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Abstract: Patterns of species diversity have been associated with changes in climate across latitude
and elevation. However, the ecological and evolutionary mechanisms underlying these relationships
are still actively debated. Here, we present a complementary view of the well-known tropical
niche conservatism (TNC) hypothesis, termed the multiple zones of origin (MZO) hypothesis, to
explore mechanisms underlying latitudinal and elevational gradients of phylogenetic diversity
in tree communities. The TNC hypothesis posits that most lineages originate in warmer, wetter,
and less seasonal environments in the tropics and rarely colonize colder, drier, and more seasonal
environments outside of the tropical lowlands, leading to higher phylogenetic diversity at lower
latitudes and elevations. In contrast, the MZO hypothesis posits that lineages also originate in
temperate environments and readily colonize similar environments in the tropical highlands, leading
to lower phylogenetic diversity at lower latitudes and elevations. We tested these phylogenetic
predictions using a combination of computer simulations and empirical analyses of tree communities
in 245 forest plots located in six countries across the tropical and subtropical Andes. We estimated the
phylogenetic diversity for each plot and regressed it against elevation and latitude. Our simulated and
empirical results provide strong support for the MZO hypothesis. Phylogenetic diversity among co-
occurring tree species increased with both latitude and elevation, suggesting an important influence
on the historical dispersal of lineages with temperate origins into the tropical highlands. The mixing
of different floras was likely favored by the formation of climatically suitable corridors for plant
migration due to the Andean uplift. Accounting for the evolutionary history of plant communities
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helps to advance our knowledge of the drivers of tree community assembly along complex climatic
gradients, and thus their likely responses to modern anthropogenic climate change.

Keywords: tropical Andes; historical dispersal; niche conservatism; phylogenetic diversity;
latitudinal gradient; elevational gradient; multiple zones of origin hypothesis

1. Introduction

Latitudinal and elevational gradients of species diversity have captured the attention
of biologists for centuries [1]. However, we still lack a consensus about the ecological
and evolutionary processes controlling the reduction in species richness and diversity
from the tropics to the poles and from lowlands to highlands [2–4]. Although spatial
variation in climate across latitudes and elevation has been widely recognized as a key
driver of changes in species diversity [5], differences in species richness among regions with
similar environmental conditions (i.e., diversity anomalies) highlight the key role played by
historical and biogeographic factors in shaping large-scale diversity patterns [6,7]. That said,
diversity gradients can simply emerge as the realization of diversification and migration
in space and time [4,8]. To advance our understanding of latitudinal and elevational
diversity gradients, it is important to consider the biogeographic and evolutionary histories
of lineages and ecosystems [9,10].

One of the most prominent historical mechanisms proposed to explain the assembly
and diversity of communities along large-scale environmental gradients is the tropical
niche conservatism hypothesis (TNC) [8,11]. This hypothesis posits that species diversity is
lower at temperate latitudes and higher elevations because (1) most lineages originated in
warm and wet tropical environments, and (2) adaptation to and colonization of harsher
environments (e.g., temperate/cold/dry) is constrained by ecological or evolutionary
forces [12]. An implicit assumption of the tropical niche conservatism hypothesis is a low
rate of niche evolution across latitudinal and elevational gradients. This pattern of historical
diversification would result in species assemblages at high latitudes and elevations that
are composed of closely related species primarily derived from lineages that originated in
tropical regions, and therefore lower phylogenetic diversity [11].

The simplicity of the tropical niche conservatism hypothesis makes it a very attrac-
tive mechanism to explain the ubiquity of large-scale diversity gradients. However, most
real-world communities and regional biotas integrate species from multiple lineages with
diverse evolutionary and biogeographic histories [13–15]. For this reason, lineages rep-
resented in natural assemblages could have originated in multiple different ecological
zones, instead of only one (i.e., wet/warm tropics), as proposed by the TNC hypothesis.
Here, we present an alternative process to the well-known TNC hypothesis, termed the
multiple zones of origin (MZO) hypothesis. Like the TNC hypothesis, the MZO hypothesis
assumes an important role of niche conservatism, so that lineages have a limited ability to
adapt to environments different from those where they originated. For this reason, lineages
mainly colonize and diversify in regions with similar environmental conditions to those
they are pre-adapted to. However, under the MZO, transitions to new environments occur
but are rare, because lineages will mainly be dispersed between similar environments
across different regions, which poses a different framework than TNC. This is the case,
for example, of the reported dispersal of lineages from temperate regions into similar
climates in the tropical highlands [15], a non-considered assumption of TNC. This pattern
of historical diversification would result in species assemblages that depend on the histories
of regions and lineages. In other words, the MZO hypothesis posits that communities in
temperate regions and high elevations are due to a mix of colonization events from both
tropical-affiliated and temperate-affiliated lineages [14,16], leading to higher phylogenetic
diversity at higher latitudes or elevations.
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In this study, we tested the TNC and the MZO hypotheses (Figure 1) using latitudinal
and elevational patterns of phylogenetic diversity in tree communities along the subtropical
and tropical Andes. The Andes mountains of South America have a complex biogeographic
and environmental history [17], which provides an ideal setting for exploring the historical
assembly of plant communities across latitudinal and elevational gradients [18]. After the
separation of South America from other landmasses nearly ~100 My, the continent remained
isolated for most of its history [19] until connections with Central and North America were
established through the formation of the Isthmus of Panama within the last 10 My. Ancient
Neotropical forests had an open canopy and were dominated by conifers and ferns until the
Chicxulub impact around ~66 My ago, when modern forests dominated by angiosperms
emerged [20]. Although the uplift of the Andes started nearly 80 My ago, high-elevation
regions in the Andes are geologically recent and highly heterogeneous. The rise of the
Andean mountain range had an enormous impact on the distribution of environmental
conditions across the continent, creating a high-elevation corridor that connected temperate
and tropical latitudes [15]. The extent to which tropical forests expanded and contracted
along with climatic changes during the geologic history of the continent (e.g., Paleocene–
Eocene thermal maximum) may have played an important role in the diversification and
migration of lineages across the continent [21,22]. This complex climatic history may in
turn have left its imprint on the evolution and historical migration of many Neotropical
lineages, and thus on the shape of plant community assembly and diversity.
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Figure 1. Two hypotheses for the historical assembly of communities across elevations in temperate
and tropical latitudes: the tropical niche conservatism hypothesis (TNC; panels A–C), and the
multiple zones of origin hypotheses (MZO; panels D–F). Under both hypotheses, niche conservatism
limits adaptive shifts and colonization among regions with different environmental conditions (thin
arrows) and facilitates colonization among regions with similar environmental conditions (thick
arrows). However, the hypotheses differ in whether colonization results from a single (tropical)
or multiple (tropical + temperate) ecological zones of origin. Under the TNC hypothesis, lineages
in tropical lowlands (TrL; A, B) have had limited ability to colonize temperate lowlands (TeL) and
tropical highlands (TrH). Once lineages have evolved adaptations to temperate lowlands, they can
colonize temperate highlands. This hypothesis predicts that phylogenetic diversity decreases with
elevation and from tropical to temperate latitudes (C). Under the MZO hypothesis, lineages have
originated in both tropical lowlands and temperate lowlands (D,E). Lineages that evolved in tropical
lowlands follow the same colonization history as in the first hypothesis. However, lineages that
originated in the temperate lowlands were able to colonize the temperate and tropical highlands but
had limited colonization of tropical lowlands. This hypothesis predicts that phylogenetic diversity
increases with elevation and from tropical to temperate latitudes (F).



Plants 2023, 12, 3546 4 of 13

To test the predictions from the TNC and MZO hypotheses, we used a combination
of computer simulations to evaluate theoretical predictions (Figure 1) and empirical data
collected along latitude and elevation gradients in a network of 245 forest plots distributed
across the Andes from Argentina to Colombia (Figure 2). Here, we tested whether phylo-
genetic diversity decreases or increases with elevation and latitude. The TNC hypothesis
predicts that phylogenetic diversity decreases with elevation and latitude due to greater in
situ speciation in warmer and wetter environments at tropical latitudes, and the associated
limited capability of lineages from tropical environments to migrate and become established
in temperate and high-elevation harsher environments (Figure 1C). Under this scenario,
TNC may reproduce a systematic nested reduction in lineages from the tropics towards
the poles. In contrast, the MZO hypothesis predicts that phylogenetic diversity increases
with elevation and latitude due to the greater mixture of lineages with multiple origins at
high elevations and temperate latitudes. At high elevations in the tropics, the mechanism
responsible for a mix of lineages with different origins is the dispersal of lineages from
temperate latitudes into high-elevation environments in the tropics (Figure 1G).
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Figure 2. Distribution of 245 forest plots (orange points) along elevational, latitudinal, and environ-
mental gradients in six countries across the subtropical and tropical Andes. (A) Elevational profile of
the Andes in South America (gray area). Colored areas reflect the distribution of forests in this profile.
Colors are based on the first axis of a principal component analysis from all temperature variables in
Worldclim (https://www.worldclim.org/). Green squares represent warmer and less seasonal sites,
while blue squares are colder, more seasonal sites. (B) Spatial distribution of plots in South America.
Gray areas represent mountains over 1000 m asl, while areas in green show forest-covered areas of
South America.

2. Materials and Methods
2.1. Validation of Predictions through Simulations of Biogeographic Diversification

We used simulation models of clade diversification across biogeographic regions to
evaluate the validity of our predictions. The modeling approach included three main steps.
First, we generated a phylogenetic tree that shows the diversification history of lineages. To
produce this phylogeny, we used the pbtree function available in the phytools R package [23].

https://www.worldclim.org/
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The rate of lineage accumulation through time is a function of the speciation and extinction
rate, which was set at 0.5 for speciation and 0.05 for extinction. A value of 0.5 for speciation
means that 1 species would generate another species in 2 million years, while an extinction
rate of 0.05 means a species goes extinct every 20 million years [24]. We set the final number
of species to 10,000. The extinct branches were removed from the simulated phylogeny
employing the drop.extinct function from the geiger V.2 R package [25].

Second, we simulated biogeographic shifts across regions and the geographic distri-
bution of lineages. In our simulations, species can occupy one of four regions: tropical
lowlands (TrL), tropical highlands (TrH), temperate lowlands (TeL), and temperate high-
lands (TeH). We assume that both temperate regions (TeL and TeH) and tropical highlands
(TrH) have similar climatic conditions (i.e., cold/seasonal/dry), which differ from the
conditions of the tropical lowlands (TrL; i.e., warm and wet). Lineage diversification starts
(at the base of the phylogeny) in a specific region of origin. From here, lineages remain
in a region or shift their distributions to other biogeographic regions following defined
transition probabilities. We defined “region” as a species trait within phylogeny. In this
way, as lineages diversify, the probability of a new species colonizing a different region is
given by a matrix of transition probabilities. We used the sim.history function available in
the phytools R package. This function simulates discrete traits based on an ancestral trait
state (i.e., region of origin), a phylogenetic tree (simulated in the first step of the model), and
a square matrix with transition probabilities among regions (i.e., trait states). Importantly,
these transition probabilities allow us to control the rate of movement between regions as a
function of simulated climatic similarities.

To generate the TNC model, we assumed a unique origin of all species in TrL from
which species can then disperse to TrH and TeL (dispersal between different climates),
while TeL species can also disperse to TeH (dispersal between similar climates). In the MZO
model, in contrast, we assumed that there were two initial lineages with different origins,
one in TrL and the other in TeL. The tropical lineage has 75% of the total species richness,
while the temperate lineage has the remaining 25% of the total species richness. In both
models, we assumed that TrL species can disperse to TeL and TeH species can disperse
to TrH, and vice versa (Figure 1). This setup resembles the environmental conditions of
South America, where elevational gradients exist at low and high latitudes, but where
high-elevation tropical regions resemble climates of temperate regions in the southern part
of the continent.

Third, we measured the phylogenetic diversity of local communities in each region.
All species present in a region at the end of the simulated processes of speciation and
dispersal were considered as part of the regional species pool. From each regional species
pool, we generated 10 local communities by randomly selecting 10% of the total available
species. From this set of 40 simulated communities belonging to the four regions, we
estimated local phylogenetic diversity among local communities (see below for details on
these metrics). Local phylogenetic diversity was scaled and standardized to a mean of
zero and a standard deviation of 1, and then these values were regressed against latitude
(tropical or temperate) and elevation (lowland and highland) using the Ordinary Least
Squares method. The slopes of this regression were used to characterize the strength and
direction of the relationships between phylogenetic diversity and latitude or elevation.

We repeated our model 1000 times, resulting in 1000 simulated datasets, each one
having 40 local communities. In terms of local phylogenetic diversity, the TNC hypothesis
predicts a decrease with both elevation and latitude (negative regression slopes; Figure 1C),
while the MZO hypothesis predicts an increase with both elevation and latitude (positive
regression slopes; Figure 1F). We used a t-test to assess whether the simulated regression
slopes differ from zero. We also used the Kolmogorov–Smirnov test to compare the
distributions of the slopes derived from the simulated regressions of both the TNC and the
MZO hypotheses.

All code was written in R [26] and is available in the supplementary information.
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2.2. Forest Communities across the Andes

The empirical dataset consisted of 245 forest inventory plots that covered a latitudinal
geographical range from 7.1◦ N (Colombia) to 27.8◦ S (Argentina), and an elevation range
from 150 m asl to 3511 m asl (Figure 2). The mean annual temperature (MAT) of these
plots ranged from 7.3 to 23.8 ◦C (mean = 16.7 ± 4.1 ◦C; mean ± SD) and mean annual
precipitation (MAP) ranged from 608 to 4313 mm y−1 (mean = 1405.0 ± 623.9 mm y−1)
(Figure 2). Although our sampling covers only a tiny portion of the temperate region
(subtropics in Argentina), the climatic variation of Argentinian plots differs from the
tropical lowlands (Figure 2), as expected if tropical and subtropical regions represent
different ecological zones of origin.

Plot size varied from 0.25 to 1 ha (median plot size = 1ha), with a cumulative sample
area of 156.5 ha. In each plot, we tagged, mapped, measured, and collected vouchers
of all trees and palms with stem diameter at breast height (DBH at 1.3 m) ≥ 10 cm. To
homogenize and validate species names of vascular plants recorded in each plot, we
submitted the combined list from all plots to the Taxonomic Name Resolution Service
(TNRS; http://tnrs.iplantcollaborative.org/ (accessed on 15 May 2020)) version 3.0. Any
species with an unassigned TNRS accepted name or with a taxonomic status of ‘no opinion’,
‘illegitimate’, or ‘invalid’ was manually reviewed. Families and genera were changed in
accordance with the new species names. If a full species name was not provided or could
not be found, the genus and/or family name from the original file was retained. We
registered a total of 125,670 individuals, from which we assigned a taxonomic identification
at any level to 93.9% of them (45.6% were identified to species, 27.3% to genus, and 21% to
family). The 6.1% of individuals without any taxonomic identification were excluded from
subsequent analysis.

2.3. Measuring Local Phylogenetic Diversity

To build a phylogenetic tree, we used Phylomaker [27] to include all taxa in our forest
plots into the Smith and Brown (2018) phylogenetic backbone [28]. We included in our
analysis both angiosperms and gymnosperms, but results were similar if gymnosperms
were removed. We used the bifurcating algorithm available in the PDcalc R package [29] to
randomly solve polytomies. This procedure was repeated 1000 times, generating a pool of
phylogenetic trees. Further analyses were repeated using each of these alternative trees to
account for uncertainty introduced by their polytomies.

For each forest plot, we characterized local phylogenetic diversity using the standard-
ized effect size of the mean pairwise phylogenetic distance (MPDses) [30]. MPD is the
average of all possible combinations of phylogenetic distance pairs between species within
a community. MPDses is a standardized version of this metric relative to a null distribution
to control for the effect of species richness (see Supplementary Materials). MPDses was
calculated using the picante R package [31].

2.4. Testing Predictions with Empirical Data

We found that plot size had a negative effect on MPD. To account for this effect, we
first fitted a model where MPD was a function of plot size, and we used the residuals of
this model in further analyses. To test our hypotheses associated with the predictions of
TNC and MZO (see above), we used a linear model that included MPDses as the dependent
variable, and either latitude or elevation as explanatory variables. As described above, if
TNC primarily determines the historical assembly of communities, we expect that phylo-
genetic diversity (MPD) will decrease with latitude and elevation. In contrast, if MZO is
more important, phylogenetic diversity should increase along latitudinal and elevational
gradients. Additionally, we used regressed MPDses against mean annual temperature as a
dependent variable that covariates with both elevation and latitude (results shown in the
supplementary material).

All analyses were run in the R package Version 4.1 [26].

http://tnrs.iplantcollaborative.org/
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3. Results
3.1. Simulations of the Tropical Niche Conservatism and Multiple Zones of Origin Hypotheses

Predictions of the tropical niche conservatism (TNC) and multiple zones of origin
(MZO) hypotheses (Figure 1) were validated by our simulation models (Figure 3). As
expected, simulations of diversification and dispersal proposed by TNC predict decreases
in phylogenetic diversity with latitude and elevation (Figure 3A,B). MPDses decreased
significantly with latitude and elevation in 86.1% and 80.1% of the simulations, respectively.
For both gradients, mean regression slopes were significantly lower than zero (latitude:
mean = −0.43, t = −21.68, p < 0.001, Figure 3A; elevation: mean = −0.33, t = −16.08,
p < 0.001, Figure 3B). In contrast, simulations of diversification and dispersal proposed
by the MZO hypothesis predicted the opposite pattern (Figure 3C,D). MPDses increased
significantly with latitude and elevation in 88.1% and 85% of the simulations, respectively.
In these simulations, the means of the regression slopes were significantly greater than
zero across both gradients (latitude: mean = 0.53, t = 12.31, p < 0.001, Figure 3C; elevation:
mean = 0.36, t = 13.14, p < 0.001, Figure 3D).
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3.2. Local Phylogenetic Diversity and Phylogenetic Turnover along Latitude and Elevation in
Andean Tree Communities

Empirical analyses of Andean tree communities supported the MZO hypothesis. As
predicted by the MZO hypothesis, local phylogenetic diversity increased with latitude
and elevation (Figure 4). After partialling out the effect of plot size, MPDses increased
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significantly with both latitude (slope = 0.24; F = 17.62; R2 = 0.08; p < 0.001; Figure 4A) and
elevation (slope = 0.26; F = 30.10; R2 = 0.12; p < 0.001, Figure 4B). This result indicates that
tropical highland communities (above 1500 m) are assembled by more distantly related
lineages relative to lowlands, independently of their latitude.
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4. Discussion

Our results support the multiple zones of origin hypothesis (MZO) of tree community
assembly along latitudinal and elevational gradients. The consistent increase in phyloge-
netic diversity (assessed by MPDses) with latitude and elevation confirms the historical
mix of lineages with different origins (i.e., tropical and temperate) as an important compo-
nent of the observed variation in species richness and composition of tropical mountain
ecosystems [16,32,33]. Since the colonization of Andean mountains by lineages that origi-
nated in the tropical lowlands seems to be limited by physiological restrictions posed by
harsher climatic conditions in the highlands, such as the presence of freezing temperatures,
the historical dispersal of lineages from temperate zones appears as the most important
mechanism shaping this pattern [14,15]. Therefore, we propose the MZO hypothesis as an
important paradigm to improve our understanding of the latitudinal and elevational gradi-
ent of tree phylogenetic diversity, and thus the maintenance of the astonishing diversity
harbored by the Andean region [34].

Alpine tropical floras are examples of high diversification in highland ecosystems
leading to low phylogenetic diversity [35,36]. However, the evidence of tree clade radiations
alongside elevation in the tropical Andes (e.g., adaptive radiations due to thermal variation)
seems to have been less frequent than expected, which by itself seems insufficient to explain
the assembly of tree communities across the tropical Andes [16,33]. In the tropical and
subtropical Andes, the immigration of old lineages that evolved in the meridional and
southern part of South America, such as Nothofagus, Drymis, Podocarpus, and Weinmannia,
as well as the immigration of northern lineages, such as Quercus, have played a key role
in determining the structure and functioning of montane forests [14]. In contrast, some
tropical-originated tree lineages, such as the Eschweilera genus, which have colonized
tropical highlands (e.g., E. antioquensis), have a very small or insignificant increase in
diversity along elevation [37].

Several aspects of the geological and climatic history of South America may have
facilitated the mixing of lineages with different evolutionary histories in communities at
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high latitudes and elevations. The increase in the phylogenetic diversity from tropical
to subtropical Andes may be largely due to the purported expansion and contractions of
either tropical or temperate biomes between periods of warming (~60 My) and cooling
(~35 My) during the Eocene, which favored the mixing of floras that originated under
different climatic regimes [38]. The increase in the phylogenetic diversity that we observed
moving southwards is in opposition to a previous report of a systematic reduction in
the phylogenetic diversity from South America towards Central and North America [11].
One likely explanation for this difference could be the relatively recent connection be-
tween South and North America through the closing of the Isthmus of Panama around
~15 My [39] that prevented an earlier northward expansion of the already very diverse
Amazon/Andean forests. Within the wholly isolated South America, before the closing
of the Isthmus, a more active historical flux of propagule exchange was facilitated by the
Andean uplift [17,32] a process that paralleled the formation of the current Neotropical
forests during the Paleogene [20]. That said, in South America, the tropical–temperate
connection was facilitated along geological time by the Andean uplift, promoting species
migration between contrasting tropical and temperate environments [39].

The increase in the phylogenetic diversity along elevation points to the dispersal of
pre-adapted temperate species and the restricted evolution of tropical lowland lineages
as the underlying processes controlling changes in tree species assembly upslope in the
Andean mountains. This finding supports the idea that dispersal among analogous cli-
matic/ecological zones will be more frequent than among contrasting climates [15]. Our
simulated and empirical findings support the low liability of tropical traits evolution, which
challenges the TNC’s idea of tropical lineage migration and speciation as the driver of the
latitudinal and elevational gradient of species diversity [11] in the Andean ecosystems.
We emphasize the need to acknowledge the role played by historical patterns of species
origination and further immigration not only from the tropics towards the temperate zone
but also in the opposite direction [13,14,18] as a paramount driver of tree community
assembly along these climatic gradients. This mechanism is what we define as the multiple
zones of origin hypothesis (MZO).

In addition to the MZO-related processes, biotic interactions can shape the phyloge-
netic diversity of Andean tree communities along elevational/latitudinal gradients. The
harsh environments at high elevations/latitudes (coldness and seasonality) can promote
mutualistic interactions, such as facilitation among tree species to reduce seedling mortality.
Facilitation tends to occur among distantly related lineages promoting high phylogenetic
diversity, as shown in our results (Figure 4) [40]. In addition, pollination specialization
can drive the coexistence of distantly related lineages with different pollination syndromes
and diversification of some plant clades by pollination isolation reducing the coexistence
of closely related species, leading to high phylogenetic diversity of tree communities [41].
Then, mutualistic interactions such as facilitation and pollination can be considered in inter-
preting the phylogenetic diversity of Andean tree communities and their effects assessed in
future studies [40,41].

A remaining open question is to define the main evolutionary traits that characterize
functional differences between tropical and temperate lineages. Along the elevational
gradient, lowland tropical taxa may have had to reduce total mass and size (i.e., height)
to survive in the colder, more seasonal, and less productive highlands. In contrast, large
temperate species that have migrated to colder and more seasonal tropical environments
such as highlands do not seem to have reduced their size in tropical highlands [14,42]. The
colonization of tropical highlands by large temperate lineages (e.g., Quercus humboldtii,
Weinmania pubescens, Podocarpus montana, etc.) can help explain why tropical highlands can
show similar aboveground carbon productivity to tropical lowlands [14]. We hypothesize
that temperate lineages may have, for example, narrower vessel diameters than their
tropical counterparts, which decreases the risk of cavitation and embolism. To test this
hypothesis, we re-analyzed the dataset available in Olson et al. [43] and included species’
biogeographic origin as a covariate in their model of plant height–vessel diameter. We
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found that temperate species had narrower vessels than tropical species of the same height
(Figure 5). This finding supports the purported physiological and morphological differences
between tropical and temperate lineages that allow temperate tree species to maintain larger
sizes in cold conditions. Advancing our understanding of the evolutionary differences that
could confer some lineages with adaptive advantages under certain climatic conditions (e.g.,
tropical and temperate) may be a useful tool to predict the response of tropical mountain
communities to climate change [44].
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Figure 5. (A) Relationship between plant height and vessel diameter based on the dataset from Olson
et al. (2018). The black line indicates the linear regression according to Olson et al. (2018). The
biogeographic origin was a significant covariate in the model (F = 11.23; p < 0.001). Green circles
represented tropical originated species and blue circles represented temperate originated species.
(B) Distribution of residuals of the linear regression model including all data between temperate and
tropical species showed significant differences in the expected tree height by vessel diameter between
biogeographic origins (t = 3.96, p < 0.001).

In conclusion, the multiple zones of origin (MZO) hypothesis highlights the impor-
tance of the bidirectional historical dispersal of lineages between tropical and temperate
biomes shaping plant phylogenetic diversity along latitudinal and elevational gradients in
the Andes. The historical exchange of lineages along latitude and elevation may have been
fostered by the formation of climatically suitable corridors for plant migration along with
mountain uplift. The observed increase in phylogenetic diversity with elevation and lati-
tude found in both the simulated and the empirical datasets does not support the idea that
broad-scale diversity gradients are generated primarily through a single ecological zone of
origin centered in the tropical lowlands and thus questions the generality of the tropical
niche conservatism hypothesis in its current form [11]. The tropical–temperate mixing of
floras alongside latitude and elevation can represent contrasting ecological strategies to
respond to climate change that should be considered in future assessments of the responses
of Andean tree communities to climate change [45,46]. We suggest that a hypothesis that
explicitly includes the historical context of communities, such as the MZO hypothesis,
could help advance our knowledge of the mechanisms that shape tree community assembly
from local to regional scales [10].

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/plants12203546/s1. Refs. [47–50] cite in Supplementary.

Author Contributions: Conceptualization, S.G.-C., J.S.T., J.A.M. and Á.D.; Formal analysis, S.G.-C.;
Investigation, S.G.-C., J.S.T., J.A.M., K.F., C.B., M.C.-L., J.C., L.C., F.C., W.F., A.F.F., K.G.-C., R.G., Á.I.,
M.I.L., Y.M., A.M., L.M., O.O.-A., E.P., N.S., M.S. and A.T.-V.; Writing—original draft, S.G.-C. and

https://www.mdpi.com/article/10.3390/plants12203546/s1


Plants 2023, 12, 3546 11 of 13

Á.D.; Writing—review & editing, J.S.T., J.A.M., K.F. and Á.D.; Supervision, J.S.T. and Á.D. All authors
have read and agreed to the published version of the manuscript.

Funding: S.G.C. was funded by COLCIENCIAS (Convocatoria 767). A.D. received funding from the
Dirección de Investigaciones de la Universidad Nacional de Colombia Sede Medellín (DIME). F.C.
was funded by the Swiss Agency for Development and Cooperation (SDC), Grant/Award Number:
PA0042-C011-0031 and by Universidad de las Américas Research Grant: FGE.FCC.19.15. The Madidi
Project has been supported by grants from the National Science Foundation (DEB-0101775, DEB-
0743457 and DEB-1836353), the National Geographic Society (NGS 7754-04 and NGS 8047-06), The
Living Earth Collaborative and various other organizations and individuals. K.J.F. was funded
by an award by the US National Science Foundation (DEB LTREB 1754664). We acknowledge the
support provided by the Swiss Cooperation through the Programa Bosques Andinos conducted by
CONDESAN who supported the workshop where the idea of this study was conceived as part of the
core activities promoted by the Red de Bosques Andinos (RBA).

Data Availability Statement: The data that support the findings of this study are available from all
authors upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Humboldt, A.; von Bonpland, A. Essai Sur La Géographie Des Plantes; Chez Levrault Schoell Campagnie Libr.: Paris, France, 1805.
2. Mittelbach, G.G.; Schemske, D.W.; Cornell, H.V.; Allen, A.P.; Brown, J.M.; Bush, M.B.; Harrison, S.P.; Hurlbert, A.H.; Knowlton,

N.; Lessios, H.A.; et al. Evolution and the Latitudinal Diversity Gradient: Speciation, Extinction and Biogeography. Ecol. Lett.
2007, 10, 315–331. [CrossRef]

3. Laiolo, P.; Pato, J.; Obeso, J.R. Ecological and Evolutionary Drivers of the Elevational Gradient of Diversity. Ecol. Lett. 2018, 21,
1022–1032. [CrossRef] [PubMed]

4. Etienne, R.S.; Cabral, J.S.; Hagen, O.; Hartig, F.; Hurlbert, A.H.; Pellissier, L.; Pontarp, M.; Storch, D. A Minimal Model for the
Latitudinal Diversity Gradient Suggests a Dominant Role for Ecological Limits. Am. Nat. 2019, 194, E122–E133. [CrossRef]
[PubMed]

5. Kreft, H.; Jetz, W. Global Patterns and Determinants of Vascular Plant Diversity. Proc. Natl. Acad. Sci. USA 2007, 104, 5925–5930.
[CrossRef]

6. Latham, R.E.; Ricklefs, R.E. Continental Comparisons of Temperate-Zone Tree Species Diversity. In Species Diversity in Ecological
Communities; University of Chicago Press: Chicago, IL, USA, 1993; pp. 294–314.

7. Ricklefs, R.E.; He, F. Region Effects Influence Local Tree Species Diversity. Proc. Natl. Acad. Sci. USA 2016, 113, 674–679. [CrossRef]
[PubMed]

8. Wiens, J.J.; Donoghue, M.J. Historical Biogeography, Ecology and Species Richness. Trends Ecol. Evol. 2004, 19, 639–644. [CrossRef]
[PubMed]

9. Ricklefs, R.E. A Comprehensive Framework for Global Patterns in Biodiversity. Ecol. Lett. 2004, 7, 1–15. [CrossRef]
10. Ricklefs, R.E. Evolutionary Diversification and the Origin of the Diversity-Environment Relationship. Ecology 2006, 87, 3–13.

[CrossRef]
11. Kerkhoff, A.J.; Moriarty, P.E.; Weiser, M.D. The Latitudinal Species Richness Gradient in New World Woody Angiosperms Is

Consistent with the Tropical Conservatism Hypothesis. Proc. Natl. Acad. Sci. USA 2014, 111, 8125–8130. [CrossRef] [PubMed]
12. Crisp, M.D.; Cook, L.G. Phylogenetic Niche Conservatism: What Are the Underlying Evolutionary and Ecological Causes? New

Phytol. 2012, 196, 681–694. [CrossRef] [PubMed]
13. González-Caro, S.; Umaña, M.N.; Álvarez, E.; Stevenson, P.R.; Swenson, N.G. Phylogenetic Alpha and Beta Diversity in Tropical

Tree Assemblages along Regional-Scale Environmental Gradients in Northwest South America. J. Plant Ecol. 2014, 7, 145–153.
[CrossRef]

14. González-Caro, S.; Duque, Á.; Feeley, K.J.; Cabrera, E.; Phillips, J.; Ramirez, S.; Yepes, A. The Legacy of Biogeographic History on
the Composition and Structure of Andean Forests. Ecology 2020, 101, e03131. [CrossRef] [PubMed]

15. Segovia, R.A.; Pennington, R.T.; Baker, T.R.; de Souza, F.C.; Neves, D.M.; Davis, C.C.; Armesto, J.J.; Olivera-Filho, A.T.; Dexter,
K.G. Freezing and Water Availability Structure the Evolutionary Diversity of Trees across the Americas. Sci. Adv. 2020, 6, eaaz5373.
[CrossRef] [PubMed]

16. Ramírez, S.; González-Caro, S.; Phillips, J.; Cabrera, E.; Feeley, K.J.; Duque, Á. The Influence of Historical Dispersal on the
Phylogenetic Structure of Tree Communities in the Tropical Andes. Biotropica 2019, 51, 500–508. [CrossRef]

17. Hoorn, C.; Wesselingh, F.P.; Ter Steege, H.; Bermudez, M.A.; Mora, A.; Sevink, J.; Sanmartín, I.; Sanchez-Meseguer, A.; Anderson,
C.L.; Figueiredo, J.P.; et al. Amazonia through Time: Andean Uplift, Climate Change, Landscape Evolution, and Biodiversity.
Science 2010, 330, 927–931. [CrossRef]

18. Qian, H.; Ricklefs, R.E. Out of the Tropical Lowlands: Latitude versus Elevation. Trends Ecol. Evol. 2016, 31, 738–741. [CrossRef]
19. Scotese, C.R. A Continental Drift Flipbook. J. Geol. 2004, 112, 729–741. [CrossRef]

https://doi.org/10.1111/j.1461-0248.2007.01020.x
https://doi.org/10.1111/ele.12967
https://www.ncbi.nlm.nih.gov/pubmed/29722129
https://doi.org/10.1086/705243
https://www.ncbi.nlm.nih.gov/pubmed/31613672
https://doi.org/10.1073/pnas.0608361104
https://doi.org/10.1073/pnas.1523683113
https://www.ncbi.nlm.nih.gov/pubmed/26733680
https://doi.org/10.1016/j.tree.2004.09.011
https://www.ncbi.nlm.nih.gov/pubmed/16701326
https://doi.org/10.1046/j.1461-0248.2003.00554.x
https://doi.org/10.1890/0012-9658(2006)87[3:EDATOO]2.0.CO;2
https://doi.org/10.1073/pnas.1308932111
https://www.ncbi.nlm.nih.gov/pubmed/24847062
https://doi.org/10.1111/j.1469-8137.2012.04298.x
https://www.ncbi.nlm.nih.gov/pubmed/22943495
https://doi.org/10.1093/jpe/rtt076
https://doi.org/10.1002/ecy.3131
https://www.ncbi.nlm.nih.gov/pubmed/32629538
https://doi.org/10.1126/sciadv.aaz5373
https://www.ncbi.nlm.nih.gov/pubmed/32494713
https://doi.org/10.1111/btp.12661
https://doi.org/10.1126/science.1194585
https://doi.org/10.1016/j.tree.2016.07.012
https://doi.org/10.1086/424867


Plants 2023, 12, 3546 12 of 13

20. Carvalho, M.R.; Jaramillo, C.; de la Parra, F.; Caballero-Rodríguez, D.; Herrera, F.; Wing, S.; Turner, B.L.; D’Apolito, C.; Romero-
Báez, M.; Narváez, P.; et al. Extinction at the End-Cretaceous and the Origin of Modern Neotropical Rainforests. Science 2021, 372,
63–68. [CrossRef] [PubMed]

21. Fine, P.V.A.; Ree, R.H. Evidence for a Time-Integrated Species-Area Effect on the Latitudinal Gradient in Tree Diversity. Am. Nat.
2006, 168, 796–804. [CrossRef]

22. Jaramillo, C.; Rueda, M.J.; Mora, G. Cenozoic Plant Diversity in the Neotropics. Science 2006, 311, 1893–1896. [CrossRef]
23. Revell, L.J. Phytools: An R Package for Phylogenetic Comparative Biology (and Other Things). Methods Ecol. Evol. 2012, 3,

217–223. [CrossRef]
24. Ricklefs, R.E. Estimating Diversification Rates from Phylogenetic Information. Trends Ecol. Evol. 2007, 22, 601–610. [CrossRef]
25. Pennell, M.W.; Eastman, J.M.; Slater, G.J.; Brown, J.W.; Uyeda, J.C.; Fitzjohn, R.G.; Alfaro, M.E.; Harmon, L.J. Geiger v2.0: An

Expanded Suite of Methods for Fitting Macroevolutionary Models to Phylogenetic Trees. Bioinformatics 2014, 30, 2216–2218.
[CrossRef] [PubMed]

26. R Core Team. R: A Language and Environment for Statistical Computing; R Core Team: Vienna, Austria, 2021.
27. Jin, Y.; Qian, H.V. PhyloMaker: An R Package that Can Generate Very Large Phylogenies for Vascular Plants. Ecography 2019, 42,

1353–1359. [CrossRef]
28. Smith, S.A.; Brown, J.W. Constructing a Broadly Inclusive Seed Plant Phylogeny. Am. J. Bot. 2018, 105, 302–314. [CrossRef]

[PubMed]
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