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Abstract
Aim: Large-scale functional diversity studies typically examine isolated traits, often 
without phylogenetic context. Here, we integrate data from five life-history traits 
with phylogeny and occurrence records to assess: (a) correlated latitudinal gradients 
of trait combinations; (b) which traits show phylogenetic conservatism and (c) quan-
titative, clade-specific differences in trait syndromes, illustrating the phylogenetic 
scale of observable variation in ecological strategies.
Location: The Americas.
Taxon: Ericales (Asterids) and Fabales (Rosids).
Methods: We used publicly available trait data sets on height, seed mass, wood 
density, leaf mass per area (LMA) and growth form, an open-source phylogeny, and 
georeferenced occurrence records to investigate functional diversity patterns. We 
employed phylogenetic generalized least squares and phylogenetic principal com-
ponents analyses (pPCA) to assess correlated trait evolution and quantify the trait 
syndrome, respectively. We employed the InfoMap Ecoregions web app to cluster 
species by bioregions. We used standard statistical tests and randomization simula-
tions to assess statistical significance of results.
Results: Ericales and Fabales exhibited a biogeographically consistent, phylogeneti-
cally conserved trait syndrome. Moving poleward, species exhibited progressively 
smaller trait values and more herbaceous and shrubby growth forms (except for LMA, 
which showed no consistent pattern). We quantified latitudinal variation in this trait 
syndrome using pPCA, and provide evidence for correlated trait evolution.
Main conclusions: We demonstrate a functional trait syndrome involving height, seed 
mass, wood density and growth form, but not LMA. Functional trait values showed 
consistent latitudinal patterns and evidence of correlated evolution, suggesting an 
underlying ecological strategy. Furthermore, the two clades showed quantitative dif-
ferences in the manifestation of this trait syndrome. Variation in the syndrome was 
best observed among species from con-ordinal families. We interpret this trait syn-
drome as a strategy of resource acquisition in which habitats with relatively greater 
soil nutrient content and a shorter growing season favour shorter stature, lower seed 
mass and wood density, and shrubby or herbaceous growth form.

mailto:￼
https://orcid.org/0000-0001-9785-8529
mailto:hecfox@umich.edu


     |  203FIGUEROA And SMITH

1  | INTRODUC TION

Functional traits mediate numerous aspects of plant ecology 
(Grime, 2006), and there has been extensive interest in categorizing 
the distributional patterns of functional trait values. Such patterns 
represent the confluence of differing ecological strategies and in-
teractions, selection pressures, physiological constraints, abiotic fil-
tering and historical contingency (Reich et al., 2003). Nevertheless, 
understanding the underlying biological reasons for the observed 
patterns remains elusive. Strong latitudinal gradients in many 
life-history traits, sometimes assessed across all angiosperms or 
seed plants, have given researchers a first glimpse into continen-
tal-scale patterns of functional diversity (Moles et al., 2005, 2007, 
2009; Swenson et al., 2012), which might provide crucial insight 
into the integrated ecological strategies employed by particular taxa 
(Grime, 2006).

Despite these advances, important gaps in our syntheses of these 
trait patterns remain (Moles, 2018). Large-scale analyses of func-
tional diversity often look at only a single trait (Moles et al., 2005, 
2007, 2009), or include phylogeny in only a limited context (Swenson 
et al., 2012; Swenson & Weiser, 2010). However, ecological strat-
egies might manifest in the combination of traits a plant exhibits 
(Grime, 2006; Pierce et al., 2017), and functional trait values will 
vary among different clades, and can be influenced by evolutionary 
history (e.g. phylogenetic constraint). For example, although trees 
may be taller on average in the tropics, what constitutes tall may 
vary among different lineages. Thus, one important and outstanding 
question is the extent to which traditional functional traits show ev-
idence of phylogenetic signal/conservatism (Blomberg et al., 2003; 
Wiens et al., 2010). Indeed, phylogenetic niche conservatism, in 
general, has been upheld as the primary driver of present-day dis-
tributional patterns among New World trees (Segovia et al., 2020). 
Understanding the extent to which the functional trait values which 
contribute to a plant's niche are conserved, therefore, has significant 
implications for understanding modern biodiversity.

Another important consideration is the extent to which certain 
functional traits correlate, or group together, potentially indicating 
an integrated strategy. In part, this is a practical concern, since if 
two traits are tightly correlated, but only one of the pair is easily 
measured, then it may suffice to measure only that trait for which 
data acquisition is simpler. However, biologically, it might also be the 
case that a plant's ecological strategy is better understood in the 
context of multiple traits and that phylogenetic niche conservatism 
might manifest as coordinated evolution among multiple characters. 
Underpinning both the question of phylogenetic signal and coordi-
nated evolution of traits is the question of appropriate evolutionary 
scale: at what phylogenetic scale is variation in ecological strategies 
observed?

To begin addressing these questions, we examined five life-his-
tory traits that relate to ecological strategies and are linked to plant 
and ecosystem function: height, seed mass, wood density, leaf mass 
per area (LMA) and growth form. Plant height is important for its 
relationship to carbon sequestration (Conti & Díaz, 2013; Moles 
et al., 2009) and competition for light (Moles & Leishman, 2008), 
as well as influencing habitat type available for animal species (e.g. 
closed canopy forest versus open woodland). Seed mass is one 
determinant of dispersal syndrome (Muller-Landau et al., 2008; 
Westoby et al., 2002) and contributes to fecundity-survival (Muller-
Landau, 2010) and shade tolerance trade-offs (Wright et al., 2010). 
Wood density provides mechanical support and forms a ‘wood eco-
nomics spectrum’ (Chave et al., 2009). Leaf traits relate directly to 
photosynthetic strategy and the leaf economics spectrum (Wright 
et al., 2004, 2010). Leaf mass per area (LMA) represents a funda-
mental part of a plant's carbon-investment strategy and has been 
correlated with leaf life span in woody plants.

While previous work on continental-scale diversity pat-
terns (Moles et al., 2007, 2009; Swenson et al., 2012; Swenson & 
Weiser, 2010) has found a signal for latitudinal gradients for several 
traits, the inclusion of phylogeny has been limited. On the other 
hand, studies that have related functional trait patterns to phylog-
eny (Moles et al., 2005; Zanne et al., 2014) have utilized very broad 
phylogenetic scales (the entire seed plant or angiosperm phylogeny; 
but see Hawkins et al., 2014). These extremely broad studies may 
obscure the underlying biological explanations for observed pat-
terns. Here, we adopt a targeted approach that allows us to account 
for individual histories of particular lineages and provides a clearer 
understanding of empirical patterns.

We examine the geographic distribution of this suite of life-his-
tory traits across the Americas within two angiosperm clades: 
Ericales (Asterids) and Fabales (Rosids). Ericales is a large clade 
within the Asterids, containing 22 taxonomic families and comprised 
of ~12,000 known species (The Angiosperm Phylogeny Group, 
2016; Stevens, 2001). Although resolution of deep divergences 
remains contentious, the clade likely began diversifying between 
100 and 125 million years ago (MYA; cf. Magallón et al., 2019; Rose 
et al., 2018; Stevens, 2001), providing not only ample opportunity for 
phenotypic diversification but also for species to be exposed to sev-
eral changes in habitat types and climate regimes. Similarly, Fabales 
represents a ~80–100 MYA clade (Li et al., 2015; Stevens, 2001; 
Wikström et al., 2001) that has diversified into numerous ecosys-
tems across the globe. Additionally, Fabales are of particular note 
for their involvement with nitrogen-fixing bacteria (Sprent, 2009), of 
which the Fabaceae contributes greatly to the global nitrogen cycle.

Both Ericales and Fabales are present throughout the Americas 
and contribute to the structure and diversity of a wide range of 
ecosystems, including tropical rainforests, forest understories, 
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open habitats and polar environments (Hedwall et al., 2013; 
Moquet et al., 2017; ter Steege et al., 2006; Stevens, 2001). 
Therefore, we expected that each of these two clades would show 
sufficient variation in functional trait values to address the ques-
tion of which traits show phylogenetic conservatism and evidence 
of correlated evolution. Nevertheless, because these clades are 
relatively distantly related (separated by over 100 MY), we ex-
pected clade-specific quantitative differences in the trait values 
characterizing each clade, even if overall qualitative phenotypic 
patterns were similar.

2  | MATERIAL S AND METHODS

2.1 | Phylogenies & species lists

We obtained species-level Ericales and Fabales phylogenies from 
the Smith and Brown (2018) seed plant phylogeny, and left poly-
tomies unresolved. Species lists from this phylogeny were used 
to query trait and geographic occurrence record databases (see 
below). To investigate the interaction between traits and biogeo-
graphic distribution, we pruned each larger phylogeny (Ericales 
or Fabales) based on trait data availability to create subtrees for 
each trait, yielding the following species-by-trait coverage after 
data cleaning and processing (per cent indicates fraction of spe-
cies for which trait data were available). Growth form: 2,362 
(Ericales, 14.9%) and 4,052 (Fabales, 16.5%). Plant height: 558 
(Ericales, 3.5%) and 593 (Fabales, 2.4%). Seed mass: 412 (Ericales, 
2.6%) and 1,014 (Fabales, 4.1%). Wood density: 314 (Ericales, 
1.9%) and 367 (Fabales, 2.4%). LMA: 451 (Ericales, 2.8%) and 625 
(Fabales, 2.6%).

We illustrated the correspondence between species' trait val-
ues and their farthest latitudinal extent from the equator (see 
Section 2.2 below) with phylogenetic heatmaps for which we 
painted ancestral state reconstructions on branches and latitudinal 
categories surrounding each phylogeny. Phylogenies were visual-
ized using the R statistical computing environment (R Development 
Core Team., 2011) with ‘GGTREE’ (Yu et al., 2017) and ‘TREEIO’ 
(Wang et al., 2020) packages; reconstructions were calculated with 
‘PHYTOOLS’ (Revell, 2012).

To determine phylogenetic clustering (niche conservatism) of 
species within latitudinal categories, we calculated the average phy-
logenetic distance among species found in each category. To assess 
whether these average distances were more extreme than expected 
by chance, we performed 1,000 random draws of n taxa from the 
phylogeny and calculated the average distance among them for each 
draw (where n equals the number of species in a category). Observed 
phylogenetic distances were deemed significant if they were more 
extreme than 95% of distances obtained from these simulations.

We used phylogenetic principal component analyses (pPCA) to 
quantify our trait syndrome, calculated with ‘PHYTOOLS’ and visu-
alized with ‘PCA3D’ (Weiner, 2015). pPCA accounts for the covari-
ance structure of the phylogeny during ordination (Polly et al., 2013), 

allowing one to measure the degree of correlation among variables 
beyond what is expected from Brownian motion. We performed 
pPCA on the subsets of taxa for which complete trait data were 
available (86 Ericales, 220 Fabales species), although we did not 
include growth form (categorical trait) in the ordination. For these 
subsets, correlated evolution among traits was assessed by phylo-
genetic generalized least squares (PGLS), using the variance-covari-
ance matrix of the subtree as the expected correlation structure, in 
order to quantify the degree of correlation between traits beyond 
what would be expected solely from a Brownian motion model of 
trait evolution.

2.2 | Occurrence records

Ericales and Fabales georeferenced occurrence records across all 
American countries were obtained from the Global Biodiversity 
Information Facility (GBIF; www.gbif.org) and processed using the 
‘COORDINATECLEANER’ package (Zizka et al., 2019) in R to re-
move suspect coordinates, fossil records and match taxa to coun-
try. Records were further processed by removing those with fewer 
than two decimal precision (~1.1 km) and matching all names to those 
from the Smith and Brown (2018) phylogeny. From these records, 
each species was assigned a unique latitudinal category based on 
the farthest absolute distance it was found from the equator. We 
required at least three records within a category in order to assign 
a species to it. Categories were as follows: beyond 60° (polar); be-
tween 60° and 50° (hemi-boreal); between 50° and 40° (temperate); 
between 40° and 20° (subtropical) and between 20° and 0° (tropi-
cal). Results were robust to changes in the boundaries of these lati-
tudinal categories (data not shown).

Latitudinal gradients were visualized with ‘GGPLOT2’ 
(Wickham, 2016) in R. Trait disparity maps were constructed as fol-
lows. For each clade and trait, we calculated standardized effect size 

as SES=
(

X−X

)

∕�x, where X denotes species' trait value, X the mean 

clade-wide trait value (Figure S1) and σx is the standard deviation of 
the trait distribution. We calculated the average SES found within a 
0.5 degree grid cell in order to visualize ‘hot spots’ where trait values 
differ significantly from the overall clade average. Positive (negative) 
values indicate grid cells with average trait values much larger 
(smaller) than the clade-wide average. Scores are in units of standard 
deviations and can be interpreted as a Z-score. American terrain 
maps were obtained from stamen maps (Stamen Design, under CC 
BY 3.0. Data by OpenStreetMap, under CC BY SA) via the ‘GGMAP’ 
API (Kahle & Wickham, 2013).

2.3 | Trait and climate data

Trait data were obtained from the TRY Plant Trait Database (Kattge 
et al., 2020), by querying all traits related to plant height, seed mass, 

http://www.gbif.org
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wood density, LMA and growth form for our Ericales and Fabales 
species lists. Trait data were converted into standard units (seed 
mass – mg; height – m; wood density – g/cm3; LMA – mg/mm2; 
growth form – unitless, see below), entries flagged with risk factor 
>4 by TRY removed and remaining trait values averaged for each 
species. We log-transformed all traits, except growth form, prior to 
analyses. Growth form, instead, was coded numerically as: 0 – her-
baceous, 0.5 – shrub/climber; 1 – tree; NA – other; however, we did 
not use such values as ordinated points.

We downloaded 30-s climate data from world clim.org (Fick & 
Hijmans, 2017) describing mean annual temperature (MAT), pre-
cipitation (MAP) and elevation (ELV) of the Americas. We then 
extracted MAT, MAP and ELV values for each species' location 
using the ‘RASTER’ package in R, and calculated the minimum 

MAT, MAP and maximum ELV for each species across all of its 
sites.

2.4 | Bioregion mapping and trait distributions

For those species with complete functional trait information, we used 
their georeferenced occurrence records to cluster species by biogeo-
graphical regions (bioregions), using the Infomap Bioregions web ap-
plication (https://biore gions.mapeq uation.org). Briefly, this algorithm 
takes species' point occurrences as input and uses an information-
theoretic clustering algorithm, Infomap (Edler et al., 2016; Rosvall & 
Bergstrom, 2008), to form a bipartite network mapping species to dif-
ferent bioregions. Rather than binning species by latitudinal extrema, 

F I G U R E  1   Latitudinal gradients for each clade (Ericales, left panels; Fabales, right panels) and functional trait (height, seed mass, wood 
density, growth form). For both clades, taxa confined to tropical latitudes show significantly higher trait values than those which reach 
polar latitudes (p < 0.05 in all cases), and there is a tendency for a graded increase in trait values with decreasing distance from the 
equator. This trend is interpreted as a trait syndrome since it manifests across multiple traits. We omit LMA here because it did not show 
a strong latitudinal gradient (see Figure S2 for LMA results), although tropical taxa still possess higher median LMA values than polar ones. 
Differences between Fabales and Ericales are discernible, indicating quantitative differences in the manifestation of this trait syndrome (see 
Section 4). (Boxplots indicate median values. Growth form is plotted using average values (points) and standard deviations (lines) because this trait 
was treated differently than others in the analyses (see Section 2).) [Colour figure can be viewed at wileyonlinelibrary.com]
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this approach allowed the entirety of species' ranges to define poten-
tially biologically relevant geographical boundaries that might separate 
groups of species using different ecological strategies. Parameters used 
for clustering each clade by bioregion are given in Table S1. To examine 
the relationship between functional traits and the bioregions identified 
by the Infomap algorithm, we calculated mean and standard error of 
functional trait values for all species assigned to each bioregion.

3  | RESULTS

3.1 | Correspondence between geography and traits

From an initial set of 1,854,067 GBIF records, data cleaning 
methods yielded a final set of 1,170,770 records (~63% retained). 
Among these, we observed a strong relationship between species' 

F I G U R E  2   Geographic heatmaps (Mercator projection) showing the extent of trait disparity for each clade (Ericales, left panels; Fabales, 
right panels) and functional trait (height, seed mass, wood density, growth form). LMA is omitted because it did not show a strong latitudinal 
gradient (see Figure S2). Except for growth form, grid cell colors indicate the extent to which the average trait value in that grid cell differs 
from the overall average across the entire clade (standard deviation units, e.g. z-score; see Methods), with red (purple) grid cells indicating 
values much lower (higher) than the average. For growth form, grid cells are colored by the most common (modal) growth habit in that cell 
(blue: tree; green: shrub; red: herbaceous). In general, South American tropics have trait values higher than the average and are dominated 
by trees (though many more Fabales are herbs here), while polar latitudes have trait values lower than the average and a greater proportion 
of herbs (though many more Ericales are shrubs here). Maps for the same trait share a common legend, however, maps of different traits do 
not and so colors are not directly comparable between different traits. [Colour figure can be viewed at wileyonlinelibrary.com]
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latitudinal category and most life-history trait values (Figure 1), 
LMA being an exception (Figure S2). Both Ericales and Fables oc-
curring at more extreme latitudes (particularly beyond 50° from 
the equator) exhibited a high-latitude trait syndrome characterized 
by the production of smaller seeds, shorter stature, lower wood 
density, being herbaceous or shrubby and lower LMA. The con-
verse was generally true for taxa confined to within 20° of the 
equator. Production of larger seeds, higher wood density and stat-
ure, and tree growth form typified the lower-latitude manifesta-
tion of this trait syndrome.

Quantitatively, we found a latitudinal gradient in trait val-
ues for each trait and clade (Figure 1), with the exception of LMA 
(Figure S2), which showed a comparatively modest trend. Although 
both clades showed a graded tendency towards lower trait values 
at progressively higher latitudes, the quantitative trait values within 
each latitudinal category differed between Fabales and Ericales. For 
example, for both groups, species at polar latitudes were signifi-
cantly shorter than those at tropical latitudes (p < 0.05); however, 

at polar latitudes Fabales species were significantly taller than 
Ericales species (p < 0.05; see Section 4). We also note that Fabales 
tended to produce larger seeds, on average, than Ericales (Figure S1). 
Furthermore, there was a strong drop in median Fabales wood den-
sity at polar latitudes, which was not present for Ericales. To some 
extent, these clade-specific differences might be attributable to dif-
ferences in how Fabales and Ericales are distributed with regards to 
temperature, precipitation and elevation (Figure S3).

We found variation in the intensity of trait disparity for each 
clade and trait, using a standardized effect size metric (see Section 2; 
Figure 2). In general, for both clades, grid cells at higher (lower) lati-
tudes show average trait values that were significantly lower (higher) 
than the within-clade average. Clade-specific differences in the 
extent of relative trait disparity were also apparent. For example, 
while both groups had lower average wood density at polar latitudes, 
Fabales species at polar latitudes showed significantly lower wood 
density compared to Ericales taxa (p < 0.05), and Ericales taxa had a 
higher proportion of shrub taxa in polar regions than Fabales.
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Figure 3 (Continued)
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3.2 | Correspondence among traits, 
phylogeny and geography

Species demonstrated phylogenetically conserved life-history trait 
values (Figure 3). In addition to showing conserved individual trait 
values, clades within each lineage also showed conserved suites of 
trait values. For example, Sapotaceae (Ericales) tended to be tall 
trees with large seeds and higher wood density, while Trifolium 
(Fabales) tended to be shorter statured, herbaceous or with lower 
wood density, and produce smaller seeds. Overall, congeneric spe-
cies were similar in their functional trait values, indicating that 
within-genus comparisons would generally not provide observable 
variation in the functional traits we examined here. However, com-
parisons of con-ordinal species from differing families (e.g. compar-
ing Sapotaceae, Ericaceae and Primulaceae) permitted observable 
variation in functional trait values, indicating that this phylogenetic 
scale is better suited for this trait syndrome. Comparisons made by 
grouping Ericales and Fabales together, however, could obscure the 
ability to see variation in this syndrome (see Section 4).

In general, there was also phylogenetic conservatism of latitudi-
nal categories (coloured bars surrounding phylogenies in Figure 3; 
Figure 4). Species tended to be significantly more closely related to 
species in the same latitudinal category (i.e. diagonal elements in 
Figure 4 tend to have lower values than other elements in the same 
row or column). Additionally, species inhabiting polar latitudes 
tended to be more closely related to each other than to species 
in other categories (i.e. the average polar-polar phylogenetic dis-
tance is usually among the smallest values in each table). Overall, 
therefore, taxa showed phylogenetically conserved life-history 
trait syndromes, which corresponded to the latitudinal extrema at 
which the species are found. LMA was an exception to this trend, 
however; this trait showed little connection to phylogeny or latitu-
dinal extrema.

Although data from both Ericales and Fabales were consistent 
with these trends, there were notable differences between the 
two clades in terms of how trait values and latitudinal extrema 
were distributed along their respective phylogenies. For example, 
although both clades had similar fractions of tropical species sam-
pled for plant height (Figure S5 for proportion of species in each 

latitudinal category), tropical Fabales typically were clustered in 
the phylogeny, whereas tropical Ericales were distributed through-
out multiple clades. The overall effect was that Ericales trait syn-
dromes generally corresponded to Linnaean families, whereas the 
Fabales did not fall as easily into typical family or tribe categories 
(see Section 4).

3.3 | Categorizing trait syndromes

Although not every species was represented for every trait (see 
Section 2), by examining multiple traits across each plant clade, the 
correspondence between phylogeny and functional trait values sug-
gested clades could be categorized by trait syndromes (Figure 5a,b). 
In general, the phylogenies showed that clusters of species exhib-
ited shared suite of traits, indicating phylogenetic conservatism of 
this functional trait syndrome. LMA is an exception to this pattern, 
appearing instead as a ‘barcode’ pattern with very little relationship 
to phylogeny (Figure 5a,b). This trait syndrome was quantified using 
phylogenetic principal components analysis (pPCA; Figure 6). For both 
clades, the first two principal components (PCs) accounted for over 
88% of the total variance, although we include the first three here 
(>95% variance explained; Figure 6). For Fabales, tropical and subtrop-
ical species clustered separately from temperate and boreal species, 
and this separation is visible in all three PCs, suggesting two broad 
trait patterns at the transition from tropical to temperate latitudes. For 
Ericales, there was greater separation between temperate taxa and 
those found in boreal latitudes (3 groups). Thus, the manifestation of 
the trait syndrome differs between these two clades (see Section 4).

We also examined the evidence for correlated evolution of 
functional trait values. We illustrated this graphically in Figure 5c,d, 
where phylogenies are mapped onto the trait space of each pairwise 
trait combination. For many trait combinations, there was a visually 
apparent correlation between the traits examined. Furthermore, 
we utilized PGLS to ask whether or not these correlations were sig-
nificant beyond what we would expect under a Brownian motion 
model of trait evolution (p-values in lower right corner of each plot). 
Most, but not all, PGLS correlations were found to be significant. 
LMA, in particular, did not show evidence of correlated evolution. 

F I G U R E  4   Mean pairwise phylogenetic distances (MPD) among taxa within each latitudinal category, for Ericales (top row) and Fabales 
(bottom row). Matrices are symmetrical, and we show only the lower triangle of each. Darker (lighter) colour indicates smaller (larger) 
phylogenetic distances, indicating species are more (less) closely related on average. In general, species in the same latitudinal category 
tend to be more closely related (i.e. the diagonal elements are usually darker colour than other elements in the same row/column), and 
polar species tend to be more closely related to each other than any other combination (i.e. the polar-polar element is usually one of the 
smallest values in the table). More generally, species outside of the tropics tend to be more closely related to each other than to tropical 
or subtropical species (the converse is also true). Most values were statistically significant (see Section 2). (#p < 0.001; *p < 0.05; NS: not 
significant) [Colour figure can be viewed at wileyonlinelibrary.com]

ERICALES Height 
  polar hemiboreal temperate subtropical tropical 

polar 0.674#     

hemiboreal 0.700# 0.695#    

temperate 0.670# 0.685# 0.589#   

subtropical 0.874# 0.888# 0.871# 0.732#  

tropical 0.902# 0.912# 0.893# 0.705# 0.620# 

ERICALES Seed Mass 
  polar hemiboreal temperate subtropical tropical 

polar 0.686#     

hemiboreal 0.726# 0.726#    

temperate 0.742# 0.757# 0.761#   

subtropical 0.838# 0.838# 0.833# 0.777#  

tropical 0.873# 0.882# 0.874# 0.808* 0.766# 

ERICALES Wood Density 
  polar hemiboreal temperate subtropical tropical 

polar 0.277#     

hemiboreal 0.634NS 0.476 NS    

temperate 0.710 NS 0.836* 0.793#   

subtropical 0.938# 0.944# 0.916# 0.730*  

tropical 0.951# 0.951# 0.925# 0.711# 0.641# 

ERICALES LMA 
  polar hemiboreal temperate subtropical tropical 

polar 0.650#     

hemiboreal 0.671# 0.664#    

temperate 0.690# 0.699# 0.692#   

subtropical 0.860# 0.862# 0.845# 0.751#  

tropical 0.897# 0.899# 0.875# 0.734# 0.676# 

ERICALES Growth Form 
  polar hemiboreal temperate subtropical tropical 

polar 0.679#     

hemiboreal 0.707# 0.704#    

temperate 0.735# 0.728# 0.729   

subtropical 0.807# 0.804# 0.808# 0.819#  

tropical 0.804# 0.817 NS 0.829# 0.838# 0.811# 

FABALES Height 

  polar hemiboreal temperate subtropical tropical 
polar 0.436#     

hemiboreal 0.533# 0.571#    

temperate 0.547# 0.597# 0.593#   

subtropical 0.692# 0.711# 0.690# 0.669NS  

tropical 0.750# 0.766# 0.733# 0.658# 0.595# 

FABALES Seed Mass 
  polar hemiboreal temperate subtropical tropical 

polar 0.462#     

hemiboreal 0.551# 0.590#    

temperate 0.549# 0.597# 0.591#   

subtropical 0.674# 0.687# 0.673# 0.670#  

tropical 0.710# 0.715# 0.703# 0.692# 0.698# 

FABALES Wood Density 
  polar hemiboreal temperate subtropical tropical 

polar 0.527#     

hemiboreal 0.655# 0.655#    

temperate 0.709NS 0.713NS 0.646#   

subtropical 0.727# 0.718# 0.664# 0.658#  

tropical 0.742# 0.735# 0.706* 0.702NS 0.717# 

FABALES LMA 
  polar hemiboreal temperate subtropical tropical 

polar 0.411#     

hemiboreal 0.550# 0.611#    

temperate 0.554# 0.624# 0.613#   

subtropical 0.713# 0.731# 0.712# 0.683#  

tropical 0.760# 0.768# 0.748# 0.693# 0.676# 

FABALES Growth Form 
  polar hemiboreal temperate subtropical tropical 

polar 0.487#     

hemiboreal 0.590# 0.641#    

temperate 0.545# 0.613# 0.573#   

subtropical 0.668# 0.695# 0.671# 0.685#  

tropical 0.742# 0.750# 0.737# 0.720# 0.725# 

www.wileyonlinelibrary.com


210  |     FIGUEROA And SMITH

Our results suggest that clades possess a shared suite of functional 
trait values that may have evolved in a correlated manner, although 
greater coverage of these functional traits would help strengthen 
this claim.

3.4 | Bioregion mapping and trait distributions

In addition to latitudinal categories, for those species with com-
plete functional trait information, we also allowed species' ranges 

F I G U R E  5   Top panels: Phylogenetic heatmaps for (a) Ericales and (b) Fabales taxa for which complete trait information is available, 
indicating a conserved trait syndrome. The first column of trait values (Lat.) corresponds to the latitudinal extrema (colours are as in 
Figures 1 and 3). For functional traits, we include height (HT), seed mass (SD), wood density (WD) and LMA here because these traits were 
used in tests of correlated evolution (bottom panels) and phylogenetic principal components analysis (pPCA, Figure 6). Growth form was 
excluded in those analyses because it is not an ordinated trait. Colors for each trait are as in the ancestral state reconstructions of Figure 3, 
and bottom panels of this same figure. In general, but with the exception of LMA, species tend to show blocks of trait values consistent with 
a trait syndrome. This trait syndrome corresponds well to species' assigned latitudinal category. Bottom panels: Tests for correlated evolution 
among those functional traits depicted in top panels for Ericales (c) and Fabales (d) taxa. The grids show correlations of each pairwise trait 
combination, with the phylogeny mapped onto the two-dimensional trait space. Along the diagonal of the grid, we plot ancestral state 
reconstructions for each trait on the phylogenies shown in (a) and (b) above. With the exception of LMA, correlations between traits are 
discernible. We utilized phylogenetic generalized least squares (PGLS) to determine if correlations were significant beyond what would be 
expected under a Brownian motion model of trait evolution (p-values indicated in lower right corners of each plot). Correlations with LMA 
were generally not significant, whereas other correlations were. Although relatively few species have sufficient trait data to allow for these 
comparative methods, this is consistent with correlated evolution of these traits – thus, indicating that the relative trait values defining the 
syndrome we describe here might have evolved in concert [Colour figure can be viewed at wileyonlinelibrary.com]

(a) (b)

(c) (d)
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to define biogeographical clusters (see Section 2), which in turn 
might be expected to use different functional-trait strategies. For 
both clades, we obtained a similar number of clusters (Ericales: 11; 
Fabales: 10), and clusters converged on similar geographic regions 
(Figure S6). When measuring average trait values among all species 
assigned to each cluster, we found that clusters tended to exhibit 
consistent trait patterns (e.g. all low or all high trait values, excepting 
LMA, as in above analyses; insets of Figure S6). Additionally, geo-
graphically adjacent regions tended to exhibit similar trait values. 
Seed mass, however, showed an abrupt transition dividing tropical 
clusters (large average seed mass) from extra-tropical (low average 
seed mass) ones. Both trait data limitations and sparse sampling 
from certain regions (e.g. southern South America) influenced the 

biogeographical clusters obtainable in this analysis and enhanced 
data collection should continuously update and refine the clusters, 
thus, identified.

4  | DISCUSSION

Our results provide evidence among New World Ericales and 
Fabales of a latitudinally graded (Figures 1 and 2) and phylogeneti-
cally conserved (Figures 3–5) functional-trait syndrome involving 
height, seed mass, wood density and growth form, but not LMA. 
Moving poleward, species tend to exhibit progressively shorter stat-
ure, smaller seeds, lower wood density and become predominantly 

F I G U R E  6   Phylogenetic principal components analysis (pPCA) among height, seed mass, wood density and LMA, for Ericales and Fabales 
taxa (as indicated by arrows in the plot). Growth form was excluded in the ordination because it is not an ordinated trait. For both clades, the 
first two principal components capture > 88% of the total variance, but we include the first three components here (>92% total variance). 
Small points indicate individual species, while larger circles indicate centroids of each group. The groups are coloured based on latitudinal 
category (colors are as in Figure 1). For both Ericales and Fabales, species within different latitudinal categories cluster separately in the 
composite trait space. This is consistent with the latitudinally graded multi-trait syndrome we describe here. However, there are differences 
between the two clades. Fabales shows two main clusters, with tropical and subtropical species clustering separately from temperate, 
hemiboreal and polar ones. Ericales, however, shows greater separation between temperate and hemiboreal/polar taxa (three clusters). Thus, 
the manifestation of the trait syndrome differs between these two groups [Colour figure can be viewed at wileyonlinelibrary.com]
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herbaceous or shrubby. pPCA for those taxa with complete trait 
data suggest that this trait syndrome can be classified based on the 
clustering of species into separate groups in trait-space (Figure 6). 
Additionally, the comparative analyses provide evidence that the 
life-history traits involved in this syndrome may have evolved in a 
correlated manner (Figure 5c,d).

Our results also highlight quantitative, clade-specific, differ-
ences in the manifestation of this syndrome, illustrating the need for 
targeted phylogenetic approaches and examining potential patterns 
at different phylogenetic scales. While previous studies have made 
strides in examining broad intersections of ecological function and 
plant traits, they have typically incorporated phylogeny in a limited 
sense (e.g. Swenson et al., 2012), or used an extremely broad phy-
logenetic scale (e.g. Zanne et al., 2014). However, just as ecological 
studies have gained appreciation for the appropriate choice of spa-
tial scale in study design, choice of phylogenetic scale can also be 
an important decision. To observe variation in the trait syndrome 
we describe here required looking beyond the level of congeners, 
which, for those traits we examined, tended to have very similar trait 
values, and our results suggest that comparisons of species sampled 
from con-ordinal families provided the best scale at which this trait 
syndrome could be quantified.

The importance of scale can be illustrated by examining seed 
mass measurements. If Fabales and Ericales seed mass measure-
ments are lumped together, latitudinal differences among species 
whose ranges extend to temperate, boreal and polar areas are 
largely obscured due to the statistically significantly differences in 
average seed mass between the two groups (Figure S1). There are 
also clade-specific differences in plant height among taxa within 
the same latitudinal category. For example, among polar-latitude 
species, Fabales are significantly taller than Ericales (p < 0.05, 
Figure 1, compare blue boxes), but at temperate latitudes, the sit-
uation is reversed and Ericales are taller (p < 0.05, Figure 1, com-
pare green boxes). In Figure S3, we show that, at polar latitudes 
Ericales occur at sites with lower average temperature and higher 
average elevation than Fabales. In contrast, in temperate regions, 
Ericales tend to occur at sites with lower average elevation and 
higher average precipitation. These differences in how taxa are 
distributed according to smaller-scale climatic factors that might 
help explain some of the clade-specific differences in the mani-
festation of the trait syndrome described here, particularly height 
and seed mass. We also note that other trait syndromes might be 
best observed at quite different phylogenetic scales. For instance, 
the disparity in traits relating to chemical defence against herbiv-
ory among co-occurring congeneric species of Inga is known to 
be quite high (Sedio et al., 2018). Thus, careful and study-specific 
choice of phylogenetic scale can be important in teasing out pro-
cesses of interest.

Unlike Ericales (Asterids), Fabales (Rosids) are part of the nitro-
gen-fixing clade (Friis et al., 2011), and form root nodules in associa-
tion with Rhizobia bacteria to fix atmospheric nitrogen. Furthermore, 
in higher-latitude environments, Fabales tend to preferentially 
produce indeterminate nodules, whereas determinate nodules are 

utilized more in tropical forests (Sprent, 2009). Thus, Fabales taxa 
show a distinct high-latitude nitrogen-fixing phenotype. It is possible 
that such differences in the nitrogen-fixation mode also contribute 
to differences in how these two clades manifest this trait syndrome 
and how they are arrayed along elevational and precipitation gradi-
ents, particularly at higher latitudes, where nitrogen may be more 
limiting (Reich & Oleksyn, 2004).

Although we focused on latitudinal categories for species, we 
also clustered species into bioregions using the InfoMap algorithm 
(see Section 2; Figure S6; Edler et al., 2016). That both Ericales 
and Fabales species clustered into a similar number of roughly 
geographically convergent bioregions could suggest these regions 
represent areas with distinct ecological strategies. Indeed, the 
functional trait values for height, seed mass and wood density 
within each bioregion tended to coincide with the presence of 
the functional trait syndrome we describe here, and LMA showed 
little relationship with any of the bioregions. Geographically prox-
imate bioregions tended to have similar trait values, suggesting 
that clustering species by bioregions supplemented rather than 
supplanted the latitudinally based analyses, and that both meth-
ods of organizing species illustrate the occurrence of a similar trait 
syndrome. Clade-specific differences were also apparent in the 
bioregions analysis. Most notably, tropical Ericales were divided 
into two bioregions, whereas tropical Fabales formed a single, 
large cluster.

The manifestation of this trait syndrome, occurring under a va-
riety of geographically based delimiting methods, could have origi-
nated under a variety of scenarios. For instance, this trait syndrome 
may represent a resource acquisition strategy whose manifesta-
tion is primarily influenced by soil nutrient availability and growing 
season length (i.e. the time in which available nutrients can be uti-
lized). In particular, we note that, at higher latitudes, the manifes-
tation of this trait syndrome is qualitatively similar to the suite of 
traits associated with ‘pioneer’, or early successional-stage, tropi-
cal species (e.g. smaller stature, lower seed mass, LMA and wood 
density; Wright et al., 2010). ‘Pioneer’, here, refers to those plants 
that colonize disturbed patches or gaps first and display enhanced 
growth rates under favourable conditions. In tropical soils, nutri-
ent availability is generally lower than at higher absolute latitudes 
(Reich & Oleksyn, 2004). Treefall gaps can help to unlock some of 
these nutrients and make them available for early colonizers em-
ploying a resource-acquisitive strategy. As succession proceeds, 
plant growth within the gap again sequesters those nutrients and 
the manifestation of the resource-acquisition strategy changes, 
typically characterized by taller stature trees with larger seeds and 
higher wood density.

At higher latitudes, soil nutrients are relatively more abundant 
than in tropical soils (Reich & Oleksyn, 2004), and recent glacia-
tion cycles have further helped to enhance deposition of these nu-
trients (Chadwick et al., 1999; Van Andel, 1994). However, also at 
progressively higher latitudes, the incident angle of light changes, 
resulting in a shorter effective growing season for plants. This, in 
turn, limits the time over which plants can utilize these available 
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nutrients, and might favour a more resource-acquisitive strategy in 
these areas as well. The effects of light seasonality are latitudinally 
graded and would pre-date the onset of global cooling in the Eocene 
(Graham, 2011). Additionally, temperature seasonality imposes lim-
its on growing-season length at higher latitudes, favouring a more 
resource-acquisitive strategy as well.

The manifestation of the trait syndrome we describe, and its 
similarity to a tropical pioneer species strategy, might, therefore, 
be explained as a strategy to deal with both light and temperature 
seasonality in a relatively nutrient-rich environment with a short 
growing season. This trait syndrome could have arisen in several 
different ways. For example, it may have originated through the 
dispersal of tropical pioneer lineages pre-adapted to have a more 
resource-acquisitive strategy. Or it might have arisen independently 
at higher latitudes in response to light seasonality prior to the onset 
of global cooling, when the flora at such latitudes consisted of both 
boreal and tropical elements (e.g. boreotropical forests; Dick & 
Pennington, 2019; Graham, 2011). Under this hypothesis, lineages 
found in colder environments might represent longer-lasting endem-
ics of past, non-analogous biomes, whose ecological strategies for 
addressing light seasonality became advantageous for temperature 
seasonality as well. Since light seasonality pre-dates global cooling, 
and a similar trait syndrome occurs among tropical pioneers, where 
cold tolerance is not a factor, it may be that the higher-latitude 
trait syndrome we observe is not a direct cold adaptation per se. 
Further work investigating timing of shifts in trait values with the 
biogeographic history of lineages undergoing those shifts would 
be invaluable to tease apart these scenarios or discover alternative 
explanations.

Our ability to describe the correlated evolution among this col-
lection of (rather than individual) traits was limited significantly by 
data availability. In particular, wood density measurements were 
primarily for tropical tree species, and the extreme southern lati-
tudes of South America and regions of the Amazon basin suffered 
from relatively poor species sampling. Given the destructive and 
labour-intensive methodology required for obtaining wood density, 
it is perhaps unsurprising that this trait would be limiting. However, 
greater sampling of temperate and boreal wood densities for an-
giosperm species would have greatly enhanced our dataset. We 
suggest that as an avenue for further data collection, along with 
greater species sampling at extreme southern latitudes for Ericales 
and Fabales.

5  | CONCLUSION

We suggest the tendency for a biogeographically consistent and 
phylogenetically conserved functional trait syndrome involving 
height, seed mass, wood density and growth form (and excluding 
LMA) among Ericales (Asterids) and Fabales (Rosids) New World 
taxa. By focusing on specific lineages, we are able to illustrate 
that variation in this trait syndrome is best observed by sampling 
species from con-ordinal families. Quantitative differences in the 

manifestation of this trait syndrome among Ericales and Fabales 
taxa occurring in similar regions highlight the importance of match-
ing phylogenetic scale with the research question(s) and pose po-
tential new research avenues. We interpret the manifestation of 
this trait syndrome at higher latitudes as a resource-acquisitive 
strategy adapted to relatively high soil nutrient content coupled 
with a short growing season, a situation somewhat analogous to 
that faced by gap specialists in tropical forest communities which 
exhibit a similar suite of traits.

ACKNOWLEDG EMENTS
Sincere thanks to Drs. C.W. Dick, A. Ostling, H. Marx & J. Berv; as 
well as M.C.N. Ho for insightful comments and suggestions that 
greatly improved initial drafts of the manuscript. Graduate student 
support was provided to H.F. by NSF AVATOL 1207915 and the 
University of Michigan. S.A.S was supported by NSF ABI 1458466 
and DBI 1930030.

DATA AVAIL ABILIT Y S TATEMENT
Species lists, subtrees and trait tables are available for download 
from Dryad Digital Repository: https://doi.org/10.5061/dryad.
wdbrv 15mg.

ORCID
Hector Figueroa  https://orcid.org/0000-0001-9785-8529 

R E FE R E N C E S
Blomberg, S. P., Garland, T., & Ives, A. R. (2003). Testing for phylogenetic 

signal in comparative data: Behavioral traits are more labile. Evolution, 
57(4), 717–745. https://doi.org/10.1111/j.0014-3820.2003.tb002 85.x

Chadwick, O. A., Derry, L. A., Vitousek, P. M., Huebert, B. J., & Hedin, 
L. O. (1999). Changing sources of nutrients during four million years 
of ecosystem development. Nature, 397(6719), 491–497. https://doi.
org/10.1038/17276

Chave, J., Coomes, D., Jansen, S., Lewis, S. L., Swenson, N. G., 
& Zanne, A. E. (2009). Towards a worldwide wood econom-
ics spectrum. Ecology Letters, 12(4), 351–366. https://doi.
org/10.1111/j.1461-0248.2009.01285.x

Conti, G., & Díaz, S. (2013). Plant functional diversity and carbon stor-
age—An empirical test in semi-arid forest ecosystems. Journal of 
Ecology, 101(1), 18–28. https://doi.org/10.1111/1365-2745.12012

Dick, C. W., & Pennington, R. T. (2019). History and geography of neo-
tropical tree diversity. Annual Review of Ecology, Evolution, and 
Systematics, 50(1), 279–301. https://doi.org/10.1146/annur ev-ecols 
ys-11061 7-062314

Edler, D., Guedes, T., Zizka, A., Rosvall, M., & Antonelli, A. (2016). 
Infomap bioregions: Interactive mapping of biogeographical regions 
from species distributions. Systematic Biology, 66, 197–204. https://
doi.org/10.1093/sysbi o/syw087

Fick, S. E., & Hijmans, R. J. (2017). WorldClim 2: New 1-km spatial reso-
lution climate surfaces for global land areas. International Journal of 
Climatology, 37(12), 4302–4315. https://doi.org/10.1002/joc.5086

Friis, E. M., Crane, P. R., & Pedersen, K. R. (2011). Early flowers and angio-
sperm evolution. Cambridge University Press.

Graham, A. (2011). A natural history of the new world. University of 
Chicago Press.

Grime, J. P. (2006). Plant strategies, vegetation processes, and ecosystem 
properties (2nd ed.). John Wiley & Sons Inc.

https://doi.org/10.5061/dryad.wdbrv15mg
https://doi.org/10.5061/dryad.wdbrv15mg
https://orcid.org/0000-0001-9785-8529
https://orcid.org/0000-0001-9785-8529
https://doi.org/10.1111/j.0014-3820.2003.tb00285.x
https://doi.org/10.1038/17276
https://doi.org/10.1038/17276
https://doi.org/10.1111/j.1461-0248.2009.01285.x
https://doi.org/10.1111/j.1461-0248.2009.01285.x
https://doi.org/10.1111/1365-2745.12012
https://doi.org/10.1146/annurev-ecolsys-110617-062314
https://doi.org/10.1146/annurev-ecolsys-110617-062314
https://doi.org/10.1093/sysbio/syw087
https://doi.org/10.1093/sysbio/syw087
https://doi.org/10.1002/joc.5086


214  |     FIGUEROA And SMITH

Hawkins, B. A., Rueda, M., Rangel, T. F., Field, R., & Diniz-Filho, J. A. 
F. (2014). Community phylogenetics at the biogeographical scale: 
Cold tolerance, niche conservatism and the structure of North 
American forests. Journal of Biogeography, 41(1), 23–38. https://doi.
org/10.1111/jbi.12171

Hedwall, P.-O., Brunet, J., Nordin, A., & Bergh, J. (2013). Changes in the 
abundance of keystone forest floor species in response to changes 
of forest structure. Journal of Vegetation Science, 24(2), 296–306. 
https://doi.org/10.1111/j.1654-1103.2012.01457.x

Kahle, D., & Wickham, H. (2013). ggmap: Spatial visualization with gg-
plot2. The R Journal, 5(1), 144. https://doi.org/10.32614/ RJ-2013-014

Kattge, J., Bönisch, G., Díaz, S., Lavorel, S., Prentice, I. C., Leadley, P., 
Tautenhahn, S., Werner, G. D. A., Aakala, T., Abedi, M., Acosta, 
A. T. R., Adamidis, G. C., Adamson, K., Aiba, M., Albert, C. H., 
Alcántara, J. M., Alcázar C, C., Aleixo, I., Ali, H., … Wirth, C. (2020). 
TRY plant trait database – Enhanced coverage and open access. 
Global Change Biology, 26, 119–188. https://doi.org/10.1111/
gcb.14904

Li, H.-L., Wang, W., Mortimer, P. E., Li, R.-Q., Li, D.-Z., Hyde, K. D., Xu, J.-
C., Soltis, D. E., & Chen, Z.-D. (2015). Large-scale phylogenetic analy-
ses reveal multiple gains of actinorhizal nitrogen-fixing symbioses in 
angiosperms associated with climate change. Scientific Reports, 5(1), 
14023. https://doi.org/10.1038/srep1 4023

Magallón, S., Sánchez-Reyes, L. L., & Gómez-Acevedo, S. L. (2019). Thirty 
clues to the exceptional diversification of flowering plants. Annals of 
Botany, 123, 491–503. https://doi.org/10.1093/aob/mcy182

Moles, A. T. (2018). Being John Harper: Using evolutionary ideas to 
improve understanding of global patterns in plant traits. Journal of 
Ecology, 106(1), 1–18. https://doi.org/10.1111/1365-2745.12887

Moles, A. T., Ackerly, D. D., Tweddle, J. C., Dickie, J. B., Smith, R., Leishman, 
M. R., Mayfield, M. M., Pitman, A., Wood, J. T., & Westoby, M. 
(2007). Global patterns in seed size. Global Ecology and Biogeography, 
16(1), 109–116. https://doi.org/10.1111/j.1466-8238.2006. 
00259.x

Moles, A. T., Ackerly, D. D., Webb, C. O., Tweddle, J. C., Dickie, J. B., & 
Westoby, M. (2005). A brief history of seed size. Science, 307(5709), 
576–580. https://doi.org/10.1126/scien ce.1104863

Moles, A. T., & Leishman, M. R. (2008). The seedling as part of a plant's 
life history strategy. In M. A. Leck, V. T. Parker, & R. L. Simpson (Eds.), 
Seedling ecology and evolution (pp. 217–238). Cambridge University 
Press. https://doi.org/10.1017/CBO97 80511 815133.012

Moles, A. T., Warton, D. I., Warman, L., Swenson, N. G., Laffan, S. W., 
Zanne, A. E., Pitman, A., Hemmings, F. A., & Leishman, M. R. (2009). 
Global patterns in plant height. Journal of Ecology, 97(5), 923–932. 
https://doi.org/10.1111/j.1365-2745.2009.01526.x

Moquet, L., Vanderplanck, M., Moerman, R., Quinet, M., Roger, N., 
Michez, D., & Jacquemart, A.-L. (2017). Bumblebees depend on erica-
ceous species to survive in temperate heathlands. Insect Conservation 
and Diversity, 10(1), 78–93. https://doi.org/10.1111/icad.12201

Muller-Landau, H. C. (2010). The tolerance-fecundity trade-off and the 
maintenance of diversity in seed size. Proceedings of the National 
Academy of Sciences of the United States of America, 107(9), 4242–
4247. https://doi.org/10.1073/pnas.09116 37107

Muller-Landau, H. C., Wright, S. J., Calderón, O., Condit, R., & Hubbell, 
S. P. (2008). Interspecific variation in primary seed dispersal in 
a tropical forest. Journal of Ecology, 96(4), 653–667. https://doi.
org/10.1111/j.1365-2745.2008.01399.x

Pierce, S., Negreiros, D., Cerabolini, B. E. L., Kattge, J., Díaz, S., Kleyer, 
M., Shipley, B., Wright, S. J., Soudzilovskaia, N. A., Onipchenko, V. 
G., van Bodegom, P. M., Frenette-Dussault, C., Weiher, E., Pinho, 
B. X., Cornelissen, J. H. C., Grime, J. P., Thompson, K., Hunt, R., 
Wilson, P. J., … Tampucci, D. (2017). A global method for calcu-
lating plant CSR ecological strategies applied across biomes 
world-wide. Functional Ecology, 31(2), 444–457. https://doi.
org/10.1111/1365-2435.12722

Polly, P. D., Lawing, A. M., Fabre, A.-C., & Goswami, A. (2013). 
Phylogenetic principal components analysis and geometric mor-
phometrics. Hystrix, the Italian Journal of Mammalogy, 24(1), 33–41. 
https://doi.org/10.4404/hystr ix-24.1-6383

R Development Core Team. (2011). R: A language and environment for sta-
tistical computing. R Foundation for Statistical Computing.

Reich, P. B., & Oleksyn, J. (2004). Global patterns of plant leaf N and P 
in relation to temperature and latitude. Proceedings of the National 
Academy of Sciences of the United States of America, 101(30), 11001–
11006. https://doi.org/10.1073/pnas.04035 88101

Reich, P. B., Wright, I. J., Cavender-Bares, J., Craine, J. M., Oleksyn, 
J., Westoby, M., & Walters, M. B. (2003). The evolution of plant 
functional variation: Traits, spectra, and strategies. International 
Journal of Plant Sciences, 164(S3), S143–S164. https://doi.
org/10.1086/374368

Revell, L. J. (2012). phytools: An R package for phylogenetic comparative 
biology (and other things): Phytools: R package. Methods in Ecology 
and Evolution, 3(2), 217–223. https://doi.org/10.1111/j.2041-210X. 
2011.00169.x

Rose, J. P., Kleist, T. J., Löfstrand, S. D., Drew, B. T., Schönenberger, J., & 
Sytsma, K. J. (2018). Phylogeny, historical biogeography, and diver-
sification of angiosperm order Ericales suggest ancient Neotropical 
and East Asian connections. Molecular Phylogenetics and Evolution, 
122, 59–79. https://doi.org/10.1016/j.ympev.2018.01.014

Rosvall, M., & Bergstrom, C. T. (2008). Maps of random walks on complex 
networks reveal community structure. Proceedings of the National 
Academy of Sciences of the United States of America, 105(4), 1118–
1123. https://doi.org/10.1073/pnas.07068 51105

Sedio, B. E., Parker, J. D., McMahon, S. M., & Wright, S. J. (2018). Comparative 
metabolomics of forest communities: species differences in foliar chem-
istry aregreater in the tropics. https://doi.org/10.1101/271361

Segovia, R. A., Pennington, R. T., Baker, T. R., de Souza, F. C., Neves, 
D. M., Davis, C. C., Armesto, J. J., Olivera-Filho, A. T., & Dexter, K. 
G. (2020). Freezing and water availability structure the evolution-
ary diversity of trees across the Americas. Science Advances, 6(19), 
eaaz5373. https://doi.org/10.1126/sciadv.aaz5373

Smith, S. A., & Brown, J. W. (2018). Constructing a broadly inclusive 
seed plant phylogeny. American Journal of Botany, 105(3), 302–314. 
https://doi.org/10.1002/ajb2.1019

Sprent, J. (2009). Legume nodulation: A global perspective. Wiley-Blackwell.
Stevens, P. F. (2001). Angiosperm phylogeny website. Version 14, July 

2017 [and more or less continuously updated since].
Swenson, N. G., Erickson, D. L., Mi, X., Bourg, N. A., Forero-Montaña, 

J., Ge, X., Howe, R., Lake, J. K., Liu, X., Ma, K., Pei, N., Thompson, J., 
Uriarte, M., Wolf, A., Wright, S. J., Ye, W., Zhang, J., Zimmerman, J. K., 
& Kress, W. J. (2012). Phylogenetic and functional alpha and beta di-
versity in temperate and tropical tree communities. Ecology, 93(sp8), 
S112–S125. https://doi.org/10.1890/11-0402.1

Swenson, N. G., & Weiser, M. D. (2010). Plant geography upon the basis 
of functional traits: An example from eastern North American trees. 
Ecology, 91(8), 2234–2241. https://doi.org/10.1890/09-1743.1

ter Steege, H., Pitman, N. C. A., Phillips, O. L., Chave, J., Sabatier, D., 
Duque, A., Molino, J.-F., Prévost, M.-F., Spichiger, R., Castellanos, H., 
von Hildebrand, P., & Vásquez, R. (2006). Continental-scale patterns 
of canopy tree composition and function across Amazonia. Nature, 
443(7110), 444–447. https://doi.org/10.1038/natur e05134

The Angiosperm Phylogeny Group. (2016). An update of the Angiosperm 
Phylogeny Group classification for the orders and families of flow-
ering plants: APG IV. Botanical Journal of the Linnean Society, 181(1), 
1–20. https://doi.org/10.1111/boj.12385

Van Andel, T. (1994). New views on an old planet: A history of global change 
(2nd ed.). Cambridge University Press.

Wang, L.-G., Lam, T.-T.-Y., Xu, S., Dai, Z., Zhou, L., Feng, T., Guo, P., Dunn, 
C. W., Jones, B. R., Bradley, T., Zhu, H., Guan, Y., Jiang, Y., & Yu, G. 
(2020). treeio: An R package for phylogenetic tree input and output 

https://doi.org/10.1111/jbi.12171
https://doi.org/10.1111/jbi.12171
https://doi.org/10.1111/j.1654-1103.2012.01457.x
https://doi.org/10.32614/RJ-2013-014
https://doi.org/10.1111/gcb.14904
https://doi.org/10.1111/gcb.14904
https://doi.org/10.1038/srep14023
https://doi.org/10.1093/aob/mcy182
https://doi.org/10.1111/1365-2745.12887
https://doi.org/10.1111/j.1466-8238.2006.00259.x
https://doi.org/10.1111/j.1466-8238.2006.00259.x
https://doi.org/10.1126/science.1104863
https://doi.org/10.1017/CBO9780511815133.012
https://doi.org/10.1111/j.1365-2745.2009.01526.x
https://doi.org/10.1111/icad.12201
https://doi.org/10.1073/pnas.0911637107
https://doi.org/10.1111/j.1365-2745.2008.01399.x
https://doi.org/10.1111/j.1365-2745.2008.01399.x
https://doi.org/10.1111/1365-2435.12722
https://doi.org/10.1111/1365-2435.12722
https://doi.org/10.4404/hystrix-24.1-6383
https://doi.org/10.1073/pnas.0403588101
https://doi.org/10.1086/374368
https://doi.org/10.1086/374368
https://doi.org/10.1111/j.2041-210X.2011.00169.x
https://doi.org/10.1111/j.2041-210X.2011.00169.x
https://doi.org/10.1016/j.ympev.2018.01.014
https://doi.org/10.1073/pnas.0706851105
https://doi.org/10.1101/271361
https://doi.org/10.1126/sciadv.aaz5373
https://doi.org/10.1002/ajb2.1019
https://doi.org/10.1890/11-0402.1
https://doi.org/10.1890/09-1743.1
https://doi.org/10.1038/nature05134
https://doi.org/10.1111/boj.12385


     |  215FIGUEROA And SMITH

with richly annotated and associated data. Molecular Biology and 
Evolution, 37(2), 599–603. https://doi.org/10.1093/molbe v/msz240

Weiner, J. (2015). Pca3d: Three dimensional PCA plots. R package ver-
sion 0.8, 484.

Westoby, M., Falster, D. S., Moles, A. T., Vesk, P. A., & Wright, I. J. (2002). 
Plant ecological strategies: Some leading dimensions of variation be-
tween species. Annual Review of Ecology and Systematics, 33(1), 125–
159. https://doi.org/10.1146/annur ev.ecols ys.33.010802.150452

Wickham, H. (2016). ggplot2: Elegant graphics for data analysis. 
Springer-Verlag.

Wiens, J. J., Ackerly, D. D., Allen, A. P., Anacker, B. L., Buckley, L. B., 
Cornell, H. V., Damschen, E. I., Davies, T. J., Grytnes, J.-A., Harrison, 
S. P., Hawkins, B. A., Holt, R. D., McCain, C. M., & Stephens, P. R. 
(2010). Niche conservatism as an emerging principle in ecology and 
conservation biology. Ecology Letters, 13(10), 1310–1324. https://doi.
org/10.1111/j.1461-0248.2010.01515.x

Wikström, N., Savolainen, V., & Chase, M. W. (2001). Evolution of the 
angiosperms: Calibrating the family tree. Proceedings of the Royal 
Society of London. Series B: Biological Sciences, 268(1482), 2211–2220. 
https://doi.org/10.1098/rspb.2001.1782

Wright, I. J., Reich, P. B., Westoby, M., Ackerly, D. D., Baruch, Z., Bongers, 
F., Cavender-Bares, J., Chapin, T., Cornelissen, J. H. C., Diemer, M., 
Flexas, J., Garnier, E., Groom, P. K., Gulias, J., Hikosaka, K., Lamont, 
B. B., Lee, T., Lee, W., Lusk, C., … Villar, R. (2004). The worldwide 
leaf economics spectrum. Nature, 428(6985), 821–827. https://doi.
org/10.1038/natur e02403

Wright, S. J., Kitajima, K., Kraft, N. J. B., Reich, P. B., Wright, I. J., Bunker, 
D. E., Condit, R., Dalling, J. W., Davies, S. J., Díaz, S., Engelbrecht, 
B. M. J., Harms, K. E., Hubbell, S. P., Marks, C. O., Ruiz-Jaen, M. C., 
Salvador, C. M., & Zanne, A. E. (2010). Functional traits and the 
growth–mortality trade-off in tropical trees. Ecology, 91(12), 3664–
3674. https://doi.org/10.1890/09-2335.1

Yu, G., Smith, D. K., Zhu, H., Guan, Y., & Lam, T.-T.-Y. (2017). gg-
tree: An R package for visualization and annotation of phylo-
genetic trees with their covariates and other associated data. 
Methods in Ecology and Evolution, 8(1), 28–36. https://doi.
org/10.1111/2041-210X.12628

Zanne, A. E., Tank, D. C., Cornwell, W. K., Eastman, J. M., Smith, S. A., 
FitzJohn, R. G., McGlinn, D. J., O'Meara, B. C., Moles, A. T., Reich, P. B., 
Royer, D. L., Soltis, D. E., Stevens, P. F., Westoby, M., Wright, I. J., Aarssen, 
L., Bertin, R. I., Calaminus, A., Govaerts, R., … Beaulieu, J. M. (2014). 
Three keys to the radiation of angiosperms into freezing environments. 
Nature, 506(7486), 89–92. https://doi.org/10.1038/natur e12872

Zizka, A., Silvestro, D., Andermann, T., Azevedo, J., Duarte Ritter, C., 
Edler, D., Farooq, H., Herdean, A., Ariza, M., Scharn, R., Svantesson, S., 
Wengström, N., Zizka, V., & Antonelli, A. (2019). CoordinateCleaner: 
Standardized cleaning of occurrence records from biological collec-
tion databases. Methods in Ecology and Evolution, 10(5), 744–751. 
https://doi.org/10.1111/2041-210X.13152

BIOSKE TCH
Hector Figueroa endeavours to understand how historical con-
tingency and physiological constraint drive current patterns of 
phenotypic distribution. Leveraging a background in biochem-
istry and physiology, he asks community assembly questions 
bridging ecology and evolutionary biology. By incorporating phy-
logeny and natural history into ecological hypotheses, questions 
of coexistence and biodiversity can be framed in biologically 
meaningful ways. His current research focuses on the distribu-
tion of angiosperm life-history traits across the Americas in rela-
tion to survival in extreme environments, such as polar climates, 
alpine summits, and arid deserts.

Stephen A. Smith aims to better understand the evolution of in-
novation and complexity in plants and how those changes inter-
sect with molecular evolution. This often requires working with 
new data types as well as the development of new approaches 
and techniques. Currently, his research focuses on the evolu-
tion of several large eudicot lineages and how movements into 
new environments correspond to morphological and genomic 
changes.

Author contributions: H.F. conceived of the study and analysed 
the data. H.F. and S.A.S. collected some of the data. H.F. wrote 
the first draft of the manuscript. H.F. and S.A.S. contributed to 
editing and revising the final version of the manuscript.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Figueroa H, Smith SA. A targeted 
phylogenetic approach helps explain New World functional 
diversity patterns of two eudicot lineages. J. Biogeogr. 
2021;48:202–215. https://doi.org/10.1111/jbi.13993

https://doi.org/10.1093/molbev/msz240
https://doi.org/10.1146/annurev.ecolsys.33.010802.150452
https://doi.org/10.1111/j.1461-0248.2010.01515.x
https://doi.org/10.1111/j.1461-0248.2010.01515.x
https://doi.org/10.1098/rspb.2001.1782
https://doi.org/10.1038/nature02403
https://doi.org/10.1038/nature02403
https://doi.org/10.1890/09-2335.1
https://doi.org/10.1111/2041-210X.12628
https://doi.org/10.1111/2041-210X.12628
https://doi.org/10.1038/nature12872
https://doi.org/10.1111/2041-210X.13152
https://doi.org/10.1111/jbi.13993

