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ABSTRACT

The tropical Andes face unprecedented warming and shifting precipitation patterns due to climate change
and land-use alteration, challenging the futures of Andean forests. During the Quaternary, many Andean
trees responded to climate change through upslope migrations, but while there is evidence of such
ongoing migrations in many species, they are at rates far below what is needed to remain in equilibrium
with current climate. Similarly, given the number of generations required for adaptation and the long
lifespans of many tropical trees, it is unlikely that most species will be able to adapt fast enough. This
synthesis explores the role of migration induced secondary contact and hybridization as potential
mechanisms for accelerating the adaptive response of Andean forests. Hybridization, historically
underappreciated in tropical trees, is increasingly recognized as an important driver of speciation and
ecological diversity. It may facilitate gene flow and introgression, providing novel genetic combinations
that enhance species resilience to climate change. This process can generate new allelic diversity,
allowing species to adapt more rapidly than through mutation or selection on standing variation alone.
However, hybridization can also lead to negative outcomes like genetic swamping and outbreeding
depression. Conservation strategies should consider the potential benefits and risks of hybridization in
maintaining biodiversity under changing environmental conditions. As habitat fragmentation and
deforestation exacerbate the challenges faced by these forests, preserving habitat connectivity will be
crucial to facilitate migration and gene flow, potentially aiding the survival of many Andean tree species
in the Anthropocene.

Keywords: climate change, Andes, hybridization, gene flow, biodiversity, adaptation, migration,
introgression, conservation, tropical montane forests

1. INTRODUCTION

The tropical Andes are the most biodiverse region on Earth and one of the most threatened terrestrial
environments, acutely vulnerable to both climate change and land-use change (Myers et al. 2000;
Mittermeier et al. 2011; Rahbek et al. 2019). Andean forests are warming at rates faster than any in the
historical record as well as experiencing shifts in precipitation regimes (Urrutia and Vuille 2009; Morales
et al. 2023), requiring species to evolutionarily adapt or physiologically acclimate in situ to climates
outside their current climatic niche, or migrate for populations to remain in equilibrium with climate and
avoid extinction (Feeley and Silman 2010b). It has been widely argued that given the rapid pace of
climate change and the generation times required for evolutionary change, it is unlikely that most tree
species will be able to adapt fast enough (e.g., Smith and Donoghue 2008; Shaw and Etterson 2012), and
the potential for acclimation is still unclear (e.g., Shaw and Etterson 2012; Feeley et al. 2023). Several
studies have reported migration as evidenced by upslope shifts in population mean range (Feeley et al.
2011; Fadrique et al. 2018; Mamantov et al. 2021, among others), but few tree species have migration
rates that keep pace with shifts in their preferred habitat (Farfan Rios 2019). Still, species undergoing
range shifts may increasingly overlap with close relatives both spatially and temporally, particularly those
that replace each other along climatic gradients. A breakdown of these barriers to gene flow and increased
hybridization and introgression may offer alternative eco-evolutionary mechanisms for species to respond
to climate change.

Tropical montane forests, particularly the tropical Andes, are distinctly susceptible to climate-driven
secondary contact and gene flow for several reasons. First, these systems comprise a high diversity of rare
species and congeners that turn over rapidly with elevation (Terborgh 1971; Gentry 1982; Cadena et al.
2012; Freeman et al. 2022) resulting in the packing of many, closely related species along elevation
gradients (e.g., Kitayama 1992, Lieberman et al. 1996, Jankowski et al. 2009). Rarity can facilitate
hybridization, as individuals in small populations are more likely to hybridize when in contact with other
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closely related taxa (Rhymer and Simberloff 1996). Additionally, the relatively young evolutionary age
of the tropical Andes may increase the likelihood of gene flow and hybridization, as irreversible
ecological speciation is thought to require long, stable periods (millions of years) of the environmental
conditions that initiated it in the first place (e.g. Seehausen 2006). The Andes are one of the youngest
mountain ranges on earth, with mountain building beginning in the late Cretaceous (~65 Ma) and the
most significant uplift occurring during the middle to late Miocene (~23-12 Ma) and early Pliocene (~4.5
Ma) in tropical zones (Hoorn et al. 2010; Boschman 2021). Diversification of montane plant and animal
genera coincides with these events, beginning ~20 Ma and many events <5 Ma (Hoorn et al. 2010). While
the crown ages of many mid-elevation Andean plant lineages are within the Miocene (Hoorn et al. 2010;
Pérez-Escobar 2022), speciation events are often much younger, resulting from changing environmental
conditions, habitat connectivity, and immigrations over the Pliocene and Pleistocene. Thus, the proportion
of species amenable to hybridization resulting from modern climate-induced secondary contact is
significant. It is therefore, important to understand the role gene flow has played in shaping Andean tree
diversity in the past and the potential impact it may have on the persistence or extinction of these species
in the future.

Range shifts will result in novel species assemblages, influencing both competitive and reproductive
interactions. The evolutionary implications of such secondary contact are difficult to predict, as
hybridization and introgression can increase extinction rates through mechanisms such as genetic
swamping and outbreeding depression and be an important source of genomic and phenotypic diversity
(Rhymer and Simberloff 1996; Todesco et al. 2016; Taylor and Larson 2019). The study of hybridization
has a long history in plants (e.g., Linné and Haartman 1751), but only recently has it become clear how
widespread and fundamental this process is in plant evolution (e.g. Soltis & Soltis 2009, Alix et al. 2017,
Stull et al. 2023). In the British flora, it is estimated that hybridization has occurred in at least 25% of taxa
(Mallet 2005; Stace et al. 2015), and in up to 40% of species in certain genera (Preston and Pearman
2015). Yet despite this propensity for plants to hybridize, there are proportionately few reported hybrid
zones and it is unclear whether this is an artefact of underreporting, lack of data, and botanist biases or a
mechanistic difference in plant and animal hybridization result in different evolutionary outcomes, or a
combination of both (see Nieto Feliner et al. 2023 for a discussion of potential causes). Similarly,
hybridization has historically been considered a rare occurrence in tropical trees, as hybrids were thought
to be poor competitors in high-diversity tropical forests (Ashton 1969; Ehrendorfer 1970; Gentry 1982).
Mounting genomic evidence now suggests that hybridization was not only common historically, but was a
key driver of speciation in the Neotropical tree flora (reviewed by Schley et al. 2022). In addition,
hybridization has been shown to play a central role in expanding the niche breadth of hybridizing tree
species, which may enhance their resilience to future change (Karunarathne et al. 2024).

Prior reviews have examined the legacy of hybridization in vascular plant evolution (Stull et al. 2023)
and historical plant evolution across the Neotropics (Schley et al. 2022), while others considered the
implications of a warming world on hybridization globally and across all taxa (Chunco 2014). Still,
hybridization is nonexistent in discussions about the future of Andean forests under climate change. Here
we explore the potential for increased hybridization in Andean trees due to climate-mediated range shifts
and the possible eco-evolutionary outcomes. Considering hybridization in climate change scenarios may
thus reshape to the classic “adapt, acclimate, migrate or die” framework for Andean trees (Feeley et al.
2012), wherein even minor range shifts facilitate gene flow that allows some species to adapt and cope
more quickly (Kulmuni et al. 2024).

2. HISTORICAL CLIMATE CHANGE AND GENE FLOW

The tropical Andes have a history of significant climatic change, and most modern plant lineages
persisted through oscillations in temperature, precipitation, and CO, concentration over at least the last
2.5 million years (Bush, Silman, and Urrego 2004). Paleo-hydrological records show a gradual trend
toward enhancement of the South American Summer Monsoon (SASM) throughout the Holocene,
marked by abrupt shifts between intense rainfall and significant drought (Bustamante et al. 2016). During
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the Pleistocene-Holocene transition, tropical montane forests experienced ~6 °C of warming, 2-3 °C
greater than what is expected for the current century (Bush et al. 2004). However, because the pace of this
change was gradual, averaging less than 1 °C Ky, trees were able to migrate to keep pace with their
climatic optimum (Bush et al. 2004). Current rates of temperature change are unprecedented in the
Andean Quaternary record (by at least an order of magnitude) and it is unlikely that most species will be
able to remain in equilibrium with climate through migration alone (Feeley and Silman 2010b).
Additionally, future projections show regions of both increased and decreased precipitation across the
Andes, with some of the greatest uncertainty dependent on the ultimate extent of deforestation and land
cover change, as the Amazon Basin is the major source of moisture for Andean precipitation (Vizy and
Cook 2007; Espinoza et al. 2020; Segura et al. 2020; Costa et al. 2021; Moraes et al. 2021). Still, it is
important to understand the impact past climate change and resulting range shifts have had on Andean
plant diversity and gene flow to establish baseline predictions for current change.

Much of the high plant diversity of the tropical Andes is thought to have accumulated through
Quaternary species radiations, driven by repeated altitudinal migrations in response to mountain building
and climatic oscillations (Flantua et al. 2019; Pérez-Escobar et al. 2022). Downslope migrations during
cold glacial periods and upslope migrations during warmer interglacials provided repeated opportunities
for secondary contact and interspecific gene flow. Many studies have shown evidence of such climate-
mediated hybridization, particularly in hyper-diverse Paramo genera. For example, Nevado et al. (2018)
detected several episodes of gene flow among Lupinus species, linked to changes in habitat connectivity
and climate throughout the Pleistocene. However, even with ongoing gene flow, their results suggest that
species are not immediately re-absorbed into parental forms. Instead, gene flow occurred
heterogeneously, at different rates across the genome, with some regions protected from introgression,
though the cause and function of these “genomic islands of divergence” remain unclear (Nevado et al.
2018). Similarly, Pouchon et al. (2018) found that in the Asteraceae subtribe Espeletiinaec most
diversification occurred through morphological adaptation and geographical isolation due to Pleistocene
climatic oscillations. Hybridization was common among sympatric species and may be responsible for the
morphological variation within this group (Pouchon et al. 2018). Historically, high rates of hybridization
and introgression have also been shown to promote phenotypic variation and adaptation to novel
environments in Andean plant lineages such as Polylepis (Schmidt-Lebuhn, Kessler & Kumar 2006),
Lachemilla (Morales-Briones, Liston & Tank 2018), and Solanum (Cara et al. 2013; Pease et al. 2016)
through generating novel genetic and epigenetic variation, gene duplications, and polyploidization.

3. POTENTIAL IMPACTS OF CLIMATE CHANGE ON GENE FLOW

Gene flow can be limited by premating and postmating barriers, driven by both ecological and
evolutionary mechanisms (Arnold 1997; Riesberg and Willis 2007; Lowry et al. 2008). Premating
isolation in trees includes spatial and temporal components, relying on geographic barriers, seasonality
and phenology, and biotic interactions that are driven by the spatiotemporal structure of environments.
Alternatively, postmating isolation may result from mechanical mechanisms such as pollen-pistil
incompatibilities or decreased fitness of hybrid individuals due to developmental abnormality and/or
reduced competitive ability. The ongoing breakdown of premating and postmating barriers due to climate
change (reviewed below) may increase the likelihood of gene flow among closely related Andean trees
through increased spatiotemporal overlap, or decrease the likelihood by shifting species further apart,
both which have important implications for the future of these forests.

3.1 Collapse of spatial barriers

Recent range shifts in response to current climate change have been documented globally, across
a wide range of taxa. However, these shifts rarely occur uniformly, and even closely related species do not
respond in the same way or at the same rate (Tingley et al. 2009; Chunco 2014). In a recent meta-analysis
of 987 species across sixteen global montane regions, Mamantov et al. (2021) found more than 600
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species that have experienced some amount of elevational shift since 1850 (though the Neotropics were
represented by only a single study of birds). Among these species, range shifts were not unidirectional—
61% moved upslope and 28% shifted their ranges downslope (Mamantov et al. 2021), with the downslope
shifts largely associated with changes in precipitation regimes resulting in population declines or local
extirpations (Lenoir et al. 2010; Crimmins et al. 2011). Additionally, low-elevation species were found to
be moving faster than the high-elevation species. Whereas tree-line may be artificially truncated due to
anthropogenic land use for high-elevation species (Lutz et al. 2013), the disparity in the pace of the
elevational shifts is also predicted by thermal tolerance theory. Janzen (1967) hypothesized that reduced
seasonality and temperature variability select for narrower thermal niches in the tropics. As high
elevations experience far greater daily temperature variation than lowland counterparts, high-elevation
species should have wider thermal tolerances and a slower or delayed response to warming. Many
empirical studies have supported Janzen’s Climate Variation Hypothesis (CVH) across taxa (e.g.,
ectotherms—Sunday et al. 2010; terrestrial vertebrates—Chan et al. 2016; insects—Polato et al. 2018;
and plants—Lancaster et al. 2020).

Tropical plants are particularly susceptible to climate warming due to their narrow thermal niches
(Janzen 1967; Perez et al. 2016; Lancaster et al. 2020), and montane regions are warming faster than their
lowland counterparts (Pepin et al. 2015). Several studies have documented widespread upslope shifts in
tree community composition across the tropical Andes over the last two decades (Feeley et al. 2011;
Morueta-Holme et al. 2015; Duque et al. 2015; Fadrique et al. 2018), with the rates of change varying
across locations or elevations. This rate disparity has been attributed to variations in warming rates (Vuille
et al. 2015) and specialized tree communities in ecotones (such as the transition from montane rain forest
to cloud forest at cloud base). Conditions in cloud forests are biotically and abiotically distinct, reducing
the establishment of lowland colonizers not adapted to those conditions (Hillyer and Silman 2010; Hillyer
2018; Fadrique et al. 2018). However, with climate change, cloud base is predicted to rise by 1000 m or
more over the Amazon by 2100 (Cowling et al. 2008; Pinto et al. 2009), and thus future colonization of
these elevations by lowland species is more likely (e.g. Pounds et al. 1999; Stone 2018). These range
shifts combined with the general patterns of rarity, high turnover, and congeneric replacement across
elevation gradients (Pitman et al. 1999; Gentry 1982; Terborgh 1971) make allopatric species barriers
particularly fragile in Andean trees. In addition, the tendency for interspecific gene flow and hybridization
among closely related sympatric trees has been widely documented in the Northern Hemisphere (e.g.,
oaks—Cavender-Bares 2019; spruce—De La Torre et al. 2015; birch-Tsuda et al. 2017; poplar—Chhatre et
al. 2018; and pine—-Menon et al. 2018). Thus, even a small elevational shift that results in spatial overlap
among two previously allopatric tree species could increase the likelihood of gene flow. There are many
examples of such hybrid zones developing from climate-induced range shifts across taxa in temperate
zones including in mammals, birds, fish, insects, and plants (Table 1), though, to date, it has been poorly
documented in tropical systems.

3.2 Collapse of temporal barriers

Temporal barriers also act as important barriers to gene flow, even when species occur in sympatry.
Differentiation in breeding times maintains reproductive isolation in many species, and these barriers are
particularly sensitive to climate change (Menzel et al. 2006; Cleland et al. 2007; Todesco et al. 2016).
Whereas the actual effect of climate change on breeding is highly species- and location-specific
(Parmesan 2007; Prevey et al. 2019), a slight shift in the timing of a species can result in increased or
decreased temporal overlap, regardless of whether its sister species experiences a similar response
(Chunco 2014).

Such phenological shifts have been documented widely, particularly across north-temperate and arctic
plant communities in response to changes in both temperature and precipitation, resulting in shifts in
flowering times and flower senescence (Table 2). Crimmins et al. (2010) reported shifts in the onset of
spring flowering across a 1200 m semi-arid elevation gradient, but the climatic variables associated with
these shifts and the direction of the response varied among the low and high-elevation communities.
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Similarly, Prevéy et al. (2019) detected a community-wide shortening of flowering across tundra species
in response to summer warming, although the size of the effect was greater among late-flowering species.
These studies and others (i.e., Bradley et al. 1999, Haye et al. 2013, Bjorkman et al. 2015) demonstrate
that whereas temporal patterns are highly sensitive to climate change in plants, these changes are complex
and variable across species and environmental gradients.

In tropical systems, the partitioning of flowering times among close relatives is thought to be an
important mechanism for maintaining species coexistence, by reducing competition for pollinators and
other resources (i.e., Snow 1965; van Schaik et al. 1993). Most tropical trees are obligate out-crossers and
have hermaphroditic flowers (Ashton 1969; Bawa 1974, 1979). Bawa et al. (1985) estimated that 98-99%
of lowland tropical trees are pollinated by animals and up to 31% have generalist pollinators from an
array of small insects. If non-specialized pollination systems are common in tropical trees, temporal
isolation may be critical for maintaining species boundaries, particularly as some generalist pollinators are
known to forage over kilometers (Bawa et al. 1985). Synchronized phenology is one mechanism thought
to be common among species dependent on the seasonal presence of the same animal pollinators and/or
dispersers, though fruiting is often much more synchronized than flowering among close relatives
(Appanah 1985; van Schaik et al. 1993).

Temporal partitioning may be less sensitive to temperature and photoperiod, and more strongly
correlated with rainfall in the tropics (Borchert 1983; van Schaik et al. 1993; Sakai 2001), as precipitation
varies more significantly across seasons and latitudes and is an important axis for speciation (Ringelberg
et al. 2023). Particularly in seasonally dry forests, leafing, flowering, and fruiting are all driven largely by
moisture cycles, although other environmental factors, such as temperature and solar irradiance, have
been shown to play a role (van Schaik et al. 1993; Wright and Calderén 2006; Alfaro-Sanchez et al.
2017). With climate change, patterns of precipitation are changing across South America. Many locations
have experienced upward trends in total seasonal and extreme precipitation events (specifically the
southern La Plata Basin and the eastern Andes), whereas generally drier conditions have become more
frequent (reviewed by Carvalho 2020). In the Andes, these trends are more complex and difficult to
predict due to the steep elevation gradients and microclimates, and projected changes show regions of
both increased and decreased precipitation (Urrutia and Vuille 2009). Shifts in local precipitation regimes
will likely affect the predictability of flowering cues for many species, leading to atypical flowering times
and the breakdown of temporal species barriers.

The phenology of Neotropical forests, though long studied (e.g. Bawa 1983; Leigh 1985; van Schaik
et al. 1993; Sakai 2001; Wright and Calderon 2006), is poorly known outside of a few well-studied
lowland sites (e.g., La Selva, Costa Rica; Barro Colorado Island, Panama; Cocha Cashu, Peru). Even less
is known about shifts in phenology, as aseasonality, complex abiotic factors, intraspecific and interannual
variation, and high species diversity all make such studies more difficult than in temperate zones
(Mendoza et al. 2017; Sheldon 2019). Mendoza et al. (2017) reviewed patterns of fruiting phenology
across the Neotropics and found that phenological research is concentrated in Brazil and Costa Rica,
while the vast majority of Central and South America remains entirely unstudied. Some of the best
evidence for phenological shifts linked to climate change in tropical forests comes from southwest China,
where Zhao et al. (2013) studied temporal trends in budburst, growing season, flowering time, and
flowering duration among 21 deciduous trees from 1973-1999. Fourteen of these species showed
consistent trends in phenological changes, such as budburst delays and shorter flowering periods, and
those changes were correlated with increasing regional temperature. Dunham et al. (2018) tracked the
fruiting phenology of 69 rain forest tree species in Madagascar over 12 years and found that increased
rainfall was linked to an increase in the number of co-fruiting species, and drier dry seasons shifted the
timing of peak fruiting later in the season. Climate change is predicted to increase the frequency and
intensity of extreme rainfall and extreme drought events in Madagascar and will thus likely alter the
timing and availability of fruits (Dunham et al. 2018). In the few studies that have recorded overlaps in
flowering times among closely-related tropical trees, these overlaps have resulted in hybridization,
although it is unclear whether these interactions are longstanding or novel (Scotti-Saintagne et al. 2013;
Kenzo et al. 2019).
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As flowering is complex and difficult to predict in tropical forests, research should first focus on
establishing species-specific baseline data that can be used to monitor these changing systems into the
future. Tropical field botanists typically prioritize collecting species in flower, and thus there is a wealth
of historical data on flowering date for many species stored in herbaria, particularly from long-term forest
plots where the same individuals have been monitored for many years (Borchert 1996; Ouédraogo et al.
2020). Large global databases such as the Global Biodiversity Information Facility (GBIF) that can be
queried for flowering specimens make these collections more powerful. However, herbarium collections
are biased due to non-random collecting efforts (i.e., Daru et al. 2017; Vargas et al. 2022) and, therefore,
the distribution of fertile plant material across a region reflects the behavior of researchers as much or
more than plant phenological patterns (future effort should be placed on the latter). Additionally, the
advancement of high-resolution remote sensing technologies over the last several decades has made it
possible to map and identify tree species flowering across a landscape regularly and cost-effectively (e.g.,
Park et al. 2019; Lee et al. 2023). Together, herbarium specimens and drone imagery offer high-resolution
spatio-temporal data for monitoring phenological shifts in response to climate change and potential
breakdowns of temporal barriers among tropical trees. Still, the establishment of useful “baseline” data in
a rapidly changing system is difficult, particularly given the time it takes to establish such baselines, the
variability among populations, species, and locations, and the complete paucity of data from most sites.
Thus, global investment is urgently needed in establishing climate change observatories that can
continuously monitor fine-scale changes at many sites not only in the Neotropics but across the globe.

3.3 Collapse of post-mating barriers

Hybridization is common in flowering plants, with at least 25% of species estimated to exchange
genes with close relatives, nearly double that in animals (Mallet et al. 2016). In tropical trees,
hybridization between closely related species may produce populations with novel genetic variation at a
minimal fitness cost (Schley et al. 2022). As many tropical tree populations persist at low densities, this
increased genetic variation may then reduce Allee effects and inbreeding depression (Cannon and Lerdau
2015; Schley et al. 2022). One example of this is in the dipterocarp genus Shorea Roxb. ex C.F. Gaertn.
from southeast Asia, in which hybridization frequently occurs among four species with overlapping
flowering periods (Kenzo et al. 2019). The resulting hybrid seedlings exhibit high growth performance,
suggesting they have a fitness advantage relative to their parents.

Climate change may impact both the opportunities for hybridization to occur through altering
spatial and temporal barriers and the outcomes of those events by influencing relative fitness (Chunco
2014). The fitness of hybrids is highly sensitive to the environment, as hybrids may be more successful
than their parents in some environments but not others (Arnold 1997; Rieseberg et al. 2003, 2007; Taylor
et al. 2009; Grant and Grant 1993, 2002; reviewed by Arnold and Martin 2010). As climate change is
expected to result in novel combinations of environmental parameters, increased fitness of hybrids may
be an important mechanism for species adaptation and persistence, particularly in contact zones at range
margins, where both parent species may be less well adapted to local conditions (Cronk and Suarez-
Gonzalez 2018). In this way, introgressed genetic variation can facilitate local adaptation (Suarez-
Gonzalez et al. 2018) and even promote adaptive radiations and functional diversity (e.g., anoles—Wogan
et al. 2023; cichlids—Irisarri et al. 2018).

Across montane gradients, and particularly in the Andes, upslope range shifts tracking
temperature and precipitation optima will result in tree species encountering a suite of novel
environmental conditions. In most cases, climate change will far outpace the upslope shifts of most trees,
making it impossible for species to remain at equilibria with climate. For example, given the rate of
temperature increase in the Andes since 1975 (0.03—0.04 °C year™'; Vuille and Bradley 2000) and
adiabatic lapse rate (5.5 °C km™'; Bush et al. 2004), Feeley et al. (2011) argued that tree species would
have to migrate upslope at a pace of 5.5-7.5 vertical m year™' just to remain at equilibrium. As a result,
upslope shifts in species’ population means have been largely due to mortality at the warm end of their
range (range retractions), rather than significant recruitment at the cooler end (Duque et al. 2015). These
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range retractions may result in higher extinction and decreased hybridization (at least initially),
particularly in species with narrow thermal tolerances.

Elevation is known to play a significant role in shaping the gradients of other environmental
variables in the Andes, including humidity, solar radiation, wind, cold-air intrusions, soil properties, and
diurnal temperature variation (Grubb 1977; Vitousek 1998; Rapp and Silman 2012; Unger et al. 2012;
Nottingham et al. 2015). Biotic gradients in the Andes can have as strong of an effect on plant
performance (or even greater), than the abiotic factors (Hillyer and Silman 2010; Nottingham et al. 2018).
As such, range shifts will also result in novel communities and thus a new suite of competitive
interactions (Lurgi et al. 2012), as the distributions of individual species (Terborgh and Weske 1975;
Callaway 1998), their pollinators (Simanonok and Burkle 2014; Lefebvre et al. 2018), dispersers (Dehling
et al. 2014; Chapman et al. 2016), herbivores (Pellissier et al. 2012; Rasmann et al. 2014), and pathogens
(Abbate and Antonovics 2014; Halliday et al. 2021) are highly structured across these gradients and have
different responses to microclimatic changes (e.g., Rasmann et al. 2014; Halliday et al. 2021; McCabe
and Cobb 2021). Hybrid offspring of historically high and low-elevation species (even when rare) may
thus be more fit for these novel abiotic conditions and biotic interactions than either of their parents (e.g.
Cronk and Suarez-Gonzalez 2018).

4. ECO-EVOLUTIONARY IMPLICATIONS

Evidence suggests that, historically, hybridization was common and played an important role in
shaping Neotropical plant diversity (reviewed by Schley et al. 2022). Hybridization can facilitate both
diversification and extinction, and these outcomes are determined by many factors including the
divergence times between parental lineages (Comeault and Matute 2018), recombination (Martin et al.
2019), and selection (Suarez-Gonzalez et al. 2018; Schley et al. 2022). As current climate change is likely
to modify opportunities for gene flow through spatial and temporal shifts in populations, it is important to
understand the potential eco-evolutionary implications of hybridization in tropical Andean forests.

First, hybridization can be deleterious (especially initially) through maladaptive gene flow
(Kirkpatrick and Barton 1997; Mallet 2005; Tavares et al. 2018). Often, this results in poorly fit hybrids
and parent populations that are less well-adapted to the local environment due to backcrossing (Rhymer
and Simberloff 1996). If selection does not quickly remove these hybrids, maladaptive alleles may
become fixed or rise to high frequency (due to pleiotropy, hitchhiking, genetic drift, and other context-
specific eco-evolutionary trade-offs) resulting in parent population homogenization and a decrease in
niche specialization (Kirkpatrick and Barton 1997; Buggs and Pannell 2006). Alternatively, hybridization
may result in offspring with low fitness that act as evolutionary “dead ends,” by producing genetic
combinations that are a poor match for the environment or sterile due to chromosomal abnormalities, thus
reducing their chances of survival and reproduction (e.g. Zhang et al. 2021). In extreme cases, extensive
introgression and homogenization may lead to the collapse of two distinct evolutionary lineages back into
a single lineage, termed “reverse speciation” (Rhymer and Simberloff 1996; Seehausen 2006). Reverse
speciation is increasingly likely in response to significant environmental change, as such change can
simultaneously increase the potential for gene flow and reduce selection against hybrids (Seehausen
2006). Additionally, reverse speciation and extinction are more likely when common species hybridize
with rare ones, as a greater fraction of the rare species’ population will hybridize each generation leaving
a smaller fraction with no genetic mixing (Rhymer and Simberloff 1996; Balao et al. 2015).

The classic and best-studied example of reverse speciation is the Enos Lake sympatric stickleback
species. Though some baseline gene flow has likely always occurred among these species, they were
phenotypically distinct and gene flow was strongly constrained by niche differentiation and selection
against intermediate phenotypes. However, the rapid environmental change that followed the introduction
of an invasive crayfish resulted in a hybrid swarm and the collapse of the two distinct lineages into a
single lineage in less than two decades (Kraak et al. 2001; Taylor et al. 2006; Gow et al. 2006). Other
theoretical work has shown that hybridization can lead to rapid extinction, in some cases in less than five
generations (Wolf et al. 2001). Given the short divergence times and fragile spatio-temporal boundaries
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between many Andean trees, combined with climate change and the emergence of novel environments,
reverse speciation and/or extinction may be possible—or even likely—among many Andean tree lineages.
With hyperdominance and extreme rarity as the predominant community pattern in these forests,
migrating species with broad elevational ranges and high population densities could quickly aggregate
allelic diversity through introgression while the rare and narrowly distributed species are driven extinct. If
instead of being a rare event, this asymmetric hybridization becomes increasingly common, it could result
in the Andean “species-pump” (sensu Antonelli and Sanmartin 2011) shifting to a “species-sink” of
diversity (Figure 1).

A less extreme outcome of hybridization is that gene flow is maintained over many generations with
minimal impact on the evolutionary trajectories of the species involved. Due to differential selection and
introgression rates across the genome, loci that confer differential fitness benefits between species may
remain distinct, while unlinked, neutral loci are homogenized through gene flow (Gompert et al. 2012;
Schley et al. 2022). This type of hybridization can maintain stable hybrid zones at species’ range margins
for generations. Examples of such stable hybrid zones from the Andes include parrots (Masello et al.
2011), flycatchers (Dubay and Witt 2014), Heliconius butterflies (Rosser et al. 2014), and lupines
(Nevado et al. 2018) and given the high degree of sympatry and parapatry among congeneric species,
stable hybrid zones may also be widespread in Andean trees, particularly at range margins.

Finally, hybridization can drive rapid evolutionary change by producing novel gene combinations
(Rhymer and Simberloff 1996; Prentis et al. 2008). This change occurs more rapidly than evolution by
mutation, as hybridization results in novel variation in multiple genes simultaneously, within a single
generation (Rieseberg et al. 2003; Seehausen 2004; Chunco 2014). The introduction of new alleles may
then increase the resilience of populations to environmental change and even rescue small populations at
risk of extinction (Basket and Gomulkiewicz 2011). In novel, extreme, or rapidly changing
environments, selection may favor hybrids whose novel gene combinations produce traits with higher
fitness than either of their parents (Chunco 2014; Schley et al. 2022). For example, in sunflowers, species
found in extreme habitats (Helianthus anomalus, H. deserticola, and H. paradocus) are of hybrid origin,
and colonization of these habitats (e.g. sand dunes, deserts, salt marshes) is thought to have been
facilitated by selection favoring the extreme phenotypes generated by hybridization (Rieseberg et al.
2003; Rieseberg et al. 2007). Simulations show that hybrids may even adapt faster to new environments
compared to their parent populations by generating a fitness advantage that can offset other
incompatibilities (Kulmuni et al. 2024). In this way, climate-change-mediated hybridization can trigger
adaptive radiations, as is thought to have occurred in many Andean plant lineages throughout the
Quaternary (e.g. Duskova et al. 2017, Vargas et al. 2017, Pouchon et al. 2018, Nevado et al. 2018; Figure
1).

The special case of polyploidization through hybridization (termed allopolyploidy) has long been
recognized as a particularly important evolutionary mechanism in plants. Allopolyploidy can result in
“instantaneous” speciation from the parental lineage due to chromosomal incompatibilities resulting in
reproductive isolation (Stull et al. 2023). Stebbins (1959) suggested that allopolyploidy is one of the most
common ways that plant species arise, and Wood et al. (2009) proposed that at least 15% of speciation
events in angiosperms are accompanied by ploidy increase. Allopolyploidy results in greater genomic
variation for selection to act upon through the merging of differentiated genomes (Alix et al. 2017), and
provides “backup” copies of genes if one is rendered maladaptive or nonfunctional due to allele changes.
Thus, hybridization resulting in changes in ploidy may further increase the pace at which species can
respond to rapidly changing environments. Evidence from the Andes suggests that allopolyploidy has
played a role in diversification and colonization of novel habitats in groups such as Nicotiana
(Solanaceae; Clarkson et al. 2017), Solanum (Solanaceae; Hijmans et al. 2007), Silenes (Caryophyllaceae;
Frajman et al. 2018), Polylepis (Rosaceae; Schmidt-Lebuhn et al. 2010), Castilleja (Orobanchaceae; Tank
and Olmstead 2009), and Lachemilla (Rosaceae; Morales-Briones et al. 2018), though this remains
largely uninvestigated for the majority of tree lineages in these high diversity forests.

5. CONSERVATION IMPLICATIONS
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Increased gene flow within and hybridization and introgression among species can allow for greater
flexibility in the responses of Andean trees to climate change through the formation of novel allelic
combinations unlikely to occur in parental genomes alone (Cronk and Suarez-Gonzalez 2018). The
potential for species to respond to environmental change through genomic mechanisms depends largely
on the standing genetic diversity, which may underpin fitness, inbreeding depression, and niche breadth
(DeWoody et al. 2021; Hoban et al. 2022). Population size also impacts adaptive potential and extinction
probability, as selection is less effective in small populations and the effects of genetic drift are more
pronounced (Wright 1932; Willi et al. 2006). As such, hybridization provides for evolutionary outcomes
other than extinction (Pereira et al. 2016)—currently the most likely outcome for a high number of tree
species in tropical Andean forests under future climate change scenarios (e.g. Feeley et al. 2012). If
hybridization and adaptive introgression are indeed important for the persistence of these species in the
Anthropocene (Hamilton and Miller 2015), it may even call into question what extinction really means,
with much allelic diversity residing within interbreeding populations and species rather than segregated
among them. Perhaps biodiversity conservation efforts should more strongly consider species complexes,
and focus on maintaining interspecific gene flow rather than preventing it (Cronk and Suarez-Gonzalez
2018). This could be achieved through protecting and restoring the connectivity of ecosystems, one of the
primary goals outlined in the Kunming-Montreal Biodiversity Framework to safeguard the genetic
diversity of populations and their adaptive potential (United Nations Convention on Biological Diversity
2022).

Habitat connectivity is inextricably linked to the potential for species migrations, gene flow, and
hybridization, but faces significant threat from climate change and deforestation. In the tropical Andes,
anthropogenic land-cover change is rapidly reducing suitable habitat (e.g., Rodriguez Eraso et al. 2013,
Curatola Fernandez et al. 2015), which in turn decreases population sizes, fragments, and isolates
populations, and increases distances they must migrate or adds “friction” to the landscape (Ricketts 2001;
Zeller et al. 2012). Forest loss accelerates upslope range shifts in tropical regions, possibly due to
population extirpation and microclimatic changes (Guo et al. 2018), while cattle grazing and
anthropogenic fires in the Andes are reducing the upper elevational limits of forest growth (Lutz et al.
2013). In addition, defaunation reduces the potential for both migration and gene flow (Malhi et al. 2014;
Mokany et al. 2014) as most tropical trees rely on animals for both pollination and dispersal (see Zjhra
and Kaplin 2004). Without immediate action to better protect and expand protected areas in these regions
and create habitat and, specifically, climate corridors, many species will be driven to extinction before
climate change pushes them to the limits of their environmental tolerance (Silman and Feeley 2010a;
Malhi et al. 2014).

6. CONCLUSIONS

The rapid pace of current climate change means that most Andean tree species cannot move fast
enough to keep pace with their preferred climate. However, any migration that results in spatio-temporal
overlap among previously allopatric species may result in hybridization, which can introduce new suites
of allelic diversity and gene combinations. Although the evolutionary outcomes of hybridization can be
both creative and destructive, and these outcomes are difficult to predict, increased genomic diversity
provides a greater opportunity for selection to act upon. Traditional adaptation via natural selection upon
standing genetic variation and new mutations can take many generations, rendering it an untenable
response for long-lived tropical trees under current climate change scenarios (Smith and Donoghue 2008;
Shaw and Etterson 2012). Hybridization with introgression can significantly speed up this process
through the introduction of many new genes or whole genomes within a single generation (Rieseberg et
al. 2003; Seehausen 2004; Chunco 2014). Whereas this may occur at a cost to biodiversity in some
instances due to lineage collapse or reduced hybrid fitness (Rhymer and Simberloff 1996; Seehausen
2006; Todesco et al. 2016), there may still be an overall net biodiversity gain when considering the
expected losses to the Andean tree flora under migration and adaptation alone (Feeley et al. 2012).
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Though not as well characterized, increased genetic variation can also influence a population’s
ability to acclimate to changing environmental conditions by broadening the range of individual
physiological responses. Further, Walter et al. (2023) showed that genetic variation underlying plasticity
can increase adaptive potential in novel environments. However, Andean tree genera tend to show strong
niche conservatism, with congeneric species often occupying similar elevations and clustering above or
below the cloud forest ecotone (Griffiths et al. 2020). Though niche conservatism may constrain the range
of environmental conditions to which a lineage is ultimately able to acclimate or adapt, some species and
genera are able to escape this constraint and are not phylogenetically clustered (Griffiths et al. 2020).
Others have even argued that clades whose species occupy similar habitats exhibit increased mutualism,
niche expansion, and hybridization, resulting in reduced vulnerability to environmental change (Prinzing
et al. 2016). Niche conservatism may also contribute to the lability of plant hybrid zones and thus the
lack of hybrid zone reporting in plants compared to animals, by enabling them to track their ecological
preferences through active dispersal, which can lead to disjunctions and the dynamic formation and
dissolution of hybrid zones over time (Nieto Feliner et al. 2023).

Hybridization has been fundamental to the evolution of Neotropical trees historically (reviewed by
Schley 2022), but the paleoecological record shows that species largely responded to past climate change
by shifting geographically to remain in equilibrium with climate or went extinct (e.g. Jackson and
Overpeck 2000; Bush et al. 2004; Williams et al. 2004). In the past, species shifting in equilibrium with
climate likely had higher fitness and swamped hybrids and novel adaptations that allowed species to adapt
to new climates. Here, the past may not be the key to understanding the future given the exceptional pace
and directionality of temperature changes compared to the late Quaternary fossil record (Bush et al.
2004). Instead, population sizes may collapse with range retractions, reducing competition and swamping
novel gene combinations generated by hybridization. Future work should focus on understanding how
climate change and land cover change may affect opportunities for hybridization and its evolutionary
outcomes across elevational gradients in Neotropical trees, as this is critical for predicting community-
wide responses and understanding biodiversity responses to ongoing climate change.

Recent advances in genomics provide powerful tools to better characterize the complex outcomes
and implications of climate-induced range shifts and hybridization. Next-generation sequencing has made
the study of non-model organisms, such as tropical trees, not only possible but cost-effective (Andrews et
al. 2016; Parchman et al. 2018). Genome-wide sequencing can identify allelic shifts and gene flow across
gradients, and detect potential hybridization at range margins (e.g. Eaton et al. 2015 OR Nevado et al.
2018, Linan et al. 2021). When resources such as annotated genomes are available, genome-wide
association (GWAS) and quantitative trait loci (QTL) mapping can identify gene variants linked to
adaptive traits such as thermal tolerance and drought resilience to help researchers understand which
hybrid combinations may enhance adaptive potential and under which conditions these adaptations arise
(Santure and Garant 2018). Targeted enrichment sequencing even allows for the inclusion of historical
plant material in such studies, and resources such as taxon-specific loci sets are rapidly being developed
(e.g. Nicholls et al. 2015; Johnson et al. 2019). Finally, combining genomics with transcriptomics can
help to disentangle the roles of adaptive evolution versus physiological plasticity in species responses to a
changing environment (DeBiasse and Kelly 2016). Importantly, these next-generation technologies
generate data for hundreds to thousands of loci for a single sample, an essential advance for the study of
tropical trees which often occur at low densities (ter Steege et al. 2013).

Still, even in the presence of next-generation technologies, the greatest limit to our understanding
of hybridization in Andean forests is the number of collections that remain unidentified — nearly a third of
all trees in most tropical forest plot networks. Future work must also focus on collections-based research
and using molecular tools to identify unknown morphospecies, and thereby better constrain species
ranges, identify ongoing distributional shifts, and characterize the extent and consequences of
hybridization in Andean forests.
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Table 1. Studies identifying recent hybrid zones among species or subspecies that developed after a range
shift attributed to climate change.

Study Common name Scientific name Taxonomic Location
group
Garroway et al. Northern & Glaucomys sabrinus ~ Mammal Ontario, Canada
2010 southern flying x G. volans
squirrels
Cahill et al 2015, Polar bears x Ursus maritimus x U.  Mammal ABC islands,
Pongracz et al. 2017  brown bears arctos Alaska, Canada,
Europe
Garcia-Elfring et al.  White-footed Peromyscus leucopus  Mammal Quebec
2017 mouse x deer x P. maniculatus
mouse
Taylor et al. 2014 Black-capped Poecile atricapillus x  Bird Pennsylvania &
chickadees x P, carolinensis New Jersey
Carolina
chickadees
Kersten et al. 2023 Atlantic puffins Fratercula arctica Bird Norway
naumanni x F. a.
arctica x F. a. grabae
Muhlfeld et al. 2009  Cutthroat trout x Oncorhynchus clarkii ~ Fish Flathead river basin
& 2014 Rainbow trout lewisi x O. mykiss (Montana, US &
Alberta, Canada)
Walls 2009 Plethodon Plethodon teyahalee  Amphibian  Southern
salamanders x P. shermani Appalachians
Sequeira et al. 2011  Neotropical toads ~ Rhinella marinax R.  Amphibian Amazonia
schneideri
Pereira et al. 2016 Fire salamanders  Salamandra Amphibian  Iberian Peninsula
salamandra (9
subspecies)
Britch et al. 2008 Striped ground Allonemobius Insect Eastern United
cricket x southern  fasciastus x A. socius States
ground cricket
Mallet et al. 2011 Brown argus Polyommatus Insect Britain
butterflies (Aricia) agestis x P,
(A.) artaxerxes
Sanchez-Guillen et Damselflies Ischnura elegans x . Insect Europe
al. 2011, graellsii
Wellenreuther et al.
2018
Ryan et al. 2018 Tiger swallowtail  Papilio glaucus x P. Insect [linois &
butterflies canadensis Wisconsin
Stewart et al. 2012 Shortleaf x Pinus echinata x P. Plant Southeastern
loblolly pine taeda United States
Beatty et al. 2015 St. Patrick's Saxifraga spathularis  Plant Ireland
cabbage x kidney  x S. hirsuta

saxifrage
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Gomez et al. 2015

Ortego et al. 2016

Leroy et al. 2017

Chhatre et al. 2018

Pfeilsticker et al.
2022,2023
Tsuda et al. 2016,
Chen et al. 2019,

Karunarathne et al.

2024

Alpine plants

Californian oaks

European white
oaks

Poplar trees

Tasmanian
eucalyptus
Norway spruce X
Siberian spruce

Many species

Quercus durata x Q.
berberidifolia
Quercus petraea x Q.
robur x Q. pubescens
x Q. pyrenaica
Populus angustifolia
x P. balsamifera x P.
trichocarpa
Eucalyptus risdonii x
E. amygdalina

Picea abies x P.
obovate

Plant

Plant

Plant

Plant

Plant

Plant

Sierra-Nevada
Mountains (south-
eastern Spain)
California

France

Rocky Mountains

Tasmania

Europe




561

562
563

Table 2. Studies of climate change-induced plant phenological shifts.

Study Type of phenological shift Location Time period of
study
Bradley et al. 1999 Early onset of spring Wisconsin 1936-1947 &
flowering 1976-1998
Menzel 2000 Early onset of spring leafing ~ Europe 1959-1996
and flowering and delayed
onset of autumn leaf coloring
Piao et al. 2006 Early onset of leafing China 1982-1999
Crimmins et al. 2010  Early onset of spring Mt. Kimball, Arizona 1984-2003
flowering
Hoye et al. 2013 Shortening of flowering Greenland 1996-2009
Ovaskainen et al. 2013  Early onset of spring Russia 1960-2010
flowering
Zhao et al. 2013 Shortening of flowering and Southwest China 1973-1999
budburst delays
Bjorkman et al. 2015 Experimental warming — Ellesmere Island, 1992-2013
early onset flowering; Natural Canadian Arctic
plots — constant or delayed Archipelago
flowering (hypothesized due
to increased snowfall &
delayed snowmelt)
Panchen and Root Early onset flowering and Ellesmere Island, 1994-2014
2015 fruiting in Dryas integrifolia ~ Canadian Arctic
but no change in Saxifraga Archipelago
oppositifolia
Dunham et al. 2018 Shifts in fruiting timing Madagascar 2005-2016
Prevéy et al. 2019 Early onset of flowering in Tundra ecosystems
late-flowering species; overall across N America,
shorter flowering seasons Greenland, and Europe
Rosbakh et al. 2021 Early onset of leaf out, Siberia 1976-2018

flowering, and fruiting
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FIGURES

Upslope range shifts

Colonization

Extinction —— * ——— Hybridization

Reverse
speciation

Extant lineages
Hybrids

Figure 1. Under current climate change, species are shifting their ranges upslope to track their optimal
environmental conditions, resulting in increased range overlap and gene flow. Some populations and
species will go extinct, while other recently diverged lineages may collapse back into a single lineage,
resulting in decreased species diversity. Alternatively, increased gene flow may result in hybrids that are
more fit than their parents or backcrossing of novel allelic diversity via introgression, allowing for
diversification and colonization of novel climate zones. Colors represent distinct lineages. Leaves with
wavy margins represent hybrids.



576
577
578
579
580
581

582
583

584
585

586
587
588

589
590

591
592

593
594

595
596

597

598
599

600
601

602
603
604

605
606

607

608
609

610
611

DATA AVAILABILITY STATEMENT

Not applicable.

REFERENCES

Abbate, J. L., & Antonovics, J. (2014). Elevational disease distribution in a natural plant—pathogen
system: insights from changes across host populations and climate. Oikos, 123(9), 1126-1136.

Alfaro-Sanchez, R., Muller-Landau, H. C., Wright, S. J., & Camarero, J. J. (2017). Growth and
reproduction respond differently to climate in three Neotropical tree species. Oecologia, 184, 531-541.

Alix, K., Gérard, P. R., Schwarzacher, T., & Heslop-Harrison, J. S. (2017). Polyploidy and interspecific
hybridization: partners for adaptation, speciation and evolution in plants. Annals of botany, 120(2), 183-
194.

Andrews KR, Good JM, Miller MR, Luikart G, and Hohenlohe PA. (2016). Harnessing the power of
RADseq for ecological and evolutionary genomics. Nature Reviews Genetics 17 (2) 81 - 92.

Angert, A. L., Bontrager, M. G., & Agren, J. (2020). What do we really know about adaptation at range
edges?. Annual Review of Ecology, Evolution, and Systematics, 51, 341-361.

Antonelli, A., & Sanmartin, 1. (2011). Why are there so many plant species in the
Neotropics?. Taxon, 60(2), 403-414.

Appanah, S. (1985). General flowering in the climax rain forests of South-east Asia. Journal of Tropical
Ecology, 1(3), 225-240.

Arnold, M. L. (1997). Natural hybridization and evolution. Oxford University Press.

Arnold, M. L., & Martin, N. H. (2010). Hybrid fitness across time and habitats. Trends in Ecology &
Evolution, 25(9), 530-536.

Ashton, P. S. (1969). Speciation among tropical forest trees: some deductions in the light of recent
evidence. Biological journal of the Linnean Society, 1(1-2), 155-196.

Balao, F., Casimiro-Soriguer, R., Garcia-Castafio, J. L., Terrab, A., & Talavera, S. (2015). Big thistle eats
the little thistle: does unidirectional introgressive hybridization endanger the conservation of Onopordum
hinojense?. New Phytologist, 206(1), 448-458.

Baskett, M. L., & Gomulkiewicz, R. (2011). Introgressive hybridization as a mechanism for species
rescue. Theoretical Ecology, 4,223-239.

Bawa, K. S. (1974). Breeding systems of tree species of a lowland tropical community. Evolution, 85-92.

Bawa, K. S. (1979). Breeding systems of trees in a tropical wet forest. New Zealand Journal of
Botany, 17(4), 521-524.

Bawa, K. S., Bullock, S. H., Perry, D. R., Coville, R. E., & Grayum, M. H. (1985). Reproductive biology
of tropical lowland rain forest trees. II. Pollination systems. American journal of botany, 72(3), 346-356.



612
613
614

615

616
617

618
619

620
621

622
623

624
625

626
627

628
629
630

631
632
633

634
635

636
637

638
639

640
641

642
643

644
645
646

647
648

Bjorkman, A. D., Elmendorf, S. C., Beamish, A. L., Vellend, M., & Henry, G. H. (2015). Contrasting
effects of warming and increased snowfall on Arctic tundra plant phenology over the past two
decades. Global Change Biology, 21(12), 4651-4661.

Borchert, R. (1983). Phenology and control of flowering in tropical trees. Biotropica, 81-89.

Borchert, R. (1996). Phenology and flowering periodicity of Neotropical dry forest species: evidence
from herbarium collections. Journal of tropical ecology, 12(1), 65-80.

Boschman, L. M. (2021). Andean mountain building since the Late Cretaceous: A paleoelevation
reconstruction. Earth-Science Reviews, 220, 103640.

Bradley, N. L., Leopold, A. C., Ross, J., & Huffaker, W. (1999). Phenological changes reflect climate
change in Wisconsin. Proceedings of the National Academy of Sciences, 96(17), 9701-9704.

Bridle, J. R., & Vines, T. H. (2007). Limits to evolution at range margins: when and why does adaptation
fail?. Trends in ecology & evolution, 22(3), 140-147.

Buggs, R. J., & Pannell, J. R. (2006). Rapid displacement of a monoecious plant lineage is due to pollen
swamping by a dioecious relative. Current Biology, 16(10), 996-1000.

Bush, M. B., Silman, M. R., & Urrego, D. H. (2004). 48,000 years of climate and forest change in a
biodiversity hot spot. Science, 303(5659), 827-829.

Bustamante, M. G., Cruz, F. W., Vauille, M., Apaéstegui, J., Strikis, N., Panizo, G., ... & Edwards, R. L.
(2016). Holocene changes in monsoon precipitation in the Andes of NE Peru based on 6180 speleothem
records. Quaternary Science Reviews, 146, 274-287.

Cadena, C. D., Kozak, K. H., Gomez, J. P., Parra, J. L., McCain, C. M., Bowie, R. C., ... & Graham, C. H.
(2012). Latitude, elevational climatic zonation and speciation in New World vertebrates. Proceedings of
the Royal Society B: Biological Sciences, 279(1726), 194-201.

Callaway, R. M. (1998). Competition and facilitation on elevation gradients in subalpine forests of the
northern Rocky Mountains, USA. Oikos, 561-573.

Cannon, C. H., & Lerdau, M. (2015). Variable mating behaviors and the maintenance of tropical
biodiversity. Frontiers in Genetics, 6, 103387.

Cara, N., Marfil, C. F., & Masuelli, R. W. (2013). Epigenetic patterns newly established after interspecific
hybridization in natural populations of S olanum. Ecology and Evolution, 3(11), 3764-3779.

Carvalho, L. M. (2020). Assessing precipitation trends in the Americas with historical data: A
review. Wiley Interdisciplinary Reviews: Climate Change, 11(2), €627.

Cavender-Bares, J. (2019). Diversification, adaptation, and community assembly of the American oaks
(Quercus), a model clade for integrating ecology and evolution. New Phytologist, 221(2), 669-692.

Chan, W. P,, Chen, L. C., Colwell, R. K., Liu, W. C., Huang, C. Y., & Shen, S. F. (2016). Seasonal and
daily climate variation have opposite effects on species elevational range size. Science, 351(6280), 1437-
1439.

Chapman, H., Cordeiro, N. J., Dutton, P., Wenny, D., Kitamura, S., Kaplin, B., ... & Lawes, M. J. (2016).
Seed-dispersal ecology of tropical montane forests. Journal of Tropical Ecology, 32(5), 437-454.



649
650
651

652

653
654
655

656
657

658
659
660

661
662
663
664

665
666
667

668
669

670
671

672
673
674

675
676
677

678
679
680

681
682

683
684

685
686

Chhatre, V. E., Evans, L. M., DiFazio, S. P., & Keller, S. R. (2018). Adaptive introgression and
maintenance of a trispecies hybrid complex in range-edge populations of Populus. Molecular
ecology, 27(23), 4820-4838.

Chunco, A. J. (2014). Hybridization in a warmer world. Ecology and evolution, 4(10), 2019-2031.

Clarkson, J. J., Dodsworth, S., & Chase, M. W. (2017). Time-calibrated phylogenetic trees establish a lag
between polyploidisation and diversification in Nicotiana (Solanaceae). Plant Systematics and
Evolution, 303, 1001-1012.

Cleland, E. E., Chuine, 1., Menzel, A., Mooney, H. A., & Schwartz, M. D. (2007). Shifting plant
phenology in response to global change. Trends in ecology & evolution, 22(7), 357-365.

Comeault, A. A., & Matute, D. R. (2018). Genetic divergence and the number of hybridizing species
affect the path to homoploid hybrid speciation. Proceedings of the National Academy of
Sciences, 115(39), 9761-9766.

Costa, M. H., Borma, L. S., Espinoza, J. C., Macedo, M., Marengo, J. A., Marra, D. M., Ometto, J.P. &
Gatti, L. V. (2021). The physical hydroclimate system of the Amazon. Science Panel for the Amazon. Part
L. the Amazon as a Regional Entity of the Earth System. Unites Nations Sustainable Development
Solutions Network, New York. US, 1-31.

Cowling, S. A., Shin, Y., Pinto, E., & Jones, C. D. (2008). Water recycling by Amazonian vegetation:
coupled versus uncoupled vegetation—climate interactions. Philosophical Transactions of the Royal
Society B: Biological Sciences, 363(1498), 1865-1871.

Crimmins, T. M., Crimmins, M. A., & David Bertelsen, C. (2010). Complex responses to climate drivers
in onset of spring flowering across a semi-arid elevation gradient. Journal of Ecology, 98(5), 1042-1051.

Cronk, Q. C., & Suarez-Gonzalez, A. (2018). The role of interspecific hybridization in adaptive potential
at range margins.

Curatola Fernandez, G. F., Obermeier, W. A., Gerique, A., Lopez Sandoval, M. F., Lehnert, L. W., Thies,
B., & Bendix, J. (2015). Land cover change in the Andes of Southern Ecuador—Patterns and
drivers. Remote Sensing, 7(3), 2509-2542.

Daru, B. H., Park, D. S., Primack, R. B., Willis, C. G., Barrington, D. S., Whitfeld, T. J., ... & Davis, C. C.
(2018). Widespread sampling biases in herbaria revealed from large-scale digitization. New
Phytologist, 217(2), 939-955.

Dehling, D. M., Fritz, S. A., Topfer, T., Packert, M., Estler, P., Bohning-Gaese, K., & Schleuning, M.
(2014). Functional and phylogenetic diversity and assemblage structure of frugivorous birds along an
elevational gradient in the tropical Andes. Ecography, 37(11), 1047-1055.

DeBiasse, M. B., & Kelly, M. W. (2016). Plastic and evolved responses to global change: what can we
learn from comparative transcriptomics?. Journal of Heredity, 107(1), 71-81.

De La Torre, A., Ingvarsson, P. K., & Aitken, S. N. (2015). Genetic architecture and genomic patterns of
gene flow between hybridizing species of Picea. Heredity, 115(2), 153-164.

DeWoody, J. A., Harder, A. M., Mathur, S., & Willoughby, J. R. (2021). The long-standing significance of
genetic diversity in conservation. Molecular ecology, 30(17), 4147-4154.



687
688

689
690

691
692
693

694
695
696

697
698
699

700

701
702
703

704
705
706

707
708

709
710

711
712

713
714

715
716

717
718

719
720
721

722
723

DuBay, S. G., & Witt, C. C. (2014). Differential high-altitude adaptation and restricted gene flow across a
mid-elevation hybrid zone in A ndean tit-tyrant flycatchers. Molecular Ecology, 23(14), 3551-3565.

Dunham, A. E., Razafindratsima, O. H., Rakotonirina, P., & Wright, P. C. (2018). Fruiting phenology is
linked to rainfall variability in a tropical rain forest. Biotropica, 50(3), 396-404.

Duque, A., Stevenson, P. R., & Feeley, K. J. (2015). Thermophilization of adult and juvenile tree
communities in the northern tropical Andes. Proceedings of the National Academy of Sciences, 112(34),
10744-10749.

Duskova, E., Sklenat, P., Kolaf, F., Vasquez, D. L., Romoleroux, K., Fér, T., & Marhold, K. (2017).
Growth form evolution and hybridization in Senecio (Asteraceae) from the high equatorial
Andes. Ecology and Evolution, 7(16), 6455-6468.

Eaton, D. A., Hipp, A. L., Gonzalez-Rodriguez, A., & Cavender-Bares, J. (2015). Historical introgression
among the American live oaks and the comparative nature of tests for introgression. Evolution, 69(10),
2587-2601.

Ehrendorfer, F. (1970). Evolutionary patterns and strategies in seed plants. 7axon, 19(2), 185-195.

Espinoza, J. C., Garreaud, R., Poveda, G., Arias, P. A., Molina-Carpio, J., Masiokas, M., Viale, M. &
Scaff, L. (2020). Hydroclimate of the Andes part I: Main climatic features. Frontiers in Earth Science, 8,
64.

Fadrique, B., Baez, S., Duque, A., Malizia, A., Blundo, C., Carilla, J., ... & Feeley, K. J. (2018).
Widespread but heterogeneous responses of Andean forests to climate change. Nature, 564(7735), 207-
212.

Feeley, K. J., Bernal-Escobar, M., Fortier, R., & Kullberg, A. T. (2023). Tropical Trees Will Need to
Acclimate to Rising Temperatures—But Can They?. Plants, 12(17), 3142.

Feeley, K. J., Rehm, E. M., & Machovina, B. (2012). Perspective: the responses of tropical forest species
to global climate change: acclimate, adapt, migrate, or go extinct?. Frontiers of biogeography, 4(2).

Feeley, K. J., & Silman, M. R. (2010a). Biotic attrition from tropical forests correcting for truncated
temperature niches. Global Change Biology, 16(6), 1830-1836.

Feeley, K. J., & Silman, M. R. (2010b). Land-use and climate change effects on population size and
extinction risk of Andean plants. Global change biology, 16(12), 3215-3222.

Feeley, K. J., Silman, M. R., Bush, M. B., Farfan, W., Cabrera, K. G., Malhi, Y., ... & Saatchi, S. (2011).
Upslope migration of Andean trees. Journal of Biogeography, 38(4), 783-791.

Flantua, S. G., O'Dea, A., Onstein, R. E., Giraldo, C., & Hooghiemstra, H. (2019). The flickering
connectivity system of the north Andean paramos. Journal of Biogeography, 46(8), 1808-1825.

Frajman, B., Schonswetter, P., Weiss-Schneeweiss, H., & Oxelman, B. (2018). Origin and diversification
of South American polyploid Silene sect. Physolychnis (Caryophyllaceae) in the Andes and
Patagonia. Frontiers in Genetics, 9, 422259.

Freeman, B. G., Strimas-Mackey, M., & Miller, E. T. (2022). Interspecific competition limits bird species’
ranges in tropical mountains. Science, 377(6604), 416-420.



724
725
726

727
728

729
730
731

732
733

734
735

736
737
738

739
740

741
742

743
744

745
746

747
748
749

750
751
752

753
754

755
756

757
758
759

Gentry, A. H. (1982). Neotropical floristic diversity: phytogeographical connections between Central and
South America, Pleistocene climatic fluctuations, or an accident of the Andean orogeny?. Annals of the
Missouri Botanical garden, 69(3), 557-593.

Gompert, Z., Parchman, T. L., & Buerkle, C. A. (2012). Genomics of isolation in hybrids. Philosophical
Transactions of the Royal Society B: Biological Sciences, 367(1587), 439-450.

Gow, J. L., Peichel, C. L., & Taylor, E. B. (2006). Contrasting hybridization rates between sympatric
three-spined sticklebacks highlight the fragility of reproductive barriers between evolutionarily young
species. Molecular ecology, 15(3), 739-752.

Grant, B. R., & Grant, P. R. (1993). Evolution of Darwin’s finches caused by a rare climatic
event. Proceedings of the Royal Society of London. Series B: Biological Sciences, 251(1331), 111-117.

Grant, P. R., & Grant, B. R. (2002). Unpredictable evolution in a 30-year study of Darwin's
finches. Science, 296(5568), 707-711.

Griffiths, A. R., Silman, M. R., Farfan Rios, W., Feeley, K. J., Garcia Cabrera, K., Meir, P., ... & Dexter,
K. G. (2021). Evolutionary heritage shapes tree distributions along an Amazon-to-Andes elevation
gradient. Biotropica, 53(1), 38-50.

Grubb, P. J. (1977). The maintenance of species-richness in plant communities: the importance of the
regeneration niche. Biological reviews, 52(1), 107-145.

Guo, F., Lenoir, J., & Bonebrake, T. C. (2018). Land-use change interacts with climate to determine
elevational species redistribution. Nature communications, 9(1), 1315.

Halliday, F. W., Jalo, M., & Laine, A. L. (2021). The effect of host community functional traits on plant
disease risk varies along an elevational gradient. Elife, 10, ¢67340.

Hamilton, J. A., & Miller, J. M. (2016). Adaptive introgression as a resource for management and genetic
conservation in a changing climate. Conservation Biology, 30(1), 33-41.

Heidinger, H., Carvalho, L., Jones, C., Posadas, A., & Quiroz, R. (2018). A new assessment in total and
extreme rainfall trends over central and southern Peruvian Andes during 1965-2010. International
Journal of Climatology, 38, €998-¢1015.

Hijmans, R. J., Gavrilenko, T., Stephenson, S., Bamberg, J., Salas, A., & Spooner, D. M. (2007).
Geographical and environmental range expansion through polyploidy in wild potatoes (Solanum section
Petota). Global ecology and biogeography, 16(4), 485-495.

Hillyer, R. (2018). Early Life History Stage Dynamics Across the Elevational Ranges of Andean
Trees (Doctoral dissertation, Wake Forest University).

Hillyer, R., & Silman, M. R. (2010). Changes in species interactions across a 2.5 km elevation gradient:
effects on plant migration in response to climate change. Global Change Biology, 16(12), 3205-3214.

Hoban, S., Paz-Vinas, 1., Aitken, S., Bertola, L. D., Breed, M. F., Bruford, M. W, ... & Laikre, L. (2021).
Effective population size remains a suitable, pragmatic indicator of genetic diversity for all species,
including forest trees. Biological Conservation, 253.



760
761
762

763
764
765

766
767
768

769
770

771
772
773

774
775

776
777
778

779
780
781

782
783
784

785
786
787
788

789
790

791
792

793
794

795
796

Hoorn, C., Wesselingh, F. P., Ter Steege, H., Bermudez, M. A., Mora, A., Sevink, J., ... & Antonelli, A.
(2010). Amazonia through time: Andean uplift, climate change, landscape evolution, and
biodiversity. science, 330(6006), 927-931.

Hoye, T. T., Post, E., Schmidt, N. M., Trgjelsgaard, K., & Forchhammer, M. C. (2013). Shorter flowering
seasons and declining abundance of flower visitors in a warmer Arctic. Nature climate change, 3(8), 759-
763.

Irisarri, I., Singh, P., Koblmiiller, S., Torres-Dowdall, J., Henning, F., Franchini, P., ... & Meyer, A. (2018).
Phylogenomics uncovers early hybridization and adaptive loci shaping the radiation of Lake Tanganyika
cichlid fishes. Nature communications, 9(1), 3159.

Jackson, S. T., & Overpeck, J. T. (2000). Responses of plant populations and communities to
environmental changes of the late Quaternary. Paleobiology, 26(S4), 194-220.

Jankowski, J. E., Ciecka, A. L., Meyer, N. Y., & Rabenold, K. N. (2009). Beta diversity along
environmental gradients: implications of habitat specialization in tropical montane landscapes. Journal of
Animal ecology, 78(2), 315-327.

Janzen, D. H. (1967). Why mountain passes are higher in the tropics. The American Naturalist, 101(919),
233-249.

Johnson, M. G., Pokorny, L., Dodsworth, S., Botigu¢, L. R., Cowan, R. S., Devault, A., ... & Wickett, N.
J. (2019). A universal probe set for targeted sequencing of 353 nuclear genes from any flowering plant
designed using k-medoids clustering. Systematic biology, 68(4), 594-606.

Kraak, S. B. M., Mundwiler, B., & Hart, P. J. B. (2001). Increased number of hybrids between benthic and
limnetic three-spined sticklebacks in Enos Lake, Canada; the collapse of a species pair?. Journal of Fish
Biology, 58(5), 1458-1464.

Karunarathne, P., Zhou, Q., Lascoux, M., & Milesi, P. (2024). Hybridization mediated range expansion
and climate change resilience in two keystone tree species of boreal forests. Global Change Biology,
30(4), e17262.

Kenzo, T., Kamiya, K., Ngo, K. M., Faizu, N., Lum, S. K. Y., Igarashi, S., ... & Ichie, T. (2019).
Overlapping flowering periods among Shorea species and high growth performance of hybrid seedlings
promote hybridization and introgression in a tropical rainforest of Singapore. Forest Ecology and
Management, 435, 38-44.

Kirkpatrick, M., & Barton, N. H. (1997). Evolution of a species' range. The American Naturalist, 150(1),
1-23.

Kitayama, K. (1992). An altitudinal transect study of the vegetation on Mount Kinabalu,
Borneo. Vegetatio, 102, 149-171.

Kulmuni, J., Wiley, B., & Otto, S. P. (2024). On the fast track: hybrids adapt more rapidly than parental
populations in a novel environment. Evolution Letters, 8(1), 128-136.

Lancaster, L. T., & Humphreys, A. M. (2020). Global variation in the thermal tolerances of
plants. Proceedings of the National Academy of Sciences, 117(24), 13580-13587.



797
798
799

800
801
802
803

804
805

806
807

808
809
810

811
812

813

814
815
816

817
818

819
820

821
822

823
824

825
826

827
828

829
830
831

832
833

Linan, A. G., Lowry, P. P., Miller, A. J., Schatz, G. E., Sevathian, J. C., & Edwards, C. E. (2021). RAD-
sequencing reveals patterns of diversification and hybridization, and the accumulation of reproductive
isolation in a clade of partially sympatric, tropical island trees. Molecular Ecology, 30(18), 4520-4537.

Lee, C. K. F., Song, G., Muller-Landau, H. C., Wu, S., Wright, S. J., Cushman, K. C., ... & Wu, J. (2023).
Cost-effective and accurate monitoring of flowering across multiple tropical tree species over two years
with a time series of high-resolution drone imagery and deep learning. ISPRS Journal of Photogrammetry
and Remote Sensing, 201, 92-103.

Lefebvre, V., Villemant, C., Fontaine, C., & Daugeron, C. (2018). Altitudinal, temporal and trophic
partitioning of flower-visitors in Alpine communities. Scientific reports, 8(1), 4706.

Leigh, E. G., Rand, A. S., & Windsor, D. M. (1985). The ecology of a tropical forest: Seasonal rhythms
and long-term changes. Washington, US: Smithsonian Institution.

Lenoir, J., Gégout, J. C., Guisan, A., Vittoz, P., Wohlgemuth, T., Zimmermann, N. E., ... & Svenning, J. C.
(2010). Going against the flow: potential mechanisms for unexpected downslope range shifts in a
warming climate. Ecography, 33(2), 295-303.

Lieberman, D., Lieberman, M., Peralta, R., & Hartshorn, G. S. (1996). Tropical forest structure and
composition on a large-scale altitudinal gradient in Costa Rica. Journal of Ecology, 137-152.

Linné, C. V., & Haartman, J. (1751). Plantae hybridae.

Lowry, D. B., Modliszewski, J. L., Wright, K. M., Wu, C. A., & Willis, J. H. (2008). The strength and
genetic basis of reproductive isolating barriers in flowering plants. Philosophical Transactions of the
Royal Society B: Biological Sciences, 363(1506), 3009-3021.

Lurgi, M., Lépez, B. C., & Montoya, J. M. (2012). Novel communities from climate
change. Philosophical Transactions of the Royal Society B: Biological Sciences, 367(1605), 2913-2922.

Lutz, D. A., Powell, R. L., & Silman, M. R. (2013). Four decades of Andean timberline migration and
implications for biodiversity loss with climate change. PloS one, 8(9), €74496.

Malhi, Y., Gardner, T. A., Goldsmith, G. R., Silman, M. R., & Zelazowski, P. (2014). Tropical forests in
the Anthropocene. Annual Review of Environment and Resources, 39(1), 125-159.

Mallet, J. (2005). Hybridization as an invasion of the genome. Trends in ecology & evolution, 20(5), 229-
237.

Mamantov, M. A., Gibson-Reinemer, D. K., Linck, E. B., & Sheldon, K. S. (2021). Climate-driven range
shifts of montane species vary with elevation. Global Ecology and Biogeography, 30(4), 784-794.

Martin, S. H., Davey, J. W., Salazar, C., & Jiggins, C. D. (2019). Recombination rate variation shapes
barriers to introgression across butterfly genomes. PLoS biology, 17(2), €2006288.

Masello, J. F., Quillfeldt, P., Munimanda, G. K., Klauke, N., Segelbacher, G., Schaefer, H. M., ... &
Moodley, Y. (2011). The high Andes, gene flow and a stable hybrid zone shape the genetic structure of a
wide-ranging South American parrot. Frontiers in zoology, 8, 1-17.

McCabe, L. M., & Cobb, N. S. (2021). From bees to flies: global shift in pollinator communities along
elevation gradients. Frontiers in Ecology and Evolution, 8, 626124.



834
835

836
837
838

839
840
841

842
843
844

845
846

847
848
849

850
851
852
853

854
855
856

857
858
859

860
861
862

863
864

865
866

867
868
869

870
871

Mendoza, 1., Peres, C. A., & Morellato, L. P. C. (2017). Continental-scale patterns and climatic drivers of
fruiting phenology: A quantitative Neotropical review. Global and Planetary Change, 148, 227-241.

Menon, M., Bagley, J. C., Friedline, C. J., Whipple, A. V., Schoettle, A. W., Leal-Saenz, A., ... & Eckert,
A.J. (2018). The role of hybridization during ecological divergence of southwestern white pine (Pinus
strobiformis) and limber pine (P. flexilis). Molecular Ecology, 27(5), 1245-1260.

Menzel, A., Sparks, T. H., Estrella, N., Koch, E., Aasa, A., Ahas, R., ... & Zust, A. N. A. (2006). European
phenological response to climate change matches the warming pattern. Global change biology, 12(10),
1969-1976.

Mittermeier, R. A., Turner, W. R., Larsen, F. W., Brooks, T. M., & Gascon, C. (2011). Global biodiversity
conservation: the critical role of hotspots. In Biodiversity hotspots. distribution and protection of
conservation priority areas (pp. 3-22). Berlin, Heidelberg: Springer Berlin Heidelberg.

Mokany, K., Prasad, S., & Westcott, D. A. (2014). Loss of frugivore seed dispersal services under climate
change. Nature Communications, 5(1), 3971.

Moraes, R. M., Correa, S. B., Doria, C. R. C., Duponchelle, F., Miranda, G., Montoya, M., Phillips, O.,
Salinas, N., Silman, M., Ulloa Ulloa, C., Zapata-Rios, G. & Ter Steege, H. (2021). Amazonian ecosystems
and their ecological functions. Amazon assessment report 2021, 1.

Morales, M. S., Crispin-DelaCruz, D. B., Alvarez, C., Christie, D. A., Ferrero, M. E., Andreu-Hayles, L.,
Villalba, R., Guerra, A., Ticse-Otarola, G., Rodriguez-Ramirez, E.C. & Requena-Rojas, E. J. (2023).
Drought increase since the mid-20th century in the northern South American Altiplano revealed by a 389-
year precipitation record. Climate of the Past, 19(2), 457-476.

Morales-Briones, D. F., Liston, A., & Tank, D. C. (2018). Phylogenomic analyses reveal a deep history of
hybridization and polyploidy in the Neotropical genus Lachemilla (Rosaceae). New Phytologist, 218(4),
1668-1684.

Moritz, C., Patton, J. L., Conroy, C. J., Parra, J. L., White, G. C. & Beissinger, S. R. (2008). Impact of a
century of climate change on small-mammal communities in Yosemite National Park, USA. American
Association for the Advancement of Science.

Morueta-Holme, N., Engemann, K., Sandoval-Acuiia, P., Jonas, J. D., Segnitz, R. M., & Svenning, J. C.
(2015). Strong upslope shifts in Chimborazo's vegetation over two centuries since Humboldt. Proceedings
of the National Academy of Sciences, 112(41), 12741-12745.

Myers, N., Mittermeier, R. A., Mittermeier, C. G., Da Fonseca, G. A., & Kent, J. (2000). Biodiversity
hotspots for conservation priorities. Nature, 403(6772), 853-858.

Nazareno, Alison G., et al. "Minimum sample sizes for population genomics: an empirical study from an
Amazonian plant species." Molecular ecology resources 17.6 (2017): 1136-1147.

Nicholls, J. A., Pennington, R. T., Koenen, E. J., Hughes, C. E., Hearn, J., Bunnefeld, L., ... & Kidner, C.
A. (2015). Using targeted enrichment of nuclear genes to increase phylogenetic resolution in the
neotropical rain forest genus Inga (Leguminosae: Mimosoideae). Frontiers in Plant Science, 6, 710.

Nieto Feliner, G., Criado Ruiz, D., Alvarez, 1., & Villa-Machijo, I. (2023). The puzzle of plant
hybridisation: a high propensity to hybridise but few hybrid zones reported. Heredity, 131(5), 307-315.



872
873

874
875
876

877
878
879

880
881
882

883
884

885
886
887

888
889

890
891

892
893
894

895
896
897

898
899
900

901
902

903
904
905

906
907

908
909

Nevado, B., Contreras-Ortiz, N., Hughes, C., & Filatov, D. A. (2018). Pleistocene glacial cycles drive
isolation, gene flow and speciation in the high-elevation Andes. New Phytologist, 219(2), 779-793.

Nottingham, A. T., Fierer, N., Turner, B. L., Whitaker, J., Ostle, N. J., McNamara, N. P., ... & Meir, P.
(2018). Microbes follow Humboldt: temperature drives plant and soil microbial diversity patterns from
the Amazon to the Andes. Ecology, 99(11), 2455-2466.

Nottingham, A. T., Whitaker, J., Turner, B. L., Salinas, N., Zimmermann, M., Malhi, Y., & Meir, P.
(2015). Climate warming and soil carbon in tropical forests: insights from an elevation gradient in the
Peruvian Andes. Bioscience, 65(9), 906-921.

Ouédraogo, D. Y., Hardy, O. J., Doucet, J. L., Janssens, S. B., Wieringa, J. J., Stoffelen, P., ... & Fayolle,
A. (2020). Latitudinal shift in the timing of flowering of tree species across tropical Africa: Insights from
field observations and herbarium collections. Journal of Tropical Ecology, 36(4), 159-173.

Parchman, T. L., Jahner, J. P., Uckele, K. A., Galland, L. M., & Eckert, A. J. (2018). RADseq approaches
and applications for forest tree genetics. Tree Genetics & Genomes, 14, 1-25.

Park, J. Y., Muller-Landau, H. C., Lichstein, J. W., Rifai, S. W., Dandois, J. P., & Bohlman, S. A. (2019).
Quantifying leaf phenology of individual trees and species in a tropical forest using unmanned aerial
vehicle (UAV) images. Remote Sensing, 11(13), 1534.

Parmesan, C. (2007). Influences of species, latitudes and methodologies on estimates of phenological
response to global warming. Global change biology, 13(9), 1860-1872.

Pease, J. B., Haak, D. C., Hahn, M. W., & Moyle, L. C. (2016). Phylogenomics reveals three sources of
adaptive variation during a rapid radiation. PLoS biology, 14(2), €¢1002379.

Pellissier, L., Fiedler, K., Ndribe, C., Dubuis, A., Pradervand, J. N., Guisan, A., & Rasmann, S. (2012).
Shifts in species richness, herbivore specialization, and plant resistance along elevation
gradients. Ecology and Evolution, 2(8), 1818-1825.

Pepin, N., Bradley, R. S., Diaz, H. F., Baraer, M., Caceres, E. B., Forsythe, N., ... Mountain Research
Initiative EDW Working Group (2015). Elevation-dependent warming in mountain regions of the world.
Nature Climate Change, 5, 424-430.

Pereira, R. J., Martinez-Solano, 1., & Buckley, D. (2016). Hybridization during altitudinal range shifts:
nuclear introgression leads to extensive cyto-nuclear discordance in the fire salamander. Molecular
Ecology, 25(7), 1551-1565.

Perez, T. M., Stroud, J. T., & Feeley, K. J. (2016). Thermal trouble in the tropics. Science, 351(6280),
1392-1393.

Pérez-Escobar, O. A., Zizka, A., Bermudez, M. A., Meseguer, A. S., Condamine, F. L., Hoorn, C., ... &
Chomicki, G. (2022). The Andes through time: evolution and distribution of Andean floras. Trends in
Plant Science, 27(4), 364-378.

Pinto, E., Shin, Y., Cowling, S. A., & Jones, C. D. (2009). Past, present and future vegetation-cloud
feedbacks in the Amazon Basin. Climate dynamics, 32, 741-751.

Pitman, N. C., Terborgh, J., Silman, M. R., & Nufiez V, P. (1999). Tree species distributions in an upper
Amazonian forest. Ecology, 80(8), 2651-2661.



910
911
912

913
914

915
916
917

918
919
920

921
922

923
924

925
926

927
928
929

930
931
932

933
934
935

936
937

938
939

940
941

942
943

944
945
946

Polato, N. R., Gill, B. A., Shah, A. A., Gray, M. M., Casner, K. L., Barthelet, A., ... & Zamudio, K. R.
(2018). Narrow thermal tolerance and low dispersal drive higher speciation in tropical
mountains. Proceedings of the National Academy of Sciences, 115(49), 12471-12476.

Polechova, J., & Barton, N. H. (2015). Limits to adaptation along environmental gradients. Proceedings
of the National Academy of Sciences, 112(20), 6401-6406.

Pouchon, C., Fernandez, A., Nassar, J. M., Boyer, F., Aubert, S., Lavergne, S., & Mavarez, J. (2018).
Phylogenomic analysis of the explosive adaptive radiation of the Espeletia complex (Asteraceae) in the
tropical Andes. Systematic biology, 67(6), 1041-1060.

Pouchon, C., Lavergne, S., Fernandez, A., Alberti, A., Aubert, S., & Mavarez, J. (2021). Phylogenetic
signatures of ecological divergence and leapfrog adaptive radiation in Espeletia. American Journal of
Botany, 108(1), 113-128.

Pounds, J. A., Fogden, M. P., & Campbell, J. H. (1999). Biological response to climate change on a
tropical mountain. Nature, 398(6728), 611-615.

Prentis, P. J., Wilson, J. R., Dormontt, E. E., Richardson, D. M., & Lowe, A. J. (2008). Adaptive evolution
in invasive species. Trends in plant science, 13(6), 288-294.

Preston, C. D., & Pearman, D. A. (2015). Plant hybrids in the wild: evidence from biological recording.
Biological Journal of the Linnean Society, 115(3), 555-572.

Prevéy, J. S., Rixen, C., Riiger, N., Hoye, T. T., Bjorkman, A. D., Myers-Smith, [. H., ... & Wipf, S.
(2019). Warming shortens flowering seasons of tundra plant communities. Nature ecology &
evolution, 3(1), 45-52.

Qiu, T., Sharma, S., Woodall, C. W., & Clark, J. S. (2021). Niche shifts from trees to fecundity to
recruitment that determine species response to climate change. Frontiers in Ecology and Evolution, 9,
719141.

Rahbek, C., Borregaard, M. K., Colwell, R. K., Dalsgaard, B. O., Holt, B. G., Morueta-Holme, N., ... &
Fjeldsa, J. (2019). Humboldt’s enigma: What causes global patterns of mountain biodiversity?. Science,
365(6458), 1108-1113.

Rapp, J. M., & Silman, M. R. (2012). Diurnal, seasonal, and altitudinal trends in microclimate across a
tropical montane cloud forest. Climate Research, 55(1), 17-32.

Rasmann, S., Pellissier, L., Defossez, E., Jactel, H., & Kunstler, G. (2014). Climate-driven change in
plant—insect interactions along elevation gradients. Functional ecology, 28(1), 46-54.

Rhymer, J. M., & Simberloff, D. (1996). Extinction by hybridization and introgression. Annual review of
ecology and systematics, 27(1), 83-109.

Ricketts, T. H. (2001). The matrix matters: effective isolation in fragmented landscapes. The American
Naturalist, 158(1), 87-99.

Rieseberg, L. H., Raymond, O., Rosenthal, D. M., Lai, Z., Livingstone, K., Nakazato, T., ... & Lexer, C.
(2003). Major ecological transitions in wild sunflowers facilitated by hybridization. Science, 301(5637),
1211-1216.



947
948

949

950
951
952

953
954

955
956
957

958
959

960

961
962

963
964

965
966

967
968
969

970
971
972

973
974
975

976
977

978
979

980
981
982

983
984

Rieseberg, L. H., Kim, S. C., Randell, R. A., Whitney, K. D., Gross, B. L., Lexer, C., & Clay, K. (2007).
Hybridization and the colonization of novel habitats by annual sunflowers. Genetica, 129, 149-165.

Rieseberg, L. H., & Willis, J. H. (2007). Plant speciation. Science, 317(5840), 910-914.

Ringelberg, J. J., Koenen, E. J., Sauter, B., Aebli, A., Rando, J. G., Iganci, J. R., ... & Hughes, C. E.
(2023). Precipitation is the main axis of tropical plant phylogenetic turnover across space and
time. Science Advances, 9(7), eade4954.

Rios, W. F. (2019). Forest Responses to Climate Change Along an Andes-To-Amazon Elevational
Gradient. Wake Forest University.

Rodriguez Eraso, N., Armenteras-Pascual, D., & Alumbreros, J. R. (2013). Land use and land cover
change in the Colombian Andes: dynamics and future scenarios. Journal of Land Use Science, 8(2), 154-
174.

Rosser, N., Dasmahapatra, K. K., & Mallet, J. (2014). Stable Heliconius butterfly hybrid zones are
correlated with a local rainfall peak at the edge of the Amazon basin. Evolution, 68(12), 3470-3484.

Sakai, S. (2001). Phenological diversity in tropical forests. Population Ecology, 43(1), 77-86.

Sakai, S., & Kitajima, K. (2019). Tropical phenology: Recent advances and perspectives. Ecological
Research, 34(1), 50-54.

Santure, A. W., & Garant, D. (2018). Wild GWAS—association mapping in natural
populations. Molecular ecology resources, 18(4), 729-738.

Schley, R. J., Twyford, A. D., & Pennington, R. T. (2022). Hybridization: a ‘double-edged sword’for
Neotropical plant diversity. Botanical Journal of the Linnean Society, 199(1), 331-356.

Schmidt-Lebuhn, A. N., Kessler, M., & Kumar, M. (2006). Promiscuity in the Andes: species
relationships in Polylepis (Rosaceae, Sanguisorbeae) based on AFLP and morphology. Systematic
Botany, 31(3), 547-559.

Schmidt-Lebuhn, A. N., Fuchs, J., Hertel, D., Hirsch, H., Toivonen, J., & Kessler, M. (2010). An Andean
radiation: polyploidy in the tree genus Polylepis (Rosaceae, Sanguisorbeae). Plant Biology, 12(6), 917-
926.

Scotti-Saintagne, C., Dick, C. W., Caron, H., Vendramin, G. G., Guichoux, E., Buonamici, A., ... & Scotti,
I. (2013). Phylogeography of a species complex of lowland Neotropical rain forest trees (Carapa,
Meliaceae). Journal of Biogeography, 40(4), 676-692.

Seehausen, O. (2004). Hybridization and adaptive radiation. 7rends in ecology & evolution, 19(4), 198-
207.

Seehausen, O. (2006). Conservation: losing biodiversity by reverse speciation. Current Biology, 16(9),
R334-R337.

Segura, H., Espinoza, J. C., Junquas, C., Lebel, T., Vuille, M., & Garreaud, R. (2020). Recent changes in
the precipitation-driving processes over the southern tropical Andes/western Amazon. Climate
Dynamics, 54(5), 2613-2631.

Shaw, R. G., & Etterson, J. R. (2012). Rapid climate change and the rate of adaptation: insight from
experimental quantitative genetics. New Phytologist, 195(4), 752-765.



985
986

987
988

989
990

991
992

993
994

995
996

997
998

999
1000

1001
1002

1003
1004

1005
1006
1007

1008
1009
1010

1011
1012

1013
1014

1015
1016

1017
1018

1019
1020

Sheldon, K. S. (2019). Climate change in the tropics: ecological and evolutionary responses at low
latitudes. Annual Review of Ecology, Evolution, and Systematics, 50, 303-333.

Simanonok, M. P., & Burkle, L. A. (2014). Partitioning interaction turnover among alpine pollination
networks: spatial, temporal, and environmental patterns. Ecosphere, 5(11), 1-17.

Smith, S. A., & Donoghue, M. J. (2008). Rates of molecular evolution are linked to life history in
flowering plants. Science, 322(5898), 86-89.

Snow, D. W. (1965). A possible selective factor in the evolution of fruiting seasons in tropical
forest. Oikos, 274-281.

Soltis, P. S., & Soltis, D. E. (2009). The role of hybridization in plant speciation. Annual review of plant
biology, 60, 561-588.

Stace, C. A., Preston, C. D., & Pearman, D. A. (2015). Hybrid flora of the British Isles. Botanical Society
of Britain and Ireland.

Stebbins, G. L. (1959). The role of hybridization in evolution. Proceedings of the American Philosophical
Society, 103(2), 231-251.

Stone, P. M. R. (2018). Response of rainforest trees to climate warming along an elevational gradient in
the Peruvian Andes.

Stull, G. W., Pham, K. K., Soltis, P. S., & Soltis, D. E. (2023). Deep reticulation: the long legacy of
hybridization in vascular plant evolution. The Plant Journal, 114(4), 743-766.

Sunday, J. M., Bates, A. E., & Dulvy, N. K. (2011). Global analysis of thermal tolerance and latitude in
ectotherms. Proceedings of the Royal Society B: Biological Sciences, 278(1713), 1823-1830.

Tank, D. C., & Olmstead, R. G. (2009). The evolutionary origin of a second radiation of annual Castilleja
(Orobanchaceae) species in South America: The role of long distance dispersal and
allopolyploidy. American Journal of Botany, 96(10), 1907-1921.

Taylor, E. B., Boughman, J. W., Groenenboom, M., Sniatynski, M., Schluter, D., & Gow, J. L. (2006).
Speciation in reverse: morphological and genetic evidence of the collapse of a three-spined stickleback
(Gasterosteus aculeatus) species pair. Molecular Ecology, 15(2), 343-355.

Taylor, S. J., Arnold, M., & Martin, N. H. (2009). The genetic architecture of reproductive isolation in
Louisiana irises: hybrid fitness in nature. Evolution, 63(10), 2581-2594.

Taylor, S. A., & Larson, E. L. (2019). Insights from genomes into the evolutionary importance and
prevalence of hybridization in nature. Nature ecology & evolution, 3(2), 170-177.

Ter Steege, H., Pitman, N. C., Sabatier, D., Baraloto, C., Salomao, R. P., Guevara, J. E., ... & Silman, M.
R. (2013). Hyperdominance in the Amazonian tree flora. Science, 342(6156), 1243092.

Terborgh, J. (1971). Distribution on environmental gradients: theory and a preliminary interpretation of
distributional patterns in the avifauna of the Cordillera Vilcabamba, Peru. Ecology, 52(1), 23-40.

Terborgh, J., & Weske, J. S. (1975). The role of competition in the distribution of Andean
birds. Ecology, 56(3), 562-576.



1021
1022
1023

1024
1025

1026
1027

1028
1029

1030
1031

1032
1033
1034

1035
1036
1037

1038
1039
1040

1041
1042
1043

1044
1045

1046
1047

1048
1049

1050
1051
1052

1053
1054
1055

1056
1057

Tingley, M. W., Monahan, W. B., Beissinger, S. R., & Moritz, C. (2009). Birds track their Grinnellian
niche through a century of climate change. Proceedings of the National Academy of
Sciences, 106(supplement 2), 19637-19643.

Todesco, M., Pascual, M. A., Owens, G. L., Ostevik, K. L., Moyers, B. T., Hiibner, S., ... & Rieseberg, L.
H. (2016). Hybridization and extinction. Evolutionary applications, 9(7), 892-908.

Tsuda, Y., Semerikov, V., Sebastiani, F., Vendramin, G. G., & Lascoux, M. (2017). Multispecies genetic
structure and hybridization in the Betula genus across Eurasia. Molecular Ecology, 26(2), 589-605.

Unger, M., Homeier, J., & Leuschner, C. (2012). Effects of soil chemistry on tropical forest biomass and
productivity at different elevations in the equatorial Andes. Oecologia, 170, 263-274.

United Nations Convention on Biological Diversity. (2022). Kunming-Montreal Global Biodiversity
Framework. https://www.cbd.int/gbf

Urrutia, R., & Vuille, M. (2009). Climate change projections for the tropical Andes using a regional
climate model: Temperature and precipitation simulations for the end of the 21st century. Journal of
Geophysical Research: Atmospheres, 114(D2).

Van Schaik, C. P., Terborgh, J. W., & Wright, S. J. (1993). The phenology of tropical forests: adaptive
significance and consequences for primary consumers. Annual Review of ecology and Systematics, 24(1),
353-377.

Vargas, C. A., Bottin, M., Sirkinen, T., Richardson, J. E., Raz, L., Garzon-Lopez, C. X., & Sanchez, A.
(2022). Environmental and geographical biases in plant specimen data from the Colombian
Andes. Botanical Journal of the Linnean Society, 200(4), 451-464.

Vargas, O. M., Ortiz, E. M., & Simpson, B. B. (2017). Conflicting phylogenomic signals reveal a pattern
of reticulate evolution in a recent high-Andean diversification (Asteraceae: Astereae:
Diplostephium). New Phytologist, 214(4), 1736-1750.

Vitousek, P. M. (1998). The structure and functioning of montane tropical forests: control by climate,
soils, and disturbance. Ecology, 79(1), 1-2.

Vizy, E. K., & Cook, K. H. (2007). Relationship between Amazon and high Andes rainfall. Journal of
Geophysical Research: Atmospheres, 112(D7).

Vuille, M., & Bradley, R. S. (2000). Mean annual temperature trends and their vertical structure in the
tropical Andes. Geophysical Research Letters, 27(23), 3885-3888.

Vuille, M., Franquist, E., Garreaud, R., Lavado Casimiro, W. S., & Céaceres, B. (2015). Impact of the
global warming hiatus on Andean temperature. Journal of Geophysical Research: Atmospheres, 120(9),
3745-3757.

Walter, G. M., Clark, J., Terranova, D., Cozzolino, S., Cristaudo, A., Hiscock, S. J., & Bridle, J. (2023).
Hidden genetic variation in plasticity provides the potential for rapid adaptation to novel
environments. New Phytologist, 239(1), 374-387.

Willi, Y., Van Buskirk, J., & Hoffmann, A. A. (2006). Limits to the adaptive potential of small
populations. Annu. Rev. Ecol. Evol. Syst., 37(1), 433-458.


https://www.cbd.int/gbf

1058
1059
1060

1061
1062
1063

1064
1065

1066
1067
1068

1069

1070
1071

1072
1073

1074
1075
1076

1077
1078
1079

1080
1081

1082
1083
1084
1085
1086

1087

Williams, J. W., Shuman, B. N., Webb 111, T., Bartlein, P. J., & Leduc, P. L. (2004). Late-Quaternary
vegetation dynamics in North America: scaling from taxa to biomes. Ecological Monographs, 74(2), 309-
334.

Wogan, G. O., Yuan, M. L., Mahler, D. L., & Wang, 1. J. (2023). Hybridization and transgressive
evolution generate diversity in an adaptive radiation of Anolis lizards. Systematic Biology, 72(4), 874-
884.

Wolf, D. E., Takebayashi, N., & Rieseberg, L. H. (2001). Predicting the risk of extinction through
hybridization. Conservation Biology, 15(4), 1039-1053.

Wood, T. E., Takebayashi, N., Barker, M. S., Mayrose, 1., Greenspoon, P. B., & Rieseberg, L. H. (2009).
The frequency of polyploid speciation in vascular plants. Proceedings of the national Academy of
sciences, 106(33), 13875-13879.

Wright, S. (1932). The roles of mutation, inbreeding, crossbreeding, and selection in evolution.

Wright, S. J., & Calderon, O. (2006). Seasonal, El Nino and longer term changes in flower and seed
production in a moist tropical forest. Ecology letters, 9(1), 35-44.

Zeller, K. A., McGarigal, K., & Whiteley, A. R. (2012). Estimating landscape resistance to movement: a
review. Landscape ecology, 27, T77-797.

Zhang, W. P,, Cao, L., Lin, X. R, Ding, Y. M., Liang, Y., Zhang, D. Y., ... & Bai, W. N. (2022). Dead-end
hybridization in walnut trees revealed by large-scale genomic sequence data. Molecular Biology and
Evolution, 39(1), msab308.

Zhao, J., Zhang, Y., Song, F., Xu, Z., & Xiao, L. (2013). Phenological response of tropical plants to
regional climate change in Xishuangbanna, south-western China. Journal of Tropical Ecology, 29(2),
161-172.

Zjhra, M. L., & Kaplin, B. A. (2004). Reproductive Biology and Genetics of Tropical Trees from a
Canopy Perspective. In Forest Canopies (pp. 397-412). Academic Press.

APPENDICES

Not applicable.

SUPPORTING INFORMATION

Not applicable.



