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Determining how ecological and evolutionary processes produce spatial variation in local species richness remains an
unresolved challenge. Using mountains as a model system, we outline an integrative research approach to evaluate the
inﬂuence of ecological and evolutionary mechanisms on the generation and maintenance of patterns of species richness
along and among elevational gradients. Biodiversity scientists interested in patterns of species richness typically start by
documenting patterns of species richness at regional and local scales, and based on their knowledge of the taxon, and
the environmental and historical characteristics of a mountain region, they then ask whether diversity–environment
relationships, if they exist, are explained mostly by ecological or evolutionary hypotheses. The ﬁnal step, and perhaps
most challenging one, is to tease apart the relative inﬂuence of ecological and evolutionary mechanisms. We propose
that elucidating the relative inﬂuence of ecological and evolutionary mechanisms can be achieved by taking advantage
of the replicated settings aﬀorded by mountains, combined with targeted experiments along elevational gradients. This
approach will not only identify potential mechanisms that drive patterns of species richness, but also allow scientists to
generate more robust hypotheses about which factors generate and maintain local diversity.

Spatial variation in diversity results from the interplay of
ecological and evolutionary mechanisms acting over contemporary and historical time frames (MacArthur 1972,
Graham et al. 2006, Ricklefs 2006, Jetz et al. 2012).
Numerous attempts have been made to evaluate the relative
roles of ecological and evolutionary factors that operate at
diverse spatial and temporal scales in shaping patterns of
diversity (Terborgh and Faaborg 1980, Rahbek and
Graves 2001, Hawkins et al. 2005, Stevens 2006, Rabosky
2009, Kozak and Wiens 2010). However, a general framework that guides the integration of diﬀerent mechanisms
to understand the interplay of ecology and evolution on
diversity patterns is only just emerging.

Generally speaking, this emerging framework consists of
conceptual and methodological advances targeted at understanding patterns of diversity that fall into three general
categories. First, attempts targeted at understanding
spatial variation in species richness evaluate both ecological
environmental correlates (e.g. energy) and evolutionary
mechanisms (e.g. time for speciation; Li et al. 2009, Kozak
and Wiens 2012). Second, evolutionary approaches now
explicitly acknowledge that ecological interactions, such
as interspeciﬁc interactions and niche partitioning, might
place upper limits on the number of species that can occur
in a given area. These local-scale phenomena are now
considered in attempts to evaluate diversity patterns and
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speciation rates (Cavender-Bares et al. 2004, Rabosky 2009,
Rabosky and Glor 2010, Stevens 2011, Machac et al. 2013).
Third, studies of local assemblages increasingly consider the
inﬂuence of processes acting at broad spatial scales on local
diversity (MacArthur and Levins 1967, Ricklefs 2004,
Harrison and Grace 2007, Harrison and Cornell 2008). A
common theme in all of these approaches is that ecological
and evolutionary mechanisms generating local diversity patterns can act at multiple spatial and temporal scales, making
it challenging to determine the relative importance of diﬀerent mechanisms (Wiens 1989, Cavender-Bares et al. 2009).
Our goal is to build on the current integrative research
described above and explore an approach for identifying
the underlying ecological and evolutionary mechanisms
that inﬂuence pattern of species richness. While it may not
yet be feasible to determine deﬁnitively the causal mechanisms for any given diversity gradient – one of the holy
grails of ecology and evolution – our approach provides a
series of steps to begin to tease apart the relative importance of various drivers of species richness. We do not
attempt to review the numerous ecological and evolutionary drivers of richness, as comprehensive reviews already
exist (Willig et al. 2003, Currie et al. 2004, Mittelbach
et al. 2007). We focus on mountain systems for a variety of
reasons: they diﬀer in age, size, historical stability, climate
regimes and topographic complexity making them excellent
natural laboratories to determine how environmental,
geographic and biotic factors interact to promote diversiﬁcation and maintenance of mountain ﬂora and fauna.
Importantly, many species inhabiting montane diversity
hotspots are endemic to relatively restricted and fragmented
high-elevation habitats (Graves 1985, Rahbek 1997) and
may be especially subject to the potential impact of climate
change (La Sorte and Jetz 2010, McCain and Colwell
2011); though it may also be possible for some of these
species to track their thermal niche (Loarie et al. 2009,
Bertrand et al. 2011). Consequently, understanding the
causes of elevational diversity gradients is critical to predicting how patterns of species richness may change in
response to projected global changes in climate. Nonetheless,
the general framework developed herein for mountains
could be applied to other regional gradients such as withinbiome or bathymetric gradients.

A naturally replicated natural experiment:
mountains as models
Elevational gradients represent an appropriate system for
evaluating whether general relationships exist among
richness patterns, environmental variables, and the ecological and evolutionary processes that determine how many
species co-occur in a given area (Rahbek 1995, Körner
2000). A variety of richness patterns occur on mountains:
the most prevalent are low- and mid-elevation peaks in richness (Rahbek 1995, 2005, McCain and Grytnes 2010,
Werenkraut and Ruggiero 2011), although some instances
of increasing richness at high elevations (Sanders et al. 2003)
or no change in richness with elevation (Fierer et al. 2011)
have been documented. There are hundreds of montane
gradients distributed across the globe which diﬀer in age,
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size, connectivity, persistence of habitat through time (i.e.
stability), topographic complexity, climatic regimes and
other environmental attributes, making comparative studies
possible. Thoughtful selection of montane gradients for
study, focused on speciﬁc hypotheses or questions, can
illuminate some of the mechanisms driving diversity
patterns (Kattan and Franco 2004, Körner 2007). For
instance, because particular elevational gradients are nested
within single biogeographic regions, it may be possible to
minimize the eﬀects of large-scale environmental variation
(e.g. climatic seasonality), which typically complicates studies along latitudinal gradients (Körner 2000, Sundqvist et al.
2013). In addition, and in sharp contrast with latitudinal
gradients, elevational gradients often span many climatic
zones across a short distance and thus provide higher variance in climate within dispersal distances of many species
than do latitudinal gradients. While diﬀerent mechanisms
might be at play along latitudinal and elevational gradients,
making it potentially problematic to generalize mechanisms
identiﬁed on elevational gradients to latitudinal gradients,
the enhanced climatic variation over short spatial scales
makes mountains an ideal study system to examine at
least some of the mechanisms underlying spatial variation
in biodiversity. Another beneﬁt of mountain systems compared to latitudinal gradients is that montane systems
often have a more limited species pool from which locally
coexisting species are drawn whereas latitudinal studies
often include sites from distinct species pools and unique
evolutionary histories, making it more diﬃcult to disentangle ecological and evolutionary factors that can aﬀect patterns of species richness. Finally, though the number of
experiments and observations along latitudinal gradients is
increasing (Schemske et al. 2009), it is often much more
tractable to conduct experiments and make repeated observations along elevational gradients than latitudinal gradients.

An approach for combining ecological and
evolutionary mechanisms
It was long thought that species richness simply declined linearly with elevation (MacArthur 1972), but that is often not
the case; a variety of richness patterns occur on mountains
and these patterns can be generated by a range of diﬀerent
mechanisms (Rahbek 2005). For simplicity, we begin to
explore these mechanisms by considering patterns of species
richness along a single elevational gradient, though elevation
is likely not the key environmental gradient inﬂuencing
richness (i.e. no organisms except humans walk around
with altimeters and move up or down in elevation because of
what the altimeter says; Körner 2007), but is likely a proxy
for spatial variation in the environment (elaborated on
below). To develop our approach, we ﬁrst deﬁne the terms as
we apply them here, because many have been used in a
variety of ways in the literature. Second, we explore mechanisms that inﬂuence observed patterns of local species
richness (i.e. the number of species in a local community)
across an elevational gradient. Third, we describe a research
approach to explore how diﬀerent eco-evolutionary mechanisms interact to produce current patterns of species richness
across gradients. Fourth, we identify research challenges

associated with applying our approach and oﬀer perspectives
on how our framework can provide new research directions.
Terminology: scale, region and species pools
Observed patterns of species richness across a gradient reﬂect
mechanisms acting at diﬀerent spatial and temporal scales.
Here we deﬁne two spatial scales, regional and local, and
consider mechanisms that generally act over long time frames
(thousands to millions of years) and shorter time frames
(tens to hundreds of years). We use ‘montane region’ to mean
an entire mountain range with a unique history that is distinct from that of neighboring, but biogeographically separate ranges. Mechanisms that generate and maintain species
richness within regions, e.g. speciation, extinction and
colonization from outside the region, generally act across
‘long time’ frames. We use ‘local scale’ to refer the scale over
which species can interact, either directly or indirectly, with
outer species co-occurring with them in space and time.
Depending on the organisms local can vary in size by orders
of magnitude. At this scale, evolutionary processes such
as speciation are unlikely to occur (Losos and Schluter
2000, Kisel and Barraclough 2010). While some evidence
suggests that speciation, in particular, can occur at small
spatial scales and over short time periods, full consideration
of contemporary evolution is beyond the scope of this paper
(Hendry and Kinnison 1999).
A species pool refers to the number and identity of species
in a given region and is often used to evaluate whether
patterns of species richness or composition in a local assemblage, or sub-region within this broader region, diﬀer more
than that expected by chance when compared to the species
in the broad region (Gotelli 2000). There is no single way to
deﬁne the region from which the species pool is taken;
instead species pools can be deﬁned considering diﬀerent
geographic extents (subregions within a broad region) or
subsets of environmental conditions and as such can be used
to identify speciﬁc mechanisms that structure patterns of
species richness (Algar et al. 2011, Lessard et al. 2012,
Carstensen et al. 2013).
Mechanisms inﬂuencing gradients in species richness
Rates of speciation, extinction or colonization vary with
environmental conditions along elevational gradients,
causing the number of species that could potentially occur at
any point along the gradient to vary (Fig. 1). Patterns of
species richness along elevational gradients may partly
result from the rate of lineage diversiﬁcation (the balance of
speciation and extinction) and the time that lineages have
persisted in a portion of the gradient. Parts of the gradient
where lineages diversify quickly, or where lineages have
been present for longer, are expected to be more diverse
(Wiens et al. 2007). Colonization from outside the region
can also inﬂuence patterns of species richness, because if
colonizing species are adapted to conditions at a particular
part of the gradient, then they may be more likely to establish and potentially diversify under these conditions
(Donoghue 2008, Drummond 2008). Yet, diversiﬁcation
rate, persistence time, and colonization need not co-vary

across the gradient. In fact, combinations of these processes
can result in similar patterns of species richness across a gradient (Fig. 1). For instance, a uniform pattern of richness
along a gradient (Fig. 1g) could be the result of a uniform
diversiﬁcation rate and lineage persistence time (Fig. 1e) or
opposite patterns of diversiﬁcation rate and lineage persistence time (Fig. 1d). In addition, it might also be the case
that local-scale interactions scale up to inﬂuence diversiﬁcation dynamics and ultimately the regional species pool,
though this is only beginning to be explored (Rabosky
2009, Rabosky and Glor 2010). Interactions among species
in sympatry can result in character displacement (Schluter
and McPhail 1992, Adams and Rohlf 2000, Davies
et al. 2007) which could inﬂuence the availability of empty
niches or ecological opportunity in a given region (Rabosky
2009, Rabosky and Glor 2010). We refer to the number
and identity of species that could occur in a given elevational band across the entire mountain region given these
mechanisms that act over relatively long temporal scales
(see terminology above) as the potential pool, which is
usually a subset of those species that can occur within the
entire mountain region (regional pool). While determining
the number of potentially colonizing species accurately
will often be challenging, it serves as a conceptual and
heuristic tool for our framework and likely can be approximated based on species regional distribution patterns
and the match between species and the local environment
(see below). For instance, given knowledge of the thermal
tolerances of all ant species in the southern Appalachia
and the temperatures at local sites an approximate potential
pool could be estimated (Diamond et al. 2012).
Local gradients will emerge from an additional set of
processes that may further modify the potential pattern of
species richness generated by speciation, extinction and
regional colonization described above. For example,
certain species in a potential pool might not occur in local
assemblages at particular elevations because of competing
species or lack of mutualists (Cavieres et al. 2014). Such
biotic interactions limit the number of species from the
potential pool that can persist in local communities along
the gradient, causing discordance between the potential
and observed local patterns of species richness (Fig. 1,
panel II and III). Overlap in the richness pattern of the
potential species pool to observed richness (Fig. 1h) might
indicate that historical diversiﬁcation and colonization
processes are largely responsible for the observed patterns
of species richness and that local biotic interactions have, at
best, only a weak eﬀect (MacArthur 1972, Terborgh and
Faaborg 1980, Wiens et al. 2007). In contrast, discordance
between potential richness patterns and observed local
patterns (Fig. 1i–m) is expected if local biotic interactions
have inﬂuenced the assembly of local assemblages from
the potential pool (Terborgh and Faaborg 1980, Sanders
et al. 2003, Rabosky 2009, Rabosky and Glor 2010,
Cavieres et al. 2014). In the latter cases, constraints due
to biotic interactions might reduce or even reverse the pattern expected based on the potential species pool along
the gradient. When species richness in the potential pool
does not vary with elevation (Fig. 1g), biotic interactions
that exclude species in diﬀerent elevational bands may
inﬂuence observed richness patterns (Fig. 1k–m).
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Figure 1. Conceptual framework integrating evolutionary and ecological approaches to studying mechanisms contributing to local
patterns of diversity along elevational gradients. Diversiﬁcation rate and time of lineage persistence (panel I) combine to generate potential
patterns of diversity along the gradient (panel II). Colonization can also inﬂuence potential patterns of diversity, but for visual clarity it is
not shown. Ecological ﬁltering acts to produce the observed local richness pattern (panel III) which can take various forms.

The combinations shown in Fig. 1 do not represent all
possible interactions between evolutionary and ecological
mechanisms that shape empirical richness patterns. However,
these examples underscore the complexity of possible
interactions, the multiple paths by which diﬀerent mechanisms yield similar outcomes, and the importance of evaluating how historical and contemporary mechanisms interact
when inferring the causes of observed diversity patterns.
While this heuristic framework may be conceptually useful,
we realize it can be diﬃcult to implement. Below we outline
a series of steps that can facilitate integrative analyses of
patterns of montane richness patterns, which can then be
compared across other richness gradients.

Research steps for evaluating mechanisms
inﬂuencing montane diversity
Elevation per se does not aﬀect the patterns of species
richness along elevational gradients (Rahbek 1995, Körner
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2000). Elevational gradients represent many diﬀerent
environmental gradients and historical factors (e.g. productivity, temperature, isolation, and climatic stability; Körner
2000), ultimately related to speciation, extinction, colonization or co-existence. These gradients should be considered
when evaluating the ecological and evolutionary mechanisms
that inﬂuence species richness. For instance, if speciation is
positively correlated with temperature, then negative relationships between elevation and species richness will arise
because more species are produced at warmer, lower elevations; alternatively, extinction may be negatively correlated
with temperature, such that high-elevation taxa go extinct
more often and thus yield lower richness over time. In
contrast, diversiﬁcation rates may not vary with respect to
climatic variables, but temperature may limit the number
of species that are capable of colonizing an area to those
with the appropriate traits for surviving in the cold
(environmental ﬁltering), or limit the number of species
that can co-exist in a given low-temperature microhabitat
(competitive exclusion) where resources are limited (Fig. 2).

Mechanism and expected
pattern of species richness

Species richness
High elevation, cold

Low elevation; warm

Slower speciation: Rate of speciation is
lower in cold environments because
there are fewer individuals resulting in
fewer chances for adaptive mutation.
Greater extinction: Persistence is lower
in cold environments because there is
less energy and hence fewer individuals
per species.

Quantification

Measure rates of
diversification across
gradient.

Time for speciation: Lineages originated
in warm environments and given niche
conservatism may be slow to colonize
high environments.

Quantify clade age
across gradient &
evolution of functional
traits.

Environmental filtering: Only species
with certain traits can colonize and
persist in cold environment.

Conduct experiments to
measure physiological
constraints.

Limiting similarity: Cold environments
limit the number of species that can coexist because of resource limitation and
competitive exclusion.

Conduct experiments to
explore functional traits
associated with biotic
interactions.

Figure 2. Example of how multiple ecological and evolutionary factors can be considered to explore patterns of richness along an
elevational gradient based on the assumption that temperature is the gradient of interest.

The fundamental question is to what extent do speciﬁc
ecological or evolutionary mechanisms represent plausible
explanations for the generation and maintenance of patterns of diversity along elevational gradients? We describe
how ecological and evolutionary approaches can, and have,
been used to evaluate drivers of potential richness patterns
across elevational gradients (Fig. 1, panels I and II, Fig. 2).
We then describe how species-speciﬁc measurements or
experiments can be used to both reﬁne hypotheses related
to the generation and maintenance of potential richness
(Fig. 1, panels I and II) and hypotheses related to observed
richness (Fig. 1, panels II and III, Fig. 2). The order in
which research activities are presented below need not dictate how a research program should be organized, but we
argue that all activities are likely illuminating.
Quantify patterns of richness over the elevational gradient
of interest

Both the potential and observed pattern of richness along a
given gradient (Fig. 1, panels II and III) should be quantiﬁed. For instance, what is the relationship between ant
species richness and elevation within the Great Smoky
Mountains National Park and for all members of that lineage
across the entire Appalachian region? The simplest way
to determine potential richness is to use the minimum
and maximum elevational limit of species across the entire
mountain region (information that is increasingly available
for many taxa). Alternatively, knowledge of organismal
physiology can be used to predict where each species may
occur, either along the elevational gradient itself or in association with environmental variables that vary across the
elevational gradient. Observed local richness should be

obtained from actual ﬁeld work aimed at sampling the number of locally interacting species in a community.
Explore diversity–environment relationships

Over the past several decades, a variety of empirical correlates of species richness, their form, and the potential
ecological and evolutionary mechanisms proposed to underlie them, have been explored (Willig et al. 2003, Currie
et al. 2004, Mittelbach et al. 2007). Consideration of these
factors in relation to diversity–environment relationships
will yield insight into which factors drive potential and
observed richness along a given gradient (Fig. 1).
One could envision a scenario in which species richness
gradients are correlated only with environmental factors,
and neither reﬂects rates of diversiﬁcation nor the time
interval for which the lineage of interest has been present in
a given ecological zone. If so, then ecological mechanisms,
acting over short temporal and spatial scales, may have
a particularly important role in generating patterns of
observed species richness (Fig. 1m). In other cases, richness
may be correlated with diversiﬁcation rate or time for
speciation (Kozak and Wiens 2012; Fig. 1h), suggesting
evolutionary or historical factors, which shaped richness
patterns over long time scales, may predominate. In these
types of instances, the interpretation of the relative contribution of diﬀerent processes may be possible. Of course,
this need not be an either/or scenario, and it is diﬃcult
to imagine a scenario in which only ecological processes
over short time periods or only evolutionary processes
acting over longer time periods shape gradients.
In most cases, multiple factors will explain the accumulation of species over space and time (Fig. 1). Environments
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that have been inhabited the longest may harbor the most
species-rich assemblages (Fjeldså 1994). Alternatively, preadaptation to some environmental conditions on the gradient may permit colonizing species to diversify in that
environment (Donoghue 2008, Drummond 2008). Biotic
constraints may also limit local richness; clades show diversiﬁcation slowdowns where richness of a given clade is high
(Wiens et al. 2011). If local assemblages ﬁll up with species
over time, then there may be no relationship between time
since colonization and local richness (Rabosky 2009);
instead, the latter should plateau for habitats or climatic
zones that have been inhabited the longest. Such a pattern
characterizes local assemblages of hylid frogs and plethodontid salamanders (Kozak and Wiens 2012), but is not consistent across many groups as indicated by the fossil record
(Benton and Emerson 2007). Plotting the relationship
between richness and time, estimated either from phylogenies or the fossil record, can be used to detect signatures
of these processes (Benton and Emerson 2007, Rabosky
2009, Rabosky and Glor 2010).
Evaluate patterns of phylogenetic or trait assemblage
structure

Patterns of phylogenetic or trait structure can provide
some insights into the potential importance of environmental ﬁltering or biotic interactions (notably competition) in
structuring local assemblages (Webb et al. 2002). If environmental ﬁltering is the predominant mechanism structuring a local assemblage and functional traits are conserved
on the phylogeny then closely related species with similar
traits are predicted to co-occur. In contrast, biotic interactions, including competition or enemy-mediated negative
diversity dependence, should result in co-occurrence of
unrelated species with even spacing of traits values. While
this framework can provide useful insights about factors
inﬂuencing assemblage structure (Emerson and Gillespie
2008, Cavender-Bares et al. 2009), it also has several
weaknesses (Mayﬁeld and Levine 2010, Losos 2011, Aiba
et al. 2013), some of which can be overcome with targeted
experiments or measurements.
Conduct targeted experiments or measurements

Experiments can serve two roles: to evaluate the insights
gained using ecological or phylogenetically-based correlative
approaches aimed at understanding potential richness
(Fig. 1, panels I and II), and to explore the existence and
pattern of biotic interactions (Fig. 1, panels II and III).
Direct physiological measurements or a combination of
greenhouse, common-garden, and reciprocal-transplant
experiments can be used to identify the environmental
tolerances of species with diﬀerent traits and/or relatedness
patterns (Jankowski et al. 2013). Conﬁrmation of the potential importance of such traits, combined with knowledge
of how these traits evolved, is critical if we are to understand
the mechanistic underpinnings of richness–environment
relationships from macroecological, phylogenetically-based
or trait-based hypotheses. Although more diﬃcult to implement, direct experimental manipulations of the abiotic environments along elevational gradients could provide further
insight into the role of environmental constraints on patterns
of potential richness. For example, hydric supplementation
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and addition of materials that increase thermal conductance
may be applied to create wetter or warmer local environments, or shade tables can be used to lower temperatures
(Lessard et al. 2011). If richness changes with manipulation
of the local environment, then environmental constraints
may play an important role in controlling species numbers
in local assemblages, at least on short time scales (Cavieres
et al. 2014). Long-term experiments allowing for new colonists to arrive after manipulation would provide more complete insights into the inﬂuence of the manipulation on local
species richness.
Experimental methods can also be used to assess the
role of biotic factors in shaping patterns of diversity (Fig. 1,
panels II and III). Biotic mechanisms can be assessed in
experiments where related taxa or species with similar functional traits are placed together (e.g. plant plots or mesocosms) and monitored through time. For instance, removal
experiments at low and high elevations suggested important
roles for both positive and negative interactions in aﬀecting
plant ﬁtness and ultimately species co-occurrence in montane systems (Callaway et al. 2002). While such experiments
will be limited to certain types of organisms and have been
most often conducted on plants, some animal systems
can also be manipulated. For instance, Giﬀord and Kozak
(2012) combined physiological measurements and experiments of competitive abilities to explore the role of competition shaping altitudinal diversity gradients in salamanders.
Knowledge of which traits confer changes in ﬁtness in a
given environment (and how those traits are distributed on a
phylogeny) provide additional insight into which traits are
most important in abiotic (e.g. environmental tolerance)
and biotic (e.g. competitive interactions, resistance to herbivores or pathogens) interactions, promoting insight about
how these traits may be evolutionarily constrained (Savage
and Cavender-Bares 2012).
Manipulative experiments are not viable in every
system and for every taxon, however, when appropriate,
experiments provide compelling evidence. When they are
not appropriate (e.g. we are not suggesting moving
Sequoiadendron giganteum trees up and down the elevational
gradient in the Sierra Mountains), other approaches, such as
the community phylogenetics approach can provide some
insights. However, our suggestion would be to not rely solely
on phylogenetic patterns to infer underlying processes
(Mayﬁeld and Levine 2010, Losos 2011).

Challenges and perspectives
True integration between ecological and evolutionary determinants of species richness gradients on mountains, and
most other systems, has yet to be achieved. This is due in part
to limitations of analytical and experimental methods, lack
of ﬁne-scale richness and environmental data, and lack
of communication among ﬁelds. However, the continued
interest in diversity patterns is forging links among disciplines, resulting in new hypothesis frameworks (Weber and
Agrawal 2012) and data sources (Kattge et al. 2011, Brewer
et al. 2012). Nonetheless, three main challenges remain. The
ﬁrst is driven by the temporal limitations of available data
(ﬁne-scale environmental data on evolutionary time scales

are not available) and inference tools, the second is related to
lack of knowledge of traits that allow species to inhabit certain portions of the gradient, and the third stems from a
need to compare multiple transects within a montane region
as well as multiple montane regions with diﬀerent characteristics in order to evaluate the generality of diﬀerent drivers of
diversity. While signiﬁcant, these challenges can be overcome
with on-going reﬁnement of historical and geological data
and an increased research emphasis on studying and conserving montane biodiversity.
Patterns of species richness could depend on the
deeper geographic history of a region and on the ﬂuctuation
in environmental conditions at the time that montane
systems were forming (Päckert et al. 2012). For instance,
species–environment relationships that consider how
climate and productivity varied through geological time suggest that time-integrated measures of these variables may be
better predictors of current species richness than contemporary measures (Jetz and Fine 2012). In addition, high environmental instability may promote extinction, whereas
stability allows the build-up of lineages through time, resulting in higher species richness and endemism in more stable
areas (Graham et al. 2006). Phylogeographic studies in several regions conﬁrm that areas where lineages persisted
over time were historically stable (Carnaval et al. 2009,
Velo-Antón et al. 2013). While these examples illustrate
the importance of considering how climate and geological
history inﬂuence current patterns of diversity, such
endeavors are still scarce and limited by the precision and
availability of historical data. Attempts to directly link
diversiﬁcation history with historical data are hampered by
uncertainty in the age of nodes on phylogenetic hypotheses,
by the coarse spatial and temporal scale of most historical
climatic and geological data, and by the diﬃculties of separately estimating speciation and extinction rates from phylogenetic hypotheses based on current taxa (Quental and
Marshall 2010). Continued research eﬀorts in these areas
should provide new data and tools to more rigorously address
some aspects of our research framework.
We know surprisingly little about speciﬁc traits or physiological adaptations that allow species to inhabit certain portions of the gradient and how these traits evolve. For instance,
species that occur at high elevations often have speciesspeciﬁc physiological mechanisms that permit them to persist under cold, low-oxygen conditions; these mechanisms
are unknown for most species (Navas and Chaui-Berlinck
2007). Increased species-speciﬁc knowledge will aid in
several steps in our framework including quantifying the
potential species pool using context-appropriate physiological data, or identifying environmental gradients appropriate
for investigation and experimentation.
The ﬁnal challenge of our framework stems from the
fact that generalization about the importance of diﬀerent
mechanisms inﬂuencing current patterns of diversity requires
multiple transects within a montane region and multiple
montane regions with diﬀerent environmental attributes.
Experiments at this scale may not be feasible with many
organisms and by a single research team. In addition, experiments can measure transient dynamics and researchers
should guard against over-interpreting the results of experiments or short-term observations (Wiens 1989). Nonetheless,

generalizations should emerge from replication of observational and experimental studies in diﬀerent contexts (Wang
et al. 2009). Eﬀorts aimed at sharing data among investigators and across organisms with varied traits will enhance our
ability to search for generality of patterns among montane
systems. As our research becomes comparative and expands
to include diﬀerent mountain systems and experimental
manipulations, we predict that this integrative framework
will identify general mechanisms underlying patterns of
montane diversity.
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