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Latitudinal and elevational gradients both represent thermal gradients. Assessing the 
consistency of the relationships between phylogenetic structure and climate between 
latitudinal and elevational gradients can provide insight into the mechanisms driving 
assembly of species from regional pools into local assemblages. The aim of this study 
is to compare patterns of phylogenetic structure measures for angiosperm tree spe-
cies between latitudinal and elevational gradients, using a dataset of angiosperm tree 
species in 14 092 forest plots in eastern North America. We assessed whether these 
two gradients produce similar relationships between climate and phylogenetic struc-
ture, hypothesizing that they should differ in magnitude but not direction. We used 
correlation and regression analyses to assess the relation of measures of phylogenetic 
structure to elevation, latitude and climatic variables, which included minimum tem-
perature, temperature seasonality, annual precipitation and precipitation seasonality. 
We found that 1) phylogenetic relatedness of angiosperm trees increases with decreas-
ing temperature along both latitudinal and elevational gradients but the relationship 
between phylogenetic relatedness and temperature is steeper for elevational gradients 
than for latitudinal gradients; 2) the tip-weighted metric of phylogenetic relatedness 
(nearest taxon index) is more strongly correlated with climatic variables than the basal-
weighted metric of phylogenetic relatedness (net relatedness index); 3) winter cold 
temperature exerts a stronger effect on community assembly of angiosperm trees than 
does temperature seasonality. These results suggest that winter cold temperature, rather 
than temperature seasonality, drives phylogenetic structure of plants in local forest 
communities, and that species distributions along elevational gradients are more in 
equilibrium with temperature, compared with those along latitudinal gradients.
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Introduction

It is broadly accepted that ecological and evolutionary pro-
cesses work together to assemble local communities from 
species available in regional pools based on species traits 
linked to ecological tolerances (Wiens and Donoghue 2004, 
Ricklefs 2005). Phylogenetic niche conservatism, i.e. the 
tendency of species to retain ancestral niches, is thought to 
influence which species from a regional species pool can per-
sist in a particular local community (Donoghue 2008). Since 
the origin of the angiosperms, Earth’s climate has been pre-
dominately warmer than the present, and most major angio-
sperm clades originated under mainly tropical or tropical-like 
conditions (Behrensmeyer et al. 1992, Graham 1999), as a 
result, traits that are advantageous in warm environments 
are often ancestral whereas traits that confer cold tolerance 
likely evolved after the global cooling initiated in the early 
Eocene (~50 Mya; Graham 2011, Condamine et  al. 2012),  
permitting some clades to persist in cold environments 
(Zanne et al. 2014).

Because many ecological traits are phylogenetically con-
served (Donoghue 2008), evolutionary innovations confer-
ring cold tolerance are thought to have occurred only in few 
clades (Ricklefs 2006). This creates an environmental filter 
that excludes many clades from cold climates; those that 
remain are likely to represent clusters of closely related spe-
cies. This process is expected to result in a gradient of increas-
ing phylogenetic relatedness (clustering) with decreasing 
temperature (i.e. co-occurring species tend to be more closely 
related in areas with colder temperatures). Minimum tem-
perature (e.g. the mean temperature of the coldest month) 
is considered a major constraint for species to disperse into 
areas with cold climate, and thus a major driver of assembling 
species from a regional species pool into local communities 
along a thermal gradient (Hawkins et al. 2014).

Before the global cooling initiated in the early Eocene, 
there was little to no ice on Earth with a smaller differ-
ence in temperature from the equator to the poles and low 
temperature seasonality at high latitudes (Archibald  et  al. 
2010). The global cooling strengthened not only the lati-
tudinal gradient of temperature (i.e. temperature decreases 
with increasing latitude) but also the latitudinal gradient of 
temperature seasonality (i.e. intra-annual temperature varia-
tion increases with increasing latitude) (Latham and Ricklefs 
1993a, Archibald et al. 2010). Increased seasonal variability 
of temperature at higher latitudes would select species that 
can tolerate a wider range of thermal variation. Because many 
ancestral clades evolved in tropical climate with no or little 
seasonal variation, fewer clades have evolved traits that can 
tolerate greater temperature seasonality. Accordingly, some 
authors argued that it is the temperature seasonality, rather 
than winter cold temperature, that determines species disper-
sal into areas with colder climate (e.g. higher latitudes). For 
example, Wiens et al. (2006) related northern distributional 
range limits of hylid frogs in North America to several climatic 
variables (including minimum temperature and temperature 

seasonality); they concluded that extreme winter temperature 
is seemingly not a critical factor to limit northern range limits 
of species; instead, temperature seasonality seemingly limits 
dispersal of many tropical clades into temperate regions.

Few of the studies that have examined the relationships 
between phylogenetic structure (including phylogenetic 
relatedness and diversity) and climate have included both 
minimum temperature and temperature seasonality, and 
these studies were conducted commonly based on latitudinal 
gradients (Qian et al. 2016). Because minimum temperature 
and temperature seasonality are strongly correlated with each 
other along a latitudinal gradient, the relationship of a met-
ric of phylogenetic structure with minimum temperature (or 
mean annual temperature, which is usually correlated with 
minimum temperature very strongly) often does not differ 
greatly than that with temperature seasonality for latitudinal 
gradients (Qian et al. 2016).

Because temperature decreases with both latitude and ele-
vation and because vegetation zonation along an elevational 
gradient generally mirrors that along a latitudinal gradient 
(MacArthur 1972, Stevens 1992), elevational gradients are 
commonly considered as analogs to latitudinal gradients 
(Körner 2000). However, unlike latitudinal gradients along 
which minimum temperature is strongly correlated with 
temperature seasonality, the two climate variables are not 
strongly correlated with each other along elevational gradi-
ents (Qian 2018). Thus, elevational gradients appear to be 
better systems for determining whether minimum tempera-
ture or temperature seasonality is a more important driver of 
macroecological patterns.

Previous studies have shown that cold temperature is a 
major factor controlling distributions of species towards 
higher latitudes and elevations (Huntley et al. 1989, Körner 
1998). If all species are in equilibrium with current climate 
along both latitudinal and elevational gradients, one would 
expect that the temperature at the uppermost limit of a spe-
cies distribution along an elevational gradient should match 
the temperature at the highest latitude of the species dis-
tribution along a latitudinal gradient (Randin  et  al. 2013, 
Siefert  et  al. 2015). In particular, one would expect that 
species reach the same cold temperature limits along both 
latitudinal and elevational gradients (i.e. Humboldt’s law; 
Randin et al. 2013). However, because the poleward expan-
sions of tree species after the last glaciation lag behind their 
potential climatic limits (Davis et al. 1986, Svenning et al. 
2008) due to dispersal limitation, many tree species might 
have not reached their equilibrium with climate following the 
last glaciation (Svenning and Skov 2007). Because dispersal 
should be much more efficient along elevational than latitu-
dinal gradients (Jump et al. 2009), populations of a species 
at the uppermost limit of an elevational gradient should be 
closer to equilibrium with temperature, compared to those at 
the northernmost limit of a latitudinal gradient. Accordingly, 
one would expect that species should have reached colder 
temperatures along elevational gradients than latitudinal gra-
dients (Halbritter et al. 2013, Siefert et al. 2015). This would 
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lead to steeper relationships between measures of phyloge-
netic structure and temperature for elevational gradients than 
for latitudinal gradients.

Empirical data from latitudinal gradients have shown that 
phylogenetic relatedness increased and phylogenetic diver-
sity decreased with decreasing temperature for tree species 
(Qian et al. 2013, 2016), which is consistent with the tropi-
cal niche conservatism hypothesis. However, mixed results 
have been reported for elevational gradients. For example, 
angiosperm woody species are more closely related to each 
other at higher elevations (i.e. lower temperatures) in a tem-
perate region in Asia (Qian et al. 2014), but are more dis-
tantly related to each other at higher elevations in tropical 
Asia (Culmsee and Leuschner 2013, Qian and Ricklefs 2016) 
and tropical America (González-Caro  et  al. 2014, Qian 
and Ricklefs 2016). Because these studies were conducted 
in different climatic regions (e.g. tropical versus temperate 
regions), unique evolutionary history in each of these regions 
might have contributed to differences in patterns of phylo-
genetic relatedness between latitudinal and elevational gradi-
ents observed in these studies.

In this study, we analyse a large data set with over 14 
000 local forest communities to examine the relationships 
of phylogenetic structure of angiosperm tree species in local 
communities with minimum temperature and temperature 
seasonality, among other climatic variables, along latitudi-
nal and elevational gradients within a single biogeographic 
region in eastern North America (Fig. 1). This geographic 
region is an ideal model system for assessing and compar-
ing macroecological patterns along latitudinal and elevational 

gradients for several reasons. First, the region covers a rel-
atively long range of temperatures (over 20°C for mean 
annual temperature) across a long latitudinal gradient (over 
2000 km), which is ideal for assessing the effect of tempera-
ture on macroecological patterns. Second, the region includes 
a north–south oriented mountain system (the Appalachians), 
which has its highest peak at 2037 m a.s.l. and covers most 
of the entire length of the latitudinal gradient in eastern 
North America. This north–south oriented mountain system 
probably enhanced plant dispersal during multiple glacial–
interglacial cycles of the Pleistocene (Delcourt and Delcourt 
1993). Third, because the Appalachians is imbedded within 
the broad latitudinal gradient of eastern North America, 
species in forest communities along both latitudinal and 
elevational gradients within the region were assembled from 
the same regional species pool; this would have avoided the 
effect of differences in geological and biogeographic histories 
between elevational and latitudinal gradients on the assembly 
of species into local communities. In other words, species in 
all forest communities in the region, regardless of its eleva-
tion and latitude, would have been assembled from the same 
species pool mainly through filtering according to ecological 
niches of individual species (Qian et al. 2018). While often 
called ‘environmental filtering’ we note that biotic interac-
tions also can play an important role in generating phyloge-
netic patterns through filtering (Mayfield and Levine 2010, 
Kraft et al. 2015). For example, a particular climate might be 
too stressful for a species only when it is also confronted with 
competition from better-adapted species (Crain et al. 2004). 
For our purposes here, it is not necessary to distinguish 

Figure 1. Map showing locations of the forest inventory plots used in this study.
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between strict environmental filtering and filtering mediated 
by biotic interactions, so we consider both processes together 
under the broader term environmental-biotic filtering.

The objective of this study is to compare elevational and 
latitudinal gradients of phylogenetic structure for angio-
sperm trees to test three hypotheses. First, we predict that 
environmental-biotic filtering combined with phylogenetic 
niche conservatism will lead to more phylogenetic clustering 
at both higher elevations and higher latitudes. Second, lever-
aging the fact that temperature seasonality and minimum 
temperature are correlated across latitude but only weakly so 
across elevation, we ask which is a better predictor of phylo-
genetic structure. Considering that minimum temperature is 
closely related to cold tolerance and that many studies have 
frequently shown that minimum temperature is the strongest 
temperature-related correlate of macroecological patterns for 
plants (Wang et al. 2011, Hawkins et al. 2014, Qian et al. 
2018), we hypothesize that minimum temperature influences 
phylogenetic structure more strongly than temperature sea-
sonality (hypothesis 2). Third, considering that elevational 
thermal gradients are much more spatially compressed than 
latitudinal thermal gradients and dispersal is much more effi-
cient along elevational than latitudinal gradients (Jump et al. 
2009), species should be closer to equilibrium with cli-
mate for elevational gradients than for latitudinal gradients 
(Halbritter  et  al. 2013, Siefert  et  al. 2015), which should 
lead to stronger (steeper) relationships between phylogenetic 
relatedness and temperature for elevational gradients than for 
latitudinal gradients (hypothesis 3).

Material and methods

The data

The study area includes 24 states in the eastern United States 
(Fig. 1). We first divided the area into 2° latitudinal zones, 
between 24° and 48°, and then divided the elevational range 
of each latitudinal zone into elevational bands of 200 m. 
Following Qian  et  al. (2018), we extracted data for forest 
plots from the US Forest Service’s Forest Inventory and 
Analysis (FIA) database (<www.fia.fs.fed.us>), and assigned 
each plot to a 200-m elevational band and a 2° latitudinal 
zone according to its location. For inclusion, a plot had to 
be coded as a ‘natural stand’ in the FIA. For those plots for 
which elevation was not provided in the FIA, we extracted 
elevations from the 30 arc-second WorldClim database (ver. 
1.4, available at <www.worldclim.org>) based on the geo-
graphical coordinates of the plots, acknowledging that slight 
departures occur because the geographical coordinates of 
some sites have been slightly shifted in order to protect the 
privacy of landowners. When an elevational band within 
a latitudinal zone had more than 400 plots, we randomly 
selected 400 to balance sampling effort across bands. Each 
plot was 0.07 ha. Forest plots with fewer than two angio-
sperm tree species were excluded, because phylogenetic relat-
edness metrics used (see below) require at least two species. 

Our final data set included 14 092 forest plots. On aver-
age, each elevational band within a latitudinal zone had 
252 plots. Following Qian et al. (2018), we assembled for-
est plots into latitudinal gradients, each of which was con-
strained within 200 m in elevation (e.g. 0–200, 200–400 
and 400–600 m); similarly, we assembled forest plots into 
elevational gradients, each of which was constrained within 
2 degrees in latitude (e.g. 32–34, 34–36 and 36–38°). As in 
Qian et al. (2018), we focused on the three longest latitudi-
nal gradients (1571–2532 km, i.e. those located in elevations 
between 0 and 600 m; Supplementary material Appendix 
1 Table A2), and the three longest elevational gradients  
(1397–1685 m, i.e. those located in latitudes between 34 
and 40°; Supplementary material Appendix 1 Table A2).

Botanical nomenclature for the angiosperms in the data-
set was standardized according to The Plant List (ver. 1.1, 
<www.theplantlist.org>). The study plots included 149 
native angiosperm tree species in 59 genera and 33 families. 
Non-native species were excluded from this study because 
this study aims to investigate the assembly of native species 
from the regional species pool into local communities.

Phylogeny reconstruction

The phylogenies published in Hawkins  et  al. (2014) and 
Zanne  et  al. (2014) include the vast majority of the 149 
angiosperm tree species. We pruned each phylogeny using the 
species list of this study and found that the two resulting phy-
logenies differed to a noticeable degree. Accordingly, we gen-
erated two phylogenies for this study based on Hawkins et al.’s 
and Zanne  et  al.’s phylogenies (Supplementary material 
Appendix 1 Fig. A1, A2). Hawkins et al.’s phylogeny includes 
all genera and 141 species of this study. For the eight species 
that were absent from Hawkins et al.’s phylogeny, we added 
them to their close relatives according to various botani-
cal literature (Flora of North America Editorial Committee  
1993–2016, Zanne  et  al. 2014). All families and 58 gen-
era present in the data set of this study were included in 
Zanne et al.’s phylogeny. The sole genus of this study that was 
absent from Zanne et al.’s phylogeny is Planera in Ulmaceae, 
which is a monotypic genus. Because Ulmaceae had only two 
genera in our data set, and the two genera would be treated 
as sister clades in any resolved phylogeny as we did, thus, all 
genera in our data set were resolved in our phylogeny gener-
ated based on Zanne et al.’s phylogeny. Most (82.6%) of the 
149 species in our data set were included in Zanne  et  al.’s 
phylogeny. For the species of our data set that are absent 
from Zanne et al.’s phylogeny, we added them to their respec-
tive genera using the Phylomatic and BLADJ approaches 
(Webb et al. 2011) implemented in the S.PhyloMaker soft-
ware (Qian and Jin 2016).

Phylogenetic structure metrics

Commonly used metrics to quantify phylogenetic structure 
include the mean pairwise distance (MPD) along the phylo-
genetic tree between all species in the set, the mean nearest 
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taxon distance (MNTD), the mean distance from each taxon 
to its nearest neighbor in the set, and the total branch length 
in the minimum spanning subtree for the set (phylogenetic 
diversity, PD) (Faith 1992, Webb 2000, Vellend et al. 2010). 
Some of these basic measures depend on the species richness 
of the sample. To account for the effect of species richness, 
it is desirable to standardize these measures according to the 
species richness of the sample. This standardisation leads to 
some of the most commonly used indices, including NRI 
(net relatedness index, a standardised version of MPD), NTI 
(nearest taxon index, a standardised version of MNTD) 
and PDI (phylogenetic diversity index, derived from PD) 
(Webb  et  al. 2002, 2011, Tsirogiannis and Sandel 2016). 
NRI and NTI measure phylogenetic relatedness among taxa 
at different depths in the phylogeny: NRI measures phyloge-
netic relatedness among taxa at both deep and shallow levels 
within a phylogenetic tree and emphasizes phylogenetic relat-
edness for major clades (e.g. orders and families) branching at 
deep nodes whereas NTI measures phylogenetic relatedness 
at a shallower level within the phylogenetic tree among taxa 
descending from superficial nodes. A positive NRI or NTI 
value indicates phylogenetic clustering whereas a negative 
NRI or NTI value indicates phylogenetic evenness or over-
dispersion. PDI standardizes the phylogenetic diversity mea-
sure of Faith (1992) with respect to species richness. A greater 
value of PDI represents a higher phylogenetic diversity.

NRI, NTI and PDI are commonly used in studies of 
community assembly (Webb  et  al. 2002, 2011, Cavender-
Bares  et  al. 2009, Qian  et  al. 2013, 2014, 2015, 2016, 
Sandel and Tsirogiannis 2016, Tsirogiannis and Sandel 
2016). Accordingly, we used these three metrics in this study. 
All the three metrics were computed using PhyloMeasures 
(Tsirogiannis and Sandel 2016), which uses computationally 
efficient algorithms described in Tsirogiannis  et  al. (2012, 
2014), using a null model in which the species richness of 
each sample is maintained (i.e. the taxon shuffle approach; 
Kembel  et  al. 2010, Tsirogiannis and Sandel 2016). An 
important feature of these algorithms is that the calculation 
of NRI, NTI and PDI are not based on a resampling approxi-
mation of the mean and variance but based on exact solutions 
given a particular phylogenetic tree and species richness (see 
Tsirogiannis and Sandel 2016, and <https://cran.r-project.
org/web/packages/PhyloMeasures/PhyloMeasures.pdf> for 
details).

For each forest plot, we calculated two sets of the phy-
logenetic metrics corresponding to the two phylogenies (i.e. 
one generated based on Hawkins et al.’s phylogeny, the other 
generated based on Zanne et  al.’s phylogeny). Within each 
set of the phylogenetic metrics, three subsets of the phyloge-
netic metrics were calculated for each forest plot: one subset 
using a phylogeny that included all 149 species in this study, 
one subset using a phylogeny that included only those species 
present in the latitudinal gradient in which the forest plot was 
located, and the other subset using a phylogeny that included 
only those species present in the elevational gradient in which 
the forest plot was located. Thus, for each forest plot, six sub-
sets of the three phylogenetic metrics were calculated.

Climatic data

Some important climatic variables that drive community 
assembly and have been broadly used in ecological studies 
include mean annual temperature (MAT), minimum temper-
ature (MT), annual precipitation (AP), temperature seasonal-
ity (TS) and precipitation seasonality (PS) (Weigelt et al. 2015, 
Patrick and Stevens 2016, König et al. 2017). We obtained 
data for these climatic variables from the WorldClim data-
base at the 30-arc-second resolution (Hijmans  et  al. 2005; 
<www.worldclim.org>) for each of the forest plots. The 
five climatic variables correspond to BIO1, BIO6, BIO12, 
BIO4 and BIO15, respectively, in the WorldClim database. 
Because MAT and MT are strongly correlated in our data set 
(r = 0.985) and because winter cold temperature is considered 
one of the most important factors determining distributions 
of plants (Wang et al. 2011, Hawkins et al. 2014), we did not 
use MAT in data analysis.

Statistical analysis

We conducted correlation analyses to assess the relationships 
between phylogenetic structure metrics and climatic variables 
for the whole data set including the 14 092 forest plots as well 
as for individual latitudinal and elevational gradients. Most 
of our analyses focused on the three longest latitudinal gra-
dients located between elevations from 0 to 600 m and the 
three longest elevational gradients located between 34 and 
40°N latitude. The relationships between phylogenetic met-
rics and climatic variables were compared among latitudinal 
and elevational gradients based on Pearson’s correlation coef-
ficient and the regression coefficient of simple regression. To 
more rigorously test hypothesis 2 (i.e. minimum temperature 
plays a more important role than temperature seasonality in 
shaping phylogenetic structure patterns), we simultaneously 
assessed the effects of minimum temperature and tempera-
ture seasonality on phylogenetic metrics while accounting for 
precipitation, by building a structural equation model (SEM) 
for each of the elevational and latitudinal gradients. In each 
SEM, a phylogenetic metric was the response, annual precipi-
tation and precipitation seasonality were exogenous variables 
and minimum temperature and temperature seasonality were 
endogenous variables.

We used SYSTAT (Wilkinson  et  al. 1992) to conduct 
correlation and regression analyses, and used the R package 
‘lavaan’ ver. 0.5-20 (<https://cran.r-project.org/web/pack-
ages/lavaan/>) to conduct the SEM analyses.

Results

For a given phylogenetic metric, values of the metric calcu-
lated based on the phylogeny derived from Hawkins et al.’s 
phylogeny were strongly correlated with those based on 
the phylogeny derived from Zanne  et  al.’s phylogeny. For 
example, for values of phylogenetic metrics calculated using 
a full phylogeny with all the 149 species of this study, the 
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correlation coefficient was 0.986, 0.977 and 0.984 for NRI, 
NTI and PDI, respectively (n = 14 092 in all cases). This sug-
gests that results of data analysis based on either phylogeny 
would be nearly identical. In order to achieve more robust 
results, we calculated the mean of paired values derived from 
the two phylogenies for each forest plot and used the result-
ing mean values in data analyses.

When the whole data set with all 14 092 forest plots of 
this study was considered, NRI and NTI were strongly and 
positively correlated with each other (r = 0.816, p < 0.001), 
and were both strongly and negatively correlated with PDI 
(r = −0.957 and −0.935, respectively; p < 0.001 in both 
cases). NRI and NTI were negatively correlated with mini-
mum temperature, annual precipitation and precipitation 
seasonality and were positively correlated with temperature 
seasonality (Fig. 2). In contrast, PDI was positively corre-
lated with minimum temperature, annual precipitation and 
precipitation seasonality, and was negatively correlated with 
temperature seasonality (Fig. 2).

When data were analyzed for each latitudinal or eleva-
tional gradient based on the species pool of each gradient, 
the relationships between minimum temperature and each 
of the three phylogenetic metrics were consistent among the 
six gradients (Fig. 3). Specifically, minimum temperature 
was negatively correlated with NRI and NTI and was posi-
tively correlated with PDI for all the six gradients (Fig. 3). 
However, the relationship between each of the other three 
climatic variables and each of the three phylogenetic met-
rics was not consistent among the six gradients. For example, 
annual precipitation was negatively correlated with NRI in 
five of the six gradients, but was positively correlated in the 

other gradient (Fig. 3b). Similarly, precipitation seasonality 
was positively correlated with PDI in three of the six gra-
dients and was negatively correlated with two of the other 
three gradients (Fig. 3c, e). The mean of absolute values of 
correlation coefficients with climatic variables reported in 
Fig. 3 was 0.141 for NRI and 0.181 for NTI. Thus, in gen-
eral, the relationships were stronger for NTI than for NRI 
(Fig. 3, Supplementary material Appendix 1 Table A1). Of 
the four climatic variables, minimum temperature was most 
strongly correlated with NTI for both latitudinal and eleva-
tional gradients (Supplementary material Appendix 1 Table 
A1). On average, the relationships between the phylogenetic 
metrics and the climatic variables were significantly stronger 
for the latitudinal gradients than for the elevational gradi-
ents (mean and SD of absolute values of correlation coef-
ficients: 0.213 ± 0.078 for the former versus 0.108 ± 0.077 
for the latter; t-test, p < 0.001). Of the three latitudinal gra-
dients (Fig. 3), the strongest relationship between NTI and 
minimum temperature was found for the latitudinal gradi-
ent located between 400 and 600 m in elevation (Fig. 3, 4). 
Of the three elevational gradients, the strongest relationship 
between NTI and minimum temperature was found for the 
elevational gradient located between 36 and 38° in latitude 
(Fig. 3, 4). Accordingly, we will focus on these two gradients 
in some analyses.

The mean of absolute values of the 18 correlation coeffi-
cients for each climatic variable reported in Fig. 3 was 0.224, 
0.123, 0.175 and 0.120, respectively, for minimum tem-
perature, annual precipitation, temperature seasonality and 
precipitation seasonality. Thus, of the four climatic variables 
examined, minimum temperature was the most important 
climatic correlate of phylogenetic relatedness and diversity for 
local angiosperm tree assemblages in eastern North America.

When the effects of minimum temperature and temperature 
seasonality on the three phylogenetic metrics were compared, 
minimum temperature not only had a stronger effect but also 
had a more consistent direction of relationship between lati-
tudinal and elevational gradients than temperature seasonality 
(Fig. 5). For example, minimum temperature was negatively 
correlated with NRI and NTI and positively correlated with 
PDI for both latitudinal and elevational gradients (Fig. 5). In 
contrast, the directions of the relationships between tempera-
ture seasonality and either NTI or PDI for latitudinal gradients 
were opposite to those for elevational gradients (Fig. 5).

Because the relationship between a phylogenetic metric 
and minimum temperature was strongest for NTI, compared 
to those for the other two phylogenetic metrics, our SEM 
analyses focused on NTI. When minimum temperature and 
temperature seasonality were simultaneously related to NTI 
while accounting for annual precipitation and precipitation 
seasonality, minimum temperature exerted a much stron-
ger effect on NTI than temperature seasonality for all the 
six latitudinal and elevational gradients (compare absolute 
values of standardized path coefficients within each panel in 
Supplementary material Appendix 1 Fig. A4). Furthermore, 
the direction of the relationship between NTI and minimum 
temperature was consistent among the SEMs of all latitudinal 
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Figure  2. Correlation coefficient between phylogenetic structure 
metrics (net relatedness index, NRI: nearest taxon index, NTI; stan-
dardized phylogenetic diversity index, PDI) and climatic variables 
(minimum temperature, MT; annual precipitation, AP; tempera-
ture seasonality, TS; precipitation seasonality, PS) for angiosperm 
trees in the 14 092 local forest communities examined in this study. 
The three bars in each of the four segments represent three phyloge-
netic structure metrics (NRI, red; NTI, green; PDI, blue). p-values 
< 0.001 in all cases.
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and elevational gradients (i.e. negative relationships in all 
SEMs), whereas the direction of the relationship between 
NTI and temperature seasonality was inconsistent among 
the six SEMs (Supplementary material Appendix 1 Fig. A4).

The regression slope (coefficient) of NTI against mini-
mum temperature was significantly steeper for elevational 
gradients than for latitudinal gradients (Table 1; mean ± SD: 
−0.154 ± 0.071 for the former versus −0.058 ± 0.012 for the 
latter, t-test, p < 0.05). This is true regardless of whether NTI 
was calculated based on the species pool that included only those 
species restricted to a particular gradient under investigation or 
based on the species pool that included all the 149 species of this 
study (compare Table 1 with Supplementary material Appendix 
1 Table A2). These results indicate that along a thermal gradient 
from warm to cold temperature, phylogenetic relatedness of spe-
cies in assemblages increased more quickly for elevational gradi-
ents than for latitudinal gradients.

Discussion

Our results have shown that the phylogenetic relatedness of 
angiosperm tree species in forest communities increases with 

decreasing temperature and precipitation (Fig. 2) and this 
pattern generally holds for both latitudinal and elevational 
gradients (Fig. 3), supporting the tropical niche conservatism 
hypothesis. We found several conspicuous patterns in this 
study, which we discuss below.

The relationship between temperature and NRI or 
NTI for the elevational gradients of this study is 
consistent with those in other temperate regions but 
contrary to those in tropical regions

We found that both NRI and NTI were negatively correlated 
with minimum temperature along elevational gradients, as 
along latitudinal gradients, for angiosperm trees in eastern 
North America, indicating that tree species in assemblages 
at higher elevations were more closely related, regardless of 
whether tip-weighted or basal-weighted metric of phyloge-
netic relatedness was considered. This finding is consistent 
with our hypothesis 1 and findings of previous studies for 
plant assemblages along elevational gradients in temper-
ate regions (Li  et  al. 2014, Qian  et  al. 2014). However, 
our finding is contrary to those for tree species assemblages 
along elevational gradients in tropical regions. For example, 
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Figure 3. Correlation coefficient (r) between phylogenetic structure metrics (net relatedness index, NRI; nearest taxon index, NTI; stan-
dardized phylogenetic diversity index, PDI) and latitude (LAT), elevation (ELEV) or climatic variables (minimum temperature, MT; 
annual precipitation, AP; temperature seasonality, TS; precipitation seasonality, PS) for angiosperm trees in local forest communities along 
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represent three phylogenetic structure metrics (NRI, left and red; NTI, middle and green; PDI, right and blue). An asterisk above or below 
a bar represents the significance level of p < 0.05. The number of forest plots for each gradient is shown in Supplementary material 
Appendix 1 Table A2.
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Culmsee and Leuschner (2013) showed that both NRI 
and NTI for trees in forests along an elevational gradient 
in tropical Asia are positively correlated with temperature. 
González-Caro et al. (2014) studied trees in forests across a 
broad Colombian elevational gradient and found that both 
NRI and NTI are positively correlated with temperature vari-
ables (including minimum temperature). Across a broader 
geographic extent, Qian (2018) found that NRI and NTI 
are negatively correlated with elevation and positively corre-
lated with mean annual temperature for trees in forests across 
an elevation gradient in tropical South America. Qian and 
Ricklefs (2016) proposed that for tropical elevational gradi-
ents, niche convergence might have played a primary role in 
driving community assembly, leading to a pattern of decreas-
ing phylogenetic relatedness towards high elevation. Findings 
from the present study and those examining patterns of phy-
logenetic relatedness for angiosperms along elevational and 
latitudinal gradients in temperate regions (Qian et al. 2013, 

2014, 2016, Li et al. 2014, Qian and Sandel 2017) suggest 
that niche conservatism has played a primary role in driv-
ing phylogenetic community assembly for plants along both 
latitudinal and elevational gradients in temperate regions, at 
least in the Northern Hemisphere.

Climatic variables are correlated with NTI more 
strongly than with NRI

Our analysis has shown that NTI, which measures tip-
weighted phylogenetic relatedness, tends to co-vary with 
climatic variables more strongly than does NRI, which is 
measured as the mean of phylogenetic distances and thus 
gives basal nodes more weight, compared to NTI. Traits that 
confer tolerance to cold and dry climates are generally con-
served at more basal clades or high taxonomic levels such as 
orders and families in angiosperms (Wiens and Donoghue 
2004). This would suggest a stronger climatic relation with 
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9

NRI than with NTI, opposing the pattern that we found. 
However, the pattern found in this study that NTI is more 
strongly related to climatic variables (particularly tempera-
ture) than NRI has also been observed in previous studies. 
For example, Culmsee and Leuschner (2013) found that 
NTI is more strongly correlated with elevation (a surrogate of 
temperature) than NRI for tree species in forest communities 
in Malesia (r2 = 0.66 for NTI versus 0.47 for NRI). Patrick 
and Stevens (2016) found that ses.MNTD (equivalent to 
−1 × NTI) is correlated with mean temperature, tempera-
ture seasonality and precipitation seasonality more strongly 
than ses.MPD (equivalent to −1 × NRI) for bats in North 
American deserts.

If phylogenetic clustering in cold climate arises because 
only a few clades evolve the trait innovations necessary to 

survive cold temperatures, it is still possible that these few 
clades will be scattered widely across the phylogeny. If that 
is the case, NTI will provide a better reflection of the clus-
tering pattern than either NRI or PDI, both of which will 
include deep nodes in the tree and therefore not represent 
as clearly the difference between a cold- and warm-adapted 
community.

Minimum temperature exerts a stronger effect on 
community assembly than does temperature 
seasonality

The environmental stress (tolerance) hypothesis has been 
commonly considered as a major mechanism driving species 
distribution (Latham and Ricklefs 1993b). However, some 
studies (Wiens et al. 2006) have reported that temperature 
seasonality is more strongly correlated with species distribu-
tion than minimum temperature. Because nearly all the stud-
ies that have investigated the relative importance of minimum 
temperature and temperature seasonality on species richness 
and distribution were conducted across latitudes and because 
minimum temperature and temperature seasonality are 
strongly and negatively correlated along latitudinal gradients 
(e.g. r = −0.957, −0.972 and −0.984 for the three latitudinal 
gradients examined in this study), the independent effect of 
each of the two climatic variables cannot be determined for 
latitudinal gradients. In this study, minimum temperature 
and temperature seasonality along elevational gradients are 
not negatively correlated with each other; instead, they are 
weakly and positively correlated (r = 0.401, 0.264 and 0.357 
for the three elevational gradients examined in this study). 
Our results showed that phylogenetic relatedness of angio-
sperm trees was more strongly correlated with minimum 
temperature than with temperature seasonality for both 
latitudinal and elevational gradients and this difference was 
reinforced for elevational gradients (Supplementary mate-
rial Appendix 1 Table A1). This result is consistent with our 
hypothesis 2. Furthermore, minimum temperature has con-
sistent relations with phylogenetic metrics among latitudinal 
and elevational gradients but temperature seasonality does 
not (Fig. 3). Qian  et  al. (2018) explored patterns of mean 
family age for angiosperm tree assemblages along latitudinal 
and elevational gradients in eastern North America; they also 
found that minimum temperature is correlated to mean fam-
ily age more strongly and more consistently than temperature 
seasonality. Thus, their and our findings support the notion 
that cold temperature extreme plays a more important role 
than temperature seasonality in driving community assembly 
(Qian et al. 2007, Wang et al. 2011).

Phylogenetic relatedness increases with decreasing 
temperature more quickly for elevational gradients 
than for latitudinal gradients

We found that the slope of the relationship between phyloge-
netic relatedness and minimum temperature was steeper for 
elevational gradients than for latitudinal gradients (Table 1). 
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Figure 5. Comparison between effects (absolute values of correla-
tion coefficient) of minimum temperature (black bar) and tempera-
ture seasonality (grey bar) on three phylogenetic metrics (NRI, net 
relatedness index; NTI, nearest taxon index; PDI, phylogenetic 
diversity index). Each effect size represents the mean value for three 
latitudinal or elevational gradients reported in Fig. 3. A plus or 
minus sign on a bar represents a positive or negative effect, 
respectively.

Table 1. Slopes for simple linear regressions of nearest taxon index 
(NTI) against minimum temperature (MT, °C) for latitudinal and 
elevational gradients. NTI was calculated using the species pool that 
included only the species of the study gradient.

Gradient Length n Slope p

1) Latitudinal gradients
 Gradient at elev. 

0–200 m
2532 km 3532 −0.045 < 0.001

 Gradient at elev. 
200–400 m

1713 km 3000 −0.061 < 0.001

 Gradient at elev. 
400–600 m

1571 km 2719 −0.069 < 0.001

2) Elevational gradients
 Gradient at lat. 34–36° 1685 m 2388 −0.084 < 0.001
 Gradient at lat. 36–38° 1675 m 2238 −0.225 < 0.001
 Gradient at lat. 38–40° 1397 m 2405 −0.152 < 0.001
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This suggests that phylogenetic relatedness is in equilibrium 
with temperature in a greater degree for elevational gradients 
than for latitudinal gradients in eastern North America. This 
is consistent with our hypothesis 3 and findings of some pre-
vious studies focusing on other measures of plant commu-
nity structure. For example, Qian  et  al. (2018) found that 
the slope of the relationship between mean family age and 
minimum temperature for angiosperm tree assemblages in 
eastern North America is steeper for elevational gradients 
than for latitudinal gradients. Halbritter et al. (2013) com-
pared latitudinal and elevational range limits of plant species 
in Europe and found that species reach a colder climate limit 
along the elevational gradient, compared to the latitudinal 
gradient, suggesting that plants on elevational gradients are 
closer to equilibrium with temperature than those on latitu-
dinal gradients. However, our finding appears to be contrary 
to those of Siefert et al. (2015), who found that minimum 
temperature (measured as January mean temperature) is 
substantially higher at the high-elevation limit than at the 
high-latitude limit for nearly all 28 tree species examined in 
eastern North America. However, we noticed that January 
mean temperature at high elevations was over-estimated for 
all angiosperm tree species in their study. For example, the 
January mean temperature at the high-elevation limit of Acer 
rubrum was −0.9°C on an elevational gradient in Siefert et al. 
(2015) but this species appeared in numerous forest plots 
with January mean temperature of −2.2°C or lower (based 
on the WorldClim database at the 30 arc-second resolution; 
Hijmans et al. 2005) on the same elevational gradient in our 
study. There is a need to examine how well minimum tem-
perature at the highest elevation of a species matches that at 
the northernmost latitude of the species in eastern North 
America based on accurately documented climate data and a 
great number of plant species.

Conclusions

We examined patterns of phylogenetic structure for a large 
number of local angiosperm tree assemblages distributed 
along elevational and latitudinal gradients in eastern North 
America. Our analyses revealed several conspicuous patterns. 
First, phylogenetic relatedness of angiosperm trees increases 
with decreasing temperature along elevational gradients, 
which is consistent with those observed for plants on eleva-
tional gradients in other temperate regions but contrary to 
those observed in tropical regions. Second, tip-weighted met-
ric of phylogenetic relatedness is more strongly correlated 
with climatic variables than basal-weighted metric of phylo-
genetic relatedness, suggesting that recent diversification has 
played an important role in shaping patterns of phylogenetic 
structure for angiosperm trees in eastern North America. 
Third, winter cold temperature exerts a stronger effect on 
community assembly of angiosperm trees than does tem-
perature seasonality, suggesting that cold tolerance is a more 
important driver of community assembly of angiosperm 
trees, compared with temperature seasonality. Lastly, the rela-
tionship between phylogenetic relatedness and temperature is 

steeper for elevational gradients than for latitudinal gradients, 
suggesting that species distributions along elevational gradi-
ents are more in equilibrium with temperature, compared 
with those along latitudinal gradients. Our conclusions are 
based on only angiosperm tree species. Different organismal 
groups may show different patterns of phylogenetic structure 
along geographical and environmental gradients, e.g. angio-
sperms versus gymnosperms (Ma  et  al. 2016, Qian  et  al. 
2019), woody angiosperms versus herbaceous angiosperms 
(Kubota et al. 2017), or plants versus animals (Graham et al. 
2009, González-Caro  et  al. 2014). Future studies should 
determine if the patterns that we have observed here for 
angiosperm trees along latitudinal and elevational gradients 
in eastern North America are repeated in other organismal 
groups.
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