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Globally, birds have been shown to respond to climate change by shifting their
elevational distributions. This phenomenon is especially prevalent in the tropics, where
elevational gradients are often hotspots of diversity and endemism. Empirical evidence
has suggested that elevational range shifts are far from uniform across species, varying
greatly in the direction (upslope vs. downslope) and rate of change (speed of elevational
shift). However, little is known about the drivers of these variable responses to climate
change, limiting our ability to accurately project changes in the future. Here, we compile
empirical estimates of elevational shift rates (m/yr) for 421 bird species from eight study
sites across the tropics. On average, species shifted their mean elevations upslope
by 1.63 = 0.30 m/yr, their upper limits by 1.62 m £ 0.38 m/yr, and their lower limits
by 2.81 £ 0.42 m/yr. Upslope shift rates increased in smaller-bodied, less territorial
species, whereas larger species were more likely to shift downslope. When considering
absolute shift rates, rates were fastest for species with high dispersal ability, low foraging
strata, and wide elevational ranges. Our results indicate that elevational shift rates are
associated with species’ traits, particularly body size, dispersal ability, and territoriality.
However, these effects vary substantially across sites, suggesting that responses of
tropical montane bird communities to climate change are complex and best predicted
within the local or regional context.

Keywords: body mass, climate change, dietary guild, dispersal ability, functional traits, range limits, territoriality,
tropical mountains

INTRODUCTION

Both biodiversity and endemism are associated with elevational gradients in the tropics (Myers
et al., 2000; Orme et al., 2005; Quintero and Jetz, 2018). Topographic complexity and steep
climatic gradients (Rahbek et al., 2019b) coupled with dynamic orogenic and climatic histories
have promoted high diversity (Rahbek et al., 2019a), high species turnover (Jankowski et al., 2013;
McFadden et al.,, 2019), and high levels of ecological specialization (Salisbury et al.,, 2012) in
tropical mountains. Climate change imperils many species that inhabit narrow elevational gradients
(Sekercioglu et al., 2008), threatening to reduce their elevational ranges and eventually drive them
to extirpation or extinction (Pounds et al., 1999; Freeman et al., 2018a,b). Despite this threat, the
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responses of tropical montane species to climate change
vary substantially, but the ecological drivers of this variation
remain unresolved.

Among animals, elevational shifts have been most widely
documented in birds, with studies across the tropics revealing
consistent upslope movements in bird communities (Freeman
and Class Freeman, 2014; Freeman et al., 2018b; Neate-Clegg
etal.,, 2018,2020b). Yet, despite the prevalence of these elevational
shifts, there is significant variation in the rate at which species
have shifted between regions and between species (Freeman et al.,
2018a; Mamantov et al., 2021). The overall shift rates generally lag
behind those expected based on the local temperature increase
and lapse rate (Forero-Medina et al., 2011b). Moreover, while
most species tend to shift upslope as predicted, between a
third and a fifth of species shift downslope (Forero-Medina
et al., 2011b; Freeman and Class Freeman, 2014; Freeman
et al.,, 2018b; Mamantov et al., 2021). Such variation suggests
that elevational shifts are complex and site or species-specific
(Fadrique et al., 2018), and that species are not simply tracking
shifting climate envelopes.

Increased temperature has been predicted to drive the
elevational distributions of montane species higher as they track
their preferred thermal envelopes and corresponding vegetation
upslope (Sekercioglu et al., 2008; La Sorte and Jetz, 2010).
However, contemporary research has suggested that a suite of
biotic and abiotic variables — either alone, or in combination —
determine species’ elevational ranges (Jankowski et al., 2012).
For example, abiotic variables such as precipitation can be an
important driver of the elevational ranges of birds (Gasner et al.,
2010; McCain and Colwell, 2011; Tingley et al., 2012; Boyle et al.,
2020; Neate-Clegg et al., 2020b). However, the mechanisms by
which abiotic variables constrain species distributions are not
necessarily direct (Jankowski et al., 2012; Lister and Garcia, 2018),
especially in endotherms (Aragén et al., 2010). Indeed, evidence
for the direct role of temperature in placing physiological
constraints on the elevational ranges of tropical birds appears to
be weak (Freeman, 2016; Londono et al.,, 2017) in comparison
to the role of indirect biotic factors such as resource availability
(Schumm et al., 2020), habitat (Jankowski et al., 2013; Elsen
et al., 2017), competition (Jankowski et al., 2010; Freeman et al.,
2019), interactions with natural enemies (Paxton et al., 2016),
or combinations of these factors (Srinivasan et al., 2018; Jones
et al, 2019). Thus, because of the multitude of ways that
abiotic and biotic factors drive species elevational distributions,
it is unsurprising that climate-associated elevational range shifts
are not uniform.

Several related ecological traits could lead to variation in
species’ ability to shift their elevational ranges (Angert et al.,
2011; Reif and Flousek, 2012; MacLean and Beissinger, 2017).
For example, shift rates could be linked to diet. Frugivores
and nectarivores tend to have more elongated wings (Sheard
et al., 2020) and higher gap-crossing ability (Lees and Peres,
2009), which is likely driven by the need to search for
patchily distributed resources. These traits contrast with those
of insectivorous birds which tend to have smaller home ranges
(Laurance et al., 2004; Newmark et al., 2010) and lower dispersal
capability (Sekercioglu, 2002). Similarly, species that occupy the

forest canopy tend to be more vagile, and are thus more capable
of crossing forest gaps than are terrestrial and understory species
(Lees and Peres, 2009; Salisbury et al., 2012; Smith et al., 2014).
Territorial behavior may also influence responses to climate
change because species that defend year-round territories may be
less likely to undergo rapid changes in distribution (Tobias et al.,
20165 Sheard et al., 2020) or may be constrained by interactions
with closely related species occurring upslope (Jankowski et al.,
2010; Freeman et al., 2019). Forest-dependent species may also
be less inclined to shift (Ibarra-Macias et al., 2011), especially
if forested elevational gradients have become degraded and
fragmented (Anderson et al., 2012). Each of these traits imply
differing levels of dispersal ability, where birds with greater
dispersal ability are theoretically more capable of shifting with
changing climate. In other words, shift rates may be greater for
species that are more likely to move or move greater distances.
Finally, the extent of a species’ elevational range may itself
influence shift rates (Mamantov et al., 2021). Species with wide
elevational ranges can live within a wide breadth of abiotic and
biotic conditions while species with narrower elevational ranges
necessarily have narrower realized niches and may therefore be
more sensitive to change.

While several studies have attempted to investigate the
ecological drivers that determine variation in elevational shift
rates (Forero-Medina et al., 2011b; Freeman and Class Freeman,
2014; Freeman et al., 2018b), these studies have not found
pervasive evidence for a consistent role of diet, body size,
or foraging strata. However, these studies have focused on
single systems, limiting our ability to interpret the power of
contributory factors. Pooling data across studies and utilizing
comprehensive species-level ecological data could thus provide
insights not detected at the local level. In this study, we combine
data on the shift rates of birds along elevational gradients
from eight tropical study sites. We determine whether species
are shifting upslope on average, and whether the shift rates
differ between species’ upper and lower range limits. We then
investigate the ecological drivers of variation in shift rates. In the
absence of global warming, we would expect shift rates to average
~ 0, with similar proportions of species shifting upslope and
downslope reflecting the natural expansions and contractions of
ranges. However, given widespread temperature increases, we
predict that species will have shifted upslope on average. We also
predict that lower elevational limits will shift at a similar rate to
upper elevational limits. We hypothesize that shift rates will be
greater for larger, herbivorous, canopy-foraging, less territorial
species with low forest dependency, high dispersal ability and
narrow elevational ranges.

MATERIALS AND METHODS

Data Collection

We collated published datasets of shift rates in the elevational
distributions of tropical forest bird species. Studies were included
only if they (a) occurred within the tropics, (b) occurred within
forest, (c) included > 1 tropical bird species, (d) had a known
duration with at least two time points from which to calculate
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shift rates, and (e) were not based on anecdotal observations of
extralimital individuals. We identified a total of seven studies
across eight elevational gradients, comprising a total of 421
species (Figure 1; Table 1). The studies varied in duration from
10 to 47 years and used different survey methods, predominantly
point counts and/or mist netting (Table 1). Studies also varied
in the manner in which they estimated the elevational ranges of
species. Some studies estimated shifts in species’ mean elevations
(Forero-Medina et al., 2011b; Neate-Clegg et al., 2018), while
others estimated shifts in species’ upper and lower range limits
(Freeman and Class Freeman, 2014; Campos-Cerqueira et al.,
2017), and some provided all three (Freeman et al., 2018b;
Neate-Clegg et al., 2020b). Finally, while most of the gradients
were continuously forested, two studies were characterized by
disturbance with either large distances between forest blocks
(Neate-Clegg et al., 2021) or some deforestation at lower
elevations (Neate-Clegg et al., 2018).

Five studies were multi-decadal resurveys of elevational
gradients. Forero-Medina et al. (2011b) resurveyed a gradient of
five mist-netting sites in Cerros del Sira, Peru, and estimated the
mean elevations of species at both time points. They calculated
the differences in elevation for each species, correcting for
differences expected by chance. Elsewhere in Peru (Cerro de
Pantiacolla), Freeman et al. (2018b) used a variety of techniques
to calculate differences in the mean elevations of species
(using mist-netting data) and range limits (using ad libitum
observations and autonomous soundscape recordings, rounded
to the nearest 50 m) between two time points. Freeman and
Class Freeman (2014) resurveyed two elevational gradients in
New Guinea on Karkar Island and Mount Karimui. They used
a variety of data sources (mist netting, collected specimens,
point counts, ad libitum observations) to calculate differences
in species’ upper and lower limits between two time points. All
three studies employed techniques to correct for differences in
sample size. In El Yunque National Forest, Puerto Rico, Campos-
Cerqueira et al. (2017) compared species’ range limits between
a historical point count dataset and a contemporary acoustic
dataset using occupancy models that controlled for differences
in detectability.

In a another study in the Usambara Mountains, Tanzania, we
resurveyed an elevational gradient of seven sites ranging from

approximately 300 to 2100 m asl that were originally surveyed in
1980 (Neate-Clegg et al., 2021). We identified 29 species that were
caught at least twice in both time periods (1980, 2019). For each
species we estimated the mean elevation and 95% range limits (2.5
and 97.5 percentiles; see Neate-Clegg et al., 2020b) for both time
points and calculated shifts in the three metrics between the two
time points. We corrected the shifts for variation in elevation that
would exist by chance alone due to the differences in capture rates
(following Forero-Medina et al., 2011b).

The two remaining studies used annual point count data
to estimate shift rates over time. In Nyungwe National Park,
Rwanda, Neate-Clegg et al. (2020b) estimated changes over time
in species’ mean elevations and 95% range limits (2.5 and 97.5
percentiles), correcting for biases in survey effort over time. In
Cusuco National Park, Honduras, Neate-Clegg et al. (2018) used
ten years of annual point count data to estimate changes in the
mean elevations of 20 cloud forest bird species. Here, we expand
the analysis from that study (Supplementary Table 1) to include
(1) data spanning 12 years (2007-2019; Jones et al., 2019 data),
(2) all species that were recorded at least twice every year, and (3)
changes over time in upper and lower range limits. We removed
four species that form large aerial flocks that could produce highly
skewed results. For the remaining 31 species, we calculated the
mean elevation and 95% range limits (2.5 and 97.5 percentiles)
for every year and conducted a linear model of elevation against
year for each of the three metrics (see Neate-Clegg et al., 2020b).
The year coefficients from each model were used as the shift rates
for those species.

Some studies reported total elevational shifts over time
(Forero-Medina et al., 2011b; Freeman and Class Freeman, 2014;
Campos-Cerqueira et al.,, 2017; Freeman et al., 2018b) while
others estimated annual shift rates (m/yr) (Neate-Clegg et al.,
2018, 2020b). For comparability across studies, we converted
total elevational shifts to shift rates (m/yr) by dividing the
total shift by the duration of the study. We then combined
the shift rates of all studies together. In total, shift rate data
were compiled for 421 species. We compiled 235 mean elevation
shift rates, 236 lower limit shift rates, and 346 upper limit
shift rates, totaling 817 shift rate estimates. Some species
(e.g., Arremon brunneinucha, Chlorospingus flavopectus) were
represented multiple times (max 3) across different elevational

S——— | P-" 5, (- L Tropic-of-Capricom--+-------

FIGURE 1 | A map of study locations (n = 8), with point sizes proportional to the number of species included in the study (ranging from 21 to 138).
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gradients but were treated independently in the analyses to more
accurately reflect the local drivers of elevational shifts.

Phylogenetic Analysis

Before testing the ecological drivers of elevational shifts, we tested
for phylogenetic signal to assess whether elevational shift rates
covaried with shared ancestry. We acquired 500 phylogenetic
trees from birdtree.org (Jetz et al., 2012) and created a consensus
tree (package Phytools; Revell, 2012). For the 421 species in our
study, two pairs of species (Momotus momota and M. lessonii,
Turdus abyssinicus and T. roehli) represented recent taxonomic
splits recognized by Birdlife International (2020) that were not
recognized by Jetz et al. We therefore averaged values for
those species pairs when testing for phylogenetic signal. When
species were represented multiple times from different study
systems (e.g., Arremon brunneinucha), we also averaged values
for those species across systems. We used Pagel’s & in the R
package Phytools (Revell, 2012) to estimate the phylogenetic
signal. As an example, both log(body mass) and log(HWI)
(Nspecies = 419) showed a significant phylogenetic signal (body
mass: A = 0.42, p = 0.008; HWIL: A = 0.18, p = 0.005). We
tested for phylogenetic signal in mean elevation shift rate, upper
limit shift rate, and lower limit shift rate. In all three instances,
» was nominal (<0.0001) and non-significant (p ~ 1) and thus
we concluded there was no phylogenetic signal in shift rates.
We therefore did not consider the role of phylogeny any further
and consequently did not average shift rates for species with
multiple records.

Ecological Data

We collated species-level ecological data from a variety of datasets
(Supplementary Table 2), including BirdBase (see Sekercioglu
etal., 2004, 2019; Neate-Clegg et al., 2020a), EltonTraits (Wilman
etal., 2014), and other published global data sources (e.g., Tobias
etal., 2016; Pigot et al., 2020; Sheard et al., 2020). From BirdBase
we extracted: body mass, primary diet, ecological specialization,
and elevational range for each species. Most of these data were
collated from the Handbook of the Birds of the World Alive (del
Hoyo et al., 2019), now Birds of the World (Billerman et al., 2020),
augmented with other sources including BirdLife International
(Birdlife International, 2020) and the ornithological literature
(see Sekercioglu et al., 2004). Primary diet was initially assigned
to one of seven categories: carnivore, frugivore, herbivore
(generalist plant eater), invertivore, nectarivore, omnivore, and
granivore. However, because our hypotheses were based largely
on trophic level, we grouped primary diet into three categories:
carnivores, omnivores, and herbivores. Ecological specialization
is an index calculated from species’ dietary breadth and habitat
breadth values (Sekercioglu, 2011). Dietary breadth is a count of
how many different major categories of food a species feeds on
(such as invertebrates, fruits or seeds; max = 4 in this study)
while habitat breadth is a count of how many different major
habitat types a species can be found in (categories such as forest,
grassland, wetland, etc; max = 8 in this study). Specialization was
calculated as log;9(100/[dietary breadth x habitat breadth]) with
a maximum of 2 for the most specialized species that only feed
on one major food group and live in one major type of habitat
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(e.g., forest frugivore; Sekercioglu, 2011). Forest dependency
was categorized by BirdLife International (Birdlife International,
2020) as “high,” “medium,” or “low” (two “non-forest” species
were also categorized as “low”). We converted forest dependency
to a rating from 3 (high) to 1 (low).

We extracted data on foraging strata from EltonTraits
(Wilman et al., 2014). Foraging strata was originally classified
as the percent of time spent in each of five strata: ground,
understory, midstory, canopy, and aerial. For example, a species
could spend 20% of its time on the ground, 70% of its time in
the understory and 10% of its time in the midstory. However, we
hypothesized that shift rates would increase with foraging strata
and so, to reflect this hypothesis, we constructed a single metric of
foraging strata. We calculated the weighted average across the five
strata where each stratum was rated from 1 (ground) to 5 (aerial).
Using the above example, the average foraging strata would be
([1 x20+2x70+3 x 10]/100 = 1.9).

We extracted information from other global datasets of hand-
wing index (Sheard et al., 2020) and territoriality (Tobias et al.,
2016). Hand-wing index is a single-parameter proxy of avian
flight efficiency and dispersal ability (Sheard et al., 2020) that
measures the ratio of Kipp’s distance (the distance between
the tip of the longest primary feather and the tip of the first
secondary feather) to the wing chord. Birds with long, pointed
wings tend to have higher flight capability and higher HWI
(e.g., Ocreatus underwoodii, HWI = 68.7) while birds with short,
rounded wings tend to have lower flight capability and lower
HWI (e.g., Myrmothera campanisona, HWI = 6.8). Territoriality
was categorized numerically from 1 to 3 where 1 = non-territorial
species, 2 = seasonal or weak territoriality, and 3 = year-round
territoriality (Tobias et al., 2016).

To address possible issues of collinearity, we tested the
pairwise correlation of all ecological covariates. Correlation
between covariates was generally low (mean Pearson’s r = 0.15),
with the highest correlation between log(HWI) and territoriality
(r = 0.53; Supplementary Table 3). Because all correlation
coefficients were below 0.7 (Dormann et al., 2013) we included
all covariates in the modeling process. We later tested for
multicollinearity by calculating the variance inflation factors
(VIF) of the covariates in the models (function “vif” in package
car). VIFs were all < 3, suggesting no issue of multicollinearity,
particularly for HWI and territoriality (Zuur et al., 2010).

Statistical Modeling

We first tested whether shift rates were statistically different
from 0. We used t-tests for each elevational position: mean
elevation, upper limit, and lower limit. We also tested for
statistical differences in shift rates between the three positions
using a linear mixed model with position as a fixed effect and
location and species as random effects. We then modeled the
shifts in species’ mean elevations, upper limits, and lower limits
in separate linear models that contained the eight ecological
explanatory variables as detailed above: log(mass), log(HWI),
primary diet, foraging strata, forest dependency, ecological
specialization, territoriality, and elevational range. All numerical
variables were scaled to have a mean of 0 and a standard
deviation of 1 to make their coefficients comparable. We also

included the study location (njcarions = 8) as a fixed effect
to test for differences between study sites which could result
from landscape properties, rates of local warming (Romén-
Palacios and Wiens, 2020), study design, field protocols, and
analytical methods. We initially considered using location as
a random effect in linear mixed-models. However, with only
five factor levels in some models, the variance explained by the
random effect was 0 and we thus adopted a non-hierarchical
modeling approach.

For each shift position (mean elevation, upper limit and
lower limit) we began by creating a global model containing
all covariates. We then used the function “dredge” from the R
package MuMIn (Barton, 2015) to run models for every possible
subset of covariates (512 models), to rank those models based on
AIC,, and to provide a model weight (relative likelihood) for each
model (Burnham and Anderson, 2002). For each shift position,
we provide results for the covariates in the model with the lowest
AIC,, including the multiple and adjusted R? values. To assess the
importance of those covariates among other competing models,
we summed the model weights of all the models containing each
covariate (Burnham and Anderson, 2002), and tabulated how
often the covariates appeared in competing models. We used a
traditional cut-off for competing models of AAIC, < 2 (Burnham
and Anderson, 2002) but we also present results for a more
conservative cut-off of AAIC, < 6 which is increasingly being
used (Harrison et al., 2018).

Shift rates can be decomposed into two facets: shift direction
and shift speed. The factors that affect whether a species moves
upslope or downslope may differ from the factors that determine
the speed of shift. To test these two facets, we conducted two
additional analyses. In the first analysis we converted shift rates
to a binary variable (1 = downslope, 0 = upslope) to calculate
the proportion of downslope shifts, excluding any shift rates of
0 m/yr. To assess whether this proportion differed significantly
from 50%, we performed a binomial exact test on all shift rates
combined. We also tested for statistical differences in proportions
between the three positions using a generalized linear mixed
model with binomial errors and position as a fixed effect and
location and species and random effects. We then tested which
ecological traits predicted whether a species shifted downslope
rather than upslope using a generalized linear mixed-model
including the same set of explanatory variables, with a logistic
error structure and a binary response variable. R* cannot be
calculated for a logistic model and so we calculated Nagelkerke’s
Index as a pseudo-R? (Nagelkerke, 1991). In the second analysis,
we calculated the absolute values of the shift rates, i.e., |shift rate
(m/yr)|. We then used these shift rates as the response variables
in similarly, structured linear models. In both set of analyses, we
again modeled the shift rates of mean elevation, upper limits,
and lower limits separately, and repeated the approach of multi-
model comparison and inference.

Finally, shift rates can be further decomposed into either range
expansions and contractions. To test whether different traits
favor elevational range expansions or contractions, we divided
upper limit shifts into upper limit expansions (shifts upslope) and
upper limit contractions (shifts downslope). Similarly, we divided
lower limit shifts into lower limit expansions (shifts downslope)

Frontiers in Ecology and Evolution | www.frontiersin.org

April 2021 | Volume 9 | Article 621749


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Neate-Clegg et al.

Elevational Shifts in Tropical Birds

and lower limit contractions (shifts upslope). We tested for the
statistical differences in shift rates between the four categories
using a linear mixed model with category as a fixed effect and
location and species as random effects. For each of these four shift
categories, we followed the same modeling procedure as above.
We excluded any shifts = 0.

All analyses were conducted in Rv. 3.6.1 (R Core Team, 2020).

RESULTS
General Shift Rates

Shift rates differed significantly at species’ mean elevations, upper
limits and lower limits (x%, = 8.68, p = 0.013; Figure 2A).
Species shifted their mean elevations (nghifrs = 235) upslope on
average by 1.63 & 0.30 m/yr (t234 = 5.38, p < 0.001); their upper
limits (ngps = 346) upslope by 1.62 &+ 0.38 m/yr (tsas = 4.27,
p < 0.001); and their lower limits (ng,zs = 236) upslope by
2.81 £ 0.42 m/yr (t235 = 6.72, p < 0.001). Because shift rates were
generally greater at species’ lower limits than their upper limits,
the elevational ranges of many species contracted. For 210 species
with both upper and lower limits shift rate estimates, species’
elevational ranges on average contracted 1.64 & 0.83 m/yr.

The top model for mean elevation shift rates contained body
mass, and territoriality, with high support for both covariates
across models (Table 2, Supplementary Table 4). Upslope
shifts in mean elevation were greater for smaller-bodied species
(Figure 3A) and less territorial species (Figure 3B, Table 2). The
top model for lower limit shift rates contained body mass and
location (Figure 2A), with high support for both covariates across
models (Table 2, Supplementary Table 5). Upslope shifts in
lower limits were greater for smaller-bodied species (Figure 3C,
Table 2). The top model for upper limit shift rates contained
territoriality and location (Figure 2A), with high support for
both covariates across models (Table 2, Supplementary Table 6).
Upslope shifts in upper limits were greater for less territorial
species (Figure 3D, Table 2).

Shift Direction

Excluding shifts = 0, 29.9% of shifts were downslope which was
significantly different from 50% (p < 0.001). There was little
difference in this proportion (x2, = 0.75, p = 0.69; Figure 2B)
among species’ mean elevations (ngps = 215, 31.6%), lower
limits (ngps = 211, 28.4%), and upper limits (ngp; = 319,
29.8%). The top model for mean elevation shift proportions
contained body mass and territoriality, with high support for
both covariates across models (Table 2, Supplementary Table 7).
Species were more likely to shift their mean elevation downslope
if they were larger and more territorial (Table 2). The top
model for lower limit shift proportions contained location only
(Figure 2B), with medium support across models (Table 2,
Supplementary Table 8). The top model for upper limit shift
proportions contained mass, territoriality, and location, with the
highest support for location (Table 2, Supplementary Table 9).
Species were more likely to shift their upper limit downslope if
they were larger and more territorial (Table 2).

Absolute Shift Rate

The top model for absolute mean elevation shift rates contained
HWTI, elevational range, foraging strata, and location, with high
support for all covariates across models (Table 2, Supplementary
Table 10). Shift rates in mean elevation were faster for
species with higher HWI (Figure 4A), wider elevational ranges
(Figure 4B), and lower foraging strata (Figure 4C; Table 2). The
top model for absolute lower limit shift rates contained HWI
and elevational range, with highest support for HWI (Table 2,
Supplementary Table 11). Shift rates in lower limits were faster
for species with higher HWTI (Figure 4D) and wider elevational
ranges (Table 2). Finally, the top model for absolute upper
limit shift rates contained HWI, foraging strata, body mass, and
location, with high support for foraging strata, HWI, and location
(Table 2, Supplementary Table 12). Shift rates in upper limits
were faster for species with higher HWI (Figure 4E), lower
foraging strata (Figure 4F), and greater body mass (Table 2).

Expansions and Contractions

Shift rates differed significantly between expansions and
contractions at species upper and lower limits (y%; = 283,
p < 0.001). Lower limits shifted upslope (ngps = 151,
5.65 + 0.48 m/yr) faster than upper limits did (ng,ss = 224,
492 + 0.31 m/yr), while upper limits shifted downslope
(ngnifgs = 95, 571 £ 0.72 m/yr) faster than lower limits
did (ngps = 60, 3.18 &+ 0.49 m/yr), indicating that range
contractions were on average greater than range expansions. The
top model for upper limit expansions contained HWI, foraging
strata, forest dependency, body mass, and location, with high
support for HWI, foraging strata, and location across models
(Table 3, Supplementary Table 13). Upper limits expanded
faster for species with higher HWI (Figure 5A), lower foraging
strata (Figure 5B), lower forest dependency and larger body size
(Table 3). The top model for lower limit expansions contained
body mass and location, with highest support for location
(Table 3, Supplementary Table 14). Lower limits expanded
faster for larger-bodied species (Table 3). The top model for
upper limit contractions contained foraging strata, territoriality,
elevational range, and location, with high support for foraging
strata and location across models (Table 3, Supplementary
Table 15). Upper limits contracted faster for species with lower
foraging strata (Figure 5C), higher territoriality, and wider
elevational ranges (Table 3). Finally, the top model for lower
limit contractions contained forest dependency, HWI, and
location, with high support for forest dependency and location
(Table 3, Supplementary Table 16). Lower limits contracted
faster for species with lower forest dependency (Figure 5D) and
higher HWT (Table 3).

DISCUSSION

We used a meta-analysis of range-shift data from across the
tropics to explore the ecological predictors of elevational range
shifts in tropical forest birds. We show that species distributed
along eight tropical elevational gradients have, on average, shifted
upslope at a rate of 1.6 m/yr, but that rates and directions
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FIGURE 2 | Elevational shift rates of tropical birds by study site. For each elevational position — upper limit, mean elevation, and lower limit — we plot (A) the overall
shift rate (m/yr), (B) the proportion of species that shifted downslope, and (C) the absolute shift rate, i.e., | shift rate (m/yr)|. For overall and absolute shift rates we
present the mean value, standard error (thick bars) and 95% confidence intervals (thin bars). Some studies did not estimate elevational shift rates at all positions.

were highly variable. Shift rates were faster at species’ lower
elevational limits (2.8 m/yr) compared to their upper limits
(1.6 m/yr) and consequently, the elevational ranges of many
species contracted. While these shift rates may appear small
on an annual basis, over decades such shifts may become
biologically important. For example, a shift rate of 2.0 m/yr in
the lower limits of species on Mount Karimui (Freeman and
Class Freeman, 2014) becomes 110 m over the 55 years since the
begininning of that study, and for many species, the total shifts
observed were much greater. Our results highlight important
correlates of variation in these shifts across the tropics, with
elevational shift rates best predicted by several ecological traits
including body size, territoriality, and dispersal ability (hand-
wing index).

Opverall, the lower limits of species’ elevational ranges shifted
almost twice as fast as their upper limits and this pattern held
when only considering upslope shifts. Furthermore, when we

were able to make direct comparisons, we found that lower limits
shifted faster than upper limits at over two-thirds of the study
sites. This result contrasts with studies that show similar shift
rates at species’ lower and upper limits (Rumpf et al., 2019).
One possible explanation for this disparity between upper and
lower range limit shift rates is that our ability to estimate shifts
at upper limits is constrained either by the highest elevation
of the sampling transect, or by the peaks of the mountains
themselves (Jankowski et al., 2010; Freeman et al., 2018a). At the
simplest level, a species will be unable to move upslope beyond
the summit of a mountain, therefore placing a hard limit on
the maximum elevation of the species range (Neate-Clegg et al.,
2020b). Similarly, if the highest elevation survey site on a transect
is 2500 m, and a species occurs at 2500 m at both time points,
we cannot determine whether or not that species shifted upslope.
However, both Freeman et al. (2018b) and Neate-Clegg et al.
(2021) excluded species from their analyses that occurred at the
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TABLE 2 | Results from multi-model comparison of the effects of ecological traits on the elevational shift rates of tropical birds.

A Overall shift rates
Mean Elevation Covariate Coefficient SE Summed weights AAICc < 2 (5) AAICc < 6 (43)
n =235 Body mass —1.08 0.30 0.99 5 43
R? = 0.06 and 0.06 Territoriality -0.78 0.30 0.72 4 30
Lower Limits Covariate Coefficient SE Summed weights AAICc <2 (3) AAICc < 6 (55)
n =236 Body mass -0.82 0.41 0.7 2 34
R2 =0.11 and 0.08 Location 0.99 3 55
Upper Limits Covariate Coefficient SE Summed weights AAICc < 2 (4) AAICc < 6 (46)
n =346 Territoriality -0.92 0.38 0.84 4 41
R? =0.10 and 0.08 Location 1 46
B Shift direction
Mean Elevation Covariate Coefficient SE Summed weights AAICc < 2 (5) AAICc < 6 (56)
n=215 Body mass 0.63 0.16 1 5 56
pseudo-R? = 0.12 Territoriality 0.35 0.16 0.78 5 39
Lower Limits Covariate Coefficient SE Summed weights AAICc < 2 (7) AAICc < 6 (114)
n=211 Location 0.61 5 66
pseudo-R? = 0.09
Upper Limits Covariate Coefficient SE Summed weights AAICc < 2 (26) AAICc < 6 (189)
n =319 Body mass 0.21 0.13 0.6 18 102
pseudo-R? = 0.11 Territoriality 0.27 0.13 0.58 17 104
Location 0.92 26 169
(] Absolute shift rates
Mean Elevation Covariate Coefficient SE Summed weights AAICc <2(2) AAICc < 6 (28)
n =235 Elevational range 0.85 0.24 0.99 2 28
R2 =0.18 and 0.16 HWI 0.73 0.22 0.96 2 28
Foraging strata —-0.57 0.21 0.92 2 27
Location 0.75 2 20
Lower Limits Covariate Coefficient SE Summed weights AAICc < 2 (22) AAICc < 6 (143)
n =236 HWI 0.65 0.35 0.74 19 96
R? = 0.02 and 0.01 Elevational range 0.55 0.35 0.55 13 74
Upper Limits Covariate Coefficient SE Summed weights AAICc <2 (3) AAICc < 6 (31)
n = 346 Foraging strata -0.87 0.28 0.98 3 31
R2 =0.19.and 0.17 HWI 0.99 0.29 0.97 3 31
Body mass 0.52 0.28 0.68 2 19
Location 1 3 31

Overall shift rates were analyzed (A), as well as the proportion of downslope shifts (B), and the absolute shift rates (C). Analyses were conducted on the mean elevations,
lower elevational limits, and upper elevational limits of species. For each multi-model analysis, we present results for the top model (lowest AlC.) including the sample
size, multiple and adjusted R? or pseudo R?, the covariates present in the model, and their associated coefficients and standard errors. For each covariate we present the
summed model weights of those covariates across all models in the set, and the number of competing models (AAIC. < 2, AAIC. < 6) that contained those covariates.
The total number of competing models (AAIC. < 2, AAIC.; < 6) is given parenthetically.

maximum elevation at both time points. Thus, while survey or Another possible explanation is that different processes affect
topographic constraint may explain some of the asymmetry in  range shifts at species upper limits versus their lower limits
shift rates at species’ lower and upper limits, other factors also  (Jarzyna et al., 2015; Rumpf et al., 2019). Upslope shifts are
appear to be involved. more limited by dispersal and colonization at species’ upper
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limits than lower limits (Angert et al, 2011). Colonization
assumes that there is suitable habitat at higher elevations, which
may not be the case if plant communities are themselves
slow to shift (Dullinger et al., 2004; Feeley et al, 2011).
Colonization could also be prevented wherever habitat loss or
fragmentation reduces the ability of tropical species with low
dispersal ability to move through the landscape ($ekercioglu,
2002; Lees and Peres, 2009; Forero-Medina et al., 2011la;
Newmark et al, 2017), particularly where upper elevations
are more fragmented, e.g., by cattle farming at the tree-line.
Indeed, we found that the greatest disparity between shift rates
in lower and upper limits was in the Usambara Mountains,
where the forest is more extensively fragmented across the
elevational gradient, whereas the remaining studies are from
largely intact gradients.

Alternatively, this pattern may be more related to differences
in the rates of extirpation at lower elevations than a direct effect of
dispersal disparity. Loss of populations at lower elevations could
result from changes in biotic interactions such as increases in
predators (Boyle, 2008; Jankowski et al., 2012), disease (Paxton
et al., 2016) or competition (Alexander et al., 2015). In addition,
climate change and habitat loss may have stronger effects at lower
elevations, particularly in combination, leading to the extirpation
of many species from the lower slopes of montane regions as these
become increasingly degraded by agricultural expansion and

human settlement (Harris et al., 2014; Guo et al., 2018; Neate-
Clegg et al, 2018; Rumpf et al, 2019). These results stress
the importance of maintaining continuously forested gradients
to accommodate species range shifts in response to changing
climate (Tobias et al., 2013; Newmark et al., 2017).

In general, shift rates were fairly consistent across study
sites (Figure 2). For example, shift rates were similar between
Peru (Forero-Medina et al., 2011b; Freeman et al., 2018b),
Tanzania (Neate-Clegg et al., 2021), and New Guinea (Freeman
and Class Freeman, 2014). Each of these studies was based
on multi-decadal resurveys (32-47 years) of transects where
it is possible that, over longer durations, shift rates were
more reliably estimated. By contrast, shift rates in Cusuco,
Honduras (Neate-Clegg et al., 2018) and Nyungwe, Rwanda
(Neate-Clegg et al.,, 2020b) were more variable, with higher
proportions of downslope shifts. Notably, lower limits tended
to shift downslope in Honduras while in Nyungwe upper
limits tended to shift downslope. In these two studies,
shift rates were calculated over shorter time periods (12
and 15 vyears, respectively) where changes in elevational
ranges could be more reflective of short-term fluctuations
than long-term trends. However, these two studies used
annual data and so had high temporal resolution relative
to resurvey data. Therefore, shifts were calculated from
trends over time rather than being based on single-season
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TABLE 3 | Results from multi-model comparison of the effects of ecological traits on the rate of elevational range expansion and contraction for tropical birds.

Expansions and Contractions

Expand upslope Covariate Coefficient SE Summed weights AAICc <2 (4) AAICc < 6 (42)
n =224 HWI 0.88 0.32 0.92 4 41
R2 =0.16and 0.13 Foraging strata —0.74 0.31 0.84 4 34
Forest dependency —0.61 0.33 0.59 2 23
Body mass 0.49 0.31 0.53 2 24
Location 1 4 42

Expand downslope Covariate Coefficient SE Summed weights AAICc <2 (4) AAICc < 6 (41)
n =60 Body mass —0.87 0.45 0.63 3 23
R? = 0.33 and 0.26 Location 0.97 4 4

Contract downslope Covariate Coefficient SE Summed weights AAICc < 2 (4) AAICc < 6 (52)
n=95 Foraging strata 1.43 0.60 0.83 4 42
R?2 = 0.41 and 0.35 Territoriality —1.21 0.61 0.65 3 33
Elevational range —1.13 0.69 0.58 3 25
Location 1 4 52

Contract upslope Covariate Coefficient SE Summed weights AAICc <2(3) AAICc < 6 (47)
n=151 Forest dependency —1.07 0.47 0.80 3 39
R2 =0.17 and 0.12 HWI 0.88 0.48 0.64 2 28
Location 0.95 3 a7

Analyses were conducted on upslope expansions (upper limits that shifted upslope), downslope expansions (lower limits that shifted downslope), downslope contractions
(upper limits that shifted downslope), and upslope contractions (lower limits that shifted upslope). For each multi-model analysis, we present results for the top model
(lowest AIC,) including the sample size, multiple and adjusted R? or pseudo R?, the covariates present in the model, and their associated coefficients and standard errors.
For each covariate we present the summed model weights of those covariates across all models in the set, and the number of competing models (AAIC.: < 2, AAIC; < 6)
that contained those covariates. The total number of competing models (AAIC. < 2, AAIC. < 6) is given parenthetically.
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snapshots. To date, we lack long-term datasets (>20 year)
with high temporal resolution along elevational gradients in
the tropics, and we have limited studies from which to draw
biogeographical or location-level inferences. Further studies
focusing on a wider sample of elevational gradients, particularly
in Indomalaya/Oceania, are required to disentangle the roles
of biogeography and survey methodology. Moreover, the
continuation and analysis of consistent survey efforts along these
gradients are required to understand the role of annual range
fluctuations (Neate-Clegg et al., 2020b).

At the species level, upslope shift rates of mean elevation
and of lower limits were greatest for small-bodied species
(Figures 3A,C). Body size has long been linked to environmental
gradients by Bergmann’s rule (Bergmann, 1847) which states that
larger-bodied species tend to be found in colder environments.
If smaller-bodied species were in some way limited to lower
elevations (directly or indirectly) (Blackburn et al., 1999),
increasing temperatures may provide a release, allowing those
species to move upslope. However, evidence for the existence
of Bergmann’s rule is variable (Blackburn and Ruggiero, 2001;
Meiri and Dayan, 2003; Freeman, 2017) and tends to be applied
more to intraspecific variation in body mass or variation among
closely related species, particularly along latitudinal gradients.
Alternatively, body size may be linked to life-history strategy, in
turn affecting shift rates (Lenoir et al., 2008; Moritz et al., 2008).
For example, smaller-bodied species also have shorter lifespans

and larger clutch sizes (Jetz et al., 2008; Valcu et al., 2014). As
shifts at species’ leading edges should be positively related to
both dispersal and fecundity (Angert et al., 2011; MacLean and
Beissinger, 2017), it follows that species with faster life histories
should also be able to shift faster.

An important behavioral factor predicting shifts in species’
mean elevations and upper elevational limits was territoriality
(Figures 3B,D). Species that defend year-round territories lead
more sedentary lifestyles with long-term pair bonds (Tobias
et al, 2016), potentially slowing the rate at which they can
colonize elevations above their upper limits (Jones et al., 2019).
By contrast, species that do not hold territories theoretically move
more freely throughout the landscape, often in pursuit of patchily
distributed resources (Levey and Stiles, 1992; Saracco et al., 2004;
Lees and Peres, 2009), and thus more readily colonize elevations
above their typical limits in the face of changing climates. Even
so, elevational shifts in the shorter-term may still occur in
these species by the incremental increase in “exploration” at the
edges of elevational ranges by non-territory holding individuals
(Neate-Clegg et al., 2018).

Shift rates can be broken down into two parts, shift
direction and shift magnitude, and doing so tended to
enhance model fit. Almost a third of shifts in this study
were downslope shifts, regardless of elevational position,
corroborating another meta-analysis of range shifts (Mamantov
et al, 2021), but contradicting the prediction that species
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will track preferred thermal envelopes upslope with rising
temperatures (Sekercioglu et al., 2008). This assumption is,
however, likely an oversimplification, because elevational ranges
are determined by multiple abiotic and biotic factors (Jankowski
et al, 2012). For example, changing precipitation regimes
and concurrent vegetation patterns may cause downslope
movements, as species track specific ecological requirements
(Tingley et al.,, 2012; Neate-Clegg et al., 2020b). Alternatively,
species may shift downslope following the extirpation of more
dominant competitors (competitor release; Jankowski et al., 20105
Lenoir et al., 2010). In this study, larger-bodied species were more
likely to shift downslope and expanded their lower limits faster.
Many of these species are large, mobile frugivores (e.g., pigeons,
turacos, toucans) which are known to have high dispersal ability
(Holbrook et al., 2002; Corlett, 2009; Lees and Peres, 2009). The
movements of frugivores are dictated largely by the occurrence
of ephemeral, patchily distributed food resources (Saracco et al.,
2004; van Schaik et al., 2010). Fruiting phenology and abundance,
in turn, result from the complex interaction of precipitation,
temperature, and irradiance (Chapman et al., 2005; Dunham
et al., 2018; Potts et al., 2020). Downslope shifts may therefore
result from the pursuit of food resources based on plants that are
not tracking rising temperatures upslope.

When considering the absolute speed of shifts (ignoring shift
direction) as well as expansions in species’ upper limits, the
most important predictor was HWI (Figures 4, 5A). Of all the
covariates considered in this study, HWI was the most direct
predictor of dispersal ability (Sheard et al., 2020), suggesting that
shift rates were faster for species with greater dispersal ability.
Dispersal ability can be used as a proxy for the likelihood that
a species disperses or the distance that it is able to move. The
more freely a species moves, the more likely it is to reach a new,
more optimal location (Lees and Peres, 2009; Jarzyna et al., 2015).
Similarly, juveniles of more vagile species may disperse and settle
farther from their natal territory (Dawideit et al., 2009). Species
that can move more freely may also be more likely to adjust
their position if they find themselves in a suboptimal location
(Van Houtan et al.,, 2007; Anderson et al., 2012) because it is
less costly for them to move. Elevational shifts are an emergent
property of thousands of individual decisions. If those decisions
involve greater dispersal, then this is likely to add up to greater
shifts over time.

We hypothesized that species with narrower elevational ranges
and smaller realized niches would be more sensitive to changes
in temperature. However, we found that mean elevations and
lower limits shifted faster for species with larger elevational
ranges. One explanation is that species with larger elevational
ranges may be more adaptable because they encounter a larger
breadth of abiotic and biotic factors thus making upslope
colonization easier (Angert et al., 2011; MacLean and Beissinger,
2017). Alternatively, contractions at species’ upper limits were
also associated with wider elevational ranges so it is also
possible that large ranges allow for more reduction in range
size. Finally, species with lower foraging strata showed faster
shift rates at mean elevations and upper limits (Figures 4C,F).
This was a suprising result as canopy species were predicted
to shift faster due to their vagility (Lees and Peres, 2009;

Salisbury et al., 2012; Smith et al., 2014). At least part of
this trend was driven by the contractions in species’ upper
limits (Figure 5C). Similarly, contractions were faster in more
territorial species. Territorial understory and terrestrial species
are typically the most vulnerable to anthropogenic change
(Newmark, 2006; Stoufter et al., 2009, 2020) so their ranges may
be contracting in general.

Overall, our results show that the response of elevational
distributions to climate change are more complex than bird
species simply tracking thermal envelopes (Sekercioglu et al.,
2008; Pollock et al., 2020), and instead are influenced by a range
of factors including species’ dispersal ability, body size, foraging
strata, and territoriality. Beyond these predictor variables, there
is still substantial noise in our data and our R? values are fairly
low. Low model fit is to be expected in such large comparative
studies and our results are necessarily pantropical generalizations
that can mask fine-scale, idiosyncratic responses to climate
change. However, model fit improved when parsing out shifts
into different components, suggesting different processes affect
shifts at different positions in a species” elevational range. Non-
etheless, it is impossible to account for all of the ways in which
species ranges and range shifts are determined (Jankowski et al.,
2012). Shift rates may be influenced by various biotic factors not
considered here such as prey availability (Schumm et al., 2020),
interspecific competition (Jankowski et al., 2010; Freeman et al.,
2019) or natural enemies (Paxton et al.,, 2016), for which we
currently lack both fine scale understanding and comprehensive
global datasets.

In addition, location was an important covariate in most
models, suggesting high variation in shift rates between sites
(Mamantov et al., 2021). Shift rates may be affected by landscape
characteristics such as topography (Elsen and Tingley, 2015)
or forest configuration (Harris et al., 2014; Guo et al,, 2018),
demonstrating the need for surveys in a wider variety of
study systems. There are also important differences in the
methods employed to survey birds and estimate shift rates.
Birds can be sampled by mist nets, point counts, audio
recordings, or combinations thereof. Surveys can be annual or
snapshot resurveys, standardized or exhaustive. Many of these
methodological differences are unavoidable; often researchers
must make use of the data available regardless of how they were
gathered. Differences in survey methods also lead to differences
in the statistical approach used to estimate shifts and control for
biases in the data. These caveats aside, our results also display
the critical value in the tropics of long-term monitoring, resurvey
data, and establishing baselines for future comparisons (Harris
et al,, 2011; Sekercioglu, 2012; Tobias et al., 2013; Neate-Clegg
etal., 2020a). Similar studies will likely deepen our understanding
of the observed relationships, but we also suggest that future
research agrees upon similar protocols in order maximize the
standardization between study sites.

The variable responses to global climate change and
the rapid contraction of lower elevational range limits we
present emphasize the importance of conserving extensive
intact elevational gradients and corridors in tropical protected
areas to sustain viable populations at range edges and to
facilitate the movements of populations (Harris et al., 2011;
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Wormworth and $ekercioglu, 2011; Tobias et al., 2013; Newmark
et al,, 2017). Failure to implement these actions will lead to
reductions in elevational and geographical range sizes, and
therefore to smaller population sizes (Shoo et al., 2005a,b;
Harris and Pimm, 2008). This will potentially result in species
extinction at local or even global scales (Sekercioglu et al., 2008;
Freeman et al., 2018b), with implications for associated ecological
processes on tropical mountains (Sekercioglu et al., 2004, 2016).
Furthermore, we likely underestimate the shrinkage of species’
ranges, as our study could not incorporate many species restricted
to mountaintops (Freeman et al., 2018b). Species occurring at low
densities in narrow, ridgeline bands of habitat such as elfin forest
are some of the most at-risk species, but often lack the sample
sizes to feature in such broad multi-species analyses (Freeman
et al., 2018a; Neate-Clegg et al., 2018). Such species should be
the greatest focus of conservation attention. Taken together, our
results suggest that forecasting which species will be the fastest
to ride the “escalator to extinction” (Sekercioglu, 2007; Freeman
et al., 2018b) requires a complex and nuanced understanding
of the specific factors that drive community composition along
elevational gradients in the tropics.
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