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Elevation gradients present enigmatic diversity patterns, with trends often dependent on the dimension of diversity considered. However, focus is often on patterns of taxonomic diversity and interactions between diversity gradients and evolutionary factors, such as lineage age, are poorly understood. We combine forest census data with a genus level phylogeny representing tree ferns, gymnosperms, angiosperms, and an evolutionary depth of 382 million years, to investigate taxonomic and evolutionary diversity patterns across a long tropical montane forest elevation gradient on the Amazonian flank of the Peruvian Andes. We find that evolutionary diversity peaks at mid-elevations and contrasts with taxonomic richness, which is invariant from low to mid-elevation, but then decreases with elevation. We suggest that this trend interacts with variation in the evolutionary ages of lineages across elevation, with contrasting distribution trends between younger and older lineages. For example, while 53% of young lineages (originated by 10 million years ago) occur only below ∼1,750 m asl, just 13% of old lineages (originated by 110 million years ago) are restricted to below ∼1,750 m asl. Overall our results support an Environmental Crossroads hypothesis, whereby a mid-gradient mingling of distinct floras creates an evolutionary diversity in mid-elevation Andean forests that rivals that of the Amazonian lowlands.
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INTRODUCTION

Environmental gradients are commonly associated with trends in diversity, and the elevational diversity gradient (EDG) is one of the most widely discussed and enigmatic patterns in ecology (Humboldt and Bonpland, 1805; Rahbek, 1995; Guo et al., 2013). In the simplest terms, diversity broadly declines with elevation, yet there is substantial variation amongst taxa and across systems, with many non-monotonic and non-linear diversity trends (Rahbek, 1995; Guo et al., 2013). In systems with complex climatic trends superimposed on elevation, such as tropical montane forests (TMF), the EDG is nuanced and not fully understood, particularly at middle elevations (Lieberman et al., 1996; Kessler, 2000; Nottingham et al., 2018). While many investigations of diversity variation focus on taxonomic measures such as, species richness, interest has expanded to include quantification of evolutionary diversity (e.g., Faith, 1992; Dexter et al., 2019), providing potential for a new temporal perspective to the EDG. Possible contrasts between evolutionary diversity and measures of current taxonomic richness have yet to be fully explored in the context of the EDG. Further, the interaction between the EDG and variation in the evolutionary ages of lineages at different elevation is still unclear.

South American TMF provide an excellent context in which to investigate environmental and evolutionary aspects of the EDG. Within TMF, environmental conditions and ecological processes vary substantially with elevation (Sundqvist et al., 2013), many species occupy narrow thermal niches (Perez et al., 2016), and closely related tree lineages tend to occur at similar elevations (Griffiths et al., 2021). In addition, TMFs are globally outstanding centers of endemism and biodiversity (Myers et al., 2000) and provide vital ecosystem services such as regulation of hydrological processes (Bruijnzeel et al., 2011), soil stabilization, and carbon storage (Zimmermann et al., 2010). They also encompass distinctive tropical montane cloud forests, with the cloud-base ecotone representing an understudied ecological phenomenon (Griffiths et al., 2021). A deeper exploration of the evolutionary dimension of the EDG of trees in TMF can provide important context to our ecological understanding of TMFs, as well as the wider spatial organization of diversity.

TMF elevational diversity patterns for plants vary. However, linear decreases with elevation (Gentry, 1988; Vazquez and Givnish, 1998; Jankowski et al., 2013), plateaus (Tiede et al., 2015), and mid-elevation peaks (Kessler, 2000; Girardin et al., 2014), are consistent with wider EDG variation (Rahbek, 1995; McCain and Grytnes, 2010; Guo et al., 2013). The broad influence of climatic factors, such as temperature and precipitation, on diversity trends (Currie, 1991; Currie et al., 2004; Kreft and Jetz, 2007) are likely to be key factors influencing patterns within TMF. However, tolerance to freezing or other factors (Zanne et al., 2014; Segovia et al., 2020), and eco-geographic barriers, such as the subtropical arid belt (Smith et al., 2012; Bacon et al., 2013) are also thought to modulate broad scale spatial variation in diversity. Similarly, along TMF elevation gradients the environmental shifts occurring at the cloud-base ecotone (Bruijnzeel, 2001; Halladay et al., 2012; Fadrique et al., 2018), such as light availability (Fyllas et al., 2017) and precipitation regime (Rapp and Silman, 2012), can influence the distribution patterns of taxa (Griffiths et al., 2021), and as such may interact with the shape of diversity patterns. To our knowledge there has been no substantial consideration of a cloud-base ecotone influence on diversity patterns.

Integration of an evolutionary dimension into our understanding of spatial variation in diversity has found a fertile testing ground in the warm-to-cool thermal gradients of latitude and elevation. The Tropical Niche Conservatism (TNC) (Wiens and Donoghue, 2004) and Out of the Tropics (OTT) (Jablonski et al., 2006) hypotheses suppose a warm-tropical ancestral origin for the angiosperm clade (Crane et al., 1995). TNC supposes niche conservatism of warm-tropical ancestral characteristics with recent and infrequent dispersal of lineages into cool climates, resulting in higher species richness, evolutionary diversity, and older clade ages in present tropical climates (Wiens and Donoghue, 2004; Holt, 2009). OTT, or Out of the Tropical Lowlands (OTL) in the context of tropical elevation gradients (Qian and Ricklefs, 2016), proposes niche convergence and random, early dispersal into cooler climates followed by slow diversification, resulting in a predominance of older lineages in cool climates, with lower evolutionary relatedness among lineages present and relatively higher evolutionary diversity (Jablonski et al., 2006; Qian and Ricklefs, 2016). Observations to date provide mixed support for the TNC, OTT, and OTL hypotheses: latitudinal decreases in evolutionary diversity (Kerkhoff et al., 2014) and angiosperm family ages (Hawkins et al., 2011; Romdal et al., 2013) have been reported, but also an increase in basal−weighted phylogenetic beta diversity to high latitudes (McFadden et al., 2019). Evolutionary diversity has been found to decrease with elevation in tropical montane forest (Bergamin et al., 2020), but also to increase along with increasing family age (Qian et al., 2014; Tiede et al., 2015).

Perspectives beyond the TNC and OTT/OTL hypotheses have also been explored. For example, biome affiliation and climate may be the key determinants of evolutionary diversity trends in woody plants (Rezende et al., 2017), while the Environmental Crossroads (EC) hypothesis suggests that intermediate conditions along environmental gradients should support the highest diversity due to coexistence of distinct evolutionary lineages from gradient extremes (Neves et al., 2020). The EC hypothesis has yet to be applied to EDGs. By weighing the expectations of the EC hypothesis against predictions of decreases in evolutionary diversity and mean lineage age with elevation (TNC), or increase in evolutionary diversity and mean lineage age with elevation (OTL), we can gain greater insight into the EDG in TMF.

In this paper, we explore the taxonomic and evolutionary diversity of trees along a large Amazon-to-Andes tropical montane forest elevation gradient. While we do not aim to consider patterns of phylogenetic community structure, we do integrate a deeper evolutionary perspective through the analysis of lineage age trends. Framed by the context of broad scale diversity trends predicted by the TNC, Out of the Tropical Lowlands, and Environmental Crossroads hypotheses, our analyses aim to address three core questions: (1) What is the shape of the EDG within tropical montane forest? (2) Do elevational trends of taxonomic and phylogenetic diversity differ along this gradient? (3) Is there elevational variation in lineage age patterns along this gradient?



MATERIALS AND METHODS


Study Site and Plot Inventories

We utilize plot census data for all woody stems ≥ 10 cm diameter at breast height (130 cm above the ground; DBH) in a network of 23 one-hectare forest plots located along an Amazon-to-Andes elevation gradient spanning 425–3625 m asl. This plot network was established and is maintained by the Andes Biodiversity and Ecosystem Research Group (ABERG)1 and is centered on the Kosñipata valley on the edge of Manu National Park in south-eastern Peru. Given numerous indeterminate species identifications, all analyses presented here were conducted at the genus-level.

From lowland/sub-montane forests at 425 m asl, up to the tropical montane treeline at 3,625 m, the gradient encompasses large variation in habitat and environmental variables (Girardin et al., 2010). The cloud-base ecotone at around 1,500–2,000 m asl marks the lower limit of the tropical montane cloud forest (Girardin et al., 2010; Rapp and Silman, 2012), with a characteristic cloud immersion which reaches peak frequency between 2,000 and 3,500 m asl (Halladay et al., 2012). Along the gradient, mean annual temperatures range from c.24°C at low elevations, to c.9°C at higher elevation (Malhi et al., 2017). Mean total annual precipitation follows a non-linear trend from c.3,000 mm yr–1 at low elevations to a peak c.5,000 mm yr–1 at around 1,000 m asl before declining monotonically to c.1,000 mm yr–1 at the very highest elevations (Rapp and Silman, 2012), though precipitation exceeds potential evapotranspiration at all elevations. The edaphic character of this gradient is complex and varies non-linearly (Zimmermann et al., 2010; Nottingham et al., 2015).



Taxonomic and Phylogenetic Diversity

We quantified taxonomic diversity in terms of genus richness, the number of genera in each plot. We quantified three metrics of phylogenetic diversity for each plot, using a temporally calibrated phylogeny (Figure 1), based on matK and rbcL sequences, representing 275 angiosperm, gymnosperm, and tree fern genera, and published in Griffiths et al. (2021). (1) Faith’s phylogenetic diversity (PD), the sum of all the branch lengths of a phylogeny for taxa in a community, including the root branch (Faith, 1992). PD is weighted toward diversity in recent evolutionary time (Dexter et al., 2019). (2) The standard effect size of phylogenetic diversity (sesPD), which is obtained by comparing the observed phylogenetic diversity versus. expected phylogenetic diversity. Expected diversity is estimated by random shuffling of the phylogeny tips. Positive values of sesPD indicate greater phylogenetic diversity than expected given species richness, negative values indicate less diversity than expected. (3) time-integrated lineage diversity (TILD) which evenly weights phylogenetic diversity across recent and deep evolutionary time and is calculated by integrating the area under a lineage through time plot (sensu Yguel et al., 2016), after log-transforming the y-axis, or the number of lineages at each time point (Dexter et al., 2019). PD and sesPD were calculated using the “picante” package (Kembel et al., 2010), TILD was calculated using a new R function (Dexter et al., 2019; Supplementary Material).
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FIGURE 1. Genus level phylogeny for 275 genera occurring across 23 plots along an elevation gradient from 425 to 3,625 m asl. Numbered nodes relate to lineages mentioned in the text: 1 = seed plants, 2 = tree ferns, 3 = angiosperms, 4 = gymnosperms. Gray vertical lines relate to evolutionary depths of 10, 70, 110, 120, 130, and 200 myrs with letters relating to the panels presented in Figure 3. Major lineages are indicated in a bar on the right where a = tree ferns, b = gymnosperms, c = Magnoliids and Hedyosmum, d = Monocots, and e = basal Eudicots.


To ensure comparability, all diversity metrics were calculated on data subset to the 275 genera in our phylogeny. There is large variation in the number of individual stems sampled across plots for our phylogenetic subset (min = 320, max = 1,509), and richness is influenced by sample size (Colwell et al., 2012). Therefore, before calculation of richness metrics, we rarefied plot data to 320 individual stems per plot, as this was the lowest number of stems recorded among plots in our phylogenetic subset. We conducted 100 rarefactions and from these calculated the mean of each metric for each plot. Some genera are present in plots but not in the phylogeny (n = 26). Therefore, to check genus richness calculated from the phylogenetic subset is representative, we correlated the rarefied genus richness of our phylogenetic subset with the rarefied genus richness of data for all genera (rarefied to 459 individuals per plot, the lowest number of individuals in a plot for the full dataset). Rarefactions were conducted using the “rrarefy” function in the “vegan” package (Oksanen et al., 2018). We then conducted pairwise correlations of the metrics, based on Spearman’s rank correlation coefficient.

We applied linear, quadratic, and breakpoint regression models to identify which pattern best describes the elevational richness gradient for each metric. Linear and quadratic regression were conducted using the “lm” function in the R package stats (R Core Team, 2018). Breakpoint regressions were conducted using the “segmented” function in the R package segmented (Muggeo, 2008). The model with the best fit was established based on a comparison of adjusted R2 values. Due to the potentially strong influence of the long branch lengths leading to tree ferns and gymnosperm, all analyses were repeated excluding these lineages and considering only angiosperms.



Evolutionary Age Patterns

We further investigated the evolutionary dimension of the observed diversity patterns by considering the elevational distribution trends of lineages at different evolutionary depths. Evolutionary depths here represent lineage age time slices on our temporally calibrated phylogeny for every 10 million years from the present day to 382 million years old—our age estimate for the split between seed plants and ferns (Silvestro et al., 2015). This does not reflect an ancestral range reconstruction, but rather the present distribution of lineages at different evolutionary depths. We calculated the number of lineages and elevational range of each lineage for each 10-million-year time slice. We additionally calculated which elevations are occupied by the highest number of lineages at each 10-million-year time slice. As an illustration, at an evolutionary depth of 200 million years, there are a total of three lineages in our phylogeny. One branch leading to all angiosperms, one branch leading to all gymnosperms, and one branch leading to all tree ferns. In terms of present elevational range, angiosperms occur from 425 to 3,625 m asl, gymnosperms occur from 1,250 to 3,000 m asl, and tree ferns occur from 800 to 3,450 m asl. Thus, the maximum lineage diversity for an evolutionary depth of 200 million years is found between 1,250 and 3,000 m asl, where all three lineages are present, while outside this range there are only one or two lineages at this evolutionary depth.



RESULTS


Taxonomic and Phylogenetic Richness

Across all 23 plots, excluding individuals not identified to genus (n = 458), a total of 20,926 individuals were recorded, belonging to 301 genera and 100 families. The most abundant genera were Cyathea (2,410 individuals), Weinmannia (1,843 individuals), and Miconia (1,530 individuals). Based on the raw data, the highest generic richness occurs in plot SPD-02 at 1,500 m asl, with a total of 109 genera. After 100 rarefactions, accounting for the effect of variation in stem density, the highest generic richness remains in plot SPD-02, at 1,500 m asl (mean = 78 genera SD = 3.8; Figure 1a). After 100 rarefactions, the highest mean values for phylogenetic richness metrics occur in plot SAI-01 at 1,500 m asl for PD (mean = 6,227 myrs, SD = 288; Figure 1b), plot TRU-01 at 3,450 m asl for sesPD (mean = 1.93, SD = 0.23; Figure 1c), and plot SAI-01 at 1,500 m asl for TILD (mean = 663 [log(myrs)], SD = 33; Figure 1d).

Pairwise correlations show that all metrics, with the exception of sesPD with TILD, display significant positive or negative correlations with each other. Genus richness has a positive correlation with PD (rho = 0.91, p < 0.001), a positive correlation with TILD (rho = 0.54, p < 0.01), and a negative correlation with sesPD (rho = −0.66, p < 0.001). PD is negatively correlated with sesPD (rho = −0.5, p < 0.05), and positively correlated with TILD (rho = 0.76, p < 0.001). sesPD and TILD are not correlated (rho = 0.04, p > 0.05). Further, rarefied genus richness based on our phylogenetic subset in highly correlated with rarefied genus richness for all genera (rho = 1, p < 0.001), suggesting genus richness calculated based on our phylogenetic subset is representative of the complete genera data.

Despite these pairwise correlations, the elevational patterns for the different richness metrics differ in terms of the best fitting model (Table 1). The elevational pattern of genus richness is best described by a breakpoint regression (adjusted R2 = 0.9), though the amount of variation explained by this model is not markedly better than a linear regression (adjusted R2 = 0.87) or quadratic regression (adjusted R2 = 0.87). The genus richness of plots is relatively constant up until an estimated breakpoint at 1,383 m asl (± 294 m), above which genus richness decreases with elevation (Figure 2A). A break point regression also provides the best fit for the elevational pattern of PD (adjusted R2 = 0.94); PD increases up to an estimated breakpoint at 1,410 m asl (± 129m), and then decreases with elevation (Figure 2B). The pattern of sesPD across elevation (Figure 2C) is best described by a quadratic regression model (adjusted R2 = 0.75). TILD follows a hump-shaped pattern across elevation (Figure 2D), with a quadratic regression giving the best fit to the data (adjusted R2 = 0.77). These results are not notably different when considering only angiosperm lineages, though the mid-elevation peak for evolutionary diversity metrics is less pronounced.


TABLE 1. Comparison of regression model fits for elevational patterns of genus richness, phylogenetic diversity (PD), standardized effect size phylogenetic diversity (sesPD), and time-integrated lineage diversity (TILD).
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FIGURE 2. The shape of the elevational richness gradient varies between metrics. (A) Genus richness and (B) phylogenetic diversity (PD) are best described by breakpoint regression models. (C) Standardized effect size phylogenetic diversity (sesPD) and (D) time integrated lineage diversity (TILD), are best described by quadratic regression models. Points are mean rarefied metric values for each plot. Red lines represent regression lines from the best fitting model for each metric. For figures a and b, the solid vertical line indicates the estimated breakpoint, with respective standard error represented by vertical dashed lines.




Evolutionary Age Patterns

Only extant lineages are included in our phylogeny. Therefore, the number of lineages at different evolutionary depths necessarily increases from two 382 million years old lineages (1 lineage leading to tree ferns, 1 lineage leading to seed plants), to 275 modern lineages, equal to the total number of genera in plots that are present in our phylogeny (Figure 1). The pattern of elevational range distribution of lineages and peak in number of lineages varies at different evolutionary depths (Table 2 and Figure 3). The highest number of younger lineages is found at lower elevations, with many younger lineages restricted to lower elevations. Older lineages are more prevalent at mid-elevations. Fewer older lineages are restricted to lower elevations and a greater percentage extend to higher elevations.


TABLE 2. Summary of lineage elevational range trends and richness at six illustrative evolutionary depths.
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FIGURE 3. (A–F) Illustrate how evolutionary age structure varies across elevation and at six notable evolutionary depths (A) 200 myrs, (B) 130 myrs, (C) 120 myrs, (D) 110 myrs, (E) 70 myrs, and (F) 10 myrs. Within each panel, the upper plot illustrates the elevational ranges of lineages. Vertical lines represent each individual lineage present at the respective evolutionary depth. Lower plots represent the number of lineages (x-axis) across elevation (y-axis) at each of the size evolutionary depths. (G) Illustrates how the elevations at which lineage richness is most numerous changes across different evolutionary depths. The gray shaded area represents the elevations most numerous in lineages across evolutionary depths. The red line illustrates mean elevation of the peak number of lineages. Vertical gray lines in (G) with letters relate to (A–F).


Six illustrative evolutionary time slices are presented in Table 2 and Figure 3. These time slices were chosen to capture the main points of variation across the evolutionary depth of our phylogeny. For example, at an evolutionary depth of 10 myrs (Figure 3F), there are 238 lineages that presently occur along the elevation transect. One-hundred and twenty-five of those lineages do not presently occur above 1,750 m asl, the mid-point of our cloud-base ecotone estimate. Seventeen lineages at 10 myrs evolutionary depth only occur above 1,750 m asl. The peak in the number of 10 myr old lineages (n = 117) is between 1,300 and 1,500 m asl (Figures 3F,G). Data for each 10-million-year time slices is presented in Supplementary Material.



DISCUSSION

Our results demonstrate a discernible contrast between patterns of taxonomic and phylogenetic diversity of trees along an Amazon-to-Andes elevation gradient. Average genus richness is essentially invariant with elevation below 1,383 m asl (± 294 m) but decreases with elevation above this point. Evolutionary richness metrics peak at mid-elevations, a pattern driven by a greater number of older lineages at mid to high elevations, and many more-recently diverged lineages failing to occur above 1,500–1,750 m asl. These findings do not match the linear expectations of the TNC or Out of the Tropical Lowlands (OTL) hypotheses. The observed prevalence of older lineages at higher elevations is anticipated by the OTL hypothesis, but our findings are most closely aligned with the Environmental Crossroads hypothesis (EC; Neves et al., 2020), which predicts the highest levels of evolutionary diversity at intermediate environmental conditions.

The observed trend in genus richness—a relatively invariant pattern up to mid-elevations and then steep diversity decline above that (Figure 2A)—matches previous species-level trends reported for this gradient (Jankowski et al., 2013), and is consistent with patterns in neo TMF more broadly (Gentry, 1988; Vazquez and Givnish, 1998), though these reports have sometimes been incorrectly interpreted as linear decreases. Many factors, such as richness-area effects (MacArthur and Wilson, 1963; Rosenzweig, 1995), the association between environmental heterogeneity and richness (Kreft and Jetz, 2007; Antonelli et al., 2018), and a non-linear precipitation gradient (Rapp and Silman, 2012), are likely to modulate the observed equivalence of low elevation and mid-elevation taxonomic richness; additional research will be needed to tease apart the contributions of these different factors.

Contrasting the trend in taxonomic richness, the evolutionary diversity metrics PD and TILD both show increasing diversity up to mid-elevations, followed by a subsequent decrease toward higher elevations. A similar peak in evolutionary diversity at mid-elevations has recently been reported in Tropical Andean forests in Colombia (González-Caro et al., 2020). In our data, PD displays a distinct mid elevation peak between c.1,300–1,500 m asl (Figure 2B); TILD follows a more gradual hump-shaped pattern across elevation, with the highest values observed across a broad range of intermediate elevations (Figure 2D). TILD values only drop markedly at the extremes of the elevational gradient. The elevational pattern for sesPD is a non-linear increase with elevation with a decrease at the highest elevations sampled (Figure 2C). However, it has been suggested that variation in standardized phylogenetic diversity metrics may be an artifact of variation in taxonomic richness (Sandel, 2018) and that sesPD may be a poor estimator of the richness dimension of diversity (Tucker et al., 2017; Dexter et al., 2019). These results must be put in the context of an analysis focused on trees. Given some lineages encompass multiple forms, studies incorporating life forms, such as lianas or shrubs, may find different patterns.

The nuanced variation observed between PD and TILD is likely to be associated with the way each metric weights the different evolutionary depths. TILD gives equal weight to diversity across all the evolutionary depths of a phylogeny, while PD gives greater weight to more-recently diverged lineages (Dexter et al., 2019). Basically, the contrast in results between TILD and PD show that older evolutionary lineages (picked up by TILD, but not represented well by PD) are present across a broad range of elevations and only really drop out at the extremes of the gradient.

Our exploration of patterns in evolutionary age of tree lineages across elevation reveals further trends. The tendency for older lineages to be found at mid and high elevations, and younger lineages to be found at lower elevations, is demonstrated by the changing number, and distribution pattern, of lineages at different evolutionary depths (Figures 3A–F). The elevational ranges of lineages at younger evolutionary depths (Figures 3E,F) indicate that for example, 53% of the lineages (n = 125) that are 10 million years old are not found above 1,750 m asl, and 33% of lineages (n = 33) that are 70 million years old, are not found above 1,750 m asl. This pattern in many younger lineages could reflect a lowland tropical origin and failure to adapt to environmental conditions at higher elevations. At older evolutionary depths, though older lineages do occur at lower elevations, fewer are restricted there and a greater percentage extend to higher elevations. For example, just 13% (n = 4) of lineages that are 110 million years old are restricted below ∼1,750 m asl, and no lineages older than 130 million years are restricted to a distribution below 1,750 m asl. Between evolutionary depths of 110 and 130 million years, there is a discernible shift in the elevation with the peak number of lineages. For lineages that are 130 million years old, the highest number of lineages occurs between 1,500 and 2,000 m asl, but for lineages that are 110 million years old the elevation where the highest number of lineages occur is lower, between 1,300 and 1,500 m asl (Figure 3G).

The prevalence of older lineages at mid and high elevations, combined with the restriction of many young lineages to lower elevations, is consistent both with expectations of the OTL hypothesis (Qian and Ricklefs, 2016) and previous findings suggesting a positive association between elevation and lineage age, as quantified by mean family ages (Segovia and Armesto, 2015; Tiede et al., 2015; Qian and Ricklefs, 2016). However, we suggest that our analysis based on phylogenetic depth may be more evolutionarily meaningful than previously utilized family ages, which are based on relatively subjective taxonomic circumscription of families.

Integrating lineage age into our understanding of the EDG clearly demonstrates the biodiversity significance of mid-elevation TMF. However, variation in evolutionary age trends across elevation is not, in and of itself the driver of the diversity trend. The observation of highest evolutionary diversity in mid-elevation TMF may be explained by the meeting of distinct evolutionary floras at the intermediate region of an environmental gradient as posited by the EC hypothesis (Neves et al., 2020). This explanation is supported by the occurrence of a tropical montane flora that is evolutionarily distinct to that found in the lowlands (Segovia and Armesto, 2015; Griffiths et al., 2021) as has also been suggested for Andean forests in Colombia (González-Caro et al., 2020). Further, TMF appear to comprise a unique tree flora that is also evolutionarily distinct from the more temperate affiliated tree flora found at the highest Andean elevations (Segovia et al., 2020).

Along this Amazon-to-Andes gradient, an environmental crossroads type process may also intersect with the presence of the cloud-base ecotone at mid-elevations around 1,500–2,000 m asl (Halladay et al., 2012; Rapp and Silman, 2012; Fadrique et al., 2018). Ecotonal transitions may represent areas of high diversity (Odum, 1971; Risser, 1995; Kernaghan and Harper, 2001; Silva-Pereira et al., 2020) with the possible influence of mass effects, where individuals are able to occur in marginal habitat on the edge of their species’ core range (Shmida and Wilson, 1985). Moreover, ecotones may actually act as generators of diversity (Moritz et al., 2000). Although this has yet to be explicitly tested, the cloud-base ecotone, with its environmental transitions, could represent a “leaky barrier” influencing the mixing of representatives from both the tropical montane flora above, and the lowland flora below, and providing a boost to evolutionary diversity.

While the cloud-base ecotone may play some part in the shape of the TMF EDG, other processes may be of stronger and broader influence. Historical processes, such as Andean uplift are recognized as of broad influence on the biogeographic patterns of the South American flora (Antonelli et al., 2009). The evolutionary ages of many lineages at higher elevations substantially exceeds the relatively recent uplift of the Andes (Graham, 2009) and fits suggestions that colonization by older lineages, preadapted to extratropical environments, likely played an important role in the assembly of TMF communities (Gentry, 1982; Segovia and Armesto, 2015). Mid-elevation TMF may represent the region where these colonizing lineages mix with those taxa from lowland Amazonian communities that adapted to a cooler climate during the Pleistocene, and reach their elevational limit around 1,700 m asl (Silman, 2007).

The shape of the EDG for trees clearly depends upon the dimension of diversity that is quantified. Our results demonstrate clear contrasts between taxonomic and evolutionary patterns of alpha diversity, as well as variation across different evolutionary depths. The high values of evolutionary diversity at mid-elevations support the Environmental Crossroads hypothesis (Neves et al., 2020) more strongly than competing hypotheses, and we argue that our observations support the hypothesized mixing of evolutionarily distinct tropical montane and tropical lowland floras at mid-elevations. Given the potential impact of environmental changes, such as a shift in cloud-base dynamics under climate change (Helmer et al., 2019), broader acknowledgment of this globally unique diversity is urgent. Lowland Amazonia has historically been considered as containing the most diverse forests on the planet (Henderson et al., 1991), yet as revealed here, lowland richness is rivaled by that of mid-elevation montane forests, especially when factoring in the full evolutionary depth of lineages.
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