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Patterns of Plant Taxonomic, Life-Form
and Phylogenetic Diversity at a Treeline
Ecotone in Northwestern Himalaya: Role
of Aspect and Elevation

9

Subzar Ahmad Nanda and Zafar A. Reshi

Abstract

Treeline ecotone, though studied the world over because of its sensitivity to
changing climate, has received limited attention in the Himalaya. It is in this
backdrop that an extensive study in the Daksum-Sinthan Top area of Kashmir
Himalaya, India, was carried out to document the taxonomic, life-form and
phylogenetic diversity of plant assemblages at the treeline ecotone in relation to
elevation and aspect. A total of 235 species belonging to 168 genera and
71 families were recorded in the ecotone. Only 26% of species were common
between the north-facing and south-facing aspects, and a decline in the total
number of species with elevation was the general trend. Herbs were predominant
at all the elevations on both aspects. Sørensen’s dissimilarity across the elevations
and aspects was low and the turnover component (βsim) was the major contributor
to the overall dissimilarity. Phylogenetic overdispersion was noticed at lower
elevations and phylogenetic clustering was prevalent at higher elevations on both
aspects. Diffuse-type treeline-form was more common on the north-facing slope
and tree-island type on the south-facing slope. The dominant treeline species on
the north-facing slope was Betula utilis, and Pinus wallichiana on the south-
facing slope.
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9.1 Introduction

Treeline ecotone, a vegetation zone between closed-canopy forests and alpine
meadows (Holtmeier ; Holtmeier et al. ), is dynamic (Nagy and Grabherr

; Camarero et al. ), species-rich (Wielgolaski et al. ) and sensitive to
environmental conditions (Nagy and Grabherr ; Camarero et al. ). Its
dynamic nature is due to climatic factors, such as the growing season temperature
(Körner ) and precipitation (Kharuk et al. ; Liang et al. ), and
non-climatic factors, such as nutrient limitation (Li et al. ), biotic interactions
(Hofgaard et al.

2008
; Speed et al. ; Shrestha et al. ) and land-use change

(Schickhoff ). Globally, treeline ecotones vary from abrupt lines to extended
zones of increasingly small, stunted and/or dispersed trees (Bader et al. ).
Spatial treeline patterns also differ greatly reflecting the underlying ecological
processes that produce such patterns, and Holtmeier ( ) distinguished four
types of treeline form, namely abrupt forest limit, transition zone (ecotone), ‘true
krummholz belt’ and gradual transition from high-stemmed forest to crippled trees of
the same species. ‘True krummholz’ was used for genetic krummholz, i.e. species
that can grow only as shrubs, but now krummholz usually refers to environmentally
induced stunted and crippled trees and genetic krummholz are referred to as shrubs
(Bader et al. ). Subsequently, four treeline forms – diffuse, abrupt, island and
krummholz—were recognized by Harsch and Bader ( ) with growth limitation
being dominant only in the most common diffuse treeline, and dieback and seedling
mortality in other treeline forms. Recently, Bader et al. ( ) proposed a framework
of 12 forms at the hillslope scale based on the spatial pattern of tree cover as seen
from above and changes in tree stature and physiognomy. The response of these
treeline forms to climate change varies (Harsch and Bader ; Schickhoff et al.

) with diffuse treeline responding frequently to growing season warming and
growth limitation is also higher in comparison to other treeline forms (Harsch and
Bader ). Treeline shift in response to climate change has been a major focus of
scientific investigation globally for more than a century (Bader et al. ), and a
meta-analysis of 166 treeline sites revealed advancement in treeline at 52% of sites
since 1900, recession in only 1% of sites and no change in treeline position at 47%
sites (Harsch et al. ).2009
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Himalaya, owing to its complexity, dynamic nature and greater sensitivity
towards changing environmental conditions (Telwala et al. 2013; Aryal et al.
2014; Anup and Ghimire 2015), is likely to undergo changes, and more so in the
treeline ecotone (Xu et al. 2009; Mishra and Mainali 2017) with serious
consequences for invaluable goods and services that these ecosystems provide to
the dependent humans. Pastoralism, wood logging, fuelwood gathering, excessive
grazing and overexploitation of economically important species (Schickhoff 2002,
2005; Miehe et al. 2015) are the other factors that affect species composition,
community structure (Lee et al. 2019; Ali et al. 2020), species distribution range
(Pacifici et al. 2015; Kosanic et al. 2018) and more common upward shift in the
species ranges in response to global climate warming (Chen et al. 2011; Lenoir and
Svenning 2015). Many studies have been carried out in the Himalaya that deal with



the taxonomic composition of vascular plants (Bharti et al. 2012; Pandita et al. 2019;
Singh et al. 2019), phytosociology (Bürzle et al. 2017), dry matter dynamics (Rai
et al. 2020), community structure and species regeneration (Shrestha et al. 2007;
Gairola et al. 2008; Ghimire et al. 2010; Wong et al. 2010; Pandey et al. 2018) and
community structure (Adhikari et al. 2012), but these studies do not focus specifi-
cally on treeline ecotone and, in particular, the influence of aspect and elevation on
taxonomic, functional and phylogenetic diversity (PD) has not been studied.
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Taking note of the above-mentioned ecological significance and lack of detailed
ecological studies in the Himalaya, a comprehensive study was undertaken in a
typical Kashmir Himalayan treeline ecotone to assess the complementary and
interrelated components of taxonomic (species richness), functional (life-form) and
phylogenetic diversity, and how these multiple measures of diversity vary in relation
to elevation and aspect. While the documentation of species richness is the first
essential step in biodiversity studies, functional diversity quantified based on species
traits not only offers valuable insights into the functional uniqueness, redundancy
and complementarity of communities but also provides clues to the resistance or
resilience of communities. Likewise, phylogenetic diversity is a measure of the
evolutionary relationships among the taxa, and species assemblage with greater
phylogenetic diversity may provide cushion against long-term environmental
change. We also examined how elevation and aspect influence α- and β-diversity
patterns in the treeline ecotone. Such detailed studies are expected to expand our
understanding of the structural organization of the treeline ecotone and could
provide valuable insights into the response of communities to changing climate
and other anthropogenic factors that are necessary for better management of
ecosystems and ecotones.

9.2 Methodology

9.2.1 Study Area

This study was carried out in the Daksum-Sinthan Top area of Kashmir Himalaya,
India (Fig. 9.1). Daksum lies within the geographical coordinates of 33°3604300 N
and 75°260600 E and is located at an altitude of 2438 m above sea level (masl).
Sinthan Top lies within the geographical coordinates of 33°340 N and 75°300 E and a
road (NH1B highway) traverses this top that connects Kashmir Valley with
Kishtwar, which lies in Jammu province of the Union Territory and is at 12,500 ft.
(3800 m) above sea level. Physiographically, the area is hilly with lush mixed
coniferous forests and grassy meadows. The average annual precipitation is about
1000 mm, with November as the driest month (31 mm rainfall), and the average
annual air temperature is about 12.8 °C, with the highest temperature of about 20 °C
recorded in July (Nanda et al. 2018; Fayaz et al. 2019).
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Fig. 9.1 Location map of the study area showing north-facing and south-facing slopes

9.2.2 Vegetation Sampling

Systematic sampling using the less biased quadrat method (Bellhouse 2005; Bhatta
et al. 2012) was used to assess plant species composition in the treeline ecotone
along the two elevation transects on the north-facing and south-facing aspects.
Treeline ecotone in this study refers to the transition zone between the timberline
to the treeless alpine vegetation (Fig. 9.2).

The treeline ecotone on the north-facing slope extended from 3200 to 3600 masl
while on the south-facing slope it extended from 3300 to 3600 masl. The treeline
ecotone on the north-facing and south-facing aspects was divided into elevation
bands that were 100 m apart and hence we had five elevation bands on the north-
facing slope and four bands on the south-facing slope. Three plots of 50 × 50 m2 area
were established in each elevational band and in each of these 3 plots, 10 quadrats of
10 × 10 m2 area each were laid for sampling trees, 20 quadrats of 5 × 5 m2 area each
for shrub sampling and 40 quadrats of 1 × 1 m2 area each for herbs were laid
randomly during the growing season. Thus, in each elevational band, 30 quadrats
were laid for tree sampling, 60 quadrats for the sampling of shrubs and 120 quadrats
for herbs. In all, 1890 quadrats (270 for tress, 540 for shrubs and 1080 for herbs)
were used for sampling vegetation in the treeline ecotone. During the sampling, if a
rock of cover >10% was encountered along the transect or at places where the slope



was inclined over 30°, the distance between the adjacent plots was increased by
10–20 m (Mosley et al. 1989; Gómez-Díaz et al. 2017; Bhatta et al. 2018).
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Fig. 9.2 A diagrammatic representation of treeline ecotone. (After Körner and Paulsen 2004 and
Batllori et al. 2009)

We constructed species accumulation curves using the accumresult function of
the BiodiversityR package in R (version 3.6.2; R Core Team, 2019) with 1000
permutations and random method to evaluate sampling adequacy separately for
trees, shrubs and herbs (Fig. 9.3), because of differing size and number of sampling
units used for the three life-form categories.

9.2.3 Data Analysis

Vegetation data were analysed for taxonomic and life-form composition, and phy-
tosociological characteristics such as frequency, density and abundance were
computed following Mandal and Joshi (2014). While presence–absence data were
recorded for all the species, density and abundance were recorded for trees and
shrubs only. Non-metric multidimensional scaling (NMDS), based on presence–
absence of species in the sampling units, was performed to visualize the differences
in species composition between north- and south-facing slopes, and analysis of
similarity (ANOSIM) based on Hellinger distance with 999 permutations was used
to test whether the overall compositional difference between north- and south-facing
slopes was significant (Yang et al. 2020). All analyses were performed using vegan
package in R.
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Fig. 9.3 Species accumulation curves for trees, shrubs and herbs on the north- and south-facing
slopes with 95% confidence interval

Species richness was estimated from replicate samples laid across elevation bands
on the two aspects. Since the total number of species observed is almost always an
underestimate of the total number of species in the assemblage (Colwell and
Elsensohn 2014), we used several incidence-based non-parametric estimators
(Chao, Jack1, Jack2, Bootstrap) to correct this bias using EstimateS (9.1.0; Colwell
2013). Standard errors for all the estimators (except Jackknife2 for which it is not
available as yet) were also computed. The performance of each non-parametric
estimator was evaluated by quantifying bias, precision and accuracy (Walther and
Moore 2005) at 25% and 50% sampling effort following Walther and Morand
(1998) and Walther and Martin (2001) who suggested that the performance of
species richness estimators should be evaluated at ‘intermediate’ sampling effort
when the observed species richness has not reached the asymptote and is still
increasing. Scaled performance measures, namely scaled mean error (SME) for
bias, coefficient of variation (CV) for precision and scaled mean square error
(SMSE) were used. Estimators that have smaller bias, higher precision and reduced
SMSE were considered more accurate than others (Branco et al. 2018). To assess the



changes in the richness and abundance of trees and shrubs with elevation, we
computed Simpson’ dominance, Shannon’s diversity and Pielou’s evenness
(J-evenness) indices for each elevation band on the two aspects in the treeline
ecotone.
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Beta-diversity (β-diversity) was calculated on the basis of presence–absence data,
which was then partitioned into turnover and nestedness components using function
beta.pair in R package betapart. In all, three matrices were produced based on
pairwise comparisons of all elevation bands: the Sørensen dissimilarity index
(βsor) that expresses the total compositional variation with values ranging between
0 and 1, the Simpson dissimilarity index matrix (βsim) expressing compositional
changes due to species turnover, and βsor minus βsim giving the resultant nestedness
component (βsne) of β-diversity.

β-diversity data (βsor, βsim, βsne) were further processed to distinguish between
(1) along-elevation beta-diversity accounting for pairs starting from the lowest
elevation to all other elevations, and (2) stepwise beta-diversity including pairs
from one elevation to the next neighbouring one (Fontana et al. 2020). The effect
of elevation on both stepwise and along-gradient beta-diversity was tested with a
linear mixed-effects model using the ordinary least squares regression (OLS) method
in the Past software 4.02 (Hammer et al. 2001).

We constructed a phylogenetic tree for all the vascular plants using the
V. PhyloMaker (Jin and Qian 2019) in the R platform. This package contains a
megaphylogeny, which was a combination of GBOTB (i.e., GenBank taxa with a
backbone provided by Open Tree of Life version 9.1) for seed plants (Smith and
Brown 2018) and the clades in (Zanne et al. 2014) phylogeny. For the genera and
species in our dataset that are absent from the megaphylogeny, we added them to
their respective genera (in the case of species) and families (in the case of genera)
using the Phylomatic and BLADJ approaches (Webb et al. 2008) implemented in
V. PhyloMaker (scenario 3; Jin and Qian 2019). V. PhyloMaker sets branch lengths
of added taxa of a family by placing the nodes evenly between dated nodes and tips
within the family, and adds a missing genus at the mid-point of its family branch and
a missing species at the mid-point of its genus branch.

Five metrics were computed to document the phylogenetic diversity. These
included: phylogenetic diversity (PD) (Faith 1992), which is the sum of evolutionary
history in millions of years; mean pairwise distance (MPD) (Webb 2000), which is
one of the most popular measures for computing the phylogenetic distance between a
given group of species; mean nearest taxon distance (MNTD) (Webb et al. 2002),
which is the average distance between an individual and the most closely related
(non-conspecific) individual; net relatedness index (NRI); and nearest taxon index
(NTI). NRI and NTI compare the phylogenetic diversity in the dataset to a randomly
generated null model, from the regional species pool, revealing either phylogenetic
overdispersion or evenness (co-occurring species more distantly related than
expected by chance) or phylogenetic clustering (species more closely related than
expected by chance). A positive NRI/NTI indicates that co-occurring species are
more phylogenetically related (phylogenetic clustering) than expected by chance,
whereas the negative value indicates that species are more distantly related



(phylogenetic overdispersion) than expected by chance (Webb et al. 2002). All the
phylogenetic indices were obtained with the R package picante (Kembel et al. 2010)
(Table 9.1).
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9.3 Results

9.3.1 Taxonomic and Life-Form Diversity

A total of 235 species belonging to 168 genera and 71 families were recorded at the
treeline ecotone. Angiosperms with 164 species (116 genera and 40 families) were
predominant and dicots were more numerous with 150 species (108 genera
and 35 families) than monocots, which were represented by 14 species (8 genera
and 5 families). Gymnosperms were represented by 4 species belonging to 4 genera
and 2 families. Pteridophytes included 24 species (13 genera and 9 families) and
bryophytes were represented by 43 species belonging to 35 genera and 20 families
(Table 9.2).

Dominant families at the ecotone among angiosperms were Asteraceae, which
included 27 species, followed by Lamiaceae (12 spp.), Rosaceae, Poaceae and
Caryophyllaceae each with 9 species, Polygonaceae (7 spp.), Ranunculaceae and
Boraginaceae (6 spp.) and Crassulaceae and Gentianaceae (5 spp.). In gymnosperms,
Pinaceae was the dominant family. In the case of pteridophytes, Dryopteridaceae and
Athyriaceae were the dominant families, which included 7 and 5 species respec-
tively. In bryophytes, Pottiaceae was the dominant family with 7 species followed by
Polytrichaceae and Dicranaceae (6 spp.).

Among the life-form groups, herbs were predominant with 176 species belonging
to 117 genera and 39 families followed by mosses, which included 42 species
belonging to 34 genera and 19 species. Other life-form groups, such as trees, shrubs
and liverworts, were not well represented in the ecotone (Table 9.2).

9.3.2 Effect of Aspect on Taxonomic and Life-Form Diversity

Aspect had a distinct influence on species richness as 132 species were recorded on
the north-facing slope as against 164 species on the south-facing slope (Table 9.3).
In particular, angiosperms and bryophytes were more on the south-facing slope than
on the north-facing slope. In respect of life-forms, herbs and mosses were more on
the south-facing slope compared to the north-facing slope (Table 9.3).

Non-metric multidimensional scaling (Fig. 9.4) showed that species composition
on the north- and south-facing slopes were strongly separated in ordination space
with no overlap (stress value = 0.028).

The analysis of similarity (ANOSIM; Fig. 9.5) showed significant compositional
difference between the aspects (R = 0.994, p = 0.007).
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Table 9.2 Number of spe-
cies belonging to various
taxonomic and life-form
groups growing at the
treeline ecotone

Plant group

Groups
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Treeline ecotone

Species Genera Families

Taxonomic group

Angiosperms 164 116 40

Dicots 150 108 35

Monocots 14 8 5

Gymnosperms 4 4 2

Pteridophytes 24 13 9

Bryophytes 43 35 20

Total 235 168 71

Life-form group

Herbs 176 117 39

Shrubs 10 10 8

Trees 6 6 4

Liverworts 1 1 1

Mosses 42 34 19

Total 235 168 71

Table 9.3 Number of species belonging to various taxonomic and life-form groups growing on the
two aspects at the treeline ecotone

North-facing slope South-facing slope

Species Genera Families Species Genera Families

Taxonomic group

Angiosperms 96 80 34 115 87 36

Dicots 88 74 30 105 82 32

Monocots 8 6 4 10 5 4

Gymnosperms 2 2 2 4 4 2

Pteridophytes 20 12 8 13 8 6

Bryophytes 14 12 8 32 28 16

Total 132 106 52 164 127 60

Life-form group

Herbs 109 85 35 119 86 35

Shrubs 5 5 5 9 9 7

Trees 4 4 4 4 4 2

Liverworts 1 1 1 0 0 0

Mosses 13 11 7 32 28 16

Total 132 106 52 164 127 60

9.3.3 Effect of Elevation on Taxonomic and Life-Form Diversity

Taxonomic composition and life-form diversity in different elevation bands on the
two aspects are presented in Figs. 9.6 and 9.7. The overall trend was that the species
number of all the taxonomic groups declined with elevation on both aspects
(Fig. 9.6). Angiosperms were the predominant elements at all the elevations on the



two aspects and their number ranged from 58 at the lowest elevation to 48 at the
highest elevation in the treeline ecotone on the north-facing slope. Likewise, the
number of angiosperms on the south-facing slope declined from 65 species at the
lowest elevation to 61 species at the highest elevation (Fig. ). Another notable9.6
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Fig. 9.4 Non-metric multidimensional scaling (NMDS) of north-facing and south-facing slopes
based on Bray–Curtis dissimilarity

Fig. 9.5 Analysis of similarity (ANOSIM) plot showing dissimilarity between and within the two
aspects. The bold horizontal bar in the box indicates median; bottom of the box indicates 25th
percentile; top of the box indicates 75th percentile; and whiskers extend to the most extreme data
point. Data points falling outside the range (o) are plotted as outliers
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Fig. 9.6 Changes in the number of species belonging to different taxonomic groups with elevation
on the south-facing and north-facing slopes



feature was that pteridophytes were more common on the north-facing slope than the
south-facing slope. In contrast, bryophytes and gymnosperms were more represented
on the south-facing slope than the north-facing slope.
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Fig. 9.7 Changes in the number of species belonging to different life-form groups with elevation
on the south-facing and north-facing slopes

In life-form groups, a declining trend in the number of species with elevation was
also noticed on both aspects (Fig. 9.7). Herbs were predominant floristic elements on
both the aspects and at all the elevations. The number of herbs declined from



Group

68 species at the lowest treeline ecotone elevation to 55 species almost at the upper
limit of treeline ecotone on the north-facing slope. However, the number of herb
species on the south-facing slope declined from 66 to 46 in the adjacent elevation
bands (Fig. 9.7).
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Table 9.4 Number of species belonging to various taxonomic and life-form groups shared or
exclusive to the two aspects (north- and south-facing slopes) at the treeline ecotone

Number of shared or exclusive species

Occurring on both aspects Occurring on only one aspect

Taxonomic groups

Angiosperms 47 117

Dicots 43 107

Monocots 4 10

Gymnosperms 2 2

Pteridophytes 9 15

Bryophytes 3 40

Total 61 174

Life-form groups

Herbs 52 124

Shrubs 4 6

Trees 2 4

Liverworts 0 1

Mosses 3 39

Total 61 174

Only 61 (26%) species occurred on both aspects and 174 (74%) species occurred
in only one of the two aspects (Table 9.4). Angiosperms, particularly dicots, among
the taxonomic groups and herbs and mosses among the life-form groups included
most of the exclusive species.

9.3.4 Species Richness

The observed number of species belonging to various life-form groups based on
sampling in different elevation bands and the estimated number of species using
incidence-based non-parametric estimators are presented in Table 9.5. A perusal of
the data reveals that estimated values of species richness based on all the estimators
were more or less similar to the observed species richness on the north-facing slope.
On the contrary, the richness estimators predicted higher values for herbs in com-
parison to observed richness across all elevations (Table 9.5).

Species richness estimated using various non-parametric indices across the entire
ecotone on both the slopes is presented in Figs. 9.8 and 9.9. On the north-facing
slope, species accumulation curves reached saturation with our sampling effort
(Fig. 9.8). Bootstrap richness estimators approached the asymptote earlier than
other estimators in respect of trees and shrubs while for herbs all the estimators



(continued)
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Table 9.5 Observed and estimated number of species across elevations and aspects

Estimated number of species (±standard error
[SE])Elevation

(m)
Life-
form

Actual number of
species Chao Jack1 Jack2 Bootstrap

North-facing slope

3200 Trees 4 4.97
± 2.10

5.93
± 1.37

7.80 4.72
± 0.67

Shrubs 3 3.00
± 0.00

3.00
± 0.00

3.00 3.03
± 0.18

Herbs 68 68.00
± 0.00

68.00
± 0.00

68.00 68.23
± 0.48

3300 Trees 4 4.00
± 0.00

4.00
± 0.00

3.10 4.14
± 0.36

Shrubs 2 2.00
± 0.00

2.00
± 0.00

2.00 2.02
± 0.13

Herbs 59 61.98
± 4.59

61.98
± 1.72

64.93 60.63
± 1.14

3400 Trees 2 2.00
± 0.00

2.00
± 0.00

2.00 2.00
± 0.00

Shrubs 2 2.00
± 0.00

2.00
± 0.00

2.00 2.00
± 0.00

Herbs 52 52.00
± 0.00

52.00
± 0.00

50.05 52.35
± 0.61

3500 Trees 2 2.00
± 0.00

2.00
± 0.00

2.00 2.00
± 0.00

Shrubs 2 2.00
± 0.00

2.00
± 0.00

2.00 2.00
± 0.01

Herbs 54 54.50
± 1.31

54.99
± 0.99

55.00 54.56
± 0.65

3600 Trees 1 2.00
± 0.34

2.97
± 0.97

3.90 2.36
± 0.48

Shrubs 2 2.00
± 0.00

2.00
± 0.00

1.05 2.13
± 0.34

Herbs 55 55.00
± 0.00

55.00
± 0.00

54.02 55.29
± 0.53

South-facing slope

3300 Trees 4 4.00
± 0.00

4.00
± 0.00

3.10 4.14
± 0.36

Shrubs 6 6.00
± 0.00

6.00
± 0.00

5.05 6.15
± 0.37

Herbs 66 76.47
± 7.61

78.89
± 3.58

83.87 72.17
± 2.11

3400 Trees 2 2.00
± 0.00

2.00
± 0.00

2.00 2.00
± 0.00

Shrubs 4 4.00
± 0.00

4.00
± 0.00

4.00 4.05
± 0.21

Herbs 46 51.29
± 4.89

53.93
± 3.14

55.95 50.02
± 1.94



reached asymptote almost at the same level of sampling effort. Jack1 and Jack2 for
trees and shrubs had an erratic behaviour at low sampling effort, but all the
estimators tended to stabilize with increasing sampling effort. On the south-facing
slope also, almost all the indices reached asymptote with our sampling effort for
trees, shrubs and herbs (Fig. 9.9).
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Table 9.5 (continued)

Elevation
(m)

Life-
form

Actual number of
species

Estimated number of species (±standard error
[SE])

Chao Jack1 Jack2 Bootstrap

3500 Trees 2 2.00
± 0.00

2.00
± 0.00

2.00 2.04
± 0.20

Shrubs 4 4.00
± 0.00

4.00
± 0.00

3.05 4.13
± 0.34

Herbs 64 73.92
± 8.30

73.92
± 3.14

78.87 68.61
± 1.79

3600 Trees 2 2.00
± 0.00

2.00
± 0.00

0.20 2.25
± 0.46

Shrubs 5 5.98
± 2.17

6.97
± 1.39

8.90 5.75
± 0.73

Herbs 60 63.47
± 3.47

66.94
± 2.98

67.00 63.84
± 1.86

The species richness estimators had a different performance computed on the
basis of bias, precision and accuracy (Tables 9.6 and 9.7). Invariably, Jack2
performed better across the groups and slopes and even at a low sampling effort.

9.3.5 Species Diversity

Species diversity estimated for each elevation band on the two slopes (Fig. 9.10)
revealed that Simpson’s index ranged from 0.72 in the lowest elevation band to 0.26
in the highest elevation band of the north-facing slope. Simpson’s index on the
south-facing slope ranged from 0.69 to 0.46 indicating a relatively modest decline
with elevation and thus comparatively more uniform pattern across elevations.
Shannon’s index ranged from 1.44 to 0.44 on the north-facing slope and 1.29 to
0.88 on the south-facing slope. On both the slopes, the Shannon diversity index was
lowest in the uppermost elevation band of the ecotones, but higher values were
recorded in different elevation bands on the two slopes. J-evenness values also
showed a pattern similar to other indices (Fig. 9.10) with values ranging from 0.93
to 0.40 on the north-facing slope and 0.93 to 0.55 on the south-facing slope. Thus,
the plant assemblages had even distribution of individuals among the species at
lower elevations than in the higher elevations.

Analysis of variance (ANOVA; Table 9.8) revealed that elevation and aspect had
a significant effect on the three diversity indices but the significant interactive effects
of elevation and aspect were noticed only for Simpson’s and Shannon’s indices.
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Fig. 9.8 Performance of species richness estimators as a function of sampling effort on the north-
facing slope

9.3.6 b-Diversity

Data presented in Fig. 9.11a and b reveal that Sørensen’s dissimilarity on both
the slopes is low and the turnover component (βsim) was the major contributor to
the overall dissimilarity. Cluster analysis based on turnover (βsim) revealed that the
highest elevation band (3600 masl) in the treeline ecotone on the north-facing slope
(Fig. 9.11c) was most dissimilar while as on the south-facing slope, the first two
elevation bands (3300 and 3400 masl) represented one dissimilar pair and elevation
bands at 3500 and 3600 masl represented the other dissimilar pair. Cluster analysis
performed on the basis of nestedness (βsne) revealed that the basal elevation band
(3200 masl) was most dissimilar to the rest of the elevation bands on the north-facing
slope (Fig. 9.11e) but on the south-facing slope two dissimilarity clusters were
obtained (Fig. 9.11f). When turnover (βsim) and nestedness (βsne) components of
β-diversity were computed for pairs starting from the lowest elevation to all other



elevations, and for pairs from one elevation to the next neighbouring elevation
(Fig. 9.12), it again revealed that turnover contributed to the dissimilarity between
the elevation bands.
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Fig. 9.9 Performance of species richness estimators as a function of sampling effort on the south-
facing slope

Total β-diversity and turnover increased significantly with elevation (p-
value = 0.05 or <0.05), but nestedness decreased insignificantly along the north-
facing slope (Table 9.9, Fig. 9.13). Likewise, stepwise total β-diversity and turnover
also increased at higher elevations but the increase was not statistically significant.
Stepwise nestedness decreased significantly at higher elevation steps (p-
value = 0.05) along the north-facing slope. On the south-facing slope, the total
β-diversity did not show a significant increase but its turnover component showed a
significant increase with elevation ( p < 0.05). The stepwise total β-diversity and
stepwise turnover also increased while stepwise nestedness decrease was not signifi-
cant at higher elevations on the south-facing slope (Table 9.9, Fig. 9.14).

9.3.7 Phylogenetic Diversity

Phylogenetic diversity computed in terms of PD, MPD and MNTD, and NRI and
NTI (Fig. 9.15) varied both in relation to elevation and aspect. Faith’s phylogenetic
diversity (FD) decreased with elevation on the north-facing slope but did not show
such a declining trend with elevation on the south-facing slope. Such a pattern was
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also recorded for mean pairwise distance (MPD). The mean nearest taxon distance
(MNTD) index increased initially with elevation on both the north-facing and south-
facing slopes but thereafter declined (Fig. 9.15).
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Fig. 9.10 Species diversity in relation to elevation and aspect (error bars represent standard
deviation [SD])

Further analysis of the phylogenetic pattern using the net relatedness index (NRI)
revealed an increase from a negative value of -0.57 at 3200 masl to the highest
value of 2.20 at 3400 masl followed by comparatively lower values at higher
elevations on the north-facing slope. NRI on the south-facing slope showed an initial
decline at 3400 masl to -0.64 but it subsequently increased with elevation reaching
a maximum value of 2.19 at the highest elevation of treeline ecotone. Nearest taxon
index (NTI), on the north-facing slope, showed a pattern that was almost reverse of
NRI (Fig. 9.15) but it almost followed the pattern similar to NRI on the south-facing
slope.

Based on the above-mentioned indices, phylogenetic diversity was compared
between the two aspects (Fig. 9.16). Analysis of variance revealed that MNTD
(F = 43, p = 0.0003) and NTI (F = 7.26, p = 0.031) were significantly different
between the two aspects and the rest of the indices did vary significantly between the
aspects. The phylogenetic distribution of vascular plants on the two slopes is shown
in Fig. 9.17a and b.



9 Patterns of Plant Taxonomic, Life-Form and Phylogenetic Diversity at. . . 227

Table 9.8 Two-way analysis of variance (ANOVA) results for various diversity indices, elevation
and aspect

DF Sum of square Mean square F-value Pr (>F)

Simpson’s index

Elevation 4 0.26 0.0649 4.73 0.00873

Aspect 1 0.315 0.3151 22.96 0.00015

Elevation × aspect 3 0.264 0.088 6.41 0.00382

Residuals 18 0.247 0.0137

Shannon’s index

Elevation 4 0.733 0.183 4.09 0.01569

Aspect 1 0.832 0.832 18.56 0.00042

Elevation × aspect 3 0.601 0.2 4.47 0.01632

Residuals 18 0.807 0.045

J-evenness index

Elevation 4 0.373 0.093 3.120 0.04100

Aspect 1 1.021 1.021 34.120 0.00002

Elevation × aspect 3 0.257 0.086 2.870 0.06500

Residuals 18 0.539 0.030

9.3.8 Treeline-Form

Two types of treeline forms were observed in the study area: diffuse type and tree-
island type. The diffuse type was more common on the north-facing slope and tree-
island type was more common on the south-facing slope (Fig. 9.18). The dominant
treeline species on the north-facing slope was Betula utilis and on the south-facing
slope, the treeline species was Pinus wallichiana. These treeline species were
associated with thickets of shrubs, such as Rhododendron campanulatum and
Juniperus squamata.

9.4 Discussion

A total of 235 species belonging to 168 genera and 71 families of various taxonomic
and life-form groups were recorded at the treeline ecotone during this study, which is
higher in comparison to many previous studies. For example, Junyan et al. (2014)
reported 218 species, 164 genera and 67 families in the tropical coniferous
broadleaved forest ecotone in China; Shrestha and Vetaas (2009) reported 84 species
of vascular plants from 37 families and 55 genera in an ecotone in arid Trans-
Himalayan Landscape of Nepal; Bürzle et al. (2017) reported 103 species of vascular
plant species in treeline ecotone in Rolwaling Himal, Nepal; and Gaire et al. (2010)
recorded just 30 plant species in the treeline ecotone of Langtang National Park,
Central Nepal. Rai et al. (2012) reported 58–75 species in different communities in
the Kedarnath Wildlife Sanctuary. Pandita and Dutt (2017) observed that herbaceous
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Fig. 9.11 Compositional dissimilarities across elevations and aspect. (a and b) β-diversity,
turnover and nestedness on the north-facing slope (a) and south-facing slope (b). Pairwise average
clustering of elevation bands based on βsim dissimilarity on north-facing slope (c) and south-facing
slope (d). Pairwise average clustering of elevation bands based on βsne dissimilarity on north-facing
slope (e) and south-facing slope (f)
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Fig. 9.12 Along-elevation (above) and stepwise (below) β-diversity (βSor), and its components
turnover (βSim) and nestedness (βSne) across the north-facing and south-facing slopes. The effect of
elevational distance on turnover, nestedness and total β-diversity was tested with a linear mixed-
effects model
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Table 9.9 Results of linear effect models testing the effect of elevational distance for overall
β-diversity and the components of turnover and nestedness performed separately for along-
elevation and stepwise β-diversity across north-facing and south-facing slopes

North-facing slope South-facing slope

p-
Value

p-
Value

Along-elevation diversity

β-Sorensen 0.947 0.897 4.175 0.053 0.949 0.901 3.023 0.203

Turnover 0.960 0.922 4.866 0.040 0.999 0.997 18.881 0.034

Nestedness
-0.344 0.118 -0.517 0.656 -0.316 0.100 -0.333 0.795

Stepwise diversity

β-Sorensen 0.949 0.901 3.023 0.203 0.756 0.571 1.155 0.454

Turnover 0.829 0.688 2.099 0.171 0.824 0.679 1.455 0.383

Nestedness
-0.948 0.899 -4.226 0.052 -0.924 0.855 -2.425 0.249

Fig. 9.13 Effect of elevational distance on along-elevation turnover, nestedness and total
β-diversity



species in the northwest Himalayan ecotone range from 26 to 42 species. Mir et al.
(2017) reported 48 and 54 plant species from Sonamarg and Gulmarg areas respec-
tively of Kashmir Himalaya. However, a higher number of species (253 species)
compared to the present study was reported by Singh et al. (2019) at the semi-
disturbed treeline ecotone in Bhaderwah, Jammu and Kashmir. Such differences in
species composition of treeline ecotones at regional and smaller spatial scales have
been reported previously as well (Wielgolaski et al. 2017) and attributed to
differences in the biotic and abiotic factors, such as human activities, soil conditions
(Callaghan et al. 2004; Vittoz et al. 2010), temperature and precipitation (including
snow cover) (Kullman 1995, 2003; Mathisen et al. 2014; Schwörer et al. 2014),
micro-topography and disturbances (Rai et al. 2012), habitat heterogeneity (Junyan
et al. 2014) and evolutionary processes (Schilthuizen 2000).
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Fig. 9.14 Effect of elevational distance on stepwise turnover, nestedness and overall β-diversity

Among the life-forms, herbs were predominant in the treeline ecotone on both the
slopes. A multitude of factors could be responsible for high herb richness, such as
wide range of life-history adaptations that allow the herbs to persist and flourish
(Whigham 2004), forest stand characteristics (Petersson et al. 2019) like spaced-out



trees in the treeline ecotone that increase light availability (Dormann et al. 2020), soil
physical and chemical properties (Hulshof and Spasojevic 2020), topography
(Tardella et al. 2019) and topography-related microclimatic conditions (Macek
et al. 2019). In addition to these present-day conditions, historical processes like
climate fluctuations over millions of years (glacial events) could be also responsible
for the present structure of treeline ecotone in Kashmir Himalaya with a very less
number of tree species. Post-glacial low recolonization has been attributed to
dispersal limitations and a majority of European tree species are reported to be
filling less than 50% of their potentially climatically suitable range (Svenning and
Skov 2004).
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Fig. 9.15 Variation in phylogenetic indices along the elevation and across the aspects

In this study, we also noticed that the number of species in the treeline ecotone
was higher compared to the alpine meadow but lower than the sub-alpine closed-
canopy forest (unpublished personal data). Such an observation is consistent with
studies that have found species diversity at ecotones to be intermediate between the
two bounded communities (Harper 1995; Turton and Duff 1992; Mészáros 1990;
Meiners et al. 2000). Thus, the enhanced diversity at ecotones as reported in many



studies (Shmida and Wilson ; Wolf ; Kernaghan and Harper ) is not a
universal property but depends on the attributes of an ecotone in question. Further, it
was also observed that a small fraction of species was ecotonal in nature with
16 (12.12%) and 14 (8.83%) species in the north-facing and south-facing slopes
respectively growing exclusively in the ecotone. Most of the species in the treeline
ecotone were either from the sub-alpine closed-canopy forest below the treeline
ecotone or from the alpine meadow above the treeline ecotone, which indicates
additive blending, instead of ecotonal specialization (Pandita and Dutt ; Pandita
et al. ), is responsible for the species composition in the treeline ecotone. The
two aspects did not differ significantly in terms of the number of species (F= 0.209,
p = 0.653) but the species composition was different, with only 61 (26%) species
being shared between the two aspects. Such a variation could be attributed to the
modification of the local environment by aspect, slope and other topographic
elements. Previous studies have also reported a significant influence of aspect on
vegetation distribution (Moeslund et al. ; Hamid et al. , ; Yang et al.

). This study also brought out that the south-facing (drier) slope in the ecotone
was relatively species-rich compared to the north-facing (wetter) slope, which could
2020

2020b2020a2013

2019
2017

200119931985
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Fig. 9.16 Boxplots of phylogenetic diversity indices
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Fig. 9.17 Phylogenetic distribution of vascular plants on the north-facing slope (above) and south-
facing slope (below)



be due to micro-relief spatial heterogeneity and favourable temperature on the south-
facing slope. While the role of soil temperature in species compositional differences
between aspects has been invoked by Dearborn and Danby ( ) and Hamid et al.
( ), the influence of micro-relief heterogeneity in species richness has been
established by Leutner et al. ( ). In fact, a higher number of mosses on the drier
slope as observed in this study was also reported by Leutner et al. ( ) who
attributed it to heterogeneity caused by rocks and boulders, which we also noticed
during sampling in the study area. Species diversity computed as Simpson’s diver-
sity decreased at the highest elevations on both aspects. Thus, it indicates that species
diversity is relatively higher at lower elevations and lower at higher elevations.
Lower diversity at higher elevations has been reported by other workers as well
(Ahmad et al. ) and has been attributed to hard climatic conditions in the higher
elevations (Lee et al. ; Gómez-Díaz et al. ). Evenness, measured as the
relative abundance of different species in different elevation bands, revealed more or
less similar pattern on the two slopes with higher values of evenness in the
mid-elevation bands of the treeline ecotone and low evenness in the higher
elevations. Our results are in contrast to the findings of Dar and Sundarapandian
( ) who observed an increase in evenness with elevation in Kashmir Himalaya.
A decrease in Shannon index with elevation as recorded in this study is supported by
similar observations of other workers (Gracia et al. ; Zhang et al. ).
However, an increase in Shannon index with elevation has been also reported (Cui

20162007
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20172013
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2012
2012

2020a; b
2017
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Fig. 9.18 Treeline-forms in the treeline ecotone. (a) Diffuse type on the north-facing slope and (b)
diffuse as well as tree-island treeline types on the south-facing slope



and Zheng 2016) with the highest in middle elevations (Kessler 2001; Grytnes and
Vetaas 2002; Zhang et al. 2013). Such differences in species richness and diversity
with elevation have been attributed to variation in climate, spatial habitat heteroge-
neity and anthropogenic factors (Cui and Zheng 2016). Mean β-diversity based on
all possible pairs of comparisons of the sampled elevation bands did not vary much
between the aspects, and turnover was the major contributor to the dissimilarity
between the elevation bands irrespective of the aspect, which points towards the role
of historical events, geographical isolation, habitat specialization, and environmental
filtering and dispersal processes in shaping the plant assemblages (Baselga 2010;
Pinto-Ledezma et al. 2018) and not due to patterns of colonization and extinction
(Fontana et al. 2020). Along-elevation and stepwise β-diversity (Fig. 9.12) further
reveals that species turnover increased with elevation and the increase was more
distinct on the north-facing slope while nestedness decreased with elevation.
Fontana et al. (2020) also reported an increase in turnover and a decrease in
nestedness for vascular plants with elevation. Our results indicate that species sorting
by environmental filtering and dispersal limitations seems to prevail, leading to
higher species turnover and thereby reducing the probability of species-poor plant
assemblages being a subset of species richness assemblages (nestedness) in the
ecotone. On the contrary, Hamid et al. (2020a, b) reported that nestedness-resultant
dissimilarity contributed more to β-diversity among the summits than the species
turnover. Such variations could be because of differences in the elevation ranges
considered in these studies for the study of β-diversity and its components.
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Faith’s phylogenetic diversity index (FD) declined with elevation on the north-
facing slope but not on the south-facing slope (Fig. 9.15). We also noticed a
significant positive correlation between PD and species richness on both north-
facing (r = +0.995, p < 0.001) and south-facing (r = +0.953, p = 0.047) slopes,
which is consistent with the findings of Cheng et al. (2018) and Zhu et al. (2019). It is
quite likely that species richness may be the dominant factor driving the phyloge-
netic diversity across elevations and aspect. Our data also revealed higher mean
pairwise distance (MPD) values than the mean nearest taxon distance (MNTD) index
(Fig. 9.15). It is expected because MPD is the average of all pairwise species and
MNTD is the average of only the nearest neighbour distances and such observations
have been made also by Cadotte et al. (2010) and Kellar et al. (2015). MPD was
higher at lower elevations in the ecotone and then declined sharply with elevation on
the north-facing slope but the decline was steady on the south-facing slope
(Fig. 9.15). Higher values of MPD indicate the presence of distantly related species
co-occurring in the lower elevations of treeline ecotone particularly on the north-
facing slope where it declined with elevation. On the south-facing slope, MPD did
not show a sharp decline with elevation (Fig. 9.15). With respect to MNTD, the
pattern was different between the two aspects and on the north-facing slope, it
increased with elevation and then declined. A small mid-elevation increase in
MNTD was also noticed on the south-facing slope. It indicates that mid-elevations
in the ecotone have witnessed recent diversification compared to lower elevations
where diversification might have taken place in the past. It implies that there are
more closely related terminal species at higher elevations compared to lower



elevations, which has also been reported by Zhang et al. (2021). Net relatedness
index (NRI) and nearest taxon index (NTI) revealed phylogenetic overdispersion at
lower elevations on both aspects but phylogenetic clustering at higher elevations,
particularly on the south-facing slope. Such a pattern has also been reported by
Manish and Pandit (2018) in the Himalaya, and ecological filtering at higher
elevations could be responsible for phylogenetic clustering while interspecific com-
petition may be determining phylogenetic overdispersion at low and mid-elevations
of the treeline ecotone.
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Two types of treeline forms, namely diffuse type and tree-island type, were
common in the study area (Fig. 9.18). The diffuse type was more common on the
north-facing slope and the tree-island type on the south-facing slope. Diffuse type
gets formed due to slow density change with elevation in the treeline species (Bader
et al. 2021) with mortality within the ecotone coupled with environmental heteroge-
neity or stochasticity and/or seed-limited colonization. Tree-island type treeline form
is also a consequence of mortality within the ecotone, environmental heterogeneity,
clustered seed dispersal, clonal reproduction and microclimate alterations due to
wind or snow distribution, abrasion etc. (Bader et al. 2021). Others (Schickhoff et al.
2016; Harsch and Bader 2011; Körner 2012) have also reported diffuse, abrupt,
island and krummholz treeline forms in different parts of Himalaya with the diffuse
form being more vulnerable to climate change (Harsch and Bader 2011). In this
study, we noticed that the treeline species differ on the two aspects. On the north-
facing aspect, Betula utilis (tree) and Rhododendron campanulatum (shrub) were the
dominant treeline species. On the contrary, the dominant treeline species on the
south-facing slope was Pinus wallichiana. As many as 58 treeline species belonging
to 14 genera and 8 families have been reported by Singh et al. (2020). The most
common treeline species in the Himalaya belong to genera such as Abies, Betula,
Picea (Table 9.10).

9.5 Concluding Remarks

While compiling this chapter, it became apparent that many knowledge gaps exist
about community structure, species composition and turnover, and ecological and
evolutionary diversification of species in the treeline ecotones across the Himalaya.
Thus, it is high time that detailed and holistic studies are undertaken related to
species diversity with a focus not only on vascular plants but also on other plant
groups, animals and even so far neglected microbes as well and all other interacting
factors at varied spatial scales. Particularly interesting would be the studies
explicating the role of mutualists (mycorrhizas and dark septate hyphae etc.) in the
growth of certain treeline species and their interaction under various climate change
scenarios. Equally valuable would be to discern the relative role of inorganic and
organic forms of nutrients, particularly nitrogen, in the growth and development of
species in the treeline ecotone. It is also necessary to establish sites for long-term
monitoring of treeline ecotone across Himalaya for the study of temporal changes in
the structural organization and functional integrity of treeline ecotone essentially in
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Table 9.10 Treeline species in different Himalayan regions

Himalayan
region

Characteristic
treeline species

Indian
Himalayan
region

Abies pindrow Daksum-Sinthan top
(Kashmir); Sind Forest
division (Sonamarg);
Tangmarg Forest division
(Gulmarg)

Nanda et al. (2018); Mir
et al. (2017)

Betula utilis Daksum-Sinthan top
(Kashmir); Sind Forest
division (Sonamarg);
Tangmarg Forest division
(Gulmarg); Kedarnath
wildlife sanctuary
(Uttarakhand)

Nanda et al. (2018); Mir
et al. (2017); Rai et al.
(2013)

Pinus
wallichiana

Daksum-Sinthan top
(Kashmir); Ngawal, Manang,
Lauribinayak, Rasuwa
(Central Nepal); Ngawal,
Manang (Central Nepal)

Nanda et al. (2018); Shrestha
et al. (2015); Chhetri et al.
(2020)

Abies densa Khangchendzonga National
Park (Sikkim)

Pandey et al. (2018)

Abies
spectabilis

Tungnath (Uttarakhand);
Kedarnath wildlife sanctuary
(Uttarakhand)

Adhikari and Kumar (2020);
Rai et al. (2013)

Quercus
semecarpifolia

Chaudas Valley
(Uttarakhand); Bhaderwah
(Jammu and Kashmir);
Tungnath (Uttarakhand);
Kedarnath wildlife sanctuary
(Uttarakhand)

Singh (2018); Singh et al.
(2019); Adhikari and Kumar
(2020); Rai et al. (2013)

Rhododendron
wightii

Sikkim Pradhan and Lachungpa
(1990)

Rhododendron
arboreum

Kedarnath wildlife sanctuary
(Uttarakhand)

Rai et al. (2013)

Nepal
Himalaya

Abies
spectabilis

Langtang National Park,
Rolwaling Valley (Dolakha
District); Yangle, Barun
(eastern Nepal)

Gaire et al. (2010); Schwab
et al. (2018); Chhetri et al.
(2020); Chhetri and Cairns
(2015)

Betula utilis Rugakharka, Dhorpatan
(Western Nepal); Langtang,
Himalaya (Nepal)

Chhetri et al. (2020); Körner
and Paulsen (2004)

China
Himalaya

Abies georgei,
Larix potaninii

Yunnan, P.R. China Baker and Moseley (2007)

Picea asperata Sichuan (China) Körner and Paulsen (2004)

Picea
crassifolia

Qilian Mountains He et al. (2013)

Picea
schrenkiana

Tianchi nature reserve,
Central Xinjiang, Uygur
autonomous region

Wang et al. (2006)



Location Reference

relation to climate change and other anthropogenic pressures. Well-planned long-
term spatial and temporal studies are likely to open new vistas in our understanding
of the seasonal, annual and more long-term changes in the treeline ecotone and its
response to changing environment, which is of pivotal importance in formulating
effective strategies for conservation of such fragile ecosystems in the Himalaya for
larger and longer benefit to the dependent and marginalized human population.
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Table 9.10 (continued)

Himalayan
region

Characteristic
treeline species

Abies
faxoniana

Balang Mountain, Wolong
nature reserve, Sichuan
Province

Shi et al. (2006)

Betula ermanii Changbai Mountains National
Nature Reserve (CMNNR) in
Jilin province

Zong et al. (2014)

Betula
platyphylla

Mozhugongka County, Tibet Shi et al. (2008)

Juniperus
tibetica

Nagarze County town, Tibet Shi et al. (2008)
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