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ABSTRACT

Aim To test predictions of the ‘fundamental physiological niche’ hypothesis

that thermal tolerances are tightly correlated with upper elevational limits in

New Guinean montane birds.

Location New Guinea.

Methods I combined previously published data describing New Guinean mon-

tane birds’ (1) metabolic responses to temperature, (2) elevational distributions

and (3) recent upslope shifts, with an empirically measured lapse rate (temper-

ature–elevation regression) to test two predictions of the fundamental physio-

logical niche hypothesis – that species’ thermal tolerances to cold temperatures,

measured as lower critical temperatures (LCTs) and thermal conductances, are

correlated with their upper elevational limits (n = 24 species), and that species’

thermal mismatches (the difference between the mean temperatures species

experience at their upper elevation limits and their LCTs) predict the magni-

tude of recent warming-associated upslope shifts (n = 11 species).

Results Species’ LCTs and thermal conductances were not correlated with the

ambient temperatures they experience at their upper elevational limits (cold

range limit), and species’ thermal mismatches were not related to the magni-

tude of recent upslope shifts at their upper elevational limits.

Main Conclusions My results do not support the fundamental physiological

niche hypothesis and suggest New Guinean montane birds’ upper elevational

limits are unlikely to be set by the direct influence of temperature on adult

birds’ thermal tolerances. I also found no evidence that warming-associated

upslope shifts in this avifauna are related to species’ thermal physiology. While

this result is based on a small sample size, it is consistent with the hypothesis

that recent upslope shifts result from biotic factors indirectly related to temper-

ature.

Keywords
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INTRODUCTION

Tropical mountains harbour some of the most biodiverse

floras and faunas on Earth (Myers et al., 2000). Temperature

declines predictably with increasing elevation along tropical

elevational gradients that span from hot lowlands to cold

high-elevation forests and grasslands above tree line (Janzen,

1967). Because most tropical montane species inhabit narrow

elevational distributions (Patterson et al., 1998; McCain,

2009) and seasonal temperature variation in the tropics is

minimal, tropical montane species typically experience a rela-

tively narrow range of environmental temperatures, particu-

larly within closed-canopy forest (Janzen, 1967). Thus,

elevational specialization in tropical montane species may be

associated with physiological adaptation to the thermal con-

ditions found within a particular elevational zone (Ghalam-

bor et al., 2006; Deutsch et al., 2008; Bozinovic et al., 2011).

Supporting the hypothesis that temperature is a strong influ-

ence on the elevational limits of tropical montane species,

tropical plants (Feeley et al., 2011; Jump et al., 2012),
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ectotherms (Raxworthy et al., 2008; Chen et al., 2009) and

endotherms (Forero-Medina et al., 2011; Freeman & Class

Freeman, 2014) are shifting upslope at rates significantly

associated with local temperature increases due to global

warming.

However, the mechanisms by which temperature influ-

ences tropical montane species’ elevational limits remain

unclear. One possibility is that temperature directly influ-

ences species’ elevational limits, a hypothesis termed the

‘fundamental physiological niche’ hypothesis by Jankowski

et al. (2012). This scenario hypothesizes that montane spe-

cies’ physiological adaptations to specific thermal environ-

ments limit their elevational distribution (Janzen, 1967;

Deutsch et al., 2008; Kellermann et al., 2012). The funda-

mental physiological niche hypothesis predicts that thermal

physiology largely sets species’ elevational limits; thus, this

hypothesis predicts species’ thermal tolerances are tightly

linked with the ambient temperatures a species experiences

at its elevational margins (Jankowski et al., 2012). In this

view, recent warming-associated upslope shifts result from

species tracking their preferred thermal environments as tem-

peratures increase (Colwell et al., 2008; Deutsch et al., 2008;

Sinervo et al., 2010). While the fundamental physiological

niche hypothesis may especially apply to tropical ectothermic

species (Buckley et al., 2008; Deutsch et al., 2008; Tewksbury

et al., 2008), tropical endotherms’ distributions may also be

directly affected by the temperatures they experience

(McCain, 2009; Krockenberger et al., 2012; Khaliq et al.,

2014). An alternate perspective is that temperature influences

species’ elevational limits through indirect effects. For exam-

ple, species’ range margins (and their warming-associated

upslope shifts) could be controlled primarily by biotic inter-

actions that may themselves ultimately link to temperature

(Davis et al., 1998; Tylianakis et al., 2008; Thomas, 2010) or

by interactions between direct and indirect influences of

temperature (e.g. Helland et al., 2011).

It is important to recognize that, in reality, there is not a

dichotomy between whether temperature directly or indi-

rectly influences distributions, but rather a gradient between

the relative effects of abiotic and biotic pressures, and their

interaction, on species’ distributional limits. Nevertheless, sit-

uations where temperature is a strong direct influence on

distributional limits make qualitatively different predictions

regarding the relationship between species’ thermal tolerances

and their environmental distributions than situations where

temperature exerts a weak direct influence on distributional

limits. Thus, it is useful to consider the predictions of the

fundamental physiological niche hypothesis.

The thermoneutral zone is the range of ambient tempera-

tures over which a species is able to maintain its basal meta-

bolic rate (Hill et al., 2012). The thermoneutral zone thus

describes a ‘comfort zone’ for endotherms, which must

respond to ambient temperatures outside their thermoneutral

zone [below and above their lower (LCTs) and upper critical

temperatures (UCTs), respectively] by increasing their meta-

bolic rate and incurring an energetic cost (Hill et al., 2012).

Given that species vary in their lower critical temperatures

(LCTs; Ara�ujo et al., 2013; Khaliq et al., 2014), a clear pre-

diction is that species inhabiting colder environments should

have lower LCTs than related species inhabiting warmer

environments (Kellermann et al., 2009; Sunday et al., 2012;

Khaliq et al., 2014). In addition, the rate at which species

increase their metabolic rate when exposed to temperatures

below their LCT – their thermal conductance – may also

reflect physiological adaptation to environmental conditions.

Specifically, species in colder environments may be able to

increase their metabolic rate when exposed to sub-LCT tem-

peratures at a lower rate than species from warmer environ-

ments (McNab, 2002). Finally, the degree to which species’

LCTs match their environments can be quantified as their

thermal mismatch, with negative values for species that live

in environments where temperatures are colder than their

LCT. If thermal tolerances are an important factor directly

setting montane species’ distributions, most species should

have relatively small positive thermal mismatches, and the

degree of thermal mismatch can serve as a proxy for sensitiv-

ity to temperature (e.g. when examining warming-associated

upslope shifts).

I investigated the relationship between species’ thermal

tolerances to cold and their upper elevational limits by

studying New Guinean montane birds that are shifting

upslope at both warm and cold range limits (Freeman &

Class Freeman, 2014). I combined documented warming-

associated shifts with a dataset of species’ metabolic

responses to temperature (McNab, 2013) and an empirically

derived temperature–elevation regression (lapse rate) to

assess two predictions of the fundamental physiological niche

hypothesis; (1) montane species that experience lower mean

ambient temperatures at their upper elevational limit (cold

range limit) should have lower LCTs and lower thermal con-

ductances, and (2) montane species with smaller thermal

mismatches at their LCTs should undergo larger warming-

associated upslope shifts than species with larger thermal

mismatches.

METHODS

Thermal physiology

McNab (2013) measured metabolic responses to temperature

in wild New Guinean montane birds at two sites in the Cen-

tral Range of Papua New Guinea – Ambua Lodge (2100 m;

Southern Highlands Province) and Kumul Lodge (2860 m;

Enga Province). Briefly, McNab captured wild adult birds

using mist nets in the late afternoon and measured rates of

oxygen consumption of resting birds over a range of temper-

atures at night (detailed methods in McNab, 2013) to calcu-

late species’ LCTs and minimal thermal conductances

(hereafter ‘thermal conductance’). When McNab (2013)

reported multiple values of thermal conductances for a

species, I used averaged values of thermal conductance for

analysis.
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Measured thermoneutral zones did not appear to vary for

seven species that were measured at both sites (McNab,

2013), although the higher elevation site had markedly colder

temperatures (estimated mean ambient temperatures 10.9 °C
vs. 14.8 °C, see below for details on the elevation–tempera-

ture relationship). This suggests intraspecific variation in

thermal tolerances within New Guinea’s Central Range may

be small for adult montane birds, although additional data

would be necessary to rigorously test this possibility. If pop-

ulations exhibit local adaptation to different thermal envi-

ronments, species with large elevational distributions (e.g.

elevational breadths > 2000 m) may exhibit differences in

their thermal tolerances at the extremes of their elevational

distributions. To minimize this possible effect, I limited my

analysis to species that occupied largely montane distribu-

tions (mostly found above 1000 m), using data for 24 species

from 17 families (5.5 � 3.4 individuals measured per spe-

cies) for which McNab (2013) reported LCTs and thermal

conductances (Appendix S1 in Supporting Information).

Because most species in this dataset have relatively narrow

elevational distributions (mean elevational breadth ~ 1400 m

within the New Guinean Central Range), my analysis may be

robust to intraspecific variation along the elevational gradi-

ent. I did not include in my analysis an additional nine

montane species whose LCTs were measured to be below

~ 12 °C but were not quantified more precisely (McNab,

2013; see Discussion for further consideration of this issue).

Finally, McNab (2013) measured UCTs (which are relevant

for species’ warm range margins/lower elevational limits) for

only a small number of the species he studied; thus, I restrict

my analysis to species’ LCTs and upper elevation limits.

Elevational distributions, upslope shifts and the

temperature–elevation relationship

I used a single authoritative source (Pratt & Beehler, 2014) to

define lower and upper elevational limits for each bird species

(Appendix S1). Tropical montane species may inhabit differ-

ent elevational zones in different geographic regions (e.g. Ter-

borgh & Weske, 1975; Diamond, 1986). Therefore, when

species exhibited regional variation in the elevational distribu-

tions they occupied, I used species’ elevational limits reported

for the Central Range of New Guinea, the same biogeographic

region where physiological measurements and warming-asso-

ciated upslope shifts were taken. Regional scale field guide

data typically includes extreme records and thus tend to over-

estimate species’ elevational distributions. To address this

issue, I used species’ ‘typical’ elevational distributions pre-

sented by Pratt & Beehler (2014), which represent the eleva-

tional zones where species are mostly found. Another

potential difficulty in assigning elevational distributions is ele-

vational migration. Several species of New Guinean frugivores

(e.g. fruit-doves) and nectarivores (e.g. lorikeets) roam widely

in search of food and are known to exhibit predictable eleva-

tional migrations (Pratt & Beehler, 2014). However, this is

unlikely to bias my analysis, as nearly all species in my dataset

are insectivores that are not known to undertake elevational

migrations. Finally, I used data from a recent resurvey of bird

species’ elevational limits along a single elevational gradient

on Mt. Karimui, also located in the Central Range, to quantify

species’ warming-associated upslope shifts at cold range limits

(Freeman & Class Freeman, 2014).

Temperature is relatively invariant at a single site over the

annual cycle in the tropics, but declines predictably with

increasing elevation (Janzen, 1967). Thus, a montane species’

lower elevation limit is its warm range limit, and upper eleva-

tion limit is its cold range limit. The negative relationship

between elevation and temperature is quantified as the lapse

rate, which typically ranges in tropical mountains between 0.5

and 0.6 °C decline per 100 m increase in elevation (Terborgh

& Weske, 1975; Chen et al., 2009; Forero-Medina et al.,

2011). For this study, I used a lapse rate of 0.51 °C per

100 m to relate bird species’ elevational limits to mean tem-

peratures. I empirically measured this lapse rate using data

from iButton temperature loggers placed at eight locations (at

elevational intervals of approximately 150 m) between 1250

and 2175 m along an elevational gradient on Mt. Karimui,

Chimbu Province, during fieldwork in June–July 2012 (Free-

man & Class Freeman, 2014). Temperature loggers were

placed in closed-canopy forest, both on the forest floor and

2 m above the ground. Height above ground did not appear

to influence estimation of mean daily temperatures, which

dropped from 19.5 °C at 1250 m to 14.7 °C at 2175 m.

Patterns of diurnal temperature variation (e.g. maximum

and minimum temperatures) across elevation in the iButton

data were similar to the pattern described above for mean

temperature; I therefore used mean temperature to character-

ize thermal environments across the elevational gradient in

New Guinea, while recognizing that local temperatures may

vary substantially due to differences in microclimate such as

exposure to direct sun and wind. While my iButton data

described temperatures in Mt. Karimui closed-canopy forest

for a relatively short time period (~ 40 days), daily variation

in temperature at single sites during this time was minimal,

with the temperature profile for 1250 m (extremes: 17–
22.75 °C) barely overlapping that of 2175 m (extremes:

12.25–18 °C). Mt. Karimui is located roughly 150 km from

the sites (Ambua and Kumul Lodges) where McNab’s (2013)

physiological measurements were taken. The temperature–el-
evation relationship measured on Mt. Karimui was statisti-

cally robust (mean temperature regression on elevation,

r2 = 0.95) and similar to lapse rates measured on other trop-

ical mountains. Therefore, I applied the Mt. Karimui lapse

rate to estimate the mean ambient temperatures montane

species experience at their elevational limits in New Guinea’s

Central Ranges (Appendix S1).

Data analysis

I used linear regression models to test the predictions that

species’ LCTs and thermal conductances predict the ambient

temperatures at montane species’ upper elevational limits
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(n = 24 species). Species’ traits may be influenced by their

shared evolutionary history, complicating comparative analy-

ses of trait evolution (Felsenstein, 1985). To test whether

shared evolutionary history influenced trait evolution in my

dataset, I used a posterior set of pruned trees from Jetz et al.

(2012), in combination with phylogenetic generalized least-

squares (PGLS; Martins & Hansen, 1997), to run phylogeneti-

cally controlled regressions using the packages nlme (Pinheiro

et al., 2013) and ape (Paradis et al., 2004) in the R program-

ming environment (R Development Core Team, 2014). Inter-

nal branch lengths were scaled to Pagel’s k model, which

estimates the amount of phylogenetic signal present in the

evolutionary history of a given character (Pagel, 1999; Blom-

berg et al., 2003). The k parameter varies from 0 (no phyloge-

netic signal) to 1 (phylogenetic signal equal to Brownian

motion) in this model and therefore indicates the evolution-

ary lability of the trait in question. Pagel’s k was estimated to

be negative for both the LCT and thermal conductance PGLS

models (�0.11 and �0.19, respectively), indicating that ther-

mal trait values were slightly negatively correlated with evolu-

tionary relatedness in my dataset. Thus, I report results from

regression models instead of PGLS models.

The dataset I used contains three species represented by a

single individual in McNab’s (2013) data. To test whether

results were driven by the inclusion of these three species, I

also ran analyses omitting these taxa. Again, Pagel’s k was

estimated to be negative for both the LCT and thermal con-

ductance PGLS models in the reduced dataset (�0.13 and

�0.15, respectively). I therefore report values from regression

models for the reduced dataset as well.

Last, I tested whether warming-associated upslope shifts at

upper elevation limits (cold range limits) in New Guinean

montane birds are larger in species with relatively small ther-

mal mismatches at their LCT (n = 11 species). I calculated

species’ thermal mismatches at their cold range limit as the

difference between a species’ LCT (°C) and the ambient tem-

perature it experiences at its upper elevational limit. I then

used linear regression models to test whether, at cold range

limits, species with smaller (or negative) thermal mismatches

– those species most likely to be limited by cold tempera-

tures – have undertaken larger upslope shifts than species

with larger, positive thermal mismatches.

RESULTS

Montane species’ LCTs did not predict the mean tempera-

tures estimated to occur at their cold range limit (t22 = 0.45,

P = 0.66, adj. r2 = �0.035, see Fig. 1). Similarly, species

thermal conductance values did not predict the mean tem-

peratures estimated to occur at their cold range limit

(t22 = �0.19, P = 0.85, adj. r2 = �0.044, Fig. 2). I found

similar results when using the reduced dataset, indicating

that this lack of pattern was not driven by including species

where thermal traits were measured for a single individual

(reduced dataset – for LCT; t19 = 0.47, P = 0.64, adj.

r2 = �0.041, for thermal conductance; t19 = 0.09, P = 0.93,

adj. r2 = �0.052). These results echo previous studies indi-

cating that basal metabolic rate is unrelated to elevation

within tropical montane birds (McNab, 2013; Londo~no

et al., 2014).

The majority of tested species (88%) experience a thermal

mismatch at their cold range margin (thermal safety margins

at cold limit = �7.0 � 4.6 °C, Fig. 3; negative thermal safety

margins indicate thermal mismatches), with most species

experiencing a thermal mismatch (mean ambient tempera-

tures colder than their LCT) at the site where they were cap-

tured and measured. Thermal microclimates and behaviour

may minimize the degree to which birds at high elevations

actually experience temperatures below their LCT. Taken at

face value, however, these data suggest that montane New

Guinean birds regularly occur at elevations up to 1000 m

higher than predicted if their upper elevational limits were

strictly set by their LCT. If temperature directly influences

warming-associated upslope shifts via impacts mediated by

thermal physiology, then species with large negative thermal

mismatches (i.e. species that are experiencing the most sub-

optimal thermal environments) are predicted to exhibit

stronger upslope shifts than species with small negative or

positive thermal mismatches. However, species’ thermal mis-

matches were not related to the magnitude of their upslope

shift on Mt. Karimui at their cold range limit (t9 = 1.48,

P = 0.17; Fig. 4), although this analysis is based on a small

sample size and should be viewed as preliminary.

DISCUSSION

New Guinean montane birds have shifted their distributions

upslope by around 100 m at both warm (low elevation) and
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Figure 1 The relationship between species’ lower critical

temperatures (LCTs) and the mean temperatures they experience

at their cold range limit (upper elevational limit) in New

Guinean montane birds. Species’ LCTs are unrelated to mean

ambient temperatures at their upper elevational limit (P = 0.66).
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cold (upper elevation) range limits in the past half century

(Freeman & Class Freeman, 2014). These shifts are signifi-

cantly associated with recent local temperature increases

(Freeman & Class Freeman, 2014), indicating that tempera-

ture is an important factor that directly or indirectly influ-

ences elevational limits in this avifauna. The fundamental

physiological niche hypothesis predicts that montane species’

elevational distributions are tightly linked to their thermal

tolerances. However, I found that species’ LCTs and thermal

conductances were not correlated with the mean ambient

temperatures species experience at their upper elevational

limits. In addition, species’ thermal mismatches were unre-

lated the magnitude of their upslope shifts at their cold range

limit (albeit with a small sample size). These results do not

support the fundamental physiological niche hypothesis in

New Guinean montane birds (applied to their upper eleva-

tion limits) and suggest that species’ thermal tolerances do

not greatly influence species’ upper elevational limits in this

avifauna.

These results could be influenced by the coarse way I char-

acterized species’ thermal environments. For example, the

mean temperatures I estimated to occur at species’ upper ele-

vational limits might not represent the actual temperatures

birds experience due to microclimatic variation, exposure,

vegetation structure and other factors. However, most species

in this dataset are found in the understorey or midstorey of

closed-canopy forest, where temperature fluctuations are

minimal compared with more exposed microhabitats, sug-

gesting that the mean temperatures I used to characterize

thermal environments are appropriate for this analysis.

These results also depend on the underlying data used for

analysis. For example, the conclusion that species’ thermal

mismatches at their cold range limit were unrelated to the

magnitude of upslope shifts is based on a small sample of

species (n = 11) and should therefore be considered a pre-

liminary result (although the apparent trend within this

small sample is opposite that predicted by the fundamental

niche hypothesis). In addition, while results were robust to

the inclusion of species for which thermal trait data was

measured in a single individual, adding further species to the
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Figure 2 The relationship between species’ minimal thermal

conductances and the mean temperatures they experience at

their cold range limit (upper elevational limit) in New Guinean

montane birds. Species’ minimal thermal conductances are

unrelated to mean ambient temperatures at their upper

elevational limit (P = 0.85).
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Figure 3 Thermal mismatches of New Guinean montane bird

species at their cold range limits. Most species have large

thermal mismatches at their cold range limits, indicating that

most species live at elevations where mean ambient temperatures

are colder than their lower critical temperature.
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Figure 4 The relationship between New Guinean montane

birds’ thermal mismatches and their recent upslope shifts at cold

range limits on Mt. Karimui. Species’ thermal mismatches were

unrelated to their upslope shifts at cold range limits (P = 0.17).
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dataset could potentially alter conclusions. For example,

McNab (2013) did not calculate LCT values for nine mon-

tane species with low (< 12 °C) LCTs, and these species

could therefore not be included in my analyses. If these

omitted species with especially low (but unmeasured) LCTs

tended to have particularly high upper elevational limits, the

resulting analysis could be biased against finding a relation-

ship between LCTs and upper elevation limits. However,

there were three examples where omitted species had con-

geners present in the dataset that both occupied higher eleva-

tion (colder) environments and had higher (> 12 °C) LCTs.

Thus, in these three cases, the congener present at higher

(colder) elevations had a higher LCT, contrary to the predic-

tions of the fundamental physiological niche hypothesis and

suggesting that the omitted species are unlikely to bias the

conclusions of this study. Finally, this study concerns varia-

tion in thermal tolerances within montane species of New

Guinean birds only, and cannot address other important

questions, such as whether species’ elevational limits are

influenced by their thermal performance curves, whether

montane and lowland species consistently differ in their ther-

mal physiology, or the degree to which thermal traits are

plastic and reflect acclimation to the thermal environments

experienced by adult birds.

Understanding how species’ thermal tolerances are linked

to their distributional limits at warm and cold range margins

is an important goal of climate change ecology. In

endotherms, a global analysis found little variation in heat

tolerance in interspecific comparisons inhabiting different

thermal environments but wide variation in cold tolerance,

suggesting greater potential for evolutionary responsiveness

to cold than heat across taxa (Ara�ujo et al., 2013). Species in

my analysis also showed variation in their tolerance to cold,

with species’ LCTs measured by McNab (2013) at the same

site in the New Guinean Central Range ranging from 11 to

22 °C. However, I found that this variation in species’ cold

tolerances was not linked to the ambient temperatures they

experience. This result is broadly consistent with global anal-

yses that show the correlation between species’ thermal limits

and the ambient temperatures they experience tends to be

weak in endotherms (birds and mammals; Ara�ujo et al.,

2013; the same relationship is strong in ectotherms; Sunday

et al., 2012; Ara�ujo et al., 2013; Sunday et al., 2014).

The prevalence of thermal mismatches in my dataset

demonstrates that many New Guinean montane birds are

likely paying an energetic cost to live at high elevations. This

conclusion applies to adult birds – the thermal tolerances of

developing eggs and nestlings of New Guinean montane

birds are unknown. If thermoneutral zones of eggs and nest-

lings are assumed to be similar to or more restricted than

those of adults (Webb, 1987), then this conclusion would

extend to individuals regardless of life stage. Presumably,

food resources are sufficiently plentiful within New Guinean

montane forests (and possibly benign thermal microclimates

sufficiently common) that montane bird species at high ele-

vations can meet their elevated energy requirements. Recent

warming in New Guinea has presumably lessened this ener-

getic cost, at least for individuals within the historic eleva-

tional distribution occupied by a species. However, the large

majority of species are moving upslope at a rate that roughly

tracks local temperature increases (Freeman & Class Free-

man, 2014), such that populations as whole are likely experi-

encing similar thermal pressures through time. While

physiological adaptation to abiotic factors undoubtedly

impacts distributions of tropical montane birds in some

cases (e.g. DuBay & Witt, 2014; see also adaptation to

hypoxia at very high elevations; e.g. Cheviron & Brumfield,

2009; McCracken et al., 2009), I did not find support for the

fundamental physiological niche hypothesis as applied to

cold range limits of New Guinean montane birds.

This result suggests that biotic factors may be important

in setting elevational limits of New Guinean montane birds.

Limiting biotic factors could include resource availability

(Ferger et al., 2014), habitat structure (Diamond, 1972; Fer-

ger et al., 2014) and the presence of competitors (Terborgh

& Weske, 1975; Diamond, 1986; Tingley et al., 2014), natural

enemies (Ricklefs, 2010) and mutualists (Callaway et al.,

2002; Afkhami et al., 2014). To explain why species are shift-

ing upslope in concordance with recent local warming, these

biotic factors would have to link to temperature. For exam-

ple, temperature may have a strong effect on habitat struc-

ture (e.g. affecting the lower elevation limit of cloud forest

habitat) which in turn influences bird species’ elevational

distributions (Diamond, 1972). Ectotherms’ distributions

tend to be tightly correlated with temperature (Sunday et al.,

2012; Ara�ujo et al., 2013; Sunday et al., 2014) – if warming

directly impact distributions and abundances of ectotherms

that are important food resources (Ferger et al., 2014),

disease vectors (Van Riper et al., 1986) or nest predators

(Jankowski et al., 2012), birds’ distributions may change as a

result. Finally, the outcomes of species interactions that

influence distributional limits may themselves vary depend-

ing on ambient temperatures (Davis et al., 1998; Tylianakis

et al., 2008; Helland et al., 2011).

In conclusion, I show that species’ thermal tolerances to

cold in a group of tropical endotherms (New Guinean mon-

tane birds) are not correlated with their upper elevational

limits and appear not to explain why some species are

rapidly moving upslope at their cold range margin in associ-

ation with recent local warming while others are not. These

results do not support the fundamental physiological niche

hypothesis, at least when using species’ LCTs and thermal

conductances to quantify species’ thermal physiologies. Fur-

ther studies should test whether similar patterns occur in

other montane avifaunas, and in other taxonomic groups,

ideally directly measuring energy expenditure across a range

of biologically relevant temperatures. Finally, the apparently

limited influence of temperature to setting elevational limits

in New Guinean birds is consistent with the hypothesis that

biotic factors indirectly linked to temperature may regulate

elevational limits in this avifauna. Tropical mountains are

the most biodiverse terrestrial ecosystems on Earth (Myers

6 Diversity and Distributions, 1–9, ª 2015 John Wiley & Sons Ltd

B. G. Freeman



et al., 2000), and preliminary evidence suggests tropical

montane species are disproportionately sensitive to tempera-

ture increases (Colwell et al., 2008; McCain & Colwell, 2011;

Freeman & Class Freeman, 2014). Thus, research investigat-

ing the biotic factors that limit elevational distributions in

New Guinean montane birds and other tropical montane

biotas is urgently needed to conserve tropical montane

hyperdiversity in the face of global warming and other envi-

ronmental change.

ACKNOWLEDGEMENTS

Comments from A. Agrawal, A. Class Freeman, S. Freeman,

J. W. Fitzpatrick, B. McNab and two anonymous referees

greatly improved this manuscript. This material is based

upon work supported by the National Science Foundation

Graduate Research Fellowship under Grant No. 2011083591.

REFERENCES

Afkhami, M.E., McIntyre, P.J. & Strauss, S.Y. (2014) Mutual-

ist-mediated effects on species’ range limits across large

geographic scales. Ecology Letters, 17, 1265–1273.
Ara�ujo, M.B., Ferri-Y�a~nez, F., Bozinovic, F., Marquet, P.A.,

Valladares, F. & Chown, S.L. (2013) Heat freezes niche

evolution. Ecology Letters, 16, 1206–1219.
Blomberg, S.P., Garland, T. & Ives, A.R. (2003) Testing for

phylogenetic signal in comparative data: behavioral traits

are more labile. Evolution, 57, 717–745.
Bozinovic, F., Calosi, P. & Spicer, J.I. (2011) Physiological

correlates of geographic range in animals. Annual Review of

Ecology, Evolution, and Systematics, 42, 155–179.
Buckley, L.B., Rodda, G.H. & Jetz, W. (2008) Thermal and

energetic constraints on ectotherm abundance: a global test

using lizards. Ecology, 89, 48–55.
Callaway, R.M., Brooker, R.W., Choler, P., Kikvidze, Z., Lor-

tie, C.J., Michalet, R., Paolini, L., Pugnaire, F.I., Newing-

ham, B., Aschehoug, E.T., Armas, C., Kikodze, D. & Cook,

B.J. (2002) Positive interactions among alpine plants

increase with stress. Nature, 417, 844–848.
Chen, I.C., Shiu, H.J., Benedick, S., Holloway, J.D., Chey,

V.K., Barlow, H.S., Hill, J.K. & Thomas, C.D. (2009) Eleva-

tion increases in moth assemblages over 42 years on a

tropical mountain. Proceedings of the National Academy of

Sciences USA, 106, 1479–1483.
Cheviron, Z.A. & Brumfield, R.T. (2009) Migration-selection

balance and local adaptation of mitochondrial haplotypes

in rufous-collared sparrows (Zonotrichia capensis) along an

elevational gradient. Evolution, 63, 1593–1605.
Colwell, R.K., Brehm, G., Cardelus, C.L., Gilman, A.C. &

Longino, J.T. (2008) Global warming, elevational range

shifts, and lowland biotic attrition in the wet tropics.

Science, 322, 258–261.
Davis, A.J., Jenkinson, L.S., Lawton, J.H., Shorrocks, B. &

Wood, S. (1998) Making mistakes when predicting shifts

in species range in response to global warming. Nature,

391, 783–786.
Deutsch, C.A., Tewksbury, J.J., Huey, R.B., Sheldon, K.S.,

Ghalambor, C.K., Haak, D.C. & Martin, P.R. (2008)

Impacts of climate warming on terrestrial ectotherms

across latitude. Proceedings of the National Academy of

Sciences USA, 105, 6668–6672.
Diamond, J.M. (1972) Avifauna of the eastern highlands of

New Guinea. Nuttall Ornithological Club, Cambridge, MA.

Diamond, J. (1986) Evolution of ecological segregation in

the New Guinea montane avifauna. Community ecology

(ed. by J. Diamond and T.J. Case), pp. 98–125. Harper &

Row, New York.

DuBay, S.G. & Witt, C.C. (2014) Differential high-altitude

adaptation and restricted gene flow across a mid-elevation

hybrid zone in Andean tit-tyrant flycatchers. Molecular

Ecology, 23, 3551–3565.
Feeley, K.J., Silman, M.R., Bush, M.B., Farfan, W., Cabrera,

K.G., Malhi, Y., Meir, P., Revilla, N.S., Quisiyupanqui,

M.N.R. & Saatchi, S. (2011) Upslope migration of Andean

trees. Journal of Biogeography, 38, 783–791.
Felsenstein, J. (1985) Phylogenies and the comparative

method. The American Naturalist, 125, 1–15.
Ferger, S.W., Schleuning, M., Hemp, A., Howell, K.M. &

B€ohning-Gaese, K. (2014) Food resources and vegetation

structure mediate climatic effects on species richness of

birds. Global Ecology and Biogeography, 23, 541–549.
Forero-Medina, G., Terborgh, J., Socolar, S.J. & Pimm, S.L.

(2011) Elevational ranges of birds on a tropical montane

gradient lag behind warming temperatures. PLoS One, 6,

e28535.

Freeman, B.G. & Class Freeman, A.M. (2014) Rapid upslope

shifts in New Guinean birds illustrate strong distributional

responses of tropical montane species to global warming.

Proceedings of the National Academy of Sciences USA, 111,

4490–4494.
Ghalambor, C.K., Huey, R.B., Martin, P.R. & Wang, G.

(2006) Are mountain passes higher in the tropics? Janzen’s

hypothesis revisited. Integrative and Comparative Biology,

46, 5–17.
Helland, I.P., Finstad, A.G., Forseth, T., Hesthagen, T. &

Ugedal, O. (2011) Ice-cover effects on competitive interac-

tions between two fish species. Journal of Animal Ecology,

80, 539–547.
Hill, R., Wyse, G. & Anderson, M. (2012) Animal physiology.

Sinauer Associates Inc., Sunderland, MA.

Jankowski, J.E., Londono, G.E., Robinson, S.K. & Chappell,

M.A. (2012) Exploring the role of physiology and biotic

interactions in determining elevational ranges of tropical

animals. Ecography, 36, 1–12.
Janzen, D.H. (1967) Why mountain passes are higher in the

tropics. The American Naturalist, 101, 233–249.
Jetz, W., Thomas, G.H., Joy, J.B., Hartmann, K. & Mooers,

A.O. (2012) The global diversity of birds in space and

time. Nature, 491, 444–448.

Diversity and Distributions, 1–9, ª 2015 John Wiley & Sons Ltd 7

Thermal traits and cold elevational limits



Jump, A.S., Huang, T. & Chou, C. (2012) Rapid altitudinal

migration of mountain plants in Taiwan and its impli-

cations for high altitude biodiversity. Ecography, 35,

204–210.
Kellermann, V., van Heerwaarden, B., Sgr�o, C.M. & Hoff-

mann, A.A. (2009) Fundamental evolutionary limits in eco-

logical traits drive Drosophila species distributions. Science,

325, 1244–1246.
Kellermann, V., Overgaard, J., Hoffmann, A.A., Fløjgaard, C.,

Svenning, J.-C. & Loeschcke, V. (2012) Upper thermal lim-

its of Drosophila are linked to species distributions

and strongly constrained phylogenetically. Proceedings of the

National Academy of Sciences USA, 109, 16228–16233.
Khaliq, I., Hof, C., Prinzinger, R., Bohning-Gaese, K. & Pfen-

ninger, M. (2014) Global variation in thermal tolerances and

vulnerability of endotherms to climate change. Proceedings

of the Royal Society B: Biological Sciences, 281, 20141097.

Krockenberger, A.K., Edwards, W. & Kanowski, J. (2012)

The limit to the distribution of a rainforest marsupial foli-

vore is consistent with the thermal intolerance hypothesis.

Oecologia, 168, 889–899.
Londo~no, G.A., Chappell, M.A., Casta~neda, M.D.R., Jan-

kowski, J.E. & Robinson, S.K. (2014) Basal metabolism in

tropical birds: latitude, altitude, and the “pace of life”.

Functional Ecology, 29, 338–346.
Martins, E.P. & Hansen, T.F. (1997) Phylogenies and the

comparative method: a general approach to incorporating

phylogenetic information into the analysis of interspecific

data. The American Naturalist, 149, 646–667.
McCain, C.M. (2009) Vertebrate range sizes indicate that

mountains may be “higher” in the tropics. Ecology Letters,

12, 550–560.
McCain, C.M. & Colwell, R.K. (2011) Assessing the threat to

montane biodiversity from discordant shifts in temperature

and precipitation in a changing climate. Ecology Letters, 14,

1236–1245.
McCracken, K.G., Barger, C.P., Bulgarella, M., Johnson, K.P.,

Kuhner, M.K., Moore, A.V., Peters, J.L., Trucco, J., Valqui,

T.H., Winker, K. & Wilson, R.E. (2009) Signatures of

high-altitude adaptation in the major hemoglobin of five

species of Andean dabbling ducks. The American Natural-

ist, 174, 631–650.
McNab, B.K. (2002) The physiological ecology of vertebrates: a

view from energetics. Cornell University Press, Ithaca, NY.

McNab, B.K. (2013) The ecological energetics of birds in

New Guinea. Bulletin of the Florida Museum of Natural

History, 52, 95–159.
Myers, N., Mittermeier, R.A., Mittermeier, C.G., da Fonseca,

G.A.B. & Kent, J. (2000) Biodiversity hotspots for conser-

vation priorities. Nature, 403, 853–858.
Pagel, M. (1999) Inferring the historical patterns of biological

evolution. Nature, 401, 877–884.
Paradis, E., Claude, J. & Strimmer, K. (2004) APE: analyses

of phylogenetics and evolution in R language. Bioinformat-

ics, 20, 289–290.

Patterson, B.D., Stotz, D.F., Solari, S., Fitzpatrick, J.W. &

Pacheco, V. (1998) Contrasting patterns of elevational

zonation for birds and mammals in the Andes of south-

eastern Peru. Journal of Biogeography, 25, 593–607.
Pinheiro, J., Bates, D., DebRoy, S.S., Sarkar, D. & R Core

Team. (2013) Nlme: linear and nonlinear mixed effects

models. R package version 3.12. http://CRAN.R-project.org/

package=nlme.

Pratt, T.K. & Beehler, B.M. (2014) Birds of New Guinea, 2nd

edn. Princeton University Press, Princeton, NJ.

R Development Core Team. (2014) R: a language and envi-

ronment for statistical computing. R Foundation for Statisti-

cal Computing, Vienna, Austria.

Raxworthy, C.J., Pearson, R.G., Rabibisoa, N., Rakoton-

drazafy, A.M., Ramanamanjato, J.-B., Raselimanana, A.P.,

Wu, S., Nussbaum, R.A. & Stone, D.A. (2008) Extinction

vulnerability of tropical montane endemism from warming

and upslope displacement: a preliminary appraisal for the

highest massif in Madagascar. Global Change Biology, 14,

1703–1720.
Ricklefs, R.E. (2010) Evolutionary diversification, coevolution

between populations and their antagonists, and the filling

of niche space. Proceedings of the National Academy of

Sciences USA, 107, 1265–1272.
Sinervo, B., Mendez-de-la-Cruz, F., Miles, D.B. et al. (2010)

Erosion of lizard diversity by climate change and altered

thermal niches. Science, 328, 894–899.
Sunday, J.M., Bates, A.E. & Dulvy, N.K. (2012) Thermal tol-

erance and the global redistribution of animals. Nature Cli-

mate Change, 2, 686–690.
Sunday, J.M., Bates, A.E., Kearney, M.R., Colwell, R.K.,

Dulvy, N.K., Longino, J.T. & Huey, R.B. (2014) Ther-

mal-safety margins and the necessity of thermoregulatory

behavior across latitude and elevation. Proceedings of the

National Academy of Sciences USA, 111, 5610–5615.
Terborgh, J. & Weske, J.S. (1975) Role of competition in dis-

tribution of Andean birds. Ecology, 56, 562–576.
Tewksbury, J.J., Huey, R.B. & Deutsch, C.A. (2008) Put-

ting the heat on tropical animals. Science, 320, 1296–
1297.

Thomas, C.D. (2010) Climate, climate change and range

boundaries. Diversity and Distributions, 16, 488–495.
Tingley, R., Vallinoto, M., Sequeira, F. & Kearney, M.R.

(2014) Realized niche shift during a global biological inva-

sion. Proceedings of the National Academy of Sciences USA,

111, 10233–10238.
Tylianakis, J.M., Didham, R.K., Bascompte, J. & Wardle,

D.A. (2008) Global change and species interactions in

terrestrial ecosystems. Ecology Letters, 11, 1351–1363.
Van Riper , C., III, Van Riper, S.G., Goff, M.L. & Laird, M.

(1986) The epizootiology and ecological significance of

malaria in Hawaiian land birds. Ecological Monographs, 56,

327–344.
Webb, D.R. (1987) Thermal tolerance of avian embryos: a

review. The Condor, 89, 874–898.

8 Diversity and Distributions, 1–9, ª 2015 John Wiley & Sons Ltd

B. G. Freeman

http://CRAN.R-project.org/package=nlme
http://CRAN.R-project.org/package=nlme


SUPPORTING INFORMATION

Additional Supporting Information may be found in the

online version of this article:

Appendix S1 Dataset of thermal tolerances, warming-asso-

ciated shifts and elevational distributions of species used in

this study.
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