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Abstract
Aim: We examine latitudinal effects of breeding bird taxonomic, phylogenetic and 
functional β-diversity (Tβ, Pβ and Fβ, respectively) along elevational gradients to test 
predictions derived from Janzen's (The American Naturalist 101:233–249, 1967) classic 
ideas that tropical mountains represent stronger dispersal barriers than temperate 
mountains.
Location: Global.
Taxon: Birds.
Methods: Using a global dataset from 46 mountains, we examine latitudinal patterns 
of Tβ, Pβ and Fβ, and their components: βrich and βrepl. For each mountain and each 
dimension of diversity, we calculated (a) total β-diversity, (b) the steepness of dis-
tance decay patterns and (c) within-mountain variability in pairwise β-diversity and re-
gressed each one of these response variables against absolute latitude. We predicted 
that tropical montane biotas would have (a) overall higher Tβ, Pβ and Fβ, (b) faster dis-
tance decay patterns and (c) higher within-mountain variability in pairwise β-diversity. 
Furthermore, we expected the richness component βrich to be more important in tem-
perate mountains, and the replacement component βrepl in tropical mountains.
Results: Latitude had a negative effect on total β-diversity for all dimensions of di-
versity. Similarly, metrics of Tβ and Pβ mostly agree with our expectations, whereas 
Fβ showed contrasting results with steeper distance decay curves and higher within-
mountain variability in temperate mountains. Overall, βrich was a more important com-
ponent at high elevations in the tropics and across elevations in temperate mountains, 
and βrepl was more important in tropical low and mid-elevations.
Main Conclusions: Our findings are consistent with tropical mountain assemblages 
containing species with narrow elevational distributions, low dispersal ability and 
potentially high allopatric speciation, resulting in high β-diversity across elevations. 
Contrasting results for Fβ indicate high niche packing in tropical assemblages, with 
most changes in functional diversity among assemblages involving species redundant 
in trait space.
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1  |  INTRODUC TION

Elevational gradients are useful for exploring patterns and mecha-
nisms of biodiversity because of their considerable environmental 
change over relatively small distances (Graham et al., 2014; Körner, 
2007; McCain, 2009a). However, this environmental variation dif-
fers with latitude. For instance, temperate mountain systems expe-
rience large seasonal temperature variability leading to large thermal 
overlap between upslope and downslope sites, whereas tropical 
mountain systems are less variable seasonally leading to reduced 
thermal overlap elevationally (e.g. Ghalambor et al., 2006; Janzen, 
1967). Based on these observations, tropical ecologist Daniel Janzen 
presented an idea about montane faunas that continues to provoke 
researchers today (Currie, 2017; Salisbury et al., 2012; Sheldon et al., 
2018; Zuloaga & Kerr, 2017). Janzen (1967) proposed that tropical 
mountains might represent physiologically stronger filters for or-
ganisms than temperate mountain systems (i.e. tropical mountains 
are physiologically ‘higher’). Janzen (1967) based his statement on 
the assumption that, having evolved in less variable environments, 
montane tropical species might have limited acclimation responses 
and, therefore, smaller elevational ranges than species in temperate 
mountains. If Janzen's predictions hold, there should be greater sim-
ilarity between high- and low-elevation communities in temperate 
mountains, whereas greater dissimilarity would be expected among 
tropical montane assemblages as depicted in Figure 1 (Ghalambor 
et al., 2006; Huey, 1978; McCain, 2009b). Despite the increasing in-
terest in disentangling the causes of elevational diversity gradients 
and their latitudinal variation (Kraft et al., 2011; Tello et al., 2015), 
five decades after Janzen's seminal paper many of his predictions 
remain unresolved.

The concept of β-diversity accounts for the relationship be-
tween local and regional diversity and provides information about 
dissimilarity among communities (Tuomisto, 2010; Whittaker, 1960). 
Therefore, examining β-diversity patterns can provide insights into 
the mechanisms driving montane communities (McCain & Beck, 
2016), and a way to test predictions derived from Janzen's hypothe-
ses. Several evolutionary and ecological processes interact to shape 
β-diversity patterns. For instance, β-diversity can be influenced by 
variation in strength of dispersal limitation (Soininen, Lennon, et al., 
2007), species sorting due to environmental heterogeneity (Qian 
& Ricklefs, 2007) or stochastic processes (Chase & Myers, 2011). 
Contrasting the phylogenetic dimension of β-biodiversity, which re-
flects the evolutionary differences among assemblages (Cavender-
Bares et al., 2009; Graham & Fine, 2008), with the functional 
dimension of β-biodiversity, which reflects the variability in eco-
logical attributes (Petchey & Gaston, 2006), may lead to improved 
understanding of elevational and latitudinal diversity based on niche 
relationships among species.

Changes in β-diversity among assemblages can be related to 
two different mechanisms: species replacement (the replacement of 
one species by another species; βrepl) and species loss or gain among 
assemblages (richness differences; βrich) (Carvalho et al., 2012; 
Legendre, 2014). The same principle can be applied to different 

dimensions of diversity by changing the unit of diversity. For exam-
ple, differences in the number and identity of the functional groups 
can produce assemblages that differ in functional diversity due to 
functional richness or replacement, respectively. If β-diversity is 
mostly explained by changes in βrich, environmental filtering is likely 
a stronger process limiting the number of species, traits or clades 
that can exist along a gradient, resulting in a higher number of local 
and regional extinctions related to harsh environmental conditions 
(Soininen et al., 2018). On the other hand, if changes are explained 
by βrepl, species interactions resulting in limiting similarity are likely 
a stronger process shaping assemblages. Alternatively, changes ex-
plained by βrepl can result from the gradient containing habitats that 
can sustain similar species richness but require different strategies 
(i.e. functional traits) (Cardoso et al., 2014; Kluge & Kessler, 2011).

Here, we explore a new approach to disentangle the underlying 
ecological and evolutionary mechanisms driving β-diversity across 
elevations. Inspired by Janzen’s (1967) seminal work, we test for 
latitudinal differences in the potential processes driving these pat-
terns (Figure 1). Taxonomic β-diversity (Tβ) along elevational gradi-
ents has been found to be highly variable (McCain & Beck, 2016); 
however, some studies detected decreasing elevational β-diversity 
with increasing latitude (García-Girón et al., 2020; Kraft et al., 2011; 
Stevens & Willig, 2002). McCain (2009b) showed that the mean el-
evational range size of breeding bird species increases with latitude, 
a pattern that is expected to result in greater taxonomic turnover 
on tropical mountains. However, how functional (Fβ) and phyloge-
netic (Pβ) β-diversity changes with elevation and latitude in montane 
birds remains untested. According to Janzen (1967), tropical species 
should have lower rates of dispersal and, consequently, higher allo-
patric speciation rates than temperate mountain species. Thus, we 
predict tropical montane biotas to have more rapid changes in Pβ 
across elevations than temperate mountains. We predict greater 
Fβ within tropical montane assemblages due to the greater climatic 
stability and productivity towards the tropics, which might allow 
for more opportunities of specialization and niche partitioning 
(Jocque et al., 2010; MacArthur, 1984), resulting in faster elevational 
changes in biodiversity. Furthermore, in a recent study (Montaño-
Centellas et al., 2019), we found that the relative role of environmen-
tal filtering might change faster across elevations in the tropics, with 
stronger relevance in the assembly of highland communities. On the 
contrary, a more homogeneous role of environmental filters was 
found across elevations in temperate mountains. Based on these 
findings, we expected βrich to be a more important component of 
β-diversity at high elevations and βrepl to gain importance at low ele-
vations in tropical mountains. In contrast, we expected βrich and βrepl 
to be less variable across elevations in temperate systems, with βrich 
being consistently more important than βrepl. Finally, one potential 
driver of compositional similarity between two assemblages is the 
homogenizing effect of dispersal (Leibold et al., 2004). Thus, in trop-
ical mountains, where dispersal is hypothesized to be lower (Janzen, 
1967), we expected to have higher replacement of species (Soininen 
et al., 2018). To test this set of predictions (Figure 1), we simulta-
neously examine taxonomic, functional and phylogenetic β-diversity 
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of breeding bird assemblages, and their partition into βrich and βrepl, 
across 46 well-sampled elevational gradients worldwide.

2  |  MATERIAL S AND METHODS

2.1  |  Bird elevational data

Elevational data for bird assemblages were extracted from pub-
lished articles; for details, see Montaño-Centellas et al. (2019). 
Briefly, we searched Web of Science using ‘bird’ OR ‘avian’ and ‘el-
evation’ OR ‘altitude’ and the resulting articles were examined and 
pre-selected following McCain (2009a). Studies were selected only 
if they surveyed all breeding birds, focused on complete elevational 

gradients, sampled at least four elevations and had adequate sam-
pling effort across elevations (sampled at least 70% of the forested 
elevational gradient, similar effort across elevations, multiple visits 
and/or replicates were conducted at each elevation), and did not 
have a disproportionately large disturbance at any given elevation 
(Montaño-Centellas et al., 2019). To homogenize the spatial scale 
of data collection among studies, we focused on single-gradient 
datasets (alpha gradients sensu McCain, 2009a). We extracted in-
formation from the manuscript itself, supplementary materials or 
contacted the main author for access to the data. We considered 
only breeding species, but herein we will refer to them simply as 
species. This process resulted in 46 elevational gradients located be-
tween 50°N and 24.4°S of latitude (30 located in tropical latitudes 
and 16 in temperate latitudes). A list of the data sources is found in 

F I G U R E  1  Schematic representation of the expected patterns of β-diversity along elevational gradients. Our scheme is derived from 
ideas by Janzen (1967) and Ghalambor et al. (2006) for taxonomic diversity and extended for predictions of functional diversity and 
phylogenetic diversity. Seasonal changes in air temperature experienced by a low-elevation species (in green) and a high-elevation species (in 
orange) in temperate and tropical mountains. Seasonality in temperate mountains results in broad physiological tolerance and consequently, 
greater thermal overlap between high- and low-elevation species. On the contrary, narrow physiological tolerances results in reduced 
thermal overlap between high- and low-elevation species in the tropical mountain system. The greater overlap in thermal distributions 
of species in temperate mountains results in reduced functional β-diversity, whereas the narrow thermal distributional ranges in tropical 
mountains will result in greater species and trait replacement. Furthermore, because of these differences in annual thermal regimes at 
different elevations, between tropical and temperate mountains, we expect the relative role of environmental filtering in driving community 
assembly to vary more across elevations in tropical mountains with a more homogeneous role across elevation with increasing latitude. 
This would lead to greater variation in pairwise β values between consecutive elevational bands and to greater differences in the relative 
importance of βrich and βrepl as components of functional β-diversity in tropical mountains. Finally, if traits are conserved, we expect the same 
responses for metrics of phylogenetic β-diversity
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Appendix A. Altogether, these gradients contained 3522 breeding 
bird species, with species richness ranging from 22 to 577 species 
(Montaño-Centellas et al., 2019). For each mountain, we assumed 
that a species was present between its highest and lowest reported 
elevation (range interpolation) and used that range for each species 
in the analyses. Each gradient was then partitioned into 200 m wide 
elevational bands and all species occurring in each band were con-
sidered as an assemblage. The elevational band (200 m) width was 
chosen to balance resolution of empirical records, amount of collec-
tion effort in each interval, and to include a minimum of four assem-
blages in any given mountain. To further evaluate our choice of band 
width, we also performed analyses with elevational band widths of 
100 and 400  m. Latitudinal patterns for all three band widths re-
sulted in unchanged conclusions, thus we only present the 200 m 
resolution (see Appendix S1).

Finally, although we included only gradients that sampled at least 
70% of the mountain height, it is possible that the length of the sam-
pled gradient or the starting point of the gradient (e.g. if it includes 
‘lowlands’ or not) might further affect our results. To assess these 
potential biases, we performed our analyses including only moun-
tains that have more than 2000 m of sampled gradient (N = 27) and 
including only mountains that have at least one elevational band 
below 500 m (mountains that include ‘lowlands’, N = 27). These el-
evational sampling subsets also resulted in unchanged conclusions; 
thus, all datasets are presented (Appendix S1).

2.2  |  Functional and phylogenetic data

We used the updated version of the avian phylogeny (Jetz et al., 
2012), based on the backbone tree by Hackett et al. (2008) to sum-
marize phylogenetic relationships among species. Using 5000 trees 
derived from posterior distribution of this phylogeny, which included 
all bird species in our dataset, we constructed a maximum credibil-
ity tree using function maxCladeCred in package ‘phangorn’ (Schliep 
et al., 2019). For each mountain, we cropped the tips of this phy-
logeny to match the species present and use these phylogenies for 
calculations of phylogenetic beta diversity (Pβ). All analyses were 
conducted within RStudio (RStudio, 2018) an environment for R (R 
Development Core Team, 2009).

Functional traits were compiled from Wilman et al. (2014). We 
used three subsets of traits. Two subsets describe specific ecological 
strategies thought to be important in mediating biotic interactions: 
diet and foraging strata (Marra & Remsen, 1997; Naoki & Stouffer, 
2007), and one, body mass, considered to be a surrogate of envi-
ronmental tolerance and caloric requirements. Data on diet and for-
aging strata consist of seven axes each; axes refer to proportional 
use of different categories of food (invertebrates, vertebrate endo-
therms, vertebrate ectotherms, fish, carcasses, fruits, nectar, seeds, 
other plant materials) and stratum for feeding (water, water sur-
face, ground, understorey, mid-storey, canopy, aerial), respectively. 
Body mass is the average weight of an individual, in grams. For all 
3522 species, we created a multivariate pairwise trait dissimilarity 

matrix including all three functional traits (diet, foraging and body 
mass) using Gower's distance (function gowdis, in package ‘FD’) 
(Laliberté et al., 2014). For these calculations, we weighted each 
category within each subset equally (each diet and foraging cate-
gory weighted 1/7 and body mass weighted 1). Following Mammola 
and Cardoso (2020), we performed a principal coordinate analysis 
(PCoA) with function cmdscale (package ‘stats’) on the pairwise trait 
dissimilarity matrix and selected the first two axes to describe a 
two-dimensional trait space for each species (hereafter referred as 
trait space). Adding more dimensions to the trait spaces was com-
putationally unfeasible. Together the two first axes explained 55% 
of the inertia. The resulting trait space was used for calculations of 
functional beta diversity (Fβ). Finally, to further examine individual 
components of trait diversity, we performed additional calculations 
for Fβ with each subset of traits (diet, foraging strata and body mass), 
separately (see Appendix S2).

2.3  |  Effects of latitude on mountain β-diversity

We were interested in examining how latitude relates to (a) overall 
values of Tβ, Pβ and Fβ in each mountain, to (b) the relationship be-
tween assemblage dissimilarity (Tβ, Pβ and Fβ) and elevational dis-
tance between two elevational bands (i.e. distance decay patterns) 
and to (c) variability of pairwise Tβ, Pβ and Fβ within each mountain 
(Figure 1). To do this, we regressed three different response vari-
ables against latitude as described below.

First, we used the framework proposed by Chao et al. (2014) and 
extended by Chiu and Chao (2014) and Chiu et al. (2014) to calculate 
Tβ, Pβ and Fβ. This framework takes advantage of the relationship 
between local diversity (alpha diversity, α), diversity turnover among 
localities (beta diversity, β) and regional diversity (gamma diversity, 
γ), and results in one single value of β-diversity per mountain (as 
opposed to a set of pairwise values across elevations) (Hill, 1973; 
Jost, 2007). Specifically, we calculated β-diversity for each mountain 
based on the multiplicative partitioning of diversity proposed by Jost 
(2007) where beta diversity is the ratio of gamma diversity and alpha 
diversity. These metrics are normalized and range between 0 and 1, 
and thus, are directly comparable across communities. We present 
these values as Tβchao, Fβchao and Pβchao, respectively. Calculations 
utilized packages ‘hillR’ (Li, 2018) and ‘adiv’ (Pavoine, 2020).

Second, we examined whether tropical mountains had ‘faster’ 
changes in diversity than temperate mountains (i.e. if distance decay 
patterns were steeper) (Soininen, McDonald, et al., 2007). For each 
mountain separately, we calculated pairwise Tβ, Fβ and Pβ among all 
pairs of assemblages with Sorensen-family indices using the frame-
works proposed by Podani and Schmera (2011) and Carvalho et al. 
(2012). This resulted in one dissimilarity matrix for each dimension 
of diversity per mountain (hereafter referred as Tβsor, Fβsor and Pβsor). 
Pairwise Tβsor was calculated on site x species matrix using incidence 
data, where site referred to a 200 m elevational band. Pβsor was cal-
culated based on the phylogenetic tree, with path to the root in-
cluded in the calculations. Fβsor was calculated as pairwise difference 
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in kernel n-dimensional hypervolumes between bird assemblages 
(Blonder et al., 2014). Tβsor and Pβsor were calculated with func-
tion beta (Cardoso et al., 2014) and Fβsor with function kernel.beta 
(Mammola & Cardoso, 2020) in package ‘BAT’ (Cardoso et al., 2020).

Our choice of Podani and Schmera (2011) and Carvalho et al. 
(2012) metrics relied on their mathematical properties, which allow 
partitioning Tβsor, Pβsor and Fβsor into its two additive components 
(βrich and βrepl), with these components scaled in the same way. 
Relativized values of β-diversity components are comparable across 
communities and most importantly, ecologically interpretable. An 
extended discussion on benefits of this partition method can be 
found in Cardoso et al. (2014) and Ensing and Pither (2015). The 
Baselga metrics were unused for these reasons but also due to 
smaller capacities for sites comparisons (≤10; Baselga, 2010, 2013) 
and trait comparisons (≤4; Baselga et al., 2018) than we needed. We 
present further details on our choice of metrics in Appendix S3.

We assessed whether dissimilarity between elevations in terms 
of Tβsor, Pβsor and Fβsor is mostly explained by replacement (βrepl) or 
richness differences (loss or gain of species, clades or functional 
groups; βrich) using functions by Cardoso et al. (2020). This analysis 
resulted in two dissimilarity matrices, one for βrepl and one for βrich 
for each dimension of diversity (Tβrepl, Pβrepl and Fβrepl, and Tβrich, 
Pβrich and Fβrich, respectively). Then, we used our computed values 
of Tβsor, Pβsor and Fβsor, and their components, and fitted power-law 
models with dissimilarity (pairwise β-diversity) as response variable 
and elevational distance between two elevations as predictor, for 
each mountain separately. Power-law functions have been sug-
gested to be appropriate to model distance decay patterns at our 
study scale (single gradients), where potential stochastic sampling 
effects might affect occurrence (Nekola & McGill, 2014). Goodness 
of fit of each curve is calculated as a pseudo-r2, and significance cal-
culated by randomizing elevational distances 1000 times and com-
puting the proportion of times model deviance is smaller than the 
exponential model (Gómez-Rodríguez & Baselga, 2018). Distance 
decay models were calculated with function decay.model in package 
‘betapart’ (Baselga et al., 2018). In these models, higher slopes rep-
resent curves with faster rates of change in diversity. We extracted 
the slope, its significance and overall model fit (pseudo r2) for each 
distance decay model fitted (see Appendix S4). Slopes that were sta-
tistically significant were used as a surrogate of the ‘steepness’ of 
the distance decay of each mountain system.

Third, to describe variability of pairwise Tβ, Pβ and Fβ within 
each mountain, we again used our calculated pairwise Tβsor, Pβsor 
and Fβsor matrices and extracted only pairwise distances between 
consecutive elevational bands to represent change in diversity for 
a 200 m increase in elevation. For each mountain, we summarized 
overall variability in every 200 m increase in elevation as the SD of 
Tβ, Pβ and Fβ values.

We used generalized linear models (GLMs) to test for the effect 
of latitude on our three response variables: (a) overall beta diversity 
(Tβchao, Pβchao and Fβchao), (b) the steepness of the distance decay 
patterns of Tβsor, Pβsor and Fβsor (slopes of distance decay models 
and their components) and (c) within mountain variability in pairwise 

β-diversity (SD of Tβsor, Pβsor and Fβsor). For βchao, we used beta dis-
tributed GLMs performed in ‘betareg’ package (Zeileis et al., 2016), 
as our response variable was constrained between 0 and 1 but did 
not include exact values of 0 or 1. For the steepness of distance 
decay models and SDβsor models, we use Gamma distribution GLMs 
with link identity, as response variables were positive and included 
values of 0 and 1. In all cases, we used the absolute value of latitude 
to describe the geographical position relative to the Equator. After 
preliminary examination, we decided on including a quadratic term 
for latitude for steepness of distance decay models. Furthermore, 
because Northern and Southern hemispheres do not follow the 
same seasonality patterns, we included a categorical variable hemi-
sphere (two levels: North or South) as a covariate.

3  |  RESULTS

We examined latitudinal effects on (a) overall values of Tβchao, Pβchao 
and Fβchao in each mountain, (b) steepness of distance decay pat-
terns of similarity and (c) variability of pairwise Tβsor, Pβsor and Fβsor 
within each mountain (Figure 1). As expected, latitude had a nega-
tive effect on overall taxonomic and functional β-diversity (Tβchao 
and Fβchao), with tropical mountains having higher beta diversity 
(Figure 2, Table 1). A similar negative trend was observed for phy-
logenetic β-diversity (Pβchao), but the effect was not significant 
(p  =  0.054). Effect sizes were weak in all cases, likely due to high 
variability among mountains. Hemisphere was not significant for 
any dimension of β-diversity. These negative latitudinal trends are 
consistent with narrow physiological tolerance in tropical species 
resulting in narrower elevational distributions, and low dispersal 
and potentially high allopatric speciation in mountain assemblages, 
resulting in greater β-diversity (see Figure 1). Furthermore, results 
were consistent when using only a subset of traits to calculate Fβchao 
(Table S2.7, Figure S2.5 in Appendix S2), suggesting greater turnover 
in functional traits related to physiological tolerance (i.e. body mass) 
and biotic interactions (i.e. diet and foraging), across elevations.

When examining the relationship between the steepness of 
distance decay patterns and latitude (Figure 3), we found partial 
support for our predictions. The linear predictor of latitude had a 
negative effect on the steepness of distance decay patterns of dis-
similarity for all three dimensions of diversity with steeper curves 
in tropical mountains closer to the Equator (Table 2, Figure 3b). 
However, the quadratic predictor of latitude had a positive, yet 
weaker effect, resulting in an increase in steepness in mountains 
located in the temperate region (above ~23°; Figure 3b). A detailed 
examination of distance decay curves shows that, for Tβ and Pβ, 
mountains across latitudes showed variable patterns, with lower 
values at mid-latitudes (Figure 3a). Contrary to our expectations, a 
few temperate mountains showed faster accumulation of functional 
dissimilarity (Fβsor) than tropical mountains (Figure 3a). The steeper 
values of Fβ distance decay patterns in temperate mountains were 
mostly explained by the βrich component (Figure 4). Our analyses 
of separate sets of traits further indicate that this result might be 



2460  |    MONTAÑO-CENTELLAS et al.

driven by the loss of functional space related with foraging strata 
(Figures S2.6 and S2.7 in Appendix S2).

Finally, our assessment of latitudinal effects on within mountain 
variability in pairwise β-diversity (SD βsor) also supported our pre-
diction of higher variability in Tβsor and Pβsor in mountains towards 
the tropics (Figure 5, Table 3). This finding is consistent with differ-
ent mechanisms acting at different elevations in tropical mountains, 
whereas more homogeneous environmental filtering might drive 
less variable pairwise β-diversity in temperate mountains (Montaño-
Centellas et al., 2019). Furthermore, hemisphere also had a negative 
effect on SD Tβsor and SD Pβsor, with mountains in the Southern hemi-
sphere having less within mountain variability than mountains in the 
more seasonal Northern hemisphere (Table 3). In both cases, the ef-
fect of latitude was also significant for the βrepl component (Table S2.10 
in Appendix S2). In contrast, within mountain variability in functional 
β-diversity (SD Fβsor) increased towards higher latitudes (Figure 5), a 
pattern likely driven by higher variability in functional β-diversity for 
foraging space (Figure S2.9 in Appendix S2). Although not statistically 

significant (Table 3), this trend is consistent with our finding of steeper 
distance decay patterns of Fβ at higher latitudes (Figure 3b).

4  |  DISCUSSION

We examined latitudinal effects on multiple dimensions of bird 
β-diversity across elevations (Graham et al., 2014) and their parti-
tion into βrich and βrepl components (Legendre, 2014). We based 
our expectations on Janzen (1967) who proposed that mountains 
represent stronger barriers to dispersal (are ‘higher’) in the tropics 
because of species’ narrower physiological tolerances. Wider toler-
ances at higher latitudes result in part because stronger seasonal-
ity in temperate regions selects for broader tolerances (Ghalambor 
et al., 2006). Our results are consistent with tropical mountain as-
semblages containing species with narrow elevational distributions, 
low dispersal abilities and potentially high probabilities of allopatric 
speciation, resulting in higher β-diversity across elevations.

F I G U R E  2  Patterns of taxonomic beta diversity (Tβchao), phylogenetic beta diversity (Pβchao) and functional beta diversity (Fβchao) for 
46 mountain systems across latitude. Lines correspond to the multiple regression of β-diversity against absolute latitude, and hemisphere 
(North or South) as a covariate. Results of regressions are presented in Table 1. Dark blue points represent mountains in the Southern 
hemisphere and light blue points mountains in the Northern hemisphere. Latitude had a significant negative effect on Tβchao and Pβchao 
(p = 0.025 and 0.019, respectively) and a negative but not significant effect for Fβchao (p = 0.054); hemisphere was not significant in any 
model

Model Parameter Estimate SE z-value p value

Tβchao~Lat+Hem Intercept 0.959 0.233 4.106 <0.0001

Latitude −0.017 0.007 −2.238 0.025

Hemisphere (South) −0.387 0.212 −1.828 0.068

Pβchao~ Lat+Hem Intercept 0.407 0.211 1.927 0.054

Latitude −0.013 0.007 −1.919 0.054

Hemisphere (South) −0.300 0.195 −1.539 0.124

Fβchao~ Lat+Hem Intercept 0.835 0.249 3.352 <0.001

Latitude −0.019 0.008 −2.345 0.019

Hemisphere (South) −0.304 0.227 −1.339 0.181

TA B L E  1  General linear models with 
beta distribution for taxonomic (Tβchao), 
phylogenetic (Pβchao) and functional 
(Fβchao) beta diversity as a function of 
absolute latitude (Lat) and hemisphere 
(North or South) as a covariate



    |  2461MONTAÑO-CENTELLAS et al.

Building on Janzen's early hypotheses regarding differences in 
thermal regimes as potential mechanisms driving latitudinal changes, 
we predicted higher values of β-diversity in tropical mountains and 
tested our hypotheses with well-sampled observational data in 
mountains across the globe. Mountains included in our dataset are 
characterized by distinctive combinations of features (i.e. mountain 
size, biogeographical history, age), characteristics that determine 
different rates of speciation, extinction and colonization across ele-
vations in each mountain system (Fjeldså et al., 2012; Janzen, 1967; 
Jetz & Fine, 2012; Price et al., 2014), and ultimately different pat-
terns of functional and phylogenetic β-diversity. We found a mostly 
consistent negative relationship between latitude and β-diversity, 

most effect sizes are, however, weak due to the natural variability 
contained in our dataset. Local empirical data are important as they 
reflect which species co-occur and likely interact in space and time 
(Graham et al., 2014); however, it has been suggested that inferring 
processes from patterns of observational data could be problematic 
when using observational data (Cadotte & Tucker, 2017; Kraft et al., 
2015). Although we do discuss potential mechanisms driving our re-
sults, our aim in this study is not to test for these mechanisms, but to 
examine whether beta diversity patterns are consistent with predic-
tions derived from Janzen’s (1967) article.

Our findings for Tβchao, Fβchao and Pβchao agree with our expec-
tations, with a negative, albeit relatively weak, relationship between 

F I G U R E  3  (a) Distance decay patterns for taxonomic (Tβsor), phylogenetic (Pβsor) and functional (Fβsor) beta diversity for avian 
assemblages along elevation for 46 mountains across the globe, and (b) the latitudinal effects on the steepness of these distance decay 
patterns (slope of Tβsor, Pβsor and Fβsor). In (a) mountains are colour coded with a continuous palette that ranges from green (latitude 0) to 
blue (latitude 49). Mountains located towards the Equator are closer to the green extreme, and those located towards higher latitudes are 
closer to the blue extreme. Latitude had a significant effect on the slope of distance decay patterns for all three dimensions of diversity. 
Regression results for (b) are presented in Table 2
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β-diversity and latitude (see also García-Girón et al., 2020; Soininen, 
McDonald, et al., 2007 for similar results with other taxa). Tropical 
assemblages might contain more specialists and species with smaller 
niches and narrower distributions (Fjeldså et al., 2012; Janzen, 1967; 
McCain, 2009b), driving faster changes of species, traits and lin-
eages across elevations. On the contrary, temperate assemblages 
might contain more physiological and ecological generalist species 

(Dalsgaard et al., 2011) with wider elevational distributions (McCain, 
2009b), resulting in smaller changes in diversity across elevations. 
Within-mountain variability in Tβ and Pβ (SD βsor) further support 
our predictions, with higher variability within tropical mountain as-
semblages. High within-mountain variability suggests that the rate 
of change in species composition and lineages is not constant with 
elevation; fast and slow rates of change (high and low dissimilarities 

Models Parameter Estimate SE t-value
p 
value

Tβsor~ Lat+Hem Latitude −0.032 0.008 −3.768 0.001

Latitude2 0.001 0.000 3.476 0.001

Hemisphere (South) −0.071 0.069 −1.033 0.308

Pβsor~ Lat+Hem Latitude −0.016 0.004 −3.657 0.001

Latitude2 0.0003 0.000 3.609 0.001

Hemisphere (South) −0.039 0.035 −1.115 0.271

Fβsor~ Lat+Hem Latitude −0.004 0.002 −2.023 0.049

Latitude2 0.0001 0.000 3.030 0.004

Hemisphere (South) −0.006 0.016 −0.378 0.707

TA B L E  2  Coefficients for absolute 
latitude (linear and quadratic terms) 
and hemisphere (North and South) as 
predictors of the steepness (slope) of 
distance decay patterns of beta diversity 
(βsor) across elevations. Coefficients 
were extracted from GLMs with Gamma 
errors for taxonomic (Tβsor), phylogenetic 
(Pβsor) and functional (Fβsor), separately. 
Models for the separated components 
(βrich and βrepl) for each dimension of 
diversity, and models for functional β-
diversity calculated for subsets of traits 
are presented in Tables S2.8 and S2.9 in 
Appendix S2, respectively

F I G U R E  4  Distance decay patterns for the two components (βrich and βrepl) of taxonomic, phylogenetic and functional β-diversity of bird 
assemblages in 46 elevational gradients. Mountains are colour coded with a continuous palette that ranges from green (latitude 0) to blue 
(latitude 49). Mountains located towards the Equator are closer to the green extreme, and those located towards higher latitudes are closer 
to the blue extreme. Boxes within each panel show the latitudinal effects on the steepness of these distance decay patterns (slope of Tβsor, 
Pβsor and Fβsor)
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between neighbour elevational bins) can be found along the same 
elevational gradient. At any given elevation, species-specific bird 
responses to abiotic stress and/or species interactions interplay to 
structure avifaunas (Srinivasan et al., 2018). Differences in physical 
complexity, tree composition, feeding resources and abiotic factors 
have all been found to drive species composition across elevations 
in tropical mountains, with varying relative importance in different 
elevational zones (Hanz et al., 2019; Montaño-Centellas et al., 2021). 
Our finding of higher within-mountain variability in tropical moun-
tains is consistent with greater elevational differences in the relative 
role of environmental and biotic filtering acting upon species and 
lineages in tropical than temperate mountains (Montaño-Centellas 
et al., 2019).

In contrast, we found mixed results in our analyses of Fβ. 
Although total functional β-diversity (Fβchao) did decrease with lat-
itude, the rate of change (steepness of distance decay patterns) and 
within-mountain variability in Fβ (SD Fβ) were higher in temperate 
mountains. For any given mountain, we expected low Fβ when 

comparing neighbour elevational bands at higher elevations, due 
to a more restricted community formed by a harsher abiotic envi-
ronment, whereas higher values of Fβ were predicted among neigh-
bour bands at lower elevations, likely resulting from competitive 
interactions and niche partition (Fontana et al., 2017, 2020). These 
changes in the speed of change in different elevational zones would 
result in high within-mountain variability in Fβ (SD Fβ). However, 
because the relative role of environmental filtering might change 
faster within tropical mountains, with greater importance at high 
elevations (Montaño-Centellas et al., 2019), we expected higher 
within-mountain variability in Fβ (SD Fβ) towards the tropics. On the 
contrary, a more homogeneous role of environmental filters across 
elevations characterizes temperate mountains (Montaño-Centellas 
et al., 2019); thus, we predicted lower within-mountain variability 
in Fβ (SD Fβ) in mountains at higher latitudes. Contrary to our ex-
pectations, within-mountain variability in Fβ (SD Fβ) was lower in 
mountains at lower latitudes. We argue that these patterns might 
result from stronger niche packing in tropical avifaunas (Pigot et al., 

F I G U R E  5  Variability in within-mountain taxonomic, functional and phylogenetic β-diversity across elevations, measured as the 
standard deviation of Sorensen dissimilarity (SD βsor) between neighbour elevational bands, for 46 mountain systems worldwide. Black 
lines correspond to the multiple beta regression of β against absolute latitude with hemisphere (North or South) as a covariate. Results of 
regressions are presented in Table 3. Dark blue points represent mountains in the Southern hemisphere and light blue points mountains 
in the Northern hemisphere. Latitude had a significant negative effect on SD Tβsor but no significant effect on either SD Fβsor or SD Pβsor

Models Parameter Estimate SE z-value p value

SDTβsor~ Lat+Hem Intercept −1.152 0.156 −7.366 <0.0001

Latitude −0.016 0.005 −3.004 0.009

Hemisphere (South) −0.596 0.157 −3.802 <0.001

SDPβsor~ Lat+Hem Intercept −1.545 0.160 −9.622 <0.0001

Latitude −0.013 0.005 −2.267 0.023

Hemisphere (South) −0.515 0.160 −3.219 0.001

SDFβsor~ Lat+Hem Intercept −3.008 0.255 −11.798 <0.001

Latitude 0.010 0.008 1.303 0.193

Hemisphere (South) −0.325 0.237 −1.365 0.172

TA B L E  3  General linear models with 
beta distribution for the variability of 
taxonomic (SD Tβsor), functional (SD 
Fβsor) and phylogenetic (SD Pβsor) beta 
diversity, as a function of absolute 
latitude (Lat) and hemisphere (North or 
South) as a covariate. Models for the 
separated components (βrich and βrepl) for 
each dimension of diversity, and models 
for functional β-diversity calculated 
for subsets of traits are presented in 
Tables S2.10 and S2.11 in Appendix S2, 
respectively
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2016) especially from low to mid-elevations. Here the loss of species 
and/or lineages with elevation largely involve redundant species, 
causing only small reductions in overlap of functional hypervolumes 
between assemblages. This would result in less steep distance decay 
curves in tropical mountains, whereas in less packed temperate as-
semblages, each species that is lost with increasing elevation might 
have a stronger impact in the size and overlap of functional space 
resulting in steeper distance decay curves.

Our partition of β-diversity into its components βrepl and βrich 
provided further support for our hypotheses. Species replacement 
(the change of species identity between communities while retain-
ing species richness invariable) has been suggested to reflect species 
sorting by environment or dispersal processes, whereas changes in 
the number of species are likely related with ordered extinction–
colonization dynamics (Carlos Carvalho & Cardoso, 2018; Carvalho 
et al., 2012). In most gradients, Tβrich and Pβrich values were higher 
than Tβrepl and Pβrepl suggesting changes in β-diversity with eleva-
tional distance resulted mostly from the loss (or gain) of species and 
lineages. β-diversity patterns mostly explained by changes in βrich are 
consistent with environmental filtering having a dominant role in the 
assembly of montane assemblages worldwide (Montaño-Centellas 
et al., 2019), limiting the number of species and clades that can exist 
along a gradient and resulting in local and regional extinctions re-
lated to harsh environmental conditions (Soininen et al., 2018). The 
relevance of Tβrepl and Pβrepl was, however, consistently higher for 
mountains at lower latitudes (Figure 4). A higher importance in Pβrepl 
in tropical mountains suggests that there is a strong replacement 
of lineages among assemblages without a notable difference in the 
amount of phylogenetic information encompassed by the different 
communities (Kluge & Kessler, 2011). This could happen, for in-
stance, if different elevations have radiation or speciation events, if 
biological interactions result in the local exclusion of closely related 
taxa and/or if there are low rates of dispersal (Soininen et al., 2018). 
An example of such mechanisms is found in the Neotropical genus 
of tapaculo Scytalopus, which shows particularly rapid non-adaptive 
diversification resulting in major lineages occupying distinct eleva-
tional zones in the tropical Andes (Cadena & Cespedes, 2020). Fast 
replacement of lineages in tropical mountains can also be explained 
by niche conservatism. Lineages that evolved in warm stable envi-
ronments might be unable to colonize higher elevations as they lack 
adaptations to survive in cooler environments (Wiens & Graham, 
2005). Thus, many lineages occupying tropical high elevations are 
closely related with lineages from temperate latitudes that tracked 
favourable conditions and were able to colonize these new habitats 
following mountain uplifts (Quintero & Jetz, 2018).

The steeper values of Fβ distance decay patterns in temperate 
mountains were mostly explained by the βrich component. This is 
consistent with environmental filtering favouring only certain traits 
along the gradient and filtering out many others (Cardoso et al., 2014; 
Kluge & Kessler, 2011). Our results suggest that the fast decrease 
in functional space overlap among temperate assemblages results 
from a faster loss of functional groups with elevational distance, re-
ducing the overlap of assemblages’ functional space. Furthermore, 

we found a negative effect of latitude on the steepness of distance 
decay patterns of Fβrepl, implying a faster replacement (instead of 
reduction) of functional traits with elevational distance in tropical 
mountains than in temperate mountains.

This study highlights the importance of examining multiple dimen-
sions of diversity, as different patterns might contain non-redundant 
information about the drivers of diversity patterns. Altogether, our 
results agree with predictions derived from Janzen's original ideas 
of tropical mountains representing stronger barriers to dispersal for 
biotas than temperate mountains. Greater climatic stability and pro-
ductivity in tropical latitudes might allow more opportunities for 
specialization and fine niche partitioning within functional space (i.e. 
niche filling) (Jocque et al., 2010; MacArthur, 1984; Pigot et al., 2016). 
In consequence, tropical montane assemblages might contain more 
specialists and species with smaller niches and narrower elevational 
distributions (Fjeldså et al., 2012; McCain, 2009b), resulting in overall 
higher β-diversity patterns and greater relevance of the replacement 
component driving these patterns. On the other hand, mountains in 
more seasonal and less productive areas at higher latitudes where a 
more restricted pool of clades is found will contain less speciose as-
semblages, composed mostly of physiological and ecological general-
ists with wider elevational distributions (Dalsgaard et al., 2011; Read 
et al., 2018), resulting in overall lower values of β-diversity. In tem-
perate mountains, dissimilarity in functional space among assemblages 
accumulates faster, as a result of decreases in species richness and 
the consequent loss of functional space (βrich component). In tropical 
mountains, niche packed assemblages accumulate functional dissimi-
larity less rapidly than temperate mountains likely because decreases 
in species richness with elevation result in less densely packed func-
tional space but not in marked reductions in functional space overlap, 
at least from mid- to low elevations. Fifty years after Janzen’s (1967) 
seminal paper, data across the globe and new analytical approaches 
allow for unravelling the processes underlying how latitude impacts 
various components of diversity.
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