbers of threatened and endemic species 

(Fig. 14). Threatened areas with high numbers of endemic species have low overall 

protection. The poor representation of Hotspots and Crisis Ecoregions in the network is 

a clear example of this. Local governments, however, have placed Regional protected 
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areas preferentially in these high threat/endemic areas. This selective location is shown 

by the percent of the total protected area within Hotspots, Endemic Bird Areas, and 

Crisis Ecoregions increasing when we include Regional protected areas in the analysis. 

This means that Regional protected areas are complementing National protected areas. 

However, because of the small size of these Regional Protected Areas  they do not 

represent a big proportion of the total protected land in the country. Overall, the 

combined National and Regional networks protect well-preserved, isolated areas. 

Protecting desirable, high-value lands can cost more than doing so in remote areas with 

few threats. However, the biodiversity value, ecosystem services provided by these 

natural areas, and potential for inclusion in new projects like REDD, can help overcome 

the potential high opportunity cost of conserving these lands. 

While a considerable portion of Colombia’s biomes has at least some degree of 

protection, only around 40% of them have 10% or more of their area protected. Biomes 

located in the Amazon are the ones with high levels of protection, while biomes on the 

Caribbean, the Magdalena and Cauca Valleys, part of the Pacific Region, lower Andes, 

and the northern Orinoquia regions have low protection. Although Regional protected 

areas have been created in some of these Biomes (increasing their level of protection), 

some other biomes remain under represented. Local governmental institutions, which 

have varying budgets from one region to another, create Regional protected areas. This 

might explain the lack of Regional protected areas complementing the National network 



 

57 

in some Biomes where fewer resources are available. Therefore, future expansion of the 

National protected areas network requires considering not only the presence of Regional 

protected areas, but also the potential of local institutions for creating new Regional 

protected areas.   

 

Figure 14: Distribution of richness, endemics, and threat for vertebrate species 

in Colombia. A) species richness (amphibians, mammals, birds), B) number of 

threatened species, and C) number of endemic species in Colombia. 

 

The patterns of distribution of Protected Areas in Colombia correspond with 

patterns observed at the continental and global scale. Globally, Protected Areas have a 
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clear bias toward particular biogeographic regions and biomes [118]. In the Neotropics 

realm, the Tropical and Subtropical moist leaf forest outstands having more than 30% of 

its area protected. This high level of protection however is due to the large proportion of 

land protected in the Amazon. Besides, since 2003, most Protected Areas in this realm 

have been created in the Amazon [118], following a proactive approach, like Colombia.  

In this analysis, we are concerned with biomes that have very low or no 

protection, high levels of threat, and/or many threatened species. In this case, the 

proportion of each biome’s area transformed for human use, and the relative high 

density of roads indicate threat. All six biomes identified require immediate protection 

in order to preserve their unique biological communities. They are all located within 

Hotspots, on areas with high numbers of endemic species. Except for the Helobiomas 

Andinos they are all located in lowlands. Although at a national scale lowlands have 

been less transformed than Andean areas, they are experiencing higher rates of 

transformation and thus account for most of the land conversion in recent decades [116]. 

The dry tropical forest of the Caribbean, the humid tropical forests of the Magdalena 

and the High-Andean alluvial forests were also identified in previous studies as being 

most vulnerable to forest conversion in terms of the proportion of their remnant area 

predicted to be transformed [119]. 

Further analyses within the identified  biomes should be conducted in order to 

determine the best sites for creating new protected areas. Three of the six biomes have 
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low levels of protection, high transformation of their original extent into human land 

uses, and high numbers of threatened vertebrates. These are the Helobiomas Andinos, 

the Zonobioma alternohígrico y/o suxerofítico Tropical del Alto Magdalena, and the 

Zonobioma seco tropical del Caribe. We suggest these as top priorities for conservation 

under a reactive approach, seeking to protect vulnerable areas. 

Many biomes within the Pacific coast show levels of protection between 1 – 5%. 

New protected areas that are up to the task of mitigating the current and future effects of 

land cover changes are required. If not, the region will have a fate similar to other 

hotspots where less than 10% of the original vegetation remains. This would have an 

enormous cost for diversity and the economy. Therefore, if new protected areas will 

follow a proactive approach, on remaining natural forests and remote lands, the Pacific 

region is a high priority. 

We did not consider private reserves, indigenous reserves or collective lands 

inhabited by afro-Colombians in this study, and have restricted our analyses to the 

protected areas with IUCN categories I to VI. That said, there is increasing evidence that 

indigenous reserves can contribute to forest protection [120,121,122]. The largest 

indigenous reserves in Colombia are located in the southeastern part of the country, in 

the Amazon and Orinoquia regions, where our analyses show that considerable 

coverage by the protected area network already exists. The other area with a high 
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concentration of indigenous reserves is the Pacific Region, where most biomes have less 

than 5% of their area protected.  

The collective titling of lands traditionally inhabited by Afro-Colombian and 

indigenous groups has been one of the most important legal and territorial 

developments in Colombia in recent decades. In the Pacific alone (~ 11 million hectares) 

more than 5 million hectares have been titled to over 150 black communities [123], and 

there are more than 100 indigenous reserves that occupy some 1.2 million hectares. 

Together, indigenous and collective Afro-Colombian territories represent more than 30% 

of Colombia’s territory [124,125], almost three times the proportion under Protected 

Areas. These lands are collectively managed. This represents a unique opportunity for 

the conservation of well-preserved and biologically unique areas in the country. In 

future work it will be important to evaluate the coverage of these indigenous reserves 

and collective territories of afro-Colombians, to understand how they are 

complementing the representation of the IUCN classified network.  

The question of whether protected areas truly do mitigate environmental threats 

has gained increasing attention [87,126,127]. A major contribution of these studies has 

been to show the importance of location for the success of conservation investments 

[85,87]. The highest proportion of protected area in Colombia is preferentially located in 

areas with low deforestation threats (i.e., far from roads and urban settlements, at high 

elevations and on steep slopes, and on less suitable land for agriculture). On the other 
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hand, it has been shown that in Colombia deforestation is predicted to be greater in 

areas with fertile soils, gentle slope, near to settlements, roads and rivers [119].  Thus, it 

is important to consider, for the future expansion of the network, if it is better to allocate 

new parks in areas that present a high threat, like hotspots and crises ecoregions. 

Protected areas within remote, well-preserved regions may already be protected de facto 

by their isolation. Logic dictates that protected areas can only be effective at preventing 

land cover change if they are located in places that would be destroyed in the absence of 

protection [85]. This strategic establishment of protected areas is similar to the 

requirement of “additionality” in REDD projects [128]. Thus, protected area allocation 

might go hand-in-hand with REDD projects where such “additionality” is required. 

Currently no published studies have addressed this challenge for Colombia’s protected 

network, but as environmental threats intensify doing so will become increasingly 

important.  

Colombia’s protected area network has been located, at least partly, within all of 

the global conservation priorities considered here, but priority areas following a 

proactive strategy have been the dominant ones. The network has protected species rich 

biomes; and sites that are located proportionally more within areas of less threat of 

deforestation. Three biomes emerge as priority areas for conservation according to their 

lack of representation, their high level of transformation by humans, and the high 

number of threatened species. These are the Helobiomas Andinos, the Zonobioma 
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alternohígrico y/o suxerofítico Tropical del Alto Magdalena, and the Zonobioma seco 

tropical del Caribe. We indicate another three biomes as priorities for conservation 

because of a combination of either low protection and high transformation, or low 

protection and high number of threatened species. The Pacific coast represents a priority 

area within a proactive approach because it retains considerable portions of natural 

vegetation but has relative low protection. Future expansion of the network should 

consider the results from its current representation of global and national interests in 

order to select sites where conservation can be maximized. 
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5. The extent of mountain top extinctions driven by  
climate change in the northern Andes 

5.1 Introduction 

An expected response of species to climate disruption is for them to shift their 

ranges to higher latitudes or elevations, tracking the climatic conditions that they 

presently experience. There is much evidence of this [2,4,14,16,129]. If then one assumes 

that species will remain within their present envelopes of climatic conditions, one can 

readily model how species’ ranges will shift under various predictions of future climate 

change. Estimates of what fraction of species will become extinct follow because some 

species’ climate envelopes may shrink to levels where the populations are unsustainable 

or they may even disappear completely. Some species’ ranges might increase, of course. 

Shrinking ranges are particularly likely in the tropics where there is no marked 

latitudinal gradient in temperature [24,59]. Here, moving to higher elevations is the most 

expected outcome and range contractions are almost inevitable [24,25,26]. (As we show 

below, there is generally less area as one moves to higher elevations.) Tropical 

mountains are species-rich, have high levels of endemism, and habitat loss is generally 

less of a threat to the species there than those at lower elevations. Mountaintop 

extinctions from climate disruption will likely add to the current rate of extinction 

driven by habitat loss [24,26]. That rate is already a hundred times the natural 

background rate and likely to increase rapidly [6,130,131].  
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Montane species with restricted elevational ranges also tend to have small 

geographical ranges [132]. There is a robust relationship between decreasing 

geographical range and increased extinction risk [132,133,134]. Montane species, 

especially birds, are concentrated in the tropics. Some estimates indicate that more than 

half of the birds species occur above 1000 m and of these 87% occur within the tropics 

[135]. It is also in tropical mountains where these species present high levels of 

endemism and very small ranges [56]. These statistics highlight the need to evaluate 

potential extinctions in tropical mountains, determine which species and areas could be 

more vulnerable, and consider possible adaptation strategies. 

Herein, we examine potential mountaintop extinctions in the Northern Andes, 

the place where they are most likely. We first justify mountaintop extinctions as likely to 

be numerous and for this area to be one of particular global concern. Next, we select 

those species that are most likely to be at risk and model their current and future ranges, 

considering their potential movements and the land cover surrounding their ranges. To 

do this in the detail necessary, rather than in the general terms of previous studies, we 

restrict our analyses to birds in Colombia. Besides, there is evidence that tropical 

Andean birds are shifting their ranges uphill as an indirect response to climate change 

[136]. We use these data to estimate the fraction of species at risk, where those species 

live and where they will likely survive in the future, and to examine how these areas 

match those already set aside as protected areas.  
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THE EXPECTED EXTENT OF MOUNTAINTOP EXTINCTIONS 

Previous estimates of extinction rates from climate disruption employ the 

species-area relationship, niche modeling, or interactions between elevation shifts and 

land use change [6,58,133]. Thomas et al. [6] used projected species distributions and the 

species-area relationship to estimate that 15 – 37% of the species in a selected set of taxa 

would be committed to extinction by 2050 for a mid-range climate warming scenario [6]. 

Specific studies for birds based on projected land-cover changes due to climate change 

estimated that at least 400 species of land birds, out of 8750 studied (that is 4.6%), would 

experience a range reduction greater than 50% by year 2050 [58]. For Western 

Hemisphere land birds, intermediate extinction estimates based on projected climate-

induced changes in current distributions ranged from 1.3% (1.1° C warming) to 30.0% 

(6.4° C warming) of the 3349 species studied[133]. A global assessment of expected 

warming-induced range contractions estimated that 184 to 327 montane species (from a 

total of 1009) would lose more than 50% of their range resulting in a range size of less 

than 20’00 km2 [25] . 

These studies indicate the potential magnitude of extinctions from climate 

change. They also demonstrate considerable uncertainties in the number of species at 

risk. These uncertainties motivate this paper. There is a need to develop more detailed 

and regional models to evaluate potential extinctions at specific regions known to 

present high levels of diversity and threat, like tropical mountains.  
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The Tropical Andes are a biodiversity hotspot [89], meaning the region contains 

high numbers of endemic species in an area with exceptional habitat loss. Indeed Myers 

et al. [89]show the area to have almost twice the numbers of endemic plants than its 

nearest rival. Moreover, Joppa et al. [137] predict that this area will contain the largest 

numbers of plant species still missing from the taxonomic record. Simply, this is already 

one of the “hottest” hotspots and likely to become even “hotter” as taxonomists describe 

new species. Similar considerations apply to the region’s vertebrates [106]. This makes 

the region not only an excellent model for studying mountaintop extinctions, but a 

priority for research and conservation. 

Here, we develop a model that incorporates elevational ranges, potential 

movements, land cover, and variation in the magnitude of the response by animals, to 

estimate the number and spatial pattern of potential mountaintop extinctions from 

climate change in the northern Andes. We conduct the analyses for birds in Colombia, 

for they present the best available information in the Andes regarding distribution and 

elevation ranges.  

Protected areas will be an important component of adaptation to climate 

disruption [138,139,140,141,142]. Their main contributions will be to reduce other non-

climate stressors that can affect populations, and allow for connectivity between current 

and future distributions [141]. The assumption is that habitats within protected areas 

will maintain the highest level of resilience to change [142]. Thus, conservation planning 
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in the face of climate change requires identifying species and areas that are more 

vulnerable to effects of climate disruption and include them in strategies for expanding 

protected area networks and land use management. Therefore, considering the results 

from potential mountaintop extinctions, we examine how well the current network in 

Colombia represents areas and taxonomic groups most prone to extinctions from climate 

disruption.  

5.2 Methods 

DATA SOURCES 

For all analyses, we selected a set of 172 land bird species from the northern 

Andes that are endemic to Colombia or have a geographic range of less than 100,000 

Km2. This represents a subset of the land birds in Colombia, which number about 1558 

species [143]. We used the bird range maps from BirdLife International [144]. Because 

the geographic ranges obtained correspond to polygons joining sites of occurrence, we 

refined the polygons using specific information from the literature [32]. We first 

generated a 40 km buffer around each polygon. Next we refined the range by 

constraining it to the elevation limits reported in the literature by experts and to suitable 

land cover type and biome according to each species. We found that some parts of some 

available range maps often ended abruptly without reference to land cover or elevation. 

Adding the buffer means that species ranges were then always constrained by elevation 

and biome, and not by the abrupt limit of the original polygon. For elevation we used 
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topographic information from a Digital Elevation Model with a resolution of 90 m [33]. 

For land cover we used the most recent map of ecosystems/land cover for Colombia [34]. 

ESTIMATION OF MOUNTAINTOP EXTINCTIONS 

In a mountaintop extinction, the lower limit of a species’ elevational range shifts 

above the mountain’s summit. The upslope shift in isotherms with warming leaves no 

suitable area for the species. Evaluating this in a spatially explicit way is not simple. 

Modeling suitable habitats in future scenarios may be complicated by the fact that 

climatic models are not reliable in areas where climate varies across relatively short 

distances, such as mountains [145]. However, previous studies indicate that different 

taxa, including birds, are moving uphill as a response to warming [2,14,136]. Therefore, 

a simple model based on the topography of the species range and its surrounding areas 

allows the examination of range displacement and potential mountaintop extinctions. 

To evaluate which species could face mountaintop extinction, we gradually 

displaced the range of each species uphill according to rules that we developed to 

capture the realistic constraints on movement. The range could only shift to higher 

elevations without crossing areas below the current lowest elevational limit. Therefore, 

the range could only move to higher areas connected to the previous range by suitable 

elevations. This rule is derived from the assumption that the potential for movements 

among mountain systems over valleys and mountain passes is weak in the tropics, 

owing to temperature specialization and a weak seasonality in temperature [12]. Also, 
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tropical montane endemics have limited capacity to move across unsuitable habitat to 

other mountain ranges [146]. So the species could not cross areas where either land 

cover or habitat type differed from that in which the species currently occurs. This rule 

incorporates potential structural connectivity between current and future ranges. 

Following these rules, we shifted the range of each species to match a 2°C and a 5°C 

warming scenarios. These two scenarios correspond to the global warming limit of 2°C 

adopted by the international community [147] and the approximate maximum warming 

projected for northern South America in the next century [145]. For a given increase in 

temperature, we expect a corresponding range shift according to the lapse rate, or 

change in temperature with elevation. We used a lapse rate of 0.55°C for every 100 m, 

which is a good approximation for tropical mountains [43,148]. We estimated the size of 

the new ranges for the 2°C and 5°C increases in temperature. If the total area of a range 

were reduced to zero, we considered it to be a mountaintop extinction.  

To evaluate the effect of a potential delay in the response to warming, we 

considered two levels of response. The first was a complete response, implying that 

species would shift ranges as expected from the increase in temperature and the lapse 

rate. This does not seem to be the case in practice, as species usually show only partial 

responses to warming [2,48]. So, a second level of response assumed species would shift 

only 40% of the expected increase in elevation — that is, there is a lag in the response to 

warming. This is an approximate value from other studies, including plants and birds in 
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the Neotropics [69,136]. For each level, we estimated the number of potential 

mountaintop extinctions using the scenarios we have described. 

What happens if a warming climate does not push the lower limit of a species’ 

elevational range above the mountain’s summit? Well before this, the range could 

become so small that the extinction chance may become very high. We also evaluated 

how the range area would change as the range is shifted upslope according to the 

warming scenarios. We determined which species ranges would become so small that 

they could be considered Critically Endangered (<100 km2) or Vulnerable (< 20’000 km2) 

according to criteria B.1 from the IUCN Red List [31]. In this case, species would also be 

expected to be suffering a continuing decline in extent of occurrence and would 

therefore qualify for indexing.  

Finally, we determine the areas where species that would face the greatest range 

reductions currently occur, and their level of protection. These areas should be included 

in conservation schemes to allow species to migrate and reduce other threats to 

populations.  

 

5.3 Results 

Figure 15 shows the unavoidable constraints on species were they to move 

uphill. In Colombia, there is a large portion of land between 100 and 200 m above sea 

level, but thereafter, there is a near continuous reduction in area with increasing 
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elevation. The reductions are particularly strong from 200 to 500 meters above sea level 

and above 4000 m above sea level.   

Our results predict few mountaintop extinctions. For a 2°C increase in 

temperature, corresponding to a shift in elevation of 364 m, there would be no species 

committed to extinction (Figure 16). No species has its lower boundary as close as 400 m 

to the highest reachable peak. For a 5°C increase in temperature, assuming a 40% delay 

in the response (364 m), again no species would run out of habitat. Only for a complete 

response, corresponding to a 909 m shift, would five species be committed to extinction 

(Figure 16). These species occur in relatively low elevation “sierras”, such as the one at 

the border of Colombia and Panama, Serranía del Darien. Here, the range of species 

such as Basileuterus ignotus face rapid reductions in their ranges as they move up, and 

eventually run out of habitat (Figure 17). The other mountaintop extinctions would 

occur at the border of Colombia and Venezuela at the Serranía del Perijá, and the 

isolated Sierra del Chiribiquete. The five species that could face mountaintop extinction 

represent around 0.3% of the land birds of Colombia (approximately 1558 species). 
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Figure 15: Total area (km2) (bars) and proportional change in area (line) with 

increasing elevation in Colombia. Intervals of 100m.  
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Figure 16: Number of bird species in each range size category for the different 

warming projections (N = 172). Numbers inside the circles indicate number of species 

in each group; arrows indicate number of species moving from one range size 

category to another. (P) = partial response; (C) = complete response. 

 

Range contractions however, would be widespread, even for the low warming 

scenarios (Figure 16). Species that could face the highest reductions in range, falling 

below the 20,000km2 threshold are concentrated in the western slope of the western 

Andes in Colombia (Figure 18). This area concentrates a considerable number of small 

range species that would be most affected by up slope movements. Within this area, 

species that would fall below the critical threshold of 100km2 are concentrated in the 

limits of Colombia and Panama, and the Northern portion of the Western Andes (Figure 

19). These two areas contain sets of species that would suffer the greatest reductions 
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from uphill displacement of ranges. The Darien National Park, in Panama, Los Katios 

National Park, and the Reserva Forestal Protectora (RFP) Darien in Colombia protect the 

first area. The RFP Darien however, is an extractive reserve. Las Orquideas National 

Park partially protects the second area and would have to be extended to include the full 

elevation gradient at both slopes (Figure 19). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 17: Current and projected range of Basileuterus ignotus assuming the 

species would move uphill as a response to a warming climate. Partial response 

indicates the range was only shifted 40% of the expected increase in elevation 

according to the increase in temperature and adiabatic lapse rate. For a complete 

response to 5°C, this species would run out of suitable climatic conditions, 

constituting a mountaintop extinction. 
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Figure 18: Current distribution of bird species that would present a range of  < 

20’000 km2 under a 5°C increase in temperature, assuming uphill movement as a 

response to warming. 
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To understand the temporal context of the potential extinctions, we investigated 

future climate projections within the area of occurrence of each species. We used 

downscaled data developed by the International Center for Tropical Agriculture [149]. 

We used projections for scenarios A1b, periods 2050’s and 2080’s (Appendix D). These 

data are the result of a statistical downscaling method (named delta method), based on 

the sum of interpolated anomalies to high-resolution monthly climate surfaces from 

WorldClim (Hijmans et al., 2005). Using the future climate projections we estimated the 

average increase in mean temperature within the range of each species. No species 

presented a mean increase in temperature higher than 3.5°C for projections of future 

climates in the 50’s and 80’s periods. This indicates that according to these projections 

the mountaintop extinctions discussed here would not likely occur this century. 

However, the reductions in range area from the 2°C projections could occur during the 

time frame of less than a century. 
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Figure 19: Current distribution of bird species that would present a range of  < 100 

km2 under a 5°C increase in temperature, assuming complete uphill movement as a 

response to warming. Blue polygons represent Protected Areas. 

5.4 Discussion 

Our projections of mountaintop extinctions arise from the assumption that 

species will move to higher elevations as a response to warming temperatures. We 

acknowledge that this is not the only response of montane organisms to warming and 

that not all species respond in the same fashion [2,60,76]. There is strong evidence that 

tropical organisms are moving their ranges uphill, however, including birds [2,14,136]. 

So we address here the issue of potential mountaintop extinctions that could result from 

this type of response. Our model is spatially explicit, and considers the topography in 

the species range, as well as the land cover and habitat types in the surrounding areas. 

In this way, we include in our range displacement model the climate path and the 

connectivity between current and future ranges, something that is not often considered 
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in this type of analyses [6,133], although it can pose serious constraints to range shifts 

[150].  

We do not estimate potential extinctions derived from changes in structure or 

composition of the vegetation resulting from climate change.  Land cover changes 

resulting from climate change can affect the number of range contractions and 

extinctions [58], but we only focus our analysis in mountaintop extinctions which result 

from the uphill displacement of ranges.   

Our results predict few mountaintop extinctions in the northern Andes in the 

next century, relative to the number of land bird species in Colombia (less than 1%) and 

even relative to the number of small-ranged species there. We consider these estimates 

of few extinctions naïve for two reasons. First, although mountaintop extinctions are 

limited to the worst-case scenario (5°C complete response), most species face a reduction 

in area even for the first warming projection (Figure 16). Increasing numbers of species 

fall below the 20,000 km2 threshold and some even fall below the critical 100 km2 

threshold (Figure 16). In the most drastic scenario, 24 new species would become small 

enough to be considered Vulnerable, and six would have a range so small to be 

considered Critically Endangered, in addition to the five already discussed that would 

go extinct (Figure 16). Two species from the ones that could become critically 

endangered and two from the potential extinctions are not listed as currently threatened, 

or are listed as least concern [151].  
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The second reason is that high temperatures and a host of associated problems 

may threaten the species that lag behind in the scenarios that assume incomplete 

responses. A lag in the response implies that part of the range would be outside the 

species current thermal range [136]. What happens to populations in these areas is 

unknown. Birds may show some tolerance to slight temperature increases and persist at 

these sites. The warmer temperatures could also affect them indirectly by changing food 

supplies, diseases, and many other factors. Besides, studies in temperate areas show that 

warming temperatures can affect the physiology and phenology of many species, 

sometimes affecting interactions across trophic levels [152,153]. Warming temperatures 

may alter important resources (plants, insects), having unknown effects on these bird 

populations.  

Many uncertainties still underlie our understanding of the responses of montane 

species to climate change [25,154]. However, spatially explicit models like the one 

presented here allow us to assess potential outcomes of expected process like elevational 

range shifts, and identify vulnerable species. The topography within and around species 

ranges, as well as the land cover, will determine which and how ranges may displace to 

higher elevations. Our methods permit to identify important areas where large numbers 

of small ranged bird species concentrate, and could face the largest contractions from 

elevational shifts.  
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According to our results, the extent of species loss in the Andes, and possibly in 

many other mountain ranges, is not predicted by absolute mountaintop extinctions 

modeled by the kind of processes most other studies use.  Rather, it is highly contingent 

— the species will survive or not depending on how well we protect their much reduced 

ranges from the variety of other threats.  National Parks is one solution, helping to 

reduce other stressors and impede the combined effects of range contraction and human 

impacts [139]. However, if some human activities shift to higher elevations as a result of 

shifting agro-ecological zones, the task of protecting small ranged species may become 

increasingly difficult.  
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Appendix A 

 

Figure 20: The Sierra Nevada de Santa Marta (SNSM) on the Colombian 

Caribbean. 
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Figure 21: Locations within the study area that have been sampled according to 

the GBIF database and their distance to roads. The bars show the difference between 

the percentage of total pixels and the percentage of sampled pixels in each 1km bin 

(distance to roads) for the study area. 
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Figure 22: Distribution of Centrolene tayrona indicating the area within the 

distribution that is distant from roads, in more remote areas. 
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Appendix B 
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Table 4: Number of individuals captured at each elevation in 1969 and 2010 for the 55 species used in the analyses. 
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Table 5: Number of captures standardized as birds/net day, and mean weighted elevation (Χw) in meters for each species 

in 1969 and 2011. The difference between the present and past weighted mean elevation is noted as Δ. 
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Table 6: Results from the random sampling procedure. The selection of 100 samples constrained by the number of 

individuals captured at each elevation at each time, results in 100 tables that look like Table 2; the statistics for these tables are 

summarized here. N = total number of individuals captured at both sampling occasions; lower and upper 2,5% = values for the 

lower and upper  2,5% quantiles; Observed Δ = the difference in weighted mean elevation between 2010 and 1969; UP = species 

for which the observed shift is above the upper 2,5% quantile; DOWN= species for which the observed shift is below the lower 

2,5% quantile; Corrected Δ = observed Δ – Average Δ (from random sampling). 
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Appendix C 

 

Figure 23: Terrestrial Biomes of Colombia, as classified by IDEAM et al. [34]. 
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Appendix D 

 

Figure 24: Mean temperature anomalies by 2080s, downscaled by CIAT, using 

the BCCR-BCM2.0 GCM pattern. 
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Table 7: Current area and projected changes in the range area of 172 species 

from the northern Andes according to different warming scenarios. P= partial 

response; C= complete response; Anomaly = mean anomaly for mean temperature in 

the 2080’s period within the species range. 
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