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Abstract

Background: 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. Yet, the greatest loss of
species from climate disruption may be for tropical montane species.

Methodology/Principal Findings: We repeat a historical transect in Peru and find 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. To estimate the expected shift in elevation we first determined the magnitude of
warming in the locality from historical data. Then we used the temperature lapse rate to infer the required shift in altitude to
compensate for warming. The range shifts in elevation were similar across different trophic guilds.

Conclusions: 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.
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Introduction

Most of the evidence showing that species’ ranges follow
changing climate comes from latitudinal or elevational shifts of
temperate species [1,2,3,4,5,6,7,8,9]. However, the effects of
warming on elevational ranges of tropical species are potentially
strong [10,11]. Such species may have narrow thermal tolerances,
perhaps due to less varying environmental conditions [12]. This
would make them more vulnerable to temperature changes [10,12].
The tropics contain most of the world’s species at risk of extinction
[13], yet few studies evaluate the response of tropical species to
climate disruption other than through modelling [14,15,16]. Given
the absence of a strong latitudinal gradient in mean annual
temperature at sea level within the tropics [17], warming-driven
latitudinal range shifts are less likely than elevational shifts [18].
There are few documented range shifts in the tropics [19,20,21].
The few studies quoted are for insects and other exothermic species
that are thought to be most affected by climate disruption [10,22].
Endothermic species may tolerate a wider range of temperatures,
though evidence from temperate regions shows that they are already
responding to warming [2,4]. The question we address is what is the
response for tropical endotherms — birds.
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The few studies that refer to elevation range extensions for
tropical birds [23,24] rely on indirect evidence, derived from
community changes in census plots [24] or changes in elevation
limits inferred from bird lists [23]. 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 [25]. 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 [25]. 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. 1). In
1969, Terborgh and Weske [26,27], 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
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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 [26]. Other species
occurred at different elevations according to shifts in the elevation
of ecotones on the Sira compared to the main Andes [27].

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 (Table S1).

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
(Table S2). A chi-square test of upward versus downward
movements is significant (x> =12, df=1, p<0.001).

Despite broadly comparable efforts, the numbers of individ-
uals 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
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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 (Table S3). We subtracted the
individual species average values from those observed. Figure 2
displays the results.

When so corrected, 33 species moved up, versus 15 that moved
down (x2=6.75, df=1,p=0.009), with a corrected average
upward movement of 49 m (* 17.3 m) (p =0.007, 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: y?=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 [28]. 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

Sampling locations
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Figure 1. Sampling locations along the elevation gradient in the Cerros del Sira. The five locations are within the Reserva Comunal El Sira,

Huénuco, Peru, at 690 m, 1310 m, 1570 m, 1970, and 2220 m.
doi:10.1371/journal.pone.0028535.9001
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Figure 2. 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.
doi:10.1371/journal.pone.0028535.9002

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. 3). The
11 nectar-feeding species had three of the six downward shifts >
100 m, and three of eight upward shifts > 200 m, perhaps
reflecting their mobility to access seasonally variable nectar
producing flowers [29,30].

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 interpreta-
tions of such trends. This is a limitation of many studies on the
effects of climate change on specific taxa [19,20,21], 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 explana-
tions 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 [28]. 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
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Figure 3. 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
(whiskers = sample min. and max.; box ranges = 25%-75%; band =
median).

doi:10.1371/journal.pone.0028535.g003
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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 [9] . 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 dispersal abilities or physical barriers to
dispersal [8,9]. 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 [26] 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) [26]. Thus, the same bird species exhibited
different elevational ranges on different mountains, indicating
considerable flexibility in the occupancy of habitat and indepen-
dence of temperature [27,31]. 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 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 [32]. 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 downbhill shifts by
plants [33]. On the other hand, reduction in rainfall can affect bird
habitat and distribution [34]. Although historical interpolated data
indicate the region has experienced a reduction in rainfall [28],
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 [35,36,37].
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 [38].

Materials and Methods

Ethics Statement

Field studies were conducted under permit No. 001-2010-
SERNANP-RCES by the Servicio Nacional de Areas Naturales
Protegidas por el Estado (SERNANP).

@ PLoS ONE | www.plosone.org

Lag in Range Shifts of Tropical Birds

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 [26]. 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) (Table S1). 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 [26].

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 (Table S2). 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 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% (Table S3).

To determine the expected shift in elevation according to the
warming in the region we used historical data on temperature
from an available database [28]. 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 against the elevation (m) [26]. 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 [39]. 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 [40].
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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Supporting Information

Table S1 Number of individuals captured at each elevation in
1969 and 2010 for the 55 species used in the analyses.
(DOC)

Table 82 Number of captures standardized as birds/net day,
and mean weighted elevation (xw) in meters for each species in
1969 and 2011. The difference between the present and past
weighted mean elevation is noted as A.

(DOC)

Table S3 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 A = the difference in weighted
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