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Tropical species with narrow elevational ranges may be thermally specialized and vulnerable to global
warming. Local studies of distributions along elevational gradients reveal small-scale patterns but do
not allow generalizations among geographic regions or taxa. We critically assessed data from 249 studies
of species elevational distributions in the American, African, and Asia-Pacific tropics. Of these, 150 had
sufficient data quality, sampling intensity, elevational range, and freedom from serious habitat distur-
bance to permit robust across-study comparisons. We found four main patterns: (1) species classified
as elevational specialists (upper- or lower-zone specialists) are relatively more frequent in the American
than Asia-Pacific tropics, with African tropics being intermediate; (2) elevational specialists are rare on
islands, especially oceanic and smaller continental islands, largely due to a paucity of upper-zone special-
ists; (3) a relatively high proportion of plants and ectothermic vertebrates (amphibians and reptiles) are
upper-zone specialists; and (4) relatively few endothermic vertebrates (birds and mammals) are upper-
zone specialists. Understanding these broad-scale trends will help identify taxa and geographic regions
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vulnerable to global warming and highlight future research priorities.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Tropical forests are among the biologically richest ecosystems on
Earth, but are being rapidly degraded and destroyed by habitat con-
version. These forests are also vulnerable to global warming (Wil-
liams et al., 2003; Tewksbury et al., 2008; Colwell et al., 2008) and
other large-scale environmental changes (Laurance and Peres,
2006), but much uncertainty exists about the nature and magnitude
of these anthropogenic impacts on tropical forest organisms.

This uncertainly has three main sources. First, there is consider-
able variability in the projected rate and magnitude of future
changes in climate and atmospheric composition based on com-
puter models. There is much variation, for example, in projected
increases of global temperatures and atmospheric CO, levels by
the end of this century (Houghton et al., 2001; IPCC, 2007) and
even greater variation in projections of regional and local precipi-
tation (Laurance, 2004; Vera et al., 2006). Changing precipitation
could strongly influence the persistence of tropical forests and af-
fect their vulnerability to fire (Hemp and Beck, 2001; Cochrane,
2003).

A second cause of uncertainty is the effect of climate change on
tropical ecosystem functioning. For example, a heated debate is
being waged between those who argue that undisturbed tropical
forests are functioning as a net carbon sink (because forest produc-
tivity is increasing in apparent response to rising CO, levels; Phil-
lips et al., 1998; Laurance et al., 2004; Lewis et al., 2009) versus
those who argue that forests are functioning as carbon sources (be-
cause higher temperatures could be increasing plant respiration
rates and slowing plant growth; Clark et al., 2003; Feeley et al.,
2007).

Finally, there is much uncertainty about the effects of rising
temperatures on tropical biota. Many tropical species are thought
to be thermally specialized, an evolved response to limited temper-
ature variability during the course of the year (Janzen, 1967; Huey,
1976). Species that experience low temperature variation in nature
have reduced thermal tolerances (van Berkum, 1988; Addo-Bedi-
ako et al., 2000; Ghalambor et al., 2006; Deutsch et al., 2008),
including a limited capacity to survive heat waves (Jiguet et al.,
2006). One key consequence of this should be a tendency toward
elevational specialization in tropical species (Janzen, 1967; Gha-
lambor et al., 2006; Colwell et al., 2008; McCain, 2009). With
strong adiabatic declines in temperature (up to ~0.6 °C for every

100-m increase in elevation under humid conditions; Still et al.,
1999; Raxworthy et al., 2008), many thermally specialized species
should have narrow elevational ranges.

Such elevational specialization would account for the striking
diversity of restricted-endemic species in cool montane areas of
the tropics (Fjeldsa and Lovett, 1997; Rahbek, 1997; Ricketts
et al,, 2005), which are isolated by expanses of warmer lowland
habitat. It has been suggested that, if global temperatures rise
more than 2-3 °C in coming decades, high-elevation specialists in
the tropics could be among the most imperiled species on Earth
(Williams et al., 2003; Hilbert et al., 2004; Ricketts et al., 2005;
Thomas et al, 2004; Williams et al., 2007; Raxworthy et al.,
2008; Sekercioglu et al., 2008). Rising temperatures could also alter
other features of montane areas, such as the height of the cloud
base, moisture inputs from cloud-stripping (Pounds et al., 1999;
Still et al,, 1999), and the diversity and virulence of pathogens
(Pounds et al., 2006; Laurance, 2008). The limited data currently
available suggest that montane species are increasingly shifting to-
wards higher elevations (Pounds et al., 1999; Raxworthy et al.,
2008; Chen et al., 2009).

Lowland species could also be vulnerable to global warming.
Many lowland species, particularly ectotherms such as reptiles,
amphibians, and invertebrates, appear to have narrow thermal op-
tima and a limited capacity to acclimate to higher temperatures
(Huey and Webster, 1976; Hertz, 1979; van Berkum, 1988; Deu-
tsch et al,, 2008). Some lowland animal species have high rates
of evaporative water loss (Weathers, 1997), which under rising
temperatures could increase desiccation stress. An exponential
relationship between temperature and metabolic rate in ecto-
therms means that, for organisms living in warm lowland environ-
ments, even modest temperature increases could markedly elevate
metabolic rate and energy demands (Dillon et al., 2010). In addi-
tion, within vast forest areas such as the Amazon and Congo Basins,
lowland species lack clear thermal gradients or nearby upland for-
ests along which they could migrate in response to rising temper-
atures (Colwell et al.,, 2008; Wright et al., 2009). Even when
montane forests are nearby, the potential dispersal avenues for
species into higher elevations are often being disrupted by rapid
habitat loss and fragmentation (Peters and Lovejoy, 1994; Pearson
and Dawson, 2005). For these reasons lowland tropical species are
also vulnerable to global warming—an alarming prospect given
their remarkable diversity.
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Although many believe that thermal specialists are quite abun-
dant in the tropics, data on species responses to temperature are
limited. Detailed observations of microhabitat selection in
Caribbean lizards (Huey and Webster, 1976), experimental analy-
ses of thermal tolerance in rainforest possums (Krockenberger
et al., 2004), and physiological studies of tropical insects (Deutsch
et al,, 2008) and lizards (van Berkum, 1988; Huey et al., 2009) sug-
gest that tropical species often have narrow thermal tolerances and
are already living close to their upper thermal limits (Tewksbury
et al., 2008; Huey et al., 2009; Dillon et al., 2010). Unfortunately,
such studies are time-consuming and expensive, and thus can only
be conducted for a tiny fraction of all tropical species. Such limited
data make it impossible to develop broad generalizations about the
incidence of thermal specialists in the tropics—such as whether
they vary among different geographic regions or major functional
or taxonomic groups of species.

However, it is possible to infer indirectly the extent of temper-
ature specialization, and hence resilience to thermal change, for
entire species assemblages in the tropics. This can be accomplished
by evaluating the proportion of any particular functional or taxo-
nomic group—such as flowering plants, beetles, or birds, for in-
stance—confined to a particular elevational zone. Investigators
have studied species distributions along tropical elevational gradi-
ents for many reasons, such as to evaluate the effects of elevation
on species richness and turnover (Terborgh, 1977; Heaney, 2001;
Kattan and Franco, 2004), to identify centers of species endemism
(Fjeldsa and Lovett, 1997; Rahbek, 1997), to test the mid-domain
hypothesis (Bachman et al., 2004; McCain, 2004), and to evaluate
the extent of thermal specialization (Williams et al., 2009; McCain,
2009) and recent vertical-range shifts (Chen et al., 2009) in mon-
tane species.

By critically evaluating raw data from 249 relevant studies, we
assess patterns of elevational specialization in terrestrial biota
across the tropics. Such analyses do not measure thermal special-
ization per se, because species confined to a particular elevational
zone might be habitat specialists rather than thermal specialists
(or, quite possibly, a combination of both). We focus here on three
main questions: (1) Does the relative frequency of elevational spe-
cialists differ among major tropical regions of the Americas, Africa,
and Asia-Pacific? (2) Do patterns of elevational specialization vary
between continental and island biotas? (3) Do major functional
groups of species (plants, invertebrates, ectothermic vertebrates,
and endothermic vertebrates) differ in their patterns of elevational
specialization? By helping to identify broad-scale differences in
elevational specialization among different taxa and geographic re-
gions, these findings could have important implications for pro-
jecting the future impacts of global warming on tropical biota.

2. Methods
2.1. Selection of datasets

In 2008-2009 we collected 249 published and unpublished
datasets on species distributions along elevational gradients in
the tropics. Data were collected via a comprehensive literature
search and by communicating with >60 scientists to acquire addi-
tional datasets. To be considered for our study each dataset had to
fulfill two criteria: (i) it was conducted in the tropics or subtropics
(30°N to 30°S latitude); and (ii) sampling of species was conducted
in a standardized manner at several sites along an elevational
gradient.

For each dataset we collected the following information, using
published accounts and/or additional data provided by the investi-
gators: (i) a species-by-elevation matrix for all study sites, using
presence-absence data for each species; (ii) a synopsis of the

sampling methods used; and (iii) descriptions of the study area
and any habitat modification at the study sites.

2.2. Predictor variables

We tested the effects of three key factors on patterns of eleva-
tional specialization. First, each study was classified into one of
three broad geographic regions: (1) Africa (including Madagascar
and Indian Ocean islands); (2) the Americas (the Neotropics and
Caribbean regions); and (3) the Asia-Pacific (South and Southeast
Asia, Melanesia, tropical Australia, and tropical Pacific islands).

Second, we categorized each study into those conducted on (1)
continents; (2) large (50,000 km?) continental islands (Madagas-
car, New Guinea, Borneo, Sumatra, Java, Sulawesi, major Philippine
islands); (3) and oceanic or small continental islands (Hawaii,
Hispaniola, Puerto Rico, Comores Islands, Reunion, small Indone-
sian Islands, all <50,000 km? in area).

Finally, we classified the study organisms into four taxonomic-
functional groups: (1) plants (vascular and nonvascular plants as
well as lichens); (2) invertebrates (mostly insects such as beetles,
ants, moths, orthopterans, and butterflies, but also mollusks and
soil macrofauna); (3) ectothermic vertebrates (predominantly
salamanders and frogs, with three studies of reptiles); and (4)
endothermic vertebrates (birds, bats, and nonflying mammals).

2.3. Data analysis

Assessing patterns of elevational specialization in species must
be done carefully to avoid potential biases. A direct comparison of
the absolute number of elevational specialists among different ele-
vational zones would be confounded by factors such as the total
area and primary productivity of available habitat in each zone
(Rahbek, 1997; Kattan and Franco, 2004; Williams et al., 2009),
both of which generally decline at higher elevations. We avoided
this complication by assessing the proportion of elevational special-
ists within each elevational zone. This largely circumvents con-
cerns about confounding factors, as long as the species
assemblage in question was sampled using similar methods and
at comparable intensities in each zone.

The 249 datasets differed greatly in their focal taxa, geographic
region, sampling design, and range of elevations sampled. A poten-
tially serious bias in such circumstances is ‘false absences’, in
which a species is actually present in an elevational zone but is
not detected because it is rare or sampling is inadequate. All stud-
ies suffer from some false absences, but the problem becomes a
systematic bias if sampling effort varies between elevational zones
(because zones with less sampling will have more false absences).

To minimize this problem, we adopted the following approach.
First, we divided the sampling sites in each dataset into two equal-
sized groups (for example, if the investigator sampled 6 sites along
a mountainside at 200-m elevational intervals, we divided the
samples into two equal groups of 3 each). We defined the ‘median
elevation’ as the midpoint between the two middle-most samples.
The sampled elevational range was then divided into an ‘upper
zone’ and ‘lower zone’, above versus below the median elevation.
We then determined the percentage of apparent elevational spe-
cialists in each of these two zones. We also combined the two per-
centages to estimate the overall incidence of ‘elevational
specialists’ in each dataset.

This strategy allowed us to make direct comparisons among dif-
ferent datasets, because the upper and lower zones in each study
were unbiased by differential sampling effort. However, some
additional precautions were needed. First, although sampling ef-
fort was equalized between the upper and lower zones, the eleva-
tional range they spanned might not be equal. In fact, the ratio of
the wider-to-narrower elevational zone varied markedly among
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the 249 studies, from equality (1:1) to highly skewed (19:1). We
arbitrarily rejected any study in which the ratio of the wider-to-
narrower zone was greater than 1.5:1, thereby ensuring that the
two elevational zones were roughly equivalent in elevational
range. This required us to eliminate 44 of the 249 studies.

Second, we also rejected any study in which <4 replicate sam-
ples were collected along the elevational gradient, or in which
the total elevational zone sampled was <500 m. This eliminated
an additional 19 datasets.

Finally, we carefully scrutinized all remaining datasets for
overall data quality. We removed any datasets that (i) suffered
from substantial habitat disturbance, often at lower elevations,
that could potentially alter species distributions; (ii) had inade-
quate descriptions of the study area; or (iii) used a combination
of field and museum data, which made it difficult to standardize
sampling effort between zones. This eliminated another 36
datasets.

These precautionary criteria reduced our analysis from 249 to
150 datasets. We used general linear models (GLM), with Systat
version 11, to assess the influence of our three predictor variables
(geographic region, island versus mainland, and taxonomic-func-
tional group) on patterns of elevational specialization. To improve
normality of our response variables, the proportions of upper zone,
lower zone, and all elevational specialists in each dataset were arc-
sine-square root-transformed prior to analysis (following this,
none deviated significantly from normality: P > 0.10, Wilk-Shapiro
tests). As discussed below, data on the median elevation and total
elevational range of each study were used as covariates in our anal-
yses. Median elevations were quite evenly distributed but eleva-
tional-range data were somewhat right-skewed, and were
therefore square root-transformed prior to analysis.

3. Results
3.1. Available datasets

The 150 datasets included in our final analysis were unequally
distributed among the three major tropical regions (Table 1). The
Americas had by far the largest number of studies (92), followed
by the Asia-Pacific (31) and Africa (27). The distribution of studies
among taxa was somewhat more even; the largest number focused
on plants (56), followed by invertebrates (37), ectothermic
vertebrates (32), and endothermic vertebrates (25).

The proportions of the four taxa differed significantly among
the three continents (y? =13.98, df =6, P=0.03; Chi-square test).
This difference was mostly the result of a relatively large number
of plant datasets, and relative paucity of endothermic-vertebrate
datasets, in Africa (Fig. 1). The Asia-Pacific region also had rela-
tively many datasets on endothermic vertebrates, and fewer
datasets on ectothermic vertebrates, than did the other
continents.

Table 1
Key features (mean + SD) of 150 tropical elevational studies, comparing major tropical
regions and continents versus islands.

Major tropical Median Elevational range N
region elevation (m) sampled (m)

Americas 1812 £ 560 2277 £1007 92
Africa 1844 + 657 2139+ 1163 27
Asia-Pacific 1485 + 647 1844 + 657 31
Insular status

Continents 1832 £574 2320+ 1041 108
Large (>50,000 km?) islands 1688 + 619 1808 + 720 31
Small (<50,000 km?) islands 1114 £ 560 1312 £ 605 11
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Fig. 1. Percentage breakdown, by taxonomic group and continent, of 150 suitable
studies of species distributions along tropical elevational gradients.

3.2. Artifacts of study design

As might be expected, studies that sampled a wider elevation
range detected a higher percentage of species classified as eleva-
tional specialists (F; 145 = 6.49, R? =4.2%, P=0.012) (Fig. 2). Like-
wise, studies with a higher median elevation also tended to
detect more elevational specialists (F;q45=9.11, R*=5.8%,
P =0.003; linear regressions).

These patterns were mainly driven by differences among stud-
ies in the proportion of species classified as lower-zone specialists.
Studies that sampled a wider range of elevations tended to have
relatively more lower-zone specialists (Fy 145 =4.55, R®=3.0%,
P=0.035), but no significant difference in the proportion of
upper-zone specialists (F; 145 = 0.10, R?>=0.1%, P=0.75). Similarly,
studies with a higher median elevation had relatively more low-
er-zone specialists (F; 148 = 15.37, R>=9.4%, P= 0.0001) but no dif-
ference in upper-zone specialists (F; 145 = 1.27, R? = 0.9%, P=0.26;
linear regressions).

Another factor that might influence our findings is whether
investigators focused on a single mountain (108 studies) or a range
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Fig. 2. Percentage of species classified as tropical elevational specialists compared
to the range of elevations sampled, for 150 studies on three continents.
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of mountains (42 studies). Because montane areas often have
many locally endemic species, whereas lower-zone species are of-
ten more broadly distributed, the ratio of upper-zone to lower-
zone specialists might be higher when data from multiple nearby
mountains are pooled. However, we found no significant difference
between studies of single versus multiple mountains in the ratio of
upper-zone to lower-zone specialists (P =0.096; Mann-Whitney
U-test). Indeed, this ratio was higher on average in studies of single
(0.79:1) than multiple (0.60:1) mountains, which is opposite to the
trend we anticipated.

Because elevational range and median elevation influenced ob-
served patterns (and were only weakly intercorrelated: R? = 8.6%),
we included them as covariates in the GLM analyses. We did not
distinguish between studies of single versus multiple mountains
as this had no significant influence on our findings.

3.3. Comparisons among major tropical regions

The GLM analyses revealed several general patterns (Table 2).
First, the incidence of elevational specialists differed markedly
among major tropical regions (Fig. 3), with the Americas having a
significantly higher proportion than did the Asia-Pacific. Africa
was intermediate and did not differ significantly (P> 0.1) from
the other two continents.

Second, there was no significant difference among the major
tropical regions in the frequency of lower-zone specialists (Table
2), although the proportion of species classified as such was posi-
tively influenced by the median elevation of the study. Upper-zone
specialists exhibited some tendency to differ among the regions,
with a somewhat higher frequency in the Americas than the other
two regions, although this difference only approached statistical
significance (P = 0.097).

Notably, the median elevation of studies (Table 1) in the
Asia-Pacific, which had the smallest percentage of elevational
specialists, was significantly lower (P < 0.03; Tukey’s test) than that
of studies in the Americas and Africa (F, 147 = 3.89, P = 0.023). Asia-
Pacific studies also encompassed a significantly (P < 0.03; Tukey’s
test) smaller elevational range (Table 1) than did those in the
Americas and Africa (F;147=3.26, P=0.04; one-way ANOVAs).
The Americas and Africa did not differ significantly in elevational
range.

3.4. Continents versus islands
We also found strong differences in the frequencies of eleva-

tional specialists among continents (n = 108 studies), large islands
(n=31 studies), and small islands (n=11 studies) (Table 3).

Table 2

100F — T T =

77777 |
V/

Elevational specialists (%)

30T |
s |, o B

2 o7 0 7 _
s i/}

Africa Americas Asia-Pacific

Fig. 3. Box-plot comparisons of the incidence of elevational specialists among three
major tropical regions. Comparisons are based on percentage of specialists in each
of 150 different studies (above) and the standardized residuals of these percentages
once effects of variation in median elevation and elevational range of the study
were removed statistically (below). Different letters denote significantly differing
regions (regions without letters did not differ significantly from the others).

Continents had a higher proportion of elevational specialists than
did large and small islands (Fig. 4). This difference was almost en-
tirely the result of lower frequencies of upper-zone specialists on
islands (Fig. 5), as lower-zone specialists differed little in frequency
between continents and islands.

As reflected in the range of elevations sampled (Table 1), moun-
tains on islands tended to be lower in elevation than those on con-
tinents. We found strong differences in both median elevation
(F2147=7.82, P=0.0006) and total elevational range (F; 147 =7.85,
P =0.0006) between islands and continents (one-way ANOVAs).
On average, the median elevation was higher on continents
(P<0.0001) and large islands (P<0.02) than on small islands,

Summaries of general linear models testing effects of major tropical region and taxon on the proportions of species classified as tropical elevational specialists. The median
elevation and elevational range of each study were used as covariates to help adjust for differences among studies.

Factor d.f. F P Tukey’s tests

All elevational specialists (variance explained = 18.9%)

Tropical region 2 6.20 0.003 Americas > Asia-Pacific (P =0.003)
Taxon 3 0.96 0.41

Median elevation 1 5.42 0.021 (slope positive)

Elevational range 1 0.82 0.37

Lowland specialists (variance explained = 13.4%)

Tropical region 2 0.95 0.39

Taxon 3 1.27 0.29

Median elevation 1 10.50 0.001 (slope positive)

Elevational range 1 1.95 0.17

Highland specialists (variance explained = 12.9%)

Tropical region 2 2.38 0.097

Taxon 3 4.82 0.003 Ectothermic vertebrates (P = 0.008) and plants
Median elevation 1 2.89 0.091 (P=0.013) > endothermic vertebrates
Elevational range 1 0.73 0.39
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Table 3

Summaries of general linear models comparing the proportions of species classified as tropical elevational specialists on continents, large islands, and small islands. The
elevational range, median elevation, and taxon of each study were included as covariables to help adjust for differences among studies.

Tukey's tests

Factor d.f. F P

All elevational specialists (variance explained = 17.6%)

Continents versus islands 2 5.06 0.008
Elevational range 1 0.27 0.61
Median elevation 1 4.15 0.044
Taxon 3 0.99 0.40
Lowland specialists (variance explained = 12.3%)

Continents versus islands 2 0.02 0.99
Elevational range 1 2.26 0.14
Median elevation 1 11.09 0.001
Taxon 3 1.07 0.36

Highland specialists (variance explained = 17.2%)

Continents > small islands (P =0.027) and large islands (P =0.057)

(slope positive)

(slope positive)

Continents versus islands 2 6.24 0.003 Continents > small islands (P=0.01) and large islands (P = 0.035)

Elevational range 1 222 0.14

Median elevation 1 5.11 0.025 (slope negative)

Taxon 3 4.83 0.003 Ectothermic vertebrates (P =0.015) and plants (P =0.017) > endothermic vertebrates
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Fig. 4. Box-plot comparisons of the incidence of elevational specialists among
tropical continents, large islands, and small islands. Comparisons are based on
percentage of specialists in each of 150 different studies (above) and the
standardized residuals of these percentages once effects of variation in median
elevation and elevational range of the study were removed statistically (below).
Different letters denote significant differences.

whereas the total elevational range was higher on continents than
on large (P < 0.05) and small (P < 0.001) islands (Tukey’s tests).

3.5. Comparisons among taxa

Finally, the GLM analyses (Table 2) revealed that a significantly
smaller proportion of endothermic vertebrates were upper-zone
specialists, relative to ectothermic vertebrates and plants (Fig. 6).
Upper-zone-specialist invertebrates were intermediate in fre-
quency and did not differ significantly from the other taxa
(P> 0.10). However, there were no significant differences among
taxa in the proportions of species that were lower-zone specialists.

Continents Lg. islands Sm. islands

Fig. 5. Box-plot comparisons of the incidence of highland specialists among tropical
continents, large islands, and small islands. Comparisons are based on percentage of
specialists in each of 150 different studies (above) and the standardized residuals of
these percentages once effects of variation in median elevation and elevational
range of the study were removed statistically (below). Different letters denote
significant differences.

These among-taxon differences were consistent regardless of
whether different tropical regions (Table 2) or continents versus is-
lands (Table 3) were being contrasted.

These patterns suggest that assemblages of upper-zone and low-
er-zone specialists differ both taxonomically and functionally
(Fig. 7). On average, the median elevation used to discriminate low-
er and upper zones was 1750 + 608 m. On this basis consistently
high percentages of each taxon (46.2-49.7%) were classified as low-
er-zone specialists, whereas the percentages of upper-zone special-
ists were smaller and more variable among taxa (14.6-29.2%).
Relative to lower-zone specialists, assemblages of upper-zone spe-
cialists are dominated by plants and ectothermic vertebrates, with
fewer invertebrates and even fewer endothermic vertebrates.
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Upper-zone specialists (%)

Upper-zone specialists (resid)

Endoverts Ectoverts Inverts Plants

Fig. 6. Box-plot comparisons of the incidence of highland specialists among
endothermic vertebrates, ectothermic vertebrates, invertebrates, and plants. Com-
parisons are based on the percentage of specialists detected in each of 150 different
studies (above) and the standardized residuals of these percentages once effects of
variation in median elevation and elevational range of the study were removed
statistically (below). Different letters denote significantly differing taxa (taxa
without letters did not differ significantly from the others).
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Fig. 7. Mean (£SD) percentages of all species classified as lowland and highland
specialists, for endothermic vertebrates, ectothermic vertebrates, invertebrates, and
plants. Across all 150 datasets, the average elevation used to discriminate lower
zone from upper-zone specialists was 1750 m.

Among assemblages of lower-zone specialists, the four groups are
all more species rich and more evenly represented (Fig. 7).

4. Discussion
4.1. Comparisons among continents and islands

Despite the constraints involved in dealing with highly variable
datasets, we can draw some key inferences from our study. First, in

relative terms the Neotropics appear to be particularly rich in ele-
vational specialists, whereas the Asia-Pacific region seems poorer,
with Africa in an intermediate position (Fig. 3). The most plausible
explanation, we believe, is that regions with larger, more contigu-
ous, and taller mountain masses are most likely to sustain greater
proportions of elevational specialists, especially upper-zone spe-
cialists (cf. Bachman et al., 2004; Kattan and Franco, 2004). The
Neotropics has the vast Andes, the world’s longest mountain range,
as well as extensive cordilleras in Central America and the
Trans-Mexican Volcanic Belt. Montane regions in Africa and the
Asia-Pacific are generally smaller and more scattered, with some
notable exceptions such as the highlands of New Guinea and
Borneo. With their long thermal gradients, tall mountains provide
numerous opportunities for thermal and elevational specialization.
Such specialists should also be favored by extinction-colonization
dynamics (MacArthur and Wilson, 1967; Thomas, 1994) on large
contiguous mountain masses; for instance, large mountain ranges
should permit elevational specialists to migrate upward or down-
ward in times of climatic change, maintaining viable population
sizes. Further, in the Americas, unlike other continents, the main
mountain ranges extend North-South, making it easier for
elevational specialists to migrate polewards or equatorwards in re-
sponse to climatic change.

Second, we found that oceanic and smaller continental islands
have relatively fewer elevational specialists (Fig. 4)—especially
upper-zone specialists (Fig. 5)—than do the major continents. Large
continental islands, such as Borneo and Madagascar, lie some-
where between these two extremes. Again, the most compelling
explanation focuses on the height, size, and contiguousness of
mountain ranges. This is reflected in the fact that both the median
elevation and elevational range of study transects declined pro-
gressively from continents to large continental islands to small is-
lands (Table 1). In addition to supporting smaller mountains with
lower elevational diversity, islands generally have fewer species,
fewer ecological specialists, and species with broader realized
niches (because of reduced interspecific competition) than do con-
tinents (MacArthur and Wilson, 1967; MacArthur et al., 1972)—all
factors that could contribute to a reduced incidence of elevational
specialists on islands.

Clearly, factors other than mountain-range height, extent, and
contiguousness could also be important in determining the propor-
tions of elevational specialists. Historical stability of the regional
climate could be particularly significant (Williams and Pearson,
1997; Fjeldsa et al., 1999; Graham et al., 2006; Hemp et al.,
2009). During the Pleistocene, for example, tropical rainforests in
northeastern Australia repeatedly contracted into a series of small
upland refugia, the distribution of which strongly influences cur-
rent-day patterns of species diversity and elevational specializa-
tion (Winter, 1988; Schneider et al., 1998). Today, most
rainforest-endemic vertebrates in this region are upland or mon-
tane specialists, with the highest diversities found in what were
evidently the largest and least irregularly-shaped refugia (Williams
and Pearson, 1997). Similarly, in the Andes, hotspots of avian ende-
mism are believed to coincide with cloudy, hyper-wet areas that
have been climatically stable for long periods of time (Fjeldsa
et al., 1999). In addition, geologically young islands or mountain
ranges would likely sustain few elevational specialists, because
they would not have existed long enough to allow such specialists
to evolve in situ (e.g. Ricklefs and Cox, 1972; Frey et al., 2007).

4.2. Upper-zone versus lower-zone specialists

Regardless of the taxonomic group involved, we found that
upper-zone specialists were consistently less species rich than
lower-zone specialists (Fig. 7). This pattern could be influenced
by our study design, which involved dividing each study area into
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upper and lower zones at its median elevation. Under this design,
mid-elevation specialists whose distributions spanned the median
elevation would be classified as elevational generalists. Subdivid-
ing elevations more finely was not possible given the enormous
variability in sampling design and elevational range among the
150 studies in our analysis. Fortunately, while our design did not
permit mid-elevation specialists to be distinguished, it should
not have biased our comparisons among different geographic re-
gions or taxa.

In addition, it has been hypothesized that the elevational ranges
of species are greatest at higher altitudes—a phenomenon termed
the Rapoport Effect (Stevens, 1992). If so then montane species
could more often overlap the median elevation than do lowland
species, leading them to be classified as elevational generalists
more frequently. The Rapoport Effect has some support. Among
vertebrates on tropical mountains, elevational-range amplitudes
do tend to increase with increasing elevation (McCain, 2009).
Among tropical plants, however, elevational ranges tend to be
greatest at the middle of elevational gradients, declining towards
both ends (Kessler, 2002; Kluge et al., 2008).

Hence, caution is needed when directly comparing the propor-
tions of upper-zone and lower-zone specialists in our study (Fig. 7).
Species confined to higher elevations might well be more diverse,
in relative terms, than suggested by our analysis.

4.3. Differences among taxa

We found no significant differences among four taxonomic-
functional groups—plants, invertebrates, ectothermic vertebrates,
endothermic vertebrates—in the proportions of species that were
considered lower-zone specialists. However, these groups differed
markedly in the proportions of species that were upper-zone spe-
cialists (Fig. 6). Relatively fewer endothermic vertebrates were
upper-zone specialists compared to ectothermic vertebrates and
plants, whereas invertebrates were intermediate in frequency as
upper-zone specialists. Thus, in broad terms, our analysis suggests
that tropical montane regions are relatively rich in upper-zone-
specialist plant, amphibian, and reptile species, moderately rich
in upper-zone-specialist invertebrates, and relatively depauperate
in upper-zone-specialist bird and mammal species.

Why are relatively few birds and mammals upper-zone special-
ists? One plausible idea is that endotherms typically have wider
climatic tolerances than do ectotherms (Porter and Gates, 1969)
and might therefore exhibit less elevational specialization. If so,
however, then one would also expect to see relatively few lower-
zone-specialist endotherms, a pattern we did not detect (Fig. 7).
An alternative (and not mutually exclusive) explanation is that
endotherms have far greater energy requirements than do simi-
larly sized ectotherms. An insectivorous songbird, for example, re-
quires ~30 times as much energy as does an insectivorous lizard of
equal body mass (Pough, 1980). Such high energy requirements
translate into large area requirements for population persistence.
Given past fluctuations in global temperatures, such as the rela-
tively warm interglacial periods of the Pleistocene (Hansen et al.,
2006), populations of upper-zone-specialist endotherms would
likely have experienced more severe population and range de-
clines, and thus more frequent extinctions, than would species
with lower energetic and area requirements.

This view of high endotherm vulnerability is consistent with the
finding that species at higher trophic levels, which have greater
area requirements, are more sensitive to climatic change than are
those at lower trophic levels (Voigt et al., 2003). It is also consistent
with the fact that a disproportionately high number of montane-
endemic mammal and bird species in the tropics are currently
threatened with extinction (Renjifo et al., 1997; Brooks et al.,
1999). These species seem exceptionally vulnerable to habitat

disruption because their geographic ranges and population sizes
are already so small (Brooks et al., 1999). Given the prospects for
significant future warming in the tropics (Williams et al., 2003;
Colwell et al., 2008), upper-zone-specialist birds and mammals
might be most immediately vulnerable. In this sense, the near-
extinction in tropical Australia of a highland-endemic possum
species, the white lemuroid ringtail (Hemibelideus lemuroides), in
response to strong heat wave in late 2005, might be a harbinger
of events to come (Laurance, 2009).

Yet if global warming should continue unabated, the prospects
of numerous extinctions of other highland taxa, such as herpetofa-
una, plants, and invertebrates, will almost certainly increase
(Raxworthy et al., 2008; Wake and Vredenburg, 2008), despite
their more-limited spatial requirements. High proportions of these
taxa are montane specialists (Fig. 6) and many likely have limited
vagility and capacity to migrate elsewhere. Thus, the potential for
large-scale species losses seems great.

4.4. Challenges and limitations

It is important to highlight some limitations of our analysis.
First, we evaluated only the frequency of elevational specialists—
percentages rather than absolute numbers—a constraint imposed
by our analytical strategy. Second, any inferences we make about
the relative numbers of upper-zone versus lower-zone specialists
is partly an artifact of the median elevation used to distinguish
these two groups. Median elevation varied markedly among the
150 studies, averaging 1750 £ 608 m. As would be expected, stud-
ies with higher median elevations tended to identify somewhat
higher percentages of lower-zone specialists, simply because the
definition of ‘lower-zone specialist’ was broadened to include more
mid-elevation species. In our GLM analyses we treated the median
elevation and elevational range of each study as covariates, in an
effort to minimize their effects statistically.

Third, our GLM analyses (Tables 2 and 3) had only modest pre-
dictive power, explaining 12-19% of the total variability in our
datasets. This is not surprising given the eclectic nature of the
150 studies in our final analysis, which varied greatly in focal taxa,
study area, elevational range, and sampling design. At least some of
the unexplained variation in our study resulted from inequalities
in the relative frequency of different taxa on different continents
(Fig. 1).

Fourth, a problem in any field study is that of false absences, in
which a species is presumed to be absent from an area when in fact
itis present but simply not detected (MacKenzie et al., 2003; Ferraz
et al., 2007). Clearly, the studies we evaluated suffered from this
limitation, meaning that some species perceived to be elevational
specialists were in fact more generalized than indicated here. This
problem, however, is less vexing than one might suppose. Our
study was specifically designed to minimize systematic bias
caused by false absences, by equalizing sampling effort in the
upper and lower elevational zones. In addition, a particular species
is most likely to be missed in field studies where it is rare. Such
areas are usually marginal habitat for the species, and thus less
crucial for its long-term persistence, than are the core areas of its
elevational range (Williams et al., 2009), where it is most likely
to be detected.

Lastly, our analyses focused on patterns of elevational special-
ization, rather than thermal specialization per se. A species might
be confined to a particular elevational range because it is a habitat
specialist, rather than a thermal specialist (e.g. Richardson et al.,
2005), or even because its elevational range is limited by interspe-
cific competition (Price and Kirkpatrick, 2009; Jankowski et al.,
2010). Many habitat features co-vary with elevation; for instance,
vegetation architecture tends to become denser and more stunted
at higher elevations until above the treeline, where it is far simpler
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in structure (Heaney, 2001). In many cases, we suspect, species are
responding both to temperature and other habitat cues in selecting
their elevational range and microhabitats (Huey and Webster,
1976; Hertz, 1979; Hodkinson, 2005).

5. Conclusions

Our analysis provides a broad perspective on the influence of
geographic factors and taxonomic-functional groups on patterns
of elevational specialization in tropical animals and plants. Eleva-
tional specialists—especially upper-zone specialists—are evidently
most frequent in the Americas, which have the largest and most
contiguous mountain ranges of any continent; and they are least
frequent on oceanic and smaller continental islands.

In terms of their assemblage composition, upper-zone special-
ists are distinctive from lower-zone specialists. They comprise a
smaller proportion of all species than do lower-zone specialists,
but as a group they are probably more extinction prone given their
vastly smaller geographic ranges. Despite likely having experi-
enced prior extinction-filters (Balmford, 1996) during earlier warm
periods, highland-specialist birds and mammals might be particu-
larly vulnerable to global warming because of their small geo-
graphic ranges and high energetic and area requirements.
Ectotherms and plants are often more species rich than birds and
mammals in montane regions and could also become vulnerable
if global warming continues unabated.

Our comparative approach has some obvious limitations but
clearly complements more detailed, local investigations of species
responses to climatic change. Among the highest priorities for such
local studies are documenting the rates of ongoing elevational
shifts in montane species (Raxworthy et al., 2008; Sekercioglu
et al,, 2008; Chen et al., 2009). Another key priority is identifying
the upper thermal limits and acclimation capacity of a representa-
tive suite of tropical species, and the physiological, genetic, and
behavioral traits that influence thermal tolerance (Deutsch et al.,
2008; Williams et al., 2008).

It is vital to emphasize that in coming decades, biota in tropical
regions will be affected by far more than rising temperatures per se.
Realistic scenarios of future warming suggest that the cloud base of
tropical mountains, which provides crucial inputs of moisture from
cloud-stripping while limiting forest desiccation via shading, could
shift hundreds of meters upward in the dry season (Still et al.,
1999). As tropical temperatures rise, substantial shifts in regional
precipitation are possible (Vera et al., 2006). Higher temperatures
could expose montane biota to an array of new pathogens, compet-
itors, and predators that migrate to higher elevations (Pounds
et al., 2006; Laurance, 2008; Wright et al., 2009). Finally, further
habitat loss and fragmentation and rising hunting pressure will
exacerbate the effects of rising temperature for many species (Lau-
rance and Peres, 2006; Thuiller et al., 2006). Global warming is a
serious and growing threat, but its potentially far-reaching syner-
gisms with other environmental perils are even more alarming.
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