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Abstract
Traits are the primary attributes that distinguish a species niche. Species and higher taxa are part of a structured phylogeny, 
and variation in plant traits depends on lineage as well as on environmental conditions. Therefore, it is crucial to investigate 
linkages between taxonomic identity, shared ancestry, and environment for understanding the variation in leaf traits. We 
investigated the evolutionary relationships, based on multiple gene sequences among 26 plant species sampled along an 
elevational gradient from 650 to 3600 m a.s.l. in the central Himalaya. We tested for the phylogenetic signal based on three 
different measures in 10 leaf traits having a significant association with the resource acquisition-conservation trade-offs axis 
and influencing plant growth, development, and ecological performance. We further assessed the role of elevation and growth 
forms as the potential drivers of leaf traits variation while controlling for phylogeny. 5 out of 10 leaf traits showed significant 
phylogenetic signal. Plant species clustered more often by growth forms at the tips of the phylogeny indicating multiple 
instances of independent evolution. Evergreen taxa showed niche separation with deciduous and incorporated larger trait 
variation. Trait variations were guided by both growth forms and elevation when accounted for phylogeny. Growth form has 
a higher contribution to trait variation compared to elevation. Trade-offs were detected between resource conservation and 
resource acquisition machinery traits (that would maximise carbon gain), differing between growth forms and along elevation.

Keywords  Adaptive traits · Carbon gain · Elevation · Growth forms · Phylogeny · Resource acquisition · Resource 
conservation

Introduction

The occurrence of a species in an ecosystem is the outcome 
of various adaptive strategies by the species to manage and 
overcome abiotic and biotic constraints (Baraloto et al. 2012; 
Chesson 2000; Silvertown 2004; Valladares et al. 2015). 
The concept of functional traits has been widely applied 
to understand the key ecological strategies by which plants 
modulate and adapt to their environment to fulfil their 

ecological requirements (Li et al. 2015). Traits are the pri-
mary attributes that distinguish a species niche and are liable 
to change, both at an evolutionary scale and at various stages 
of species development (Burns and Strauss 2012; Donovan 
et al. 2011). Trait changes could occur directly due to genetic 
control or indirectly due to biotic interactions (Burns and 
Strauss 2012).

Plant functional traits involved in the exchange of gas and 
water by leaves have received considerable attention due to 
their crucial role in ecosystem productivity and ecological 
function (Ackerly 2004; Li et al. 2015; Reich 2014; Westoby 
et al. 2002). Consequently, the worldwide leaf economic 
spectrum (WLES), a set of correlated leaf traits covering 
multiple niche dimensions, was developed (Donovan et al. 
2011; Reich 2014; Reich et al. 1999; Westoby et al. 2002). 
WLES effectively summarizes trade-offs between invest-
ment and benefit in leaf construction and carbon fixation, 
respectively (Kikuzawa 1991, 1995; Reich 2014; Reich 
et al. 1999). At one end, the spectrum represents species 
with faster investment return with high specific leaf area, 
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high leaf nitrogen content and shorter leaf lifespan, whereas, 
at other end species with slow investment return with low 
specific leaf area, low nitrogen content, and longer leaf lifes-
pan are present (Onoda et al. 2011; Reich 2014; Wright et al. 
2004).

Species and higher taxa, however, are not phylogeneti-
cally independent but a part of hierarchically structured phy-
logeny (Felsenstein 1985). Therefore, it is important to focus 
on the links between taxonomic identity, shared ancestry, 
and environmental conditions to understand the variation in 
leaf traits (Ackerly 2003, 2009; Losos 2008). Broadly, two 
processes governed by the same forces, albeit in opposite 
directions, are attributed to trait evolution (Ackerly 2009). 
First, adaptive radiation is rapid diversification of a lineage 
and its traits to take advantage of novel ecological niches, 
provided by events such as colonization and transition to 
native adaptive zones, or in response to various biotic inter-
actions (especially competition). In contrast, niche conserva-
tism, the second process, is the degree to which organisms 
retain their niches and ecological traits in space and time 
(Ackerly 2009). Phylogenetic comparative methods (PCMs) 
that evaluate trait variation by taking phylogenetic related-
ness among the species are most suitable for assessing phy-
logenetic nonindependence (Cooper et al. 2010).

Mountains with steep elevational gradients provide natu-
ral climatic variation to which plants adapt and adjust their 
performance through variation in its traits. As a result, these 
mountains serve as excellent eco-evolutionary landscapes 
for understanding trait variations in response to environmen-
tal changes (Chun and Lee 2017; Gerhold et al. 2015; Read 
et al. 2014; Xu et al. 2017). Generally, low elevation with 
the longer favourable season, high temperature, and high 
resource availability tends to favour acquisitive resource 
strategies to help individuals to face higher competition for 
the resources (Read et al. 2014). Conversely, high elevation 
characterised by short favourable season, low temperature 
and lower competition among plant species push them to 
invest more towards resource conservation machinery (Read 
et al. 2014; Reich et al. 1997). Apart from the elevation gra-
dient, traits also vary according to the growth forms (Chabot 
and Hicks 1982; Givnish 1988; Kikuzawa 1991). In general, 
deciduous species exhibit a more resource acquisitive leaf 
strategy with higher leaf nitrogen, lower leaf mass per unit 
area. In contrast, evergreens exhibit conservative resource 
strategies such as longer leaf span, a lower percentage of leaf 
nitrogen, high leaf mass per unit area (Reich et al. 1999). In 
the present study, we assessed variation in the functional leaf 
traits of the selected tree species with contrasting growth 
forms (evergreens versus deciduous) taking into account the 
shared evolutionary relationships across an elevation gradi-
ent in the central Himalaya. Himalaya in the past has served 
as a biological corridor for the immigrant taxa which have 
diversified due to major geophysical upheavals associated 

with Himalayan orogeny (Manish and Pandit 2018a; Singh 
and Singh 1987). Our primary focus was to test the hypoth-
esis that variation in the functional leaf traits in the sampled 
tree species, attuned to maximise photosynthetic gains, is 
guided by both growth forms and elevation when controlled 
for phylogeny.

Our main objectives were to: (1) investigate variations in 
leaf traits of the sampled tree species distributed across an 
elevation gradient in the central Himalaya, (2) investigate 
the evolutionary relationships among the sampled tree spe-
cies and determine the magnitude of phylogenetic signals 
in the leaf functional traits, (3) understand the relative role 
of elevation and growth form in driving variation in the leaf 
traits with phylogeny taken into account.

Materials and methods

Study area and sampling

This study was carried out in the Indian central Himalaya 
across an elevational range from 650 to 3200 m a.s.l. with 
a steep bioclimatic gradient. The elevational gradient trav-
erses climatic zones from subtropical at low elevations to 
temperate and subalpine at intermediate and high eleva-
tions. Clouds generally form above 1400 m a.s.l. but more 
frequently above 2200 m a.s.l. Mid-elevation slopes, i.e. 
1100–2000 m a.s.l., generally receive the highest rainfall 
(Bhattarai and Vetaas 2003; Carpenter 2005; Singh 2014). 
The year is divisible into three seasons: a relatively dry and 
cold winter (mid-December through February), warm and 
dry summer (from mid-April to mid-June), warm and wet 
rainy season (mid-June to mid-September). The most nota-
ble feature of the climate is the distinct monsoonal pattern of 
rainfall with about 3/4th of the annual rainfall (1500–2500 
mm) concentrated in the rainy season (Singh 2014).

The study area was divided into three elevation bands : 
low (≤ 1000 m a.s.l.) (30° 12′ 6.03′′ N–30° 13′ 14.8′′ N and 
78° 47′ 30′′ E–78° 40′ 36′′′ E), intermediate (1100–2000 m 
a.s.l) (30° 31′ 36.7′′ N and 30° 32′ 34.5′′ N and 79° 64.200′ 
E–79° 7′ 23.9′′ E), and high (≥ 2100 m a.s.l.) (30° 29′ 
45′′ N–30° 29′ 54′′ N and 79° 12′ 45′′ E–79° 13′ 24′′ E). 
These regions are highly vulnerable to landslips and land-
slides, with large accumulations of debris from fallen and 
fractured rocks. Sampling sites were in natural and relatively 
undisturbed forest with minimal anthropogenic activities.

We established five relatively undisturbed study sites of 
0.1 hectare at each elevation. A total of 26 tree species rep-
resenting 15 families, with a sufficient number of individuals 
(minimum 10) in the same age group, were chosen for the 
study. Age group was taken into account to minimize the 
effect of age differences on intraspecific variations in the 
trait measurements (Liu et al. 2019).
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Functional leaf traits

We selected a total of 10 leaf functional traits based on 
their significant association with the resource acquisition-
conservation trade-offs axis and has important influence on 
plant growth, development and ecological performance. The 
selected leaf traits were: LA = Leaf area (cm2), LL = Leaf 
life-span (days), LDM = Leaf dry mass (g), LMA = Leaf 
mass per unit area (g cm− 2), LEP = Leaf expansion period 
(days), DML = Dry mass loss (%), LnM = Leaf nitrogen in 
mature leaves (mg g− 1), LnS = Leaf nitrogen in senesced 
leaves (mg g− 1), NRE = Nitrogen resorption efficiency (%), 
LmRS = Leaf mass accumulated before rainy season as a 
fraction of leaf mass of matured leaves (%). Thirty sunlit 
leaves were marked in the selected individuals (10–15 in 
number) of each species at the time of budburst for meas-
uring leaf expansion and leaf longevity. All marked leaves 
were in the middle of crowns on south-facing slopes. Leaf 
area (LA) was measured using an LI-3000 A leaf area meter 
(LI-COR, Nebraska, USA), and were assigned to a particular 
size classes following Raunkiaer’s classification (Gillison 
2006; Raunkiaer 1934). LA is considered an important func-
tional trait as it approximates water-energy balance of the 
plants. Leaf expansion period (LEP), defined as the interval 
(in days) between the day of budburst and the day when no 
further expansion in leaf area is observed, was measured 
weekly. Leaf life span (LL, days) was calculated based on 
the average number of days the leaf remained in the canopy 
since budburst (Athokpam et al. 2014). Other leaf traits 
were measured on approximately1000 more leaves tagged 
separately on another 5–10 individuals (approx. 25 leaves 
per individuals) with similar canopy positions, following 
(Cornelissen et al. 2003).

Traits such as leaf dry-mass (LDM) and leaf mass per unit 
area (LMA), were measured on fully expanded leaves from 
10:00 to 12:00 to minimize diurnal variations, following 
Cornelissen et al. (2003). LMA generally serves as a proxy 
for the cost of construction of leaves and light interception. 
Loss of dry mass (DML) was calculated as the fractional 
loss of the dry mass of mature leaves from the dry mass 
of senesced leaves (Negi 2006; Ralhan and Singh 1987). 
A higher DML prior to leaf senescence alludes to lesser 
dependence on soil resources. Further, leaves were oven-
dried, powdered, and digested using the wet-ash nitric acid/
perchloric acid procedure. Nitrogen (N) content was esti-
mated in mature leaves (LnM) and senesced leaves (LnS) 
using the micro-Kjeldahl technique. N-resorption efficiency 
(NRE), defined as the percentage withdrawal of N mass from 
senesced leaves, was calculated using a standard formula 
(Killingbeck 1996; Yuan et al. 2005). A higher NRE refers 
to internal re-translocation of nitrogen and thus reduce the 
dependency on soil nitrogen. Leaf mass before the rainy sea-
son (LmRS) is the fraction of leaf mass of the mature leaves 

gained prior to the arrival of monsoon season. LmRS is an 
important leaf trait as it underlies the synchronisation of leaf 
growth with monsoon rains which accounts for more than 
3/4th of total rainfall in the Himalaya.

The data for the leaf traits were assessed for normality 
using Shapiro-Wilk’s test, which is based on the correlation 
between the data and the corresponding normal scores. Vari-
ables that differed significantly from normality were either 
natural log-transformed (LL, LMA, LEP, DML, and LmRS) 
or square-root transformed (LA and LDM) to avoid negative 
values.

Plant phylogeny

We downloaded sequences from NCBI for the matK, rbcL, 
and 5.8 S genes, when available, for inferring the phyloge-
netic relationships among the 26 tree species. Sequences 
for each gene were aligned using ClustalW and were then 
concatenated. The concatenated alignment was trimmed 
using trimAl (Capella-Gutierrez et al. 2009) with the option 
‘automated1’ using the Phylemon 2.0 web server (Sánchez 
et al. 2011; http://​phyle​mon.​bioin​fo.​cipf.​es). The program 
jmodeltest2 was used to identify the evolutionary model 
and other parameters that best accounted for the alignment 
data. The TVM + I + G model with a proportion of invariant 
sites (0.176 invariant sites) and rates at other sites varying 
in a gamma distribution (gamma shape = 0.720, number of 
discrete gamma categories = 4) best described the sequence 
data based on the Akaike information criterion corrected for 
small sample sizes (AICc). The phylogenetic relationships 
among the tree species was reconstructed using PhyML 
(Guindon et al. 2010) with 1000 bootstraps to assess the 
confidence of the nodes (Fig. 1).

Phylogenetic signals of the leaf traits

The phylogenetic tree was rooted with the fern species Psilo-
tum nudum, but this species was not included in the data set 
for trait analysis. Phylogenetic signals represent trait vari-
ations due to phylogeny. Our null hypothesis is that traits 
evolved independent of phylogeny. To test the null hypoth-
esis, phylogenetic signals were identified using three statis-
tical indices to quantify the influence of phylogeny. These 
three measures were Pagel’s λ (Pagel 1999), Blomberg’s K 
(Blomberg et al. 2003), and phylogenetic autocorrelation 
measured using Abouheif’s Cmean (Abouheif 1999) and were 
tested using the R package phylosignal (Keck et al. 2016). 
Both Pagel’s λ and Blomberg’s K assume a random-drift 
model of trait evolution, and Cmean is an autocorrelation 
index not based on an evolutionary model.

Pagel’s λ represents a quantitative estimate of the phy-
logenetic signal for a trait and varies between zero and 

http://phylemon.bioinfo.cipf.es
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one. A value of λ = 0 indicates that the trait has evolved 
independently of phylogeny, i.e. average trait values are not 
more similar between close relatives than between distant 
relatives. A value of λ = 1 represents a strong phylogenetic 
signal, i.e. trait evolution by the Brownian-motion model, 
indicating random genetic drift. Intermediate values of 
λ suggest that traits may have evolved by a process other 
than random drift, despite phylogenetic influence (Kami-
lar and Cooper 2013; Pagel 1999). Blomberg’s K is also 
based on the assumption of random drift in trait evolution. 
K, however, varies from zero to infinity, with K = 0 sug-
gesting that trait evolution is independent of phylogeny and 
K = 1 indicating that trait evolution conforms to the phy-
logeny under the Brownian-motion model. Values of K > 1 
indicate stronger similarity between close relatives than 
expected under random drift (Blomberg et al. 2003; Kami-
lar and Cooper 2013). Cmean is an autocorrelation measure 
of the covariation of trait values across species relative to 
the phylogenetic distances between the species. Cmean = 1 
indicates strong similarity across close relatives, and Cmean 
= − 1 indicates strong negative associations between species 
and trait similarity (Abouheif 1999).

Statistical analysis

We assessed the phylogenetically independent correlations 
among leaf by constructing a phylogenetic Pearson corre-
lation matrix using the phyr R package and the cor_phylo 
function (Li et al. 2020). The significance of correlations for 
all unique pairs of traits was tested using the psych R pack-
age and the corr.p function (Revell 2020). A phylogenetic 
PCA was conducted using the phyl.pca function in the phy-
tools package (Revell 2009, 2012) after centering and scal-
ing the data for functional leaf trait. Phylogenetic principal 
components (PCs) provide estimates of the eigen structure 
that will have lower variance relative to nonphylogenetic 
procedures, reducing type 1 errors (false positives) relative 
to a regular PCA when scores are subsequently analyzed 
using phylogenetic methods (Revell 2009).

A composite variable in the form of a phylogenetic pri-
mary-axis species score (PPASS) was created by extracting 
the first component from the respective PCAs to account for 
maximum trait variations and the influence of phylogeny. 
Traits variation are not phylogenetically independent, so 
PGLS models were constructed using the caper R package 
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genetic tree was constructed based on 3 gene sequences (matK, rbcl, 5.8 S)
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(Orme et al. 2018). PPASS was set as the dependent vari-
able, and elevation and growth form were set as predictor 
variables. λ was estimated using maximum likelihood. Fig-
ures were made using the ggplot2 (Wickham 2016) and 
ggtree (Yu et al. 2017) and corrplot (Wei and Simko 2017) 
R packages. An analysis of variance (ANOVA) of the PGLS 
model was conducted to examine the overall effect of the 
categorical variables.

Results

Ecology of the himalayan tree species 
and the evolutionary relationships

In the present study, 26 tree species sampled represented 
15 families and were distributed unevenly in an inverted 
J-shaped pattern. Intermediate elevation had the maximum 
tree species followed by high and low elevation. At each ele-
vation, the evergreens’ frequency was higher than the decid-
uous tree species (Table S1). Out of 26 tree species sampled 
among the growth forms, 15 tree species were evergreen 
while 11 were deciduous. Further, tree species belonging 
to families Fagaceae, Ericaceae, Betulaceae assorted across 
intermediate to high elevation (Table S1). The phylogeny 
based on the multiple gene sequences similarity shows that 
species shared the evolutionary history (matK, rbcL, and 
5.8 S) and revealed the clustering of taxa, more commonly 
at the tips of the tree than at deeper nodes (Fig. 1). The 
coniferous species Pinus roxburghii and Abies spectabilis 
formed a monophyletic clade distinct from all other species. 
Taxa from the same family clustered more often by growth 
form than exclusively by elevation. For example, taxa rep-
resenting family Pinaceae, P. roxburghii and A. spectabilis; 
three Quercus species of family Fagaceae; Betula alnoides, 
Betula utilis, and Alnus nepalensis of family Betulaceae; 
and three Rhododendron species of family Ericaceae clus-
tered by growth form and assorted along intermediate-to-
high elevations. Both growth form and elevation, however, 
governed the clustering for some cases, e.g. the clustering 
of Pyrus pashia with Prunus cerasoides (Family: Rosaceae) 
and Neolitsea pallens with Machilus duthiei (Family: 
Lauraceae).

Family Fagaceae, which included three Quercus species, 
was paraphyletic with the family Betulaceae represented by 
Alnus nepalensis, Betula alnoides, Betula utilis and Myrica 
esculenta and distributed across intermediate to high ele-
vation. P. pashia and P. cerasoides belonging to family 
Rosaceae formed a monophyletic clade. Family Ericaceae, 
though, diverged into evergreen Rhododendron species 
and the deciduous Lyonia ovalifolia was distributed among 
intermediate-to-high elevations. Symplocos racemosa, an 
intermediate-elevational deciduous species, was paraphyletic 

with the deciduous L. ovalifolia and the evergreen Rhodo-
dendron arboreum, both at intermediate elevations.

Assessment of phylogenetic signal in leaf traits

Out of 10 leaf functional traits taken for the study, 5 leaf 
traits had significant phylogenetic signal based on three dif-
ferent measures for detecting signals. Leaf area (LA), which 
approximates the water-energy balance, and leaf mass per 
unit area (LMA), a surrogate for the cost of constructing 
leaves and intercepting light, had strong phylogenetic signals 
(Pagel’s λ, Table 1), with λ = 0.727 for LA and λ = 0.914 
for LMA. LA and LMA also had a significant Cmean, indi-
cating a significant positive autocorrelation between close 
relatives (Table 1). Leaf expansion phase (LEP), which 
underlies maximizing resource capture during favourable 
conditions, and leaf nitrogen in a senesced leaf (LnS), had 
significant phylogenetic signal based on Cmean. Leaf dry 
mass (LDM), had a significant phylogenetic signal (Blomb-
erg’s K, Table 1).

Phylogenetic PCA

Any trait used in a comparative analysis should be phyloge-
netically corrected to remove pseudo-replication from cur-
rent or downstream analyses (Revell 2009). The PPCA was 
fitted with a maximum-likelihood value of λ = 0.547, and 
PPC1 and PPC2 explained 29.5 and 26.2 % of the total vari-
ance of the leaf traits, respectively. Evergreen and deciduous 
species distinctly grouped along PC1 (Fig. 2). Evergreen 
species covered the full range of PC2, but deciduous species 
were more localized. The loading plot shows the groupings 
and relationships between the various foliar traits according 
to species elevation category and growth form (Fig. 3).

The grouping of LnM, LmRS, and LnS and their close 
relationships are visible in the third quadrant of the load-
ing plot, along with lesser associations between other traits 
in the first, second, and fourth quadrants. The grouping of 
LnM, LmRS, and LnS in the third quadrant is important, 
because these traits had nonsignificant phylogenetic signals 
(Table 1). The first PC that captures the major variation 
from the leaf trait variables is dominated by the difference 
in growth forms, with deciduous species grouping separately 
from evergreen and deciduous correlating negatively with 
PC1. PC1 also shows grouping by elevation, with intermedi-
ate elevation correlating negatively. Based on their loadings, 
NRE and LnM and LmRS are increased in deciduous and 
intermediate elevation species. LL is higher in evergreen 
species. The second PC is dominated by growth form, with 
deciduous being positively correlated and evergreen nega-
tively correlated. Based on their loadings, NRE, DML, LEP 
and LDM are higher in deciduous compared to evergreen 
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growth forms. In contrast, evergreen forms have higher LL 
and LnS.

Phylogenetic correlations between leaf traits

A correlation analysis controlling for phylogenetic depend-
ence found that most pairwise correlations between traits 

were not significant (Fig. 4). Of the 8 that were significant, 
5 were negatively correlated and 3 were positively cor-
related. Leaf lifespan (LL) was negatively correlated with 
dry mass loss (DML) and nitrogen resorption efficiency 
(NRE). Leaf mass per unit area (LMA) showed a highly 
significant positive correlation with nitrogen resorption 
efficiency (NRE).

Table 1   Phylogenetic signal of 
plant functional traits for trees 
at the site. Significant values 
(P < 0.05) are in bold

λ = Pagel’s Lambda; λ = 0 indicates traits evolve independent of phylogeny; λ = 1 indicates traits evolve 
dependent on phylogeney by random drift. Cmean = Abouheif’s Cmean; an index of autocorrelation where 
deviations from zero indicate stronger relationships between trait values and the phylogeny. K = Bloomb-
erg’s K; K > 1 indicates species are more similar than expected under random drift; K < 1 indicates species 
are more divergent than expected under random drift. P-value is determined by 5000 randomizations. Traits 
with significant P-values are in bold. Significant values (P < 0.05) are in bold 
LA leaf area, LL leaf life span, LDM leaf dry mass, LMA leaf mass per unit area (g m− 2), LEP leaf expansion 
period (weeks), DML dry mass loss percentage, LnM leaf nitrogen (mature), LnS leaf nitrogen (senesced), 
NRE nitrogen resorption percentage, LmRS leaf mass before rainy season

Trait λ P-value Cmean P-value K P-value

LA 0.727 0.023 0.176 0.054 0.004 0.293
LL 0.555 0.072 0.036 0.268 0.006 0.216
LDM 0.901 0.068 0.140 0.096 0.050 0.006
LMA 0.914 0.000 0.512 0.001 0.004 0.338
LEP 0.000 1.000 0.263 0.014 0.000 0.800
DML 0.933 0.326 0.053 0.250 0.004 0.256
LnM 0.276 0.552 0.089 0.170 0.000 0.953
LnS 0.407 0.492 0.259 0.014 0.000 0.728
NRE 0.000 1.000 − 0.181 0.842 0.001 0.424
LmRS 0.000 1.000 0.011 0.339 0.001 0.575

Fig. 2   Phylogenetic Principal 
Components Analysis of plant 
functional traits by growth 
characteristics. Trait variable 
data was square-root or log-
transformed, then centred and 
scaled prior to PCA analyses
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Factors affecting leaf trait variations

As a composite variable accounting for maximum trait vari-
ation, PPASS was used to assess the variation in foliar traits 
as a response to elevation and growth forms across species. 
Both elevation and growth form were significant factors in 
the PGLS models, driving the trait variation represented by 
PPASS when controlled for phylogeny (Tables 2, 3). Inter-
mediate elevation had a significant negative effect on the 
composite traits compared to high elevation (Table 2). Ever-
green species had a significant positive effect on composite 
traits compared to deciduous species (Table 2). Of the two 

predictor variables with significant effects, growth form 
had a larger coefficient and thus contributed more to the 
model (explained more variance in PPASS) than did eleva-
tion (Table 3).

Discussion

This study investigated the evolutionary relationships among 
tree taxa distributed across an elevational gradient in the 
central Himalaya. We sought to understand the variations in 
foliar traits of the sampled tree species taking phylogenetic 
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relatedness in the account. Sister species of taxa at the tips 
of the phylogenetic tree and taxonomically distant species 
(Fig. 1) shared the same growth forms, suggesting multiple 
independent evolution of similar traits (i.e. convergent evolu-
tion). Himalayan flora is a combination of endemic taxa and 
taxa from various regions of the world that have diversified 
in the past due to major geophysical upheavals during the 
formation of the Himalaya (Manish and Pandit 2018a; Singh 
and Singh 1987). One of the geophysical upheavals event 

related to the Himalayan orogeny is the geological uplift-
ment and consequent establishment of the Indian monsoon 
system (Pandit et al. 2014; Singh and Singh 1987). This 
led to the creation of a climatic gradient from tropical to 
temperate and subalpine along the elevational gradient and 
thus served as a refuge to the immigrant taxa from colder 
regions. The monophyletic groupings of (A) nepalensis, (B) 
alnoides, and B. utilis in conjunction with the three Quercus 
species represent the immigration of taxa from temperate 
regions (Manish and Pandit 2018b; Pandit et al. 2014). 

Fig. 4   Phylogenetic Pearson 
correlation plot of leaf traits. 
Coloured circles indicate sig-
nificant correlations (P < 0.05)
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Table 2   Results from PGLS model predicting functional foliar trait 
variation (Phylogenetic Primary Axis Species Score, PPASS)

PGLS model = PPASS ~ Elevation + Growth; lambda (ML) = 0.44, 
kappa = 1.00, delta = 1.00, R2adj = 0.599, F(3,22) = 13.47, 
P-value = 0.000033. Significant values (P < 0.05) are in bold

Phylogenetic PC1 (29.5 %) of functional foliar traits

Variable Estimate Std. Error t-value P-value
(Intercept) − 0.601 0.723 − 0.831 0.415
Elevation (Intermediate) − 1.407 0.447 − 3.149 0.005
Elevation (Low) 0.189 0.733 0.258 0.799
Growth form (Evergreen) 1.895 0.422 4.486 0.000

Table 3   Analysis of Variance Table for PGLS model of factors affect-
ing PPASS

Results from ANOVA (sequential SS for pgls) showing associations 
between the PPASS of 26 Himalayan tree species and two predictor 
variables (mean elevation of species site and deciduous vs. evergreen 
growth). PGLS model: lambda = 0.44, delta = 1.00, kappa = 1.00 Sig-
nificant values (P < 0.05) are in bold.

Predictor Df F value Pr(> F)

Elevation 2 10.141 0.0008 
Growth form 1 20.121 0.0002 
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Climatic cyclicity during the Quaternary period demonstrat-
ing periodic glacial advance and retreat is another geophysi-
cal event associated with the Himalayas. Such events led to 
the creation of multiple refugia and alternating shrinkage 
and enlargement of environmental niches. Domination of 
Quercus semercarpifolia and A. nepalensis at higher eleva-
tions during the Pleistocene epoch are corroborated from 
pollen records (Mehrotra et al. 2005; Phadtare 2000). In our 
study too, taxa belonging to the families Fagaceae (3 spe-
cies of Quercus), Ericaceae (Lyonia ovalifolia, and three 
species of Rhododendron), and Betulaceae (Alnus nepa-
lensis and two species of Betula) were distributed across 
intermediate to high elevation. Alternative shrinkage and 
enlargement may be why the plant species from the same 
family were clustered more often by growth forms than by 
elevation. Conifers in our study (P. roxburghii and A. specta-
bilis) formed a distinct monophyletic clade from the other 
species. Previous palynological reports suggest that these 
conifers migrated in response to climate warming leading 
to the subsequent replacement of Quercus spp. and A. nepa-
lensis (Manish and Pandit 2018a; Singh and Singh 1987; 
Singh et al. 2018).

Alternating glacial advances and retreats ensured multiple 
recolonizations, frequent mixing of floral taxa, and periodic 
hybridization among plant species. Hybridization likely led 
to the successful colonization of Rhododendron species in 
the Himalaya (Zha et al. 2008).

Shared evolutionary history among the plant species was 
imprinted in the form of significant phylogenetic signals in 
various functional leaf traits (Table 1). Our study concurs 
with the previous study conducted across Chinese grassland 
biomes that reported phylogenetic differences among spe-
cies as one of the drivers of the total variation in leaf traits 
(accounted for an average 27 %) (He et al. 2010). The sig-
nificant phylogenetic signal in LMA agreed with previous 
reports based on the global analysis of phylogenetic signals 
in species of vascular plants (Flores et al. 2014). Further-
more, our result was consistent with previous reports from 
a tropical-forest community in Laos, where LA had a sig-
nificant phylogenetic signal (Satdichanh et al. 2015). The 
distinct grouping of evergreens and deciduous trees along 
PC1 suggests that niche separation has occurred between 
these growth forms for most of the leaf traits. The larger 
variation in leaf traits in evergreen species alludes to larger 
niche occupancy compared to deciduous form. This may 
provide an adaptive advantage to evergreens in the Himalaya 
where there is a high environmental heterogeneity. This may 
be a reason that evergreen taxa dominate over deciduous in 
the central Himalaya (Singh et al. 1994).

Controlling for phylogeny, both elevation and growth 
form were significant predictors of variation in a composite 
leaf trait in our study. The importance of elevation in influ-
encing phylogeny and trait variation agreed with a previous 

report from Taibai Mountain in central China (Xu et al. 
2017). Evergreen growth form had a significant positive 
effect on the composite traits compared to deciduous form. 
In addition, intermediate elevation had a significant negative 
effect on the composite traits compared to high elevations. 
The negative coefficient for the intermediate elevations 
indicated that these elevations were most strongly associ-
ated with LMA, LnM, and LmRS. Interestingly, these traits 
had nonsignificant phylogenetic signals. Also, these traits 
i.e. LMA, LnM, LmRS are related to the resource acquisi-
tive strategies. As intermediate elevation caters maximum 
species diversity, its association with these traits may 
help individuals to face higher competition for the avail-
able resources. Additionally, intermediate elevations of the 
Himalaya are in the main region of central thrust and are 
prone to tectonic movement. Environmental heterogeneity 
is consequently more common at intermediate elevations 
and may induce higher trait plasticity in the plant species. 
This may explain the association of the intermediate eleva-
tion with leaf traits with the weakened or non-phylogenetic 
signal.

Further, in our study DML, NRE, LEP, LDM, LnM 
and LmRS are higher in deciduous compared to evergreen 
growth form. In contrast, evergreen forms have higher LL 
and LnS. The higher proportion of dry mass retranslocation 
(DML), nitrogen resorption (NRE) may provide concession 
to deciduous taxa to remobilise assimilates, nutrients to 
support growth in next growing season (Chabot and Hicks 
1982; Kikuzawa 1995; Reich et al. 1999). Our findings are 
consistent with the previous reports documenting higher 
leaf dry mass in deciduous species than in evergreen spe-
cies (Athokpam et al. 2014; Kikuzawa and Ackerly 1999; 
Ralhan and Singh 1987). Also, internal remobilisation of 
the assimilates may allow earlier leafing in the deciduous 
species. However, as LEP (Leaf expansion phase) chases 
the length of favourable growing period initiating from leaf 
bud burst, it is expectedly higher for deciduous species in 
our study due to earlier leaf budburst. Earlier leafing also 
allows deciduous. taxa to accumulate a larger fraction of leaf 
dry mass before the arrival of the rainy season (LmRS). The 
last adds another perspective that deciduous species may be 
more sensitive to early summer drought as photosynthetic 
carbon fixation may decrease due to stomatal limitation in 
response to drought (Negi 2006).

The higher LDM in deciduous growth form is consistent 
with previous central Himalaya findings (Negi and Singh 
1992). A higher percentage of leaf nitrogen in mature leaves 
(LnM) maximises carbon gains within a shorter leaf lifespan 
by constructing highly efficient photosynthetic leaves. On 
the contrary, longer leaf lifespan in evergreen taxa means 
a longer time before the leaf payback its construction cost 
(Saeki and Nomoto 1958). Species with longer leaf lifespan 
(LL) require investment in machinery that allows them to 
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resist abiotic stresses and herbivory, which requires signifi-
cant investment in the leaf’s structural component (Reich 
et al. 1997; Wright et al. 2004). Therefore, we argue that the 
higher nitrogen percentage in senesced leaves (LnS) in ever-
greens in our study is due to its investment in the structural 
part, possibly in the leaf’s cell wall. As a result, nitrogen 
resorption in evergreen was lower than deciduous growth 
forms (Athokpam et al. 2014).

Although elevation has a lesser contribution relative to 
growth form in explaining leaf trait variation, our study indi-
rectly shows that high elevation is associated with resource 
conservation traits. The last may be due to the shorter grow-
ing season, which is more pronounced as we move from 
intermediate to high elevation.

Overall, based on our results, it can be inferred that both 
growth forms and elevation, in conjunction, guide the varia-
tion in leaf traits of the Himalayan taxa in the central Hima-
laya. Growth form has a higher contribution in explaining 
leaf traits variation compared to elevation. Elevation due to 
geophysical upheavals associated with Himalaya formation 
may likely act as an ecological factor to distribute plant taxa 
along a bioclimatic gradient.

Future perspectives

Recent reports suggest that forests’ global productivity 
would be determined by trait responses to climate change 
(Madani et al. 2018). Therefore, we suggest incorporat-
ing a diverse set of functional traits such as hydraulic and 
below-ground traits along an elevation gradient with a larger 
dataset while controlling for phylogeny to understand and 
predict the response of the eco-evolutionary landscape of 
the Himalaya.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10265-​021-​01289-1.

Acknowledgements  MK acknowledges the financial support provided 
by the Council for scientific and industrial research (CSIR) under the 
award no: 09/263 (1023)/2014-EMR-1. We are thankful to Dr. Kun-
dong Bai (Guangxi institute of Botany, Guilin China) and Dr. Manuel 
Delgado-Baquerizo for their initial comments. MK is grateful to Akash 
ajay (PhD scholar) for his initial help. We thank Anoop Rawat for 
assisting during field work. We sincerely appreciate and thank both the 
reviewers and editors for the detailed suggestions on our previous draft.

Author contributions  MK, SCG conceptualised the original study. MK 
collected field data, performed leaf trait measurements. MK & JW led 
the analysis of the data. MK wrote the manuscript with the guidance 
provided by JW, SCG and JP. All authors contributed substantially to 
the drafts and gave final approval for the publication.

Data accessibility  Once the article be accepted for publication, all the 
data supporting the results will be made available on request.

Declaration 

Conflict of interest  The Authors declare no conflict of interests.

References

Abouheif E (1999) A method for testing the assumption of phylogenetic 
independence in comparative data. Evol Ecol Res 1:895–909

Ackerly D (2003) Community assembly, niche conservatism, and 
adaptive evolution in changing environments. Int J Plant Sci 
164:S165–S184

Ackerly D (2004) Functional strategies of chaparral shrubs in relation 
to seasonal water deficit and disturbance. Ecol Monogr 74:25–44

Ackerly D (2009) Conservatism and diversification of plant functional 
traits: evolutionary rates versus phylogenetic signal. Proc Natl 
Acad Sci USA 106(Supplement 2):19699–19706

Athokpam FD, Garkoti SC, Borah N (2014) Periodicity of leaf growth 
and leaf dry mass changes in the evergreen and deciduous species 
of Southern Assam, India. Ecol Res 29:153–165

Baraloto C, Hardy OJ, Paine CT, Dexter KG, Cruaud C, Dunning LT, 
… Chave J (2012) Using functional traits and phylogenetic trees 
to examine the assembly of tropical tree communities. J Ecol 
100:690–701

Bhattarai KR, Vetaas OR (2003) Variation in plant species richness of 
different life forms along a subtropical elevation gradient in the 
Himalayas, east Nepal. Glob Ecol Biogeog 12:327–340

Blomberg SP, Garland T, Ives AR (2003) Testing for phylogenetic 
signal in comparative data: behavioral traits are more labile. Evo-
lution 57:717–745

Burns JH, Strauss SY (2012) Effects of competition on phylogenetic 
signal and phenotypic plasticity in plant functional traits. Ecology 
93:S126–S137

Capella-Gutiérrez S, Silla-Martínez JM, Gabaldón T (2009) trimAl: a 
tool for automated alignment trimming in large-scale phylogenetic 
analyses. Bioinformatics 25:1972–1973

Carpenter C (2005) The environmental control of plant species density 
on a Himalayan elevation gradient. J Biogeogr 32:999–1018

Chabot BF, Hicks DJ (1982) The ecology of leaf life spans. Annu Rev 
Ecol Evol Syst 13:229–259

Chesson P (2000) Mechanisms of maintenance of species diversity. 
Annu Rev Ecol Evol Syst 31:343–366

Chun JH, Lee CB (2017) Disentangling the local-scale drivers of 
taxonomic, phylogenetic and functional diversity in woody plant 
assemblages along elevational gradients in South Korea. PloS one 
12:e0185763

Cooper N, Jetz W, Freckleton RP (2010) Phylogenetic compara-
tive approaches for studying niche conservatism. J Evol Biol 
23:2529–2539

Cornelissen JHC, Lavorel S, Garnier E, Diaz S, Buchmann N, Gurvich 
DE et al (2003) A handbook of protocols for standardised and 
easy measurement of plant functional traits worldwide. Aust J 
Bot 51:335–380

Donovan LA, Maherali H, Caruso CM, Huber H, de Kroon H (2011) 
The evolution of the worldwide leaf economics spectrum. Trends 
Ecol Evol 26:88–95

Felsenstein J (1985) Phylogenies and the comparative method. Am 
Nat 125:1–15

Flores O, Garnier E, Wright IJ, Reich PB, Pierce S, Diaz S et al (2014) 
An evolutionary perspective on leaf economics: phylogenetics of 
leaf mass per area in vascular plants. Ecol Evo 4:2799–2811

Gerhold P, Cahill JF, Winter M, Bartish IV, Prinzing A (2015) Phyloge-
netic patterns are not proxies of community assembly mechanisms 
(they are far better). Fun Eco 29:600–614

https://doi.org/10.1007/s10265-021-01289-1


763Journal of Plant Research (2021) 134:753–764	

1 3

Givnish TJ (1988) Adaptation to sun and shade: a whole-plant per-
spective. Funct Plant Biol 15:63–92

Gillison AN (2006) A field manual for rapid vegetation classifica-
tion and survey for general purposes. Centre for International 
Forestry Research, Jakarta

Guindon S, Dufayard JF, Lefort V, Anisimova M, Hordijk W, Gas-
cuel O (2010) Syst Biol 59:307–321

He JS, Wang X, Schmid B, Flynn DF, Li X, Reich PB, Fang J (2010) 
Taxonomic identity, phylogeny, climate and soil fertility as driv-
ers of leaf traits across Chinese grassland biomes. J plant Res 
123:551–561

Kamilar JM, Cooper N (2013) Phylogenetic signal in primate behav-
iour, ecology and life history. Philos Trans R S Lond B Biol Sci 
368:20120341

Keck F, Rimet F, Bouchez A, Franc A (2016) phylosignal: an R 
package to measure, test, and explore the phylogenetic signal. 
Eco Evol 6:2774–2780

Kikuzawa K (1991) A cost-benefit analysis of leaf habit and leaf 
longevity of trees and their geographical pattern. Am Nat 
138:1250–1263

Kikuzawa K, Ackerly D (1999) Significance of leaf longevity in 
plants. Plant Species Biol 14:39–45

Kikuzawa K (1995) Leaf phenology as an optimal strategy for carbon 
gain in plants. Can J Bot 73:158–163

Killingbeck KT (1996) Nutrients in senesced leaves: keys to the 
search for potential resorption and resorption proficiency. Ecol-
ogy 77:1716–1727

Li D, Dinnage R, Nell LA, Helmus MR, Ives AR (2020) phyr: An r 
package for phylogenetic species-distribution modelling in eco-
logical communities. Methods Ecol Evol 11:1455–1463

Li L, McCormack ML, Ma C, Kong D, Zhang Q, Chen X et al (2015) 
Leaf economics and hydraulic traits are decoupled in five spe-
cies-rich tropical‐subtropical forests. Ecol Lett 18:899–906

Liu Z, Jiang F, Li F, Jin G (2019) Coordination of intra and inter-
species leaf traits according to leaf phenology and plant age for 
three temperate broadleaf species with different shade toler-
ances. For Ecol Manag 434:63–75

Losos JB (2008) Phylogenetic niche conservatism, phylogenetic sig-
nal and the relationship between phylogenetic relatedness and 
ecological similarity among species. Ecol Lett 11:995–1003

Madani N, Kimball JS, Ballantyne AP, Affleck DL, Bodegom PM, 
Reich PB, Zhao M (2018) Future global productivity will be 
affected by plant trait response to climate. Sci Rep 8:2870

Manish K, Pandit MK (2018a) Geophysical upheavals and evolu-
tionary diversification of plant species in the Himalaya. PeerJ 
6:e5919

Manish K, Pandit MK (2018b) Phylogenetic diversity, structure and 
diversification patterns of endemic plants along the elevational 
gradient in the Eastern Himalaya. Plant Ecol Divers 11:1–13

Mehrotra RC, Liu XQ, Li CS, Wang YF, Chauhan MS (2005) Compari-
son of the Tertiary flora of southwest China and northeast India 
and its significance in the antiquity of the modern Himalayan 
flora. Rev Palaeobot Palynol 135:145–163

Negi GCS, Singh SP (1992) Leaf growth pattern in evergreen and 
deciduous species of the Central Himalaya. India Int J Biomete-
orol 36:233–242

Negi GCS (2006) Leaf and bud demography and shoot growth in 
evergreen and deciduous trees of central Himalaya, India. Trees 
20:416–429

Onoda Y, Westoby M, Adler PB, Choong AM, Clissold FJ, Cornelis-
sen JH et al (2011) Global patterns of leaf mechanical properties. 
Ecol Lett 14:301–312

Orme D, Rob F, Gavin T, Thomas P, Susanne F, Isaac N and Will 
Pearse (2018) caper: Comparative Analyses of Phylogenetics and 
Evolution in R. R package version 1.0.1. https://​CRAN.R-​proje​
ct.​org/​packa​ge=​caper)

Pagel M (1999) Inferring the historical patterns of biological evolu-
tion. Nature 401:877

Pandit MK, Manish K, Koh LP (2014) Dancing on the roof of the 
world: ecological transformation of the Himalayan landscape. 
Bioscience 64:980–992

Phadtare NR (2000) Sharp decrease in summer monsoon strength 
4000–3500cal yr BP in the Central Higher Himalaya of 
India based on pollen evidence from alpine peat. Quat Res 
53:122–129

Ralhan PK, Singh SP (1987) Dynamics of nutrients and leaf 
mass in central Himalayan forest trees and shrubs. Ecology 
68:1974–1983

Raunkiaer C (1934) The life forms of plants and statistical plant geog-
raphy; being the collected papers of C. Raunkiaer

Read OD, Moorhead LC, Swenson NG, Bailey JK, Sanders NJ (2014) 
Convergent effects of elevation on functional leaf traits within and 
among species. Funct Ecol 28:37–45

Reich PB, Walters MB, Ellsworth DS (1997) From tropics to tundra: 
global convergence in plant functioning. Proc Natl Acad Sci USA 
94:13730–13734

Reich PB (2014) The world-wide ‘fast–slow’ plant economics spec-
trum: a traits manifesto. J Ecol 102:275–301

Reich PB, Ellsworth DS, Walters MB, Vose JM, Gresham C, Volin JC, 
Bowman WD (1999) Generality of leaf trait relationships: a test 
across six biomes. Ecology 80:1955–1969

Revell LJ (2009) Size-correction and principal components for inter-
specific comparative studies. Evolution 63:3258–3268

Revell LJ (2012) phytools: an R package for phylogenetic comparative 
biology (and other things). Methods Ecol Evol 3:217–223

Revelle W (2020) psych: Procedures for Personality and Psychologi-
cal Research, North-western University, Evanston, Illinois, USA. 
https://​CRAN.R-​proje​ct.​org/​packa​ge=​psych Version = 2.0.12

Saeki T, Nomoto N (1958) Seasonal change of the photosynthetic activ-
ity of some deciduous and evergreen brad leaf trees. Bot Mag 
(Tokyo) 71:335–341

Sánchez R, Serra F, Tárraga J, Medina I, Carbonell J, Pulido L, de 
María A, Capella-Gutierrez S, Huerta-Cepas J, Gabaldón T, 
Dopazo JH (2011) Phylemon 2.0: a suite of web-tools for molecu-
lar evolution, phylogenetics, phylogenomics and hypotheses test-
ing. Nucleic Acids Res 39:470–474

Satdichanh M, Millet J, Heinimann A, Nanthavong K, Harrison RD 
(2015) Using plant functional traits and phylogenies to understand 
patterns of plant community assembly in a seasonal tropical forest 
in Lao PDR. PLoS One 10:e0130151

Silvertown J (2004) Plant coexistence and the niche. Trends Ecol Evol 
19:605–611

Singh SP (2014) Attributes of Himalayan forest ecosystems: they are 
not temperate forests. Proc Indian National Sci Acad 80:221–233

Singh JS, Singh SP (1987) Forest vegetation of the Himalaya. Bot Rev 
53:80–192

Singh SP, Adhikari BS, Zobel DB (1994) Biomass, productivity, leaf 
longevity, and forest structure in the central Himalaya. Ecol Mon-
ogr 64:401–421

Singh SP, Inderjit, Singh JS, Majumdar S, Moyano J, Nunez MA, Rich-
ardson DM (2018) Insights on the persistence of pines (Pinus 
species) in the Late Cretaceous and their increasing dominance 
in the Anthropocene. Ecol Evol 8:10345–10359

Wei T, Simko V 2017) R package “corrplot”: Visualization of a Cor-
relation Matrix (Version 0.84).  https://​github.​com/​taiyun/​corrp​lot

Valladares F, Bastias CC, Godoy O, Granda E, Escudero A (2015) 
Species coexistence in a changing world. Front Plant Sci 6:866

Westoby M, Falster DS, Moles AT, Vesk PA, Wright IJ (2002) Plant 
ecological strategies: some leading dimensions of variation 
between species. Annu Rev Ecol Evol Syst 33:125–159

Wickham H (2016) ggplot2: Elegant Graphics for Data Analysis. 
Springer, New York

https://CRAN.R-project.org/package=caper)
https://CRAN.R-project.org/package=caper)
https://CRAN.R-project.org/package=psych
https://github.com/taiyun/corrplot


764	 Journal of Plant Research (2021) 134:753–764

1 3

Wright IJ, Reich PB, Westoby M, Ackerly DD, Baruch Z, Bongers 
F et  al (2004) The worldwide leaf economics spectrum. 
Nature 428:821–827

Xu J, Chen Y, Zhang L, Chai Y, Wang M, Guo Y et al (2017) Using 
phylogeny and functional traits for assessing community assembly 
along environmental gradients: a deterministic process driven by 
elevation. Ecol Evol 7:5056–5069

Yu G, Smith D, Zhu H, Guan Y, Tsan-Yuk Lam T (2017) ggtree: an 
R package for visualization and annotation of phylogenetic trees 
with their covariates and other associated data. Methods Ecol Evol 
8:28–36

Yuan ZY, Li LH, Han XG, Huang JH, Jiang GM, Wan SQ, Chen QS 
(2005) Nitrogen resorption from senescing leaves in 28 plant 

species in a semi-arid region of northern China. J Arid Environ 
63:191–202

Zha HG, Milne RI, Sun H (2008) Morphological and molecular evi-
dence of natural hybridization between two distantly related 
Rhododendron species from the Sino-Himalaya. Bot J Linn Soc 
156:119–129

Publisher’s note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Functional leaf traits indicate phylogenetic signals in forests across an elevational gradient in the central Himalaya
	Abstract
	Introduction
	Materials and methods
	Study area and sampling
	Functional leaf traits
	Plant phylogeny

	Phylogenetic signals of the leaf traits
	Statistical analysis

	Results
	Ecology of the himalayan tree species and the evolutionary relationships
	Assessment of phylogenetic signal in leaf traits
	Phylogenetic PCA
	Phylogenetic correlations between leaf traits
	Factors affecting leaf trait variations

	Discussion
	Future perspectives
	Acknowledgements 
	References




