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ABSTRACT

Mountains are paramount for exploring biodiversity patterns due to the mosaic of topographies and
climates encompassed over short distances. Biodiversity research has traditionally focused on taxonomic
diversity when investigating changes along elevational gradients, but other facets should be considered.
For first time, we simultaneously assessed elevational trends in taxonomic, functional, and phylogenetic
diversity of woody plants in Andean tropical montane forests and explored their underlying ecological
and evolutionary causes. This investigation covered four transects (traversing ca. 2200 m a.s.l.) encom-
passing 114 plots of 0.1 ha across a broad latitudinal range (ca. 10°). Using Hill numbers to quantify
abundance-based diversity among 37,869 individuals we observed a consistent decrease in taxonomic,
functional, and phylogenetic diversity as elevation increased, although the decrease was less pronounced
for higher Hill orders. The exception was a slight increase in phylogenetic diversity when dominant
species were over-weighted. The decrease in taxonomic and functional diversity might be attributed to
an environmental filtering process towards highlands, where the increasingly harsher conditions exclude
species and functional strategies. Besides, the differences in steepness decrease between Hill orders
suggest that rare species disproportionately contribute to functional diversity. For phylogenetic diversity
the shifting elevational trend between Hill orders indicates a greater than previously considered influ-
ence in central Andean highlands of tropical lowlands originated species with strong niche conservatism
relative to distantly related temperate lineages. This could be explained by a decreasing presence and
abundance of temperate, extratropical taxa towards the central Andes relative to northern or southern

Andes, where they are more prevalent.
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1. Introduction

Biodiversity distribution patterns and their causes have been
central to natural history and ecology since they were first
conceived (Caldas, 1803; Humboldt and Bonpland, 1805) until the
present (Storch et al., 2005; Sanmartin, 2012). Mountains provide
invaluable insight for developing a general theory on biological
diversity to explain these patterns (Korner, 2004; Sanders and
Rahbek, 2012). Compared to latitudinal gradients, elevational gra-
dients encompass more climate regimes, greater topographic
complexity, and wider environmental oscillations over shorter
geographical distances (Antonelli et al., 2018; Rahbek et al., 2019a).
Thus, mountains are exceptionally biodiverse: where they
comprise only 25% of Earth's terrestrial surface but harbour ca. 87%
of terrestrial biodiversity, with a large proportion of endemicity
(Rahbek et al., 2019b; Wambulwa et al., 2021). In particular, Andean
tropical montane forests (TMFs) host one-sixth of all plant species,
where 44% of which are endemic (Myers et al., 2000; Hughes and
Eastwood, 2006). Therefore, Andean TMFs are among the biodi-
versity hotspots with highest conservation priority (Mittermeier
et al., 2005). Lastly, from a biogeographic perspective, Andean
TMFs are unique natural laboratories that provide rigorous tests of
diversity trends along altitude gradients and comparisons of these
trends among sites (Lomolino, 2001; Guo et al., 2013; Graham et al.,
2014) because they allow to replicate ample elevational ranges over
a large continental north-south corridor that has witnessed historic
processes over millions of years (Antonelli et al., 2009; Malhi et al.,
2010; Tito et al., 2020).

Biodiversity has traditionally been explored in terms of taxo-
nomic diversity by treating all Linnaean binomials as ecologically
equivalent and evolutionary independent. This approach cannot
yield much information about the ultimate drivers of biodiversity
distribution patterns (Pavoine and Bonsall, 2011). A more accurate
depiction of diversity should also consider functional and phylo-
genetic diversity (McGill et al.,, 2006; Swenson, 2011). Functional
diversity uses species ecological, morphological, and physiological
features to understand where species can thrive, how they interact,
or how they contribute to ecosystem functioning (Petchey and
Gaston, 2006; Violle et al., 2007; Cadotte et al., 2011). Phyloge-
netic diversity tracks the origins of taxa lineages through deep
historical and evolutionary processes that shaped their distribution
patterns and thereby provides insights into the key events in
biodiversity distribution (Cavender-Bares et al., 2009; Gerhold
et al., 2018). Although these three diversity facets are intrinsically
related (e.g., closely related taxa tend to share more traits; Moles
et al, 2005) their responses to the environment can differ
(Devictor et al., 2010; Cisneros et al., 2014). However, few studies
have simultaneously considered the three types of diversity,
particularly for plants under changing environmental conditions,
such as those found along elevational gradients (but see Tanaka and
Sato, 2015; Chun and Lee, 2017). Ignoring one diversity facet not
only restricts our understanding of the causes of biodiversity dis-
tribution but also hinders conservation strategies, as focusing only
in one dimension may lead to the neglect of unique species, func-
tional roles and/or evolutionary histories (Brum et al., 2017).

Previous studies on biodiversity patterns along elevational
gradients in different biomes and distinct taxonomic groups have
arrived at contrasting results regarding taxonomic diversity, but
largely agree on functional and phylogenetic trends. Historically,
the prevalent pattern for taxonomic diversity is a decrease with
elevation, although some studies have described species richness
peaks at medium elevations (Rahbek, 1995; McCain, 2005; Dani
et al., 2023). The most common pattern for functional diversity
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also comprises narrowing towards fewer functional strategies to
cope with harsher environmental conditions as elevation increases
(Swenson et al., 2012; de Bello et al., 2013; Thakur and Chawla,
2019). The elevational pattern for phylogenetic diversity is spe-
cific to the key biogeographic historical events of each site (Ricklefs
and Schluter, 1993). In the particular case of the Andes, two hy-
potheses have been proposed to explain the historical formation of
biological communities, reflecting distinct patterns of phylogenetic
diversity: a) the establishment of Amazonian clades originated
under warm conditions at tropical lowlands —typically exhibiting
strong conservatism of ancestral narrow thermal tolerances—
which, during the Pleistocene, adapted to the comparatively cooler
temperatures of the newly raised highlands resulting from the
Andean uplift (Latham and Ricklefs, 1993; Kerkhoff et al., 2014); and
b) the arrival of cold pre-adapted lineages —originated much earlier
in temperate latitudes— via migration along the Andean high-
elevation corridor (Jablonski et al., 2006). The former (a) is the
cornerstone of the Tropical Niche Conservatism (TNC, Wiens and
Donoghue, 2004) hypothesis, which predicts an elevational
decrease in phylogenetic diversity (Tolmos et al., 2022), whereas
the latter (b) is the core of the Out of the Tropical Lowlands
(OTL, Qian and Ricklefs, 2016) hypothesis, which predicts an ele-
vational increase in phylogenetic diversity (Gonzdlez-Caro et al.,
2020).

In this study, we investigated plant diversity in Andean TMFs at
four transects ranging elevational gradients from ca. 800—3100 m
a.s.l. and spanning ca. 1750 km in latitude across Ecuador, Peru, and
Bolivia. We used census data from 114 plots (containing ca. 38,000
individuals and 2000 taxa) and analysed them using Hill numbers
to quantify different types of abundance-based diversity indices.
We aimed to 1) assess the elevational trends in taxonomic, func-
tional, and phylogenetic diversity, 2) examine the relationships
between different diversity facets along elevation and 3) explore
their underlying ecological and evolutionary causing processes. To
the best of our knowledge, this is one of the most ambitious ele-
vational studies of the three facets of plant diversity and a similar
study has yet to be conducted along the Andean range.

2. Materials and methods
2.1. Study area

We studied four transects ranging elevational gradients of An-
dean TMFs located in remote regions: Podocarpus National Park
(Ecuador), Rio Abiseo National Park (Peru), Madidi National Park
(Bolivia), and Pilén-Lajas Biosphere Reserve (Bolivia) (Fig. 1). All
four transects contained a similar elevational range (ca. 2200 m),
within which we defined three elevational belts: premontane
(900—1300 m), montane (1800—2250 m), and upper
(2700—3100 m). Within each belt, we established nine to ten plots
of 0.1 ha (50 m x 20 m) as described by Arellano et al. (2016), with a
total of 114 plots (Tables 1 and S1). Plots were located in mature and
apparently undisturbed forests at distances of at least 300 m. In
each plot we inventoried all woody stems (including trees, shrubs,
lianas, hemiepiphytes, palms, and tree ferns, but excluding woody
Poaceae) with a diameter at breast height >2.5 cm, with a total of
37,869 individuals belonging to 2021 taxa (71% individuals identi-
fied at species level, 18% at genera and 11% at family) (Tables 1 and
S1).

Environmental characterization of the plots was conducted us-
ing bioclimatic variables from the CHELSA climatological dataset
(Karger et al., 2017) (Table S2). Mean annual temperature is the
most representative variable for studies along elevational gradients
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Fig. 1. Locations of the four transects ranging elevational gradients in the tropical
montane forests (TMFs) studied along the central Andes (blue dots). Census data from
n = 114 plots of 0.1 ha located in remote regions: Podocarpus National Park (Ecuador),
Rio Abiseo National Park (Peru), Madidi National Park (Bolivia), and Pilén-Lajas
Biosphere Reserve (Bolivia).

because it represents the fundamental environmental change
associated with elevation (Korner, 2007). In our study sites, mean
annual temperature exhibits high correlation with elevation
(r>0.98) and the thermal ranges of transects vary slightly: 12 °Cin
Podocarpus, 9 °C in Rio Abiseo, and 10 °C in both Madidi and Pilén-
Lajas. Alternative climatic variables related to precipitation are not
as relevant for our study because 1) moist TMFs, characterized by
persistent fog and high precipitation throughout most of the year,
are not subjected to relevant seasonal water stress, and 2) at each

Table 1

Summary of elevational profiles and composition of 114 Andean TMFs plots
located in four transects ranging elevational gradients. n_inds.: number of indi-
vidual stems; n_taxa: number of taxa. Specific detail for each plot is available at
Table S1. All four transects contained a similar elevational range, within which we
defined three elevational belts: premontane, montane, and upper.

Transect (n_plots) Elevational profile Composition
Belt Range (m a.s.l.) n_inds. n_taxa

Podocarpus Premontane 1033—-1249 3.153 452
-Ecuador- Montane 1806—2217 2917 389
(30) Upper 2674—-2906 3.840 187
Gradient extent: 1873 m 1033-2906 9.910 832
Rio Abiseo Premontane 745—-1122 2.770 355
-Peru- Montane 2093-2233 3.339 230
(30) Upper 2721-2980 3.099 148
Gradient extent: 2235 m 745—-2980 9.208 585
Madidi Premontane 1224-1531 3.111 269
-Bolivia- Montane 2019-2303 2219 205
(27) Upper 2801-3106 4.832 88
Gradient extent: 1882 m 1224-3106 10.162 466
Pilon-Lajas Premontane 1166—1496 2.892 275
-Bolivia- Montane 2139-2281 2.751 156
(27) Upper 2789-3061 2.944 119
Gradient extent: 1895 m 1166—3061 8.587 462
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transect, plots were located along the same river basin to minimize
spatial rainfall variability inherent to the complex topography of
the Andes, thus leaving temperature as the key source of abiotic
variation along our elevational gradients (Laraque et al., 2007;
Malhi et al., 2010). Small changes in mean annual temperature are
expected to have a major influence on species distributions, espe-
cially in the tropics where species have narrow thermal tolerances
(Janzen, 1967).

2.2. Taxonomic and functional characterization

We collected voucher specimens in the field, which were later
identified and deposited in local herbaria (HUTPL and LPB [Thiers,
2022]). Taxonomic standardization was conducted using the ‘Tax-
onstand’ R package (Cayuela et al.,, 2012; v.2.2). A summary of
taxonomic composition for elevational belts can be found in Table 1
(specific details for each plot are available at Table S1).

Functional characterization was only conducted for two tran-
sects: Podocarpus (Ecuador) and Rio Abiseo (Peru). For each taxon,
we measured the specific leaf area, leaf thickness, and branch wood
density as described by Cornelissen et al. (2003). These functional
traits have been widely used for assessing the key woody plant
functional strategy axes (Chave et al., 2009; Wright et al., 2004). We
calculated mean trait values for each taxon (Baez et al., 2022). On
average for each plot, functional data for the three traits were
available for 65 taxa (86%) in Podocarpus and 63 taxa (92%) in Rio
Abiseo.

2.3. Phylogenetic tree generation

We generated a phylogenetic tree (Appendix A) using the
‘V.PhyloMaker2’ R package (Jin and Qian, 2022), which allowed us to
prune our species list from the largest currently available dated
mega-phylogeny for vascular plants.

For phylogenetic diversity calculations, we only considered taxa
identified to the species or genus level, i.e., 703 taxa (88%) in
Podocarpus, 416 taxa (71%) in Rio Abiseo, 453 taxa (97%) in Madidi,
and 457 taxa (98%) in Pilén-Lajas. To include taxa absent from the
original mega-phylogeny in the tree, we joined them at the half-
way point of the genus/family branch (for species/genera) using
the parameter ‘scenarios’ = S3 in the ‘phylo.maker’ function.

2.4. Diversity measurements

Attribute diversity comprises a unified framework for assessing
biodiversity by integrating three diversity facets: taxonomic,
functional, and phylogenetic diversity (Table S3) (Chao et al,
2014a). Each type of diversity is measured in different entities
(species for taxonomic, species pairwise Euclidean distances for
functional, and species tree branch length for phylogenetic), but all
three can be transformed into directly comparable units by using
generalized Hill numbers. Hill numbers (Hill, 1973) quantify
abundance-based taxonomic diversity using the parameter, q,
which defines the sensitivity to species abundances (Jost, 2006;
Chao et al., 2014b). For q = 0, all taxa are treated equally regardless
of their abundance (i.e., taxa richness), whereas larger q values give
greater importance to the relative abundances of taxa (i.e., more
weight to abundant/dominant taxa and less weight to rare taxa).
The attribute diversity framework extends the usage of Hill
numbers to functional (Chiu and Chao, 2014) and phylogenetic
(Chao et al., 2010) diversity by weighting each entity based on
either its relative functional distance compared with other taxa
(functional diversity) or the relative length of the phylogenetic tree
branch for that taxon (phylogenetic diversity). We calculated the
attribute diversity indexes for Hill numbers of the orders q = 0,
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q = 1 and q = 2 at the plot level using the ‘renyi’ function of the
‘vegan’ R package (Oksanen et al., 2019; v.2.5—-6) for taxonomic
diversity, the code from Chiu and Chao (2014) for functional di-
versity and the ‘ChaoPD’ function of the ‘entropart’ R package (Chao
et al,, 2010; v.1.6—10) for phylogenetic diversity.

2.5. Statistical analyses

First, to acknowledge the influence of sample size on diversity
metrics we conducted Pearson's correlations between number of
trees per plot and the three facets of diversity (taxonomic, func-
tional, and phylogenetic) for different Hill orders.

Next, we explored Pearson's correlations among the three types
of diversity for Hill numbers of different orders.

Then, we used generalized linear models (GLMs) to investi-
gate the influence of elevation on the three facets of diversity for
these Hill orders. For each diversity facet and Hill order, we fitted
five models that included all possible combinations of effects: 1)
no effect (i.e., null model), 2) only elevation, 3) only transect, 4)
similar effect of elevation across transects (i.e., without interac-
tion between elevation and transect or parallel slopes model),
and 5) differential effect of elevation among transects (i.e., with
interaction between elevation and transect or different slopes
model). We used a negative binomial error distribution (and a
log-link function) to account for overdispersion. Alternative
models were compared based on the corrected Akaike informa-
tion criterion (AICc) and we considered the models within two
AICc units of the model with the lowest AICc value. Among these
models, we selected the most complex and calculated the
explained deviance (D?) as a measure of goodness of fit for GLMs.
Analyses were conducted using ‘MASS’ (Venables and Ripley,
2002; v.7.3-51.6) and ‘MuMIn’ (Barton, 2013; v.1.43.17) R
packages.

All the R Statistical Software analyses were conducted using
v.4.0.2 (R Core Team, 2021).

3. Results

Pearson's correlations coefficients between number of trees per
plot and any of the three facets of diversity (taxonomic, functional,
and phylogenetic) for different Hill orders was very low, ranging
between —0.22 and 0.08 and hence there was no need to consider
the effect of sample size on diversity metrics.

When all transects were analysed together, taxonomic, and
functional diversity were always significantly and positively
correlated for g =0, g = 1, and q = 2 (Fig. 2 and Table S4). However,
taxonomic, and phylogenetic diversity, and functional and phylo-
genetic diversity were significantly and positively correlated only
for g = 0 and q = 1. After analysing the transects independently, we
found the following.

e Taxonomic vs. functional diversity: always significantly and
positively correlated forq =0,q = 1, and q = 2.

e Taxonomic vs. phylogenetic diversity: significantly and posi-
tively correlated for ¢ = 0 and q = 1 (except in Podocarpus for
qg=1).

e Functional and phylogenetic diversity: significantly and posi-
tively correlated for ¢ = 0 and q = 1 (except in Podocarpus for
g=1).

Overall, results were consistent between transects. The three
types of diversity values decreased from lower to higher elevations
forq =0, q =1, and q = 2. This trend was strongest for ¢ = 0 and
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weakest for g = 2, as indicated by both the slope of the regression
curve (Fig. 3) and the explained deviance (Table 2). The only
exception was phylogenetic diversity for ¢ = 2, which appeared to
increase slightly with the elevation. The best fitted models always
included both elevation and transect (with or without interaction)
as predictors, except for phylogenetic diversity for ¢ = 2 (Fig. 3;
Tables 2 and S5).

4. Discussion

4.1. Relationships between the three facets of diversity along
elevation

Taxonomic, functional, and phylogenetic diversity responded to
elevation in a similar manner (Fig. 3), and they were significantly
positively correlated in most cases (Fig. 2 and Table S4). These
positive correlations may be expected due to changes in species
richness along elevational gradients, where more species are likely
to exhibit more functional strategies and belong to more phyloge-
netic lineages (Losos, 2008). However, this is not always necessarily
true and empirical studies often show that two communities with
equal number of species can differ greatly in terms of number of
strategies and/or lineages (Devictor et al., 2010; Safi et al., 2011) and
that a community exhibiting similar strategies may foster distantly
related lineages (trait convergence) (Freckleton and Jetz, 2009).
Few studies have quantified the three types of diversity simulta-
neously along elevational gradients for plant communities (e.g.,
Tanaka and Sato, 2015; Chun and Lee, 2017). In the tropical Andes,
this type of study has only been conducted for vertebrates (e.g.,
Dehling et al., 2014 for birds; Cisneros et al., 2014 for bats; and
Dreiss et al., 2015 for rodents). Congruence between the three types
of diversity along elevational gradients has not been reported for
plants, although pairwise correlations between two facets of di-
versity have been found: e.g., functional and phylogenetic diversity
(Tanaka and Sato, 2015; Chun and Lee, 2017). Regardless of the
existence or absence of correlations between the different facets of
diversity, all three provide complementary insights into the
mechanisms that drive biodiversity patterns —as will be discussed
in the following—, which may be obscured if only one is considered
(Forest et al., 2007; Swenson, 2013).

4.2, Taxonomic diversity

Our results indicated a monotonic decrease in taxonomic di-
versity along elevation across all study transects that was consis-
tent for different Hill orders (Fig. 3a), thereby suggesting that this
decrease occurred regardless of whether taxa were weighted based
on their abundance (g = 1 and g = 2) or not (q = 0).

General elevational decreases in taxonomic diversity of woody
plants similar to those found in the present study have been widely
reported (Kessler, 2001; Sandoya et al., 2017; Nottingham et al.,
2018), being the elevational decrease in temperature the ultimate
cause of this trend (Grytnes and McCain, 2007). However, studies
have also detected a non-monotonic change in diversity along
elevation, specifically a hump-shaped pattern where richness peaks
at middle elevations (Gentry, 1995; Rahbek, 1995; Girardin et al.,
2014; Salazar et al., 2015). This hump-shaped pattern in taxo-
nomic diversity with elevation can be explained by the relatively
stable condensation zone (cloud belt) that characterizes the middle
elevations of tropical elevational gradients, which provides
favourable conditions for most organisms despite the lower tem-
peratures relative to premontane elevations (Kessler and Kluge,
2008; Huaraca Huasco et al., 2014). If this hump was present
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tropical montane forests. Predictions of generalized linear models (GLMs) relating a) functional versus taxonomic diversity, b) phylogenetic versus taxonomic diversity, and c)
functional versus phylogenetic diversity patterns for Hill orders of g = 0 (left-hand charts), g = 1 (central charts), and q = 2 (right-hand charts). Numbers represent the taxonomic,
functional, and phylogenetic entities, a non-dimensional unit result of using the attribute diversity framework. Shaded areas represent 95% confidence intervals based on the model
predictions. GLMs were fitted using a negative binomial error distribution and a log-link function. Note that the scale of some axes differ so that charts would be visually

informative.

along our transects, our sampling design would have been unable
to detect it because i) we did not sample below 1000 m a.s.l. (except
for a very few plots in the Rio Abiseo transect that did show an
indication of a hump), and ii) there was a gap in our sampling

2008).

around 1500 m a.s.l, (where the highest diversity could be ex-
pected). These sampling limitations may have concealed a potential
hump in species richness (Rahbek, 2005; Nogués-Bravo et al.,
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of generalized linear models (GLMs) relating a) taxonomic, b) functional, and c¢) phylogenetic diversity patterns with elevation (m a.s.l.) for Hill orders of g = 0 (left-hand charts),
q = 1 (central charts), and q = 2 (right-hand charts). Numbers represent the taxonomic, functional, and phylogenetic entities, a non-dimensional unit result of using the attribute
diversity framework. Shaded area represents 95% confidence intervals based on the model predictions. GLMs were fitted using a negative binomial error distribution and a log-link
function. Note that the scale of some axes differ so that charts would be visually informative.

4.3. Functional diversity

Our results indicated a monotonic decrease in functional di-

versity along elevation across all transects that was consistent for
different Hill orders (Fig. 3b). Theory predicts that the range of
successful functional strategies narrows along an environmental
stress gradient (Weiher and Keddy, 1995; Cornwell and Ackerly,
2009). In the case of elevation, the upslope increasingly harsher
and more restrictive conditions —mainly in terms of temperature
and resource availability (Stevens, 1992; Sundqvist et al., 2013)— is

expected to lead to the selective survival of taxa with conservative
strategies —promoting storage and defence— that enable them to
cope with the environment, and to the cull of these with acquisitive
ones —enhancing photosynthesis and growth— (Poorter et al.,
2009; Machac et al., 2011). This pattern has been detected previ-
ously in TMFs both for individual functional traits —including leaf
size decreases (Schneider et al., 2003; Salinas et al., 2011; Llerena-
Zambrano et al., 2021) and wood density increases (Swenson and
Enquist, 2007; Slik et al.,, 2010)—, and for overall community
functional diversity (Duivenvoorden and Cuello, 2012;
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Table 2
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Corrected Akaike information criterion (AICc) values for generalized linear models (GLMs) of the taxonomic, functional, and phylogenetic diversity values calculated
for Hill numbers of different order relative to distinct predictors for 114 plots of Andean TMFs. Values for the best fitted models are highlighted in bold. The explained
deviance D? was calculated only for the best and most complex model (if more than one model was the best, the differences in terms of deviance between the most and least

complex would be minimal).

Taxonomic diversity AlCc D?

q=0 q=1 q=2 q=0 q=1 q=2
_ 1059.49 988.25 908.37 - - -
Elevation 959.23 895.57 830.82 - - -
Transect 1048.93 973.07 894.85 - - -
Elevation + Transect 939.53 868.04 810.33 0.68 - -
Elevation: Transect 942.22 864.05 808.73 - 0.68 0.61
Functional diversity qg=0 qg=1 q=2 q=0 qg=1 =2
_ 1297.02 1204.95 1119.08 - - -
Elevation 1262.95 1164.07 1084.03 - - -
Transect 1286.12 1196.45 1111.83 - - -
Elevation + Transect 1251.23 1157.86 1079.89 - 0.55 0.48
Elevation: Transect 1249.44 1162.64 1083.67 0.58 — —
Phylogenetic diversity qg=0 qg=1 q=2 qg=0 qg=1 q=2
_ 1919.31 1489.19 1303.35 - - -
Elevation 1823.22 1475.77 1304.43 - - -
Transect 1917.71 1475.89 1294.10 - - -
Elevation + Transect 1810.94 1460.23 1295.25 - - -
Elevation: Transect 1811.94 1460.02 1295.56 0.65 0.28 0.14

Schellenberger Costa et al., 2017). This evidence has been used in
support of environmental filtering as an essential driver of plant
community assembly (Swenson et al., 2012; Banares-de-Dios et al.,
2020).

The decrease in functional diversity was less pronounced for Hill
numbers of higher order. Our results showed that Hill numbers that
gave more weight to the most common entities (q = 2) accounted
for two times less diversity than when the entities were strictly
weighted by their abundance (q = 1) and four times less than when
all entities received the same weight (q = 0) (Fig. 3b). These find-
ings reflect how dominant/abundant species tend to be located at
the core of the functional hyperspace whereas rare species tend to
be peripheral. Dominant/abundant species exhibit strong
traits—environment relationships enabling them a good perfor-
mance in a given environment, thereby leading to greater de-
mographic success. Conversely, rare species display sub-optimal
traits —these species are more reliant on occasional migration
events or stochastic environmental fluctuations—, which may
explain their poorer demographic success (Umana et al., 2015,
2017). In highly diverse ecosystems, such as tropical rainforests or
coral reefs, rare species exhibit the less common traits (functional
rarity), and thus disproportionately contribute to functional di-
versity, being irreplaceable and their loss not susceptible to being
cushioned by the high species richness of the ecosystem as usually
assumed. The reason for this is that the most common species have
been shown to only support a relatively limited functionality
(functional redundancy) (Mouillot et al., 2013, 2014; Leitao et al.,
2016). Indeed, functional rarity sustains key ecosystem processes
and services and provides an invaluable buffer against climate
change and human disturbance (Cadotte et al., 2011; Violle et al.,
2017). Therefore, the justification for conserving rare taxa should
extend far beyond their taxonomic uniqueness, past, charisma or
cultural significance (Tucker et al., 2012).

4.4. Phylogenetic diversity

Our results indicate that phylogenetic diversity decreased along
elevation for ¢ = 0 and g = 1 but increased slightly for g = 2 (Fig. 3¢c).
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In general, the overall decrease agrees with the predictions of the
Tropical Niche Conservatism (TNC) hypothesis, which suggests that
biological communities in the highlands are phylogenetically a
subset of the communities found in the lowlands, and thus a
decrease in phylogenetic diversity is expected with elevation
(Wiens and Graham, 2005; Donoghue, 2008). This pattern has been
observed for other biota in Andean TMFs (e.g., birds (Graham et al.,
2009) and moths (Brehm et al., 2013)), but previous studies of
Andean woody plants seem to give more support to the Out of the
Tropical Lowlands (OTL) hypothesis (Gonzalez-Caro et al., 2014,
2020; Tiede et al., 2016; Ramirez et al., 2019). Under OTL, the
presence of temperate extratropical lineages within high elevation
communities would be responsible for an increased phylogenetic
alpha-diversity and turnover (Qian and Ricklefs, 2016), which is the
pattern we found when considering phylogenetic diversity for the
most abundant species (q = 2).

Therefore, our results are not in full agreement with either hy-
pothesis and endorse neither the support nor the rejection of the
TNC or OTL (see also Tolmos et al., 2022). In this sense an alternative
intermediate hypothesis termed Environmental Crossroads (Neves
et al.,, 2020) has been proposed, which posits that floras from
different origins —tropical and temperate— co-exist at middle ele-
vations, at the edges —lower and upper, respectively— of their
thermal tolerances (Griffiths et al., 2021). In any case, further
research is needed, including determining the phylogenetic turn-
over and nestedness, as well as biogeographical origin of clades
(Linan et al., 2021) and changes in their age along the elevational
gradient (Qian, 2014; Griffiths et al., 2020). A sampling schema that
replicates transects along a broader latitudinal range, such as that
used in the present study, would also help to assess the relative
importance of the TNC vs. OTL. For example, several extratropical
lineages such as Quercus prevail at high elevations in Colombia,
which may have partly skewed the results reported by Gonzélez-
Caro et al. (2014, 2020) or Ramirez et al. (2019) based on studies
that were latitudinally restricted to the northern Andes and which
found evidence in agreement of OTL. Quercus is a Holarctic genus
that migrated to South America in the last ca. 0.5 My
(Hooghiemstra and Van Der Hammen, 2004) and there may have
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not been sufficient time for it to reach the central Andes, where
niche conservatism and the upslope migration of clades originated
in tropical lowlands could have been the predominant mechanisms
responsible for population by Andean flora.

In general, extratropical lineages that have migrated from
temperate to tropical regions along the Andes, such as Quercus or
Alnus in Colombia or Araucaria and Nothofagus in the southern
Andes, are better adapted to cold conditions than strictly tropical
lineages, and thus they are more likely to thrive in the uppermost
TMF communities (Segovia et al., 2020). These taxa were absent
from the transects that we studied but we found other floristic
elements of Laurasian (e.g., Prunus and Cornus) and Gondwanan
(e.g., Podocarpus and Retrophyllum) temperate origin, some of
which tended to be dominant locally in the past and nowadays are
far less abundant, with the only exception of certain fragments of
relict forests (see Vicuna-Minano, 2005; Yaguana et al., 2012;
Huamantupa-Chuquimaco et al., 2017). In this regard, the fact that
our transects were located on isolated, protected areas difficult to
access may have favoured the preservation of the native flora,
allowing us to detect a slight increase in phylogenetic diversity at
the highest elevations when giving more weigh to the most
abundant taxa (q = 2) (Fig. 3c). Indeed, this slight increase re-
sembles the phylogenetic pattern expected under the OTL. There-
fore, as one moves far away from the central towards the northern
or southern Andes, it would not be surprising to find an increase in
the positive relationship between phylogenetic diversity and
elevation, which may be detected by simply considering the rela-
tive abundances of taxa (q = 1) or equally considering all taxa
(q = 0) given the greater prevalence of extratropical lineages.

Finally, it is important to note that the metrics used in this study
to calculate phylogenetic diversity are strongly correlated with the
number of lineages in recent evolutionary time but have weaker
correlations with the number of lineages deeper in the evolu-
tionary history of an assemblage (Dexter et al., 2019). Thus, our
results might differ with the use of different metrics or the inclu-
sion of different phylogenetic depths (Bose et al., 2019).

5. Conclusions

We found an overall decrease in taxonomic, functional, and
phylogenetic diversity with elevation in Andean tropical montane
forests (TMFs) (the only exception was the phylogenetic diversity
when we over-weighted dominant species). Our experimental
design is particularly robust because we analysed four elevational
gradients over a broad latitudinal range, thus avoiding the potential
bias of other studies that focused on the much better known but
geographically constrained northern Andean TMFs (Pérez-Escobar
et al.,, 2022). Declines in taxonomic and functional diversity with
elevation are consistent with the expected outcomes of an envi-
ronmental filtering process in which temperature is the main driver
of environmental variation. Differences in the steepness of patterns
of functional diversity between different Hill orders suggest that rare
species play key and unique roles in the ecosystem, thereby sup-
porting the conservation of rare taxa for reasons that extend far
beyond their taxonomic or historical singularity. In addition, these
findings suggest that niche conservatism and the upslope migration
of tropical clades may be the predominant mechanisms responsible
for shaping the flora of the central Andean highlands, given the
limited arrival of temperate taxa in comparison to northern Andes.
Further research across the entire Andean range, by integrating an-
alyses of phylogenetic turnover and nestedness, as well as the
biogeographical origin of clades and changes in their age along the
elevational gradient will be important for elucidating the
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biogeographic history of the Andean slopes. The fact that the three
types of diversity were positively correlated demonstrates that
preserving TMF areas that harbour high taxonomic diversity will also
preserve high functional and phylogenetic diversity in one of the
most threatened biodiversity hotspots on Earth, which is still poorly
understood compared to tropical lowlands (ForestPlots.net 2021)
and threatened by anthropogenic intervention and global warming
(Mathez-Stiefel et al., 2017; Feeley et al., 2020; Salinas et al., 2021).
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