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Abstract The northern section of the Western
Ghats is a biodiversity hotspot with a predominance
of rock outcrops. Although these outcrops are char-
acterized by environmental extremes, they support a
large diversity of species, many of which are endem-
ics. High-elevation rock outcrops of the Western
Ghats exhibit two lithotypes of distinct geological
origins, namely basalt mesa (BM) and high-level fer-
ricrete (HLF). We examined the interrelation between
environmental factors, lithotypes and functional type
abundance. We recorded 265,447 individuals belong-
ing to 127 taxa categorized under seven plant func-
tional types in 128 quadrats from sixteen high-ele-
vation rock outcrops. Cluster analysis separated the
sites based on the lithotypes. Graminoids and Thero-
phytes were the dominant functional types across
both the lithotypes. Latitude, seasonality, soil car-
bon and nitrogen were the influential environmental
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factors. Multivariate analysis of variance (MANOVA)
showed that based on environmental characteristics,
the two lithotypes are significantly different from each
other. Different plant functional types were associated
with different environmental variables, as shown by
canonical correspondence analysis (CCA). Lithotype
and levels of soil carbon and nitrogen together seem
to shape the functional type abundance. Overall, we
observed that there is a marginal difference in the
vegetation across the two lithotypes of outcrops. The
abundance of each plant functional type was deferen-
tially associated with the seasonal environment and
soil nutrients.

Keywords vegetation-environment relationship -
Western Ghats - plant functional type - ferricretes -
basalt mesa - vegetation diversity

Introduction

The Western Ghats, located in India and Sri Lanka,
are exceptionally high in biological diversity and end-
emism, and are recognized as one of the global bio-
diversity hotspots (Myers et al. 2000). Strong rainfall
gradient and diverse geo-topographical settings result
in a high diversity of life forms and various habitat
types in the Western Ghats (Gadgil et al. 2011). Rock
outcrops are landscapes having large proportions of
exposed bedrock and are of common occurrence in
the Western Ghats (Watve 2007). Rock outcrops are
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ancient ecosystems often classified as ‘old, climati-
cally buffered, infertile landscapes’ (OCBIL), sup-
porting many endemic species and are also the centre
of diversity for many species (Hopper et al. 2016).

The environment on rock outcrops ranges from very
hot and arid most of the time during the year to water-
logged in the wet season. Along with seasonal water
availability, shallow soil cover, low nutrient availabil-
ity, high light and wind intensities are also key envi-
ronmental features associated with rock outcrops (Deil
2005; Porembski 2007). These environmental condi-
tions influence ecosystem functioning and structure
(Szarzynski, 2000). The extreme environment imposes
various constraints on the composition and structure
of plant communities resulting into presence of sea-
sonal and edaphically controlled herbaceous plant life
(Deil 2005; Jacobi et al. 2007). Based on soil avail-
ability and water permanence, specific microhabitats
are identified on the outcrops, and vegetation is often
described based on these features (Porembski et al.
1994, 1997; Seine et al. 1998; Porembski and Barth-
lIott 2000). Some of the microhabitats, such as rock
pools and depressions, seasonally hold water whereas
bare rock surfaces are prone to rapid desiccation. This
results in species being hydrophytes and xerophytes
growing in the vicinity of each other, depending upon
the microhabitats (Watve 2007).

Geologically, the rock outcrops are formed due to
erosion of a softer part of the landscape over millions
of years, exposing a hard parent rock owing to inter-
action with climatic factors (Wiser and White 1999;
Twidale 2012). In the Western Ghats of India, the par-
ent rock is formed of extrusive igneous rock, namely
Deccan trap continental flood basalt (Widdowson and
Cox 1996). Over time, due to various geomorpho-
logical processes such as intense chemical weathering
under leaching environment and induration, some of
the individual lava flows on the Deccan traps devel-
oped into laterite (Jog et al. 2002). Laterite is rich in
iron and aluminium oxides and is highly porous com-
pared to basalt rock. On some of the summits in the
Western Ghats, erosion has further exposed the parent
basalt rock (Ollier and Sheth 2008), creating a spec-
trum of basalt-laterite outcrops along the north-south
gradient. Lateritic outcrops on high elevation, known
as ‘High-Level Ferricretes’ occur south of 18° N and
basalt outcrops, known as ‘Basalt Mesa’ occur north
of 18° N. Thus, laterite and basalt are two major
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lithotypes (rocks with peculiar physical characteris-
tics) of the rock outcrops in the Western Ghats.

Previous studies have documented the flora on a
few basalt and laterite outcrops (Lekhak and Yadav
2012; Watve 2007, 2013). Based on these studies and
our field observations, certain species are found to
prefer either one of the two lithotypes. Role of vari-
ous lithotypes in determining the vegetation compo-
sition on Brazilian outcrops highlighted the impor-
tance of geochemistry, geomorphology and physical
properties of the soils (Messias et al. 2013; Carmo
and Jacobi 2016). Therefore, we assumed that simi-
lar phenomenon possibly might be at work in Western
Ghats outcrops. However, a community-level assess-
ment of vegetation across the two lithotypes is miss-
ing and vegetation-bedrock-environment relation-
ships are under-addressed in the available literature
(Porembski and Watve 2005). The nature of studies
so far is taxonomic, involving documentation of the
flora of various outcrops (Watve 2003; Lekhak and
Yadav 2012; Chandran et al. 2012; Rahangdale and
Rahangdale 2014) and novel species descriptions
(Darshetkar et al. 2017; Bokil et al. 2020).

Our study aims to understand species occurrence
and their relationship to abiotic factors on rock out-
crops in the Western Ghats. In recent years, func-
tional classifications based on certain traits indicative
of ecosystem properties have been widely applied
(Grime 1977; Westoby 1998; Westoby et al. 2002).
Plant functional types rather than the actual species
richness have been found to be more useful determi-
nant of ecosystem functioning (Hodgson et al. 1998;
Schwartz et al. 2000; Diaz and Cabido, 2001; Tilman
2001), so we used plant functional type as a surrogate
to study the role of bedrock in determining the veg-
etation. Plants could exhibit distinct functional traits
on habitats with extreme environmental conditions
(Porembski 2011; Poot et al. 2012; Bjorkaman et al.
2018; Thomas et al. 2020). The outcrop plants exhibit
various adaptive traits such as carnivory, geophytism
or poikiliohydry (Porembski, 2011; Poot et al. 2012),
which evolved in response to stressful environments.
Certain plant functional types have been described
for plants inhabiting monolithic rock outcrops known
as inselbergs, based on water use strategies such as
monocot mat formations, succulence and annuals
(Biedinger et al. 2000). These functional types and
their relation with environment has been well studied
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on inselbergs in various parts of the world (Biedinger
et al. 2000; Kluge and Brulfert 2000).

We therefore hypothesized that plant functional
type abundance varies across the two lithotypes and
is influenced more by micro-environmental condi-
tions than macro-environmental conditions. To exam-
ine this hypothesis, we asked the following questions:
(1) Do macro-environmental (temperature, precipita-
tion, isothermality) and micro-environmental (soil
nutrients) conditions differ across the two lithotypes?
(2) Is there an association between macro and micro-
environmental conditions and plant functional type
abundance? and (3) Among the environmental fac-
tors, do micro-environmental conditions influence the
functional type abundance more than macro-environ-
mental conditions across the lithotypes?

Materials and methods
Study area

The Western Ghats, a mountain range parallel to the
west coast of India, is one of the thirty-six prime
global biodiversity hotspots (Myers et al. 2000;
Noss et al. 2015). Along the length of the Western
Ghats from north to south, the rainfall increases and
dry period length decreases (Pascal, 1988).

The northern part of Western Ghats is mainly
composed of extrusive igneous basalt rock. (Wid-
dowson and Cox 1996). Predominantly at high
elevations (600 to 1,400 m a.s.l.) of the northern
Western Ghats, the layers of basalt have eroded
to laterite and remained as laterite capping on
the mountains. Such laterite-capped mountain
summits are termed as ‘high-level laterite’ and
are highly porous (Widdowson and Cox 1996).
Because the geochemical profile of high-level
laterite is different from the classical laterite soil
profile they are referred to as ‘high-level ferri-
cretes (HLF)’ and occur between 14° N to 18° N in
the Western Ghats. At higher elevations, north of
18° N up to 20° N, erosion has further exposed the
parent basalt rock (Ollier and Sheth 2008). These
basalt outcrops are called ‘high-level basalt mesa’
(BM). HLF are iron- and aluminium-rich rock,
while BM is composed of igneous rock (Widdow-
son 2007).

Climatic conditions and plant growth at the study
sites

There are three marked seasons in the study area:
rains from June to September, dry winter from Octo-
ber to February and hot summer from March to May.
In the monsoon period, the rock outcrops under study
receive rainfall in the range of 6,000-7,000 mm, and
the humidity is about 90%. During the other seasons,
the outcrops are hot and dry, with humidity as low as
14% (Watve 2007; Lekhak and Yadav 2012). There-
fore, there are two marked seasons for the growth of
rock outcrop vegetation: wet season (growth season)
and dry season. Table S2 shows the monthly mean
temperature and mean precipitation for each site aver-
aged for the wet season (June — October) and dry sea-
son (November — May). The data was obtained from
the CHELSA climate dataset (Karger et al. 2017) and
was extracted using QGIS version 3.4.

Vegetation sampling

We conducted our study on HLF and BM outcrops in
the elevational range of 600 m to 1,400 m. We chose
this elevational range because variations in lithotypes
are present only within this elevational range (Fig. 1).
The vegetation of sixteen high-elevation rock out-
crops (nine HLF and seven BM) of the Western Ghats
was studied from 2017 to 2019 quantitatively (Fig. 1,
Table S1 in the Electronic supplementary material).
The study area map showing the sampling locations
was prepared using QGIS 2019, version 3.4. We vis-
ited each site during the peak flowering season in the
mid to late monsoon (end of August to early Octo-
ber). We planned our visit for this period as we aimed
at collecting samples with active flowering and fruit-
ing as it is vital for accurate identification.

We carried out stratified sampling using the tran-
sect cum quadrat method based on the technique pre-
scribed by Chandran et al. (2010) to study the vegeta-
tion. We placed two alternate 20-m X 20-m quadrats
along a transect line. In each of the plots, we further
placed two diagonally opposite 5-mX5-m quadrats.
We used the species-area curve (Magurran 2004) and
deduced that at least eight quadrats would be neces-
sary for covering maximum variance in species rich-
ness on an outcrop. We sampled herbs in eight quad-
rats of 1 mXx 1 m nested at diagonally opposite ends
within each of these 5-mX5-m quadrats at each site
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Fig. 1 A map showing study area with details of sites sampled during the current survey.

(Fig. 2). We sampled a total of 128 quadrats. We
recorded species identity, its abundance and GPS co-
ordinates using a Garmin eTrex 30x device in every
quadrat. We used a collapsible polyvinyl chloride
frame (with strings dividing it into a 25-cm X 25-cm
grid) for counting the individuals. For the species
whose individuals were growing away from each
other, we recorded each individual separately. We
treated one tiller as one individual following the pro-
cedural recommendations by Datar (2016) for iden-
tifying tufted grasses and sedges like Tripogon bro-
moides, Arthraxon meeboldii and Fimbristylis sp. div.

Specimen processing and identification

We collected plant specimens from the quadrats
and processed them using standard methods as
described by Jain and Rao (1977) and deposited
the specimens in the Agharkar Herbarium of Maha-
rashtra Association (AHMA). We used regional
flora, monographs and novel species descriptions
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(Janarthanam and Henry 1992; Sharma et al. 1996;
Singh and Kartikeyan 2000; Singh et al. 2001;
Yadav and Sardesai 2002; Gad 2007; Potdar and
Yadav 2012; Datar and Lakshminarasimhan 2013;
Nandikar 2013; WadoodKhan 2015) for identify-
ing the collected specimens. We treated unidentified
specimens as operational taxonomic units (OTUs),
which accounted for less than 5% of the total col-
lected samples.

Functional types and classification system for the
current study

After identifying all the species within a quadrat, we
categorized the species into different functional types.
A plant functional type is a group of species that use
the resources in a similar manner. Their effects on
the ecosystem and their response to the environmen-
tal changes are also similar (Gitay and Noble 1997,
Wilson 1999). We used plant functional type because
these categories are based on plant-environment
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Fig. 2 Stratified sampling
design for the quantitative
study of the vegetation of
rock outcrops of Western
Ghats. Green squares (1m X
1m) situated at the corners
of 5-m X 5-m squares are
embedded within 20m X
20 m of large squares were
surveyed for collecting
species-abundance at each
site

interactions and are indicative of the ecosystem pro-
cesses (Diaz and Cabido 2001).

We investigated various classification systems
based on the adaptation of plants to the environmen-
tal conditions and tested their suitability to classify
our outcrop flora. We checked the suitability of Raun-
kizer’s system of classifying life-forms (Smith 1913).
Since most of the plants in our study area are ephem-
eral, the maximum number of species would be cate-
gorized as therophytes under this system. However, to
survive in the growing season, different species have
different survival strategies such as parasitism, car-
nivory, and poikilohydry (Lekhak and Yadav 2012).
Species possessing these strategies would all be cat-
egorized as therophytes based on Raunkier’s system.
For this reason, we found Raunkier’s classification
system unsuitable for our study.

One system based on differences in water avail-
ability, soil depth, duration of inundation and water
storage capacity (Deil 2005) classifies ephemeral
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vascular plants into dwarf annuals, geophytes and
poikilohydric plants. When we apply this system to
the Indian outcrop dwelling plants, many species do
not fit into any of the categories. Similarly, another
classification using plant functional type specifically
for inselberg vegetation groups plants based on water
use strategies, such as monocot mat formations, suc-
culence and annuals (Biedinger et al. 2000), leaves
out many of the members of Indian outcrops. There-
fore, for our study, we adopted a classification system
(Table 1) based on the vegetative and reproductive
strategies observed for plants growing on rock out-
crops (Biedinger et al. 2000; Deil 2005; Lekhak and
Yadav 2012; Watve 2013). We classified plants into
the following functional types: (1) geophytes, (2) car-
nivores, (3) succulents, and (4) hemiparasites, based
on the classification for inselbergs (Biedinger et al.
2000). Based on our observations, we classified the
remaining species into other types, namely (5) grami-
noids, (6) legumes and (7) other therophytes. In the
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Table 1 Plant functional types based on morphological and physiological traits used in our study and their peculiarities

Functional type ~ Description

Example

Poaceae, Cyperaceae

Graminoids Plants having grass like morphology and a common set of adapta-
tions like C, photosynthesis, desiccation tolerance, mat formation
Legumes Plants belonging to family Leguminosae which fix nitrogen with

the help of certain microbes

other Therophytes Annual ephemeral plants other than Graminoids and Legumes

Geophytes Plants with an underground perennial part
Carnivores Plants that absorb nutrients from dead animals
Hemiparasites

have photosynthetic capacity
Succulents

Smithia sp. div., Indigofera sp. div.

Senecio sp. div., Murdannia sp. div.
Habenaria sp. div. , Dipcadi sp. div.
Utricularia spp., Drosera sp. div.

Plants obtaining their nutrients partially from other plants and also  Rhamphicarpa fistulosa, Striga gesneroides

Annual ephemeral plants with some organs modified to store water ~ Cyanotis fasciculata

present classification system, we used specific func-
tional types and tailored them to our study. This cat-
egorization is only relevant to our current study.

Soil sampling and analysis

We collected soil samples from three out of the
eight plots at each site chosen depending upon the
soil availability. We collected about 200 g of soil
and stored it in a zip-lock bag. We dried the soil
and ground it to a fine powder. Then after sieving it
through a 250 pm standard test sieve (Jayant test sieve
No. 60, Mumbai, India) we analysed macro-nutrients
such as total carbon, total nitrogen, sulfur, hydrogen
and reported using the elemental analyser (Elemen-
tar Vario EL III, Elementar Analysensysteme GmbH,
Langenselbold, Germany).

Using ion chromatography (882 Compact IC plus,
Metrohm), we estimated the anions and cations pre-
sent in the soil samples. We first extracted the sieved
soil samples using an ultrasonic bath following the
protocol from Stanisi¢ et al. (2011). We then centri-
fuged the extracted samples and filtered them through
0.2-pm syringe filters. The filtered samples were
then injected into an ion chromatography machine to
estimate the concentrations of anions (F~, CI”, Br™™,
NO;~, PO,*", and SO,*7) and cations (Ca**, Mg**,
K*, NH,%).

Statistical analysis
We performed our analysis in the following steps - (1)
We first investigated the difference between lithotypes

using species occurrence data. We performed hier-
archical agglomerative clustering using Sgrensen’s
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dissimilarity index. (2) To understand the patterns of
environmental variables across the sites and to find
out which variables are significant, we performed
principal component analysis (PCA). (3) To check
if lithotypes differ based on the environmental vari-
ables, we performed multivariate analysis of variance
(MANOVA). (4) Using significant variables from
PCA, we then investigated the association between
plant functional type abundance and environmental
variables using canonical correspondence analysis
(CCA). (5) Additionally, we performed analysis of
covariance (ANCOVA) to assess the effect of litho-
type on plant functional type abundance with respect
to significant soil nutrients.

Cluster analysis

To investigate if there is a lithotype-based differentia-
tion of sites according to species occurrence data, we
conducted a hierarchical agglomerative cluster analy-
sis using Sgrensen’s dissimilarity index. A previous
vegetation study by Magurran (2004) is suggestive
that this is a robust index for general cluster differen-
tiation analysis. We performed this analysis using the
R package ‘betapart’ (Baslega and Orme 2012) and
plotted the results as a cluster dendrogram.

Principal component analysis (PCA)

We first performed a PCA on the following 26 varia-
bles for each site: (1) nine bioclim variables (Tempera-
ture annual range, Annual precipitation, Precipitation
of wettest month, Mean diurnal range, Precipitation
of wettest quarter, Isothermality, precipitation sea-
sonality, Annual mean temperature, Temperature
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seasonality) relevant for the current study obtained
from the CHELSA climate dataset (Karger et al. 2017)
extracted using QGIS (version 3.4); (2) fourteen soil
chemical parameters: cations (F~, CI, Br, NO;™,
PO,*~ and SO,*"), anions (Na*, K, Mg**, Ca>"), total
(organic + inorganic) carbon, total (organic+inor-
ganic) nitrogen, hydrogen, sulfur (3) geographical co-
ordinates (latitude, longitude, elevation).

To ascertain the significant variables from these 26
variables, we employed following method: If all the
variables contributed equally to a principal component,
all the loadings would be equal to 1/sqrt (No. of vari-
ables). We therefore set the cut-off to this value to find
the most important contributors and performed another
PCA using those ten variables which satisfied this cut-
off for the first component.

Multivariate analysis of variance (MANOVA)

To check whether the lithotypes differ based on
the climatic and soil nutrients (variables with high-
est explained variance from PCA), we performed
MANOVA in R (R Core Team, 2020). Further to
explore the role of each of these variables across the
lithotypes, we performed the univariate tests.

Canonical correspondence analysis (CCA)

We performed CCA to check the significance of the
association between functional type abundance and
environmental variables using the ‘vegan’ package
(Oksanen et al. 2007) in R.

Analysis of covariance (ANCOVA)

To further assess the effects of significant micro-envi-
ronmental parameters (soil carbon and nitrogen) across
the lithotypes, both individually and in interaction, we
performed an ANCOVA on the abundance of each
functional type. We built a model that takes into con-
sideration the individual and combined effect of litho-

type (xlilhotype)’ carbon (xcarbon) and nitrogen (xnitrugen)

Yabundance = 40 + alxlithmype + X carbon
+ aSXnitragen + a4xlithmype'x<rarbun

+ a5x1itho{\'pexnirragen + a6xcarbonxnitrogen

We used the package ‘car’ (Fox et al. 2007) in R
(R Core team 2020) to run the ANCOVA. For plot-
ting, we used the package ‘ggplot2’ (Wickham 2016).

Results

Species occurrence and functional type diversity
across outcrops

We recorded 127 taxa (120 species, 7 OTUs) belong-
ing to 69 genera and 27 families in 128 quadrats.
Forty-five percent of the total species were endemic
to India. Forty-five taxa were common to both the
lithotypes.

Out of the seven functional types, we found that
graminoids and therophytes were present on all the
surveyed sites on both the lithotypes. Carnivores
were one of the most commonly occurring func-
tional types recorded at all sites except one BM site
(Ahupe). Three HLF sites and two BM sites hosted
all functional types. (Fig. S1 and Fig. S2 in the Elec-
tronic supplementary material). Quantitative assess-
ment showed that Graminoids were the most abun-
dant functional type and Indopoa paupercula was
the most abundant graminoid species across the two
lithotypes. Therophytes constituted the second most
abundant and species-rich functional type. Eriocau-
lon sedgewikii on HLF and Neanotis foetida on BM
were the most abundant therophytes. For legumes,
we recorded five species on BM and six species on
HLF. We also recorded five geophyte species on BM
and eight of them on HLF. Two hemiparasite species
and a single succulent species were also present in the
study area.

Cluster analyses

We observed a separation of sites based on lithotypes
in our cluster analysis using Sgrensen’s dissimilar-
ity index (Fig. 3). The Euclidean distance matrix
(Table S3) showed that the BM sites Kondhwal and
Hatvij were the closest (0.27), followed by HLF sites
Surla-Maan (0.29) and Chalkewadi-Wilsonpoint
(0.30).
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Fig. 3 Dendrogram plot based on species occurrence from the cluster analysis using the Sgrensen dissimilarity index for all sites.
Sites marked in red: BM, blue: HLF. (HLF: High Level Ferricrets, BM: Basalt Mesa)

Assessment of environmental parameters

Primary PCA (Fig. S3) with 26 variables provided
the cut-off value of 0.192 on the basis of which, ten
components showing the maximum explained vari-
ance were selected for the main PCA. The first prin-
cipal component had an explained variance of 77%
(Table 2). Temperature seasonality (—0.34), annual
temperature range (—0.34) and mean diurnal range
(—0.33) were negatively associated with the first
component. At the same time, soil carbon (0.36),
precipitation of wettest quarter (0.32) and annual
precipitation (0.31) were positively associated with
the first component (Table 2). The second compo-
nent explained 14% of the variation. Precipitation of
wettest month (—0.44) and latitude (—0.42) showed
a negative association, while isothermality (0.43)
showed a positive association with the second com-
ponent. Temperature-based variables and latitude are
grouped together, which is suggestive of the interde-
pendence of the variables. Soil nutrients (carbon and
nitrogen) and precipitation vectors are together in the
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fourth quadrant, placed between temperature and pre-
cipitation variables (Fig. 4).

Table 2 Principal component analysis of climatic and edaphic
factors across study sites. Bold values represent loadings with
high explained variance.

PC1 PC2
Standard deviation 2.774 1.177
Proportion of variance 0.770 0.139
Cumulative proportion 0.770 0.908
Precipitation of wettest month 0.304 —0.438
Latitude —0.305 —0.425
Annual precipitation 0.318 —0.387
Precipitation of wettest quarter 0.321 —0.367
Temperature seasonality —-0.344 —0.238
Nitrogen 0.266 —0.225
Temperature annual range —0.340 —0.184
Mean diurnal range —0.333 —0.116
Carbon 0.325 —0.025
Isothermality 0.298 0.434
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Fig. 4 Principal component analysis (PCA) for rock outcrops in the study area based on the most influential environmental vari-

ables. Sites marked in red: BM, blue: HLF

The sites Borbet, Zenda, Wilsonpoint (HLF)
and Korigad (BM) are placed in the same quadrant
with soil carbon. The highest percentage of soil car-
bon was recorded at Borbet (8.64%) and nitrogen
(0.54%) whereas soil carbon was at the lowest at
Hatvij (1.51%). BM sites Kondhwal, Ghatghar and
Ahupe were associated with temperature seasonal-
ity and annual range as well as latitude. HLF sites
Surla and Maan, by contrast, exhibited a negative
association with latitude and a positive one with iso-
thermality. HLF sites Masai and Mhavashi and BM
sites Patta, Hatvij and Naneghat were negatively
associated with precipitation variables. Surla, Maan,
Borbet and Khamda (HLF sites) were negatively

associated with temperature variables. If we extend
the nitrogen vector in both directions, it seems to
separate the BM and HLF sites except the position
of Wilsonpoint, which falls on the BM side (Fig. 4).

Evaluation of the association between lithotypes and
environmental variables

The overall MANOVA considering environmental
variables across the lithotypes indicated a signifi-
cant difference between HLF and BM, see Table 3
(Fp5=13, P<0.01). Further, one-way ANOVA
showed that latitude (F =54.969, P <0.001), iso-
thermality (F =38.652, P <0.001) and temperature

Table 3 Multivariate analysis of variance (MANOVA) for climatic and edaphic factors across the lithotypes

D.f. Pillai Approximate F Num. d.f. Den. d.ff Pr(>F)
Lithotype 1 0.96228 12.754 10 5 0.005816%**
Residuals 14

*#<0.01
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seasonality (F=19.251, P<0.001) were highly sig-
nificant across lithotypes. Soil carbon (F =14.811,
P<0.01), temperature annual range (F =8.699,
P <0.05) and mean diurnal range (F =5.123,
P <0.05) were also significantly different. Soil nitro-
gen was marginally significant (F =3.941, P <0.1;
Table S4).

Relationship between environmental variables and
plant functional types

The first axis of CCA explained 78.1% of the vari-
ation whereas the second axis explained 13% of the
total variation (Table 4). The first axis showed a nega-
tive correlation with all the variables except isother-
mality. Precipitation variables, isothermality, soil
carbon and soil nitrogen showed a positive correlation
with the second axis. By contrast, temperature vari-
ables and latitude showed a negative correlation with
the second axis (Fig. 5).

Table 4 Summary of canonical correspondence analysis
(CCA) of plant functional types and environmental parameters
across study sites.

CCA1 CCA2
Eigenvalue 0.138 0.023
Proportion explained 0.781 0.130
Cumulative proportion 0.781 0.911
Parameters
Latitude -0.217 —-0.335
Temperature annual range 0.075 —0.187
Annual precipitation —0.468 0.421
Precipitation of wettest month —0.534 0.398
Precipitation of wettest quarter —0.472 0.398
Isothermality 0.361 0.408
Mean diurnal range 0.178 —0.115
Temperature seasonality —0.015 —0.281
Nitrogen —-0.418 0.689
Carbon —0.146 0.566
Functional type
Geophyte -0.824 0.757
Graminoid 0.240 0.004
Hemiparasite —1.030 —0.585
Insectivore —0.089 -0.197
Legume —0.69465 1.179828
Succulent 0.39794 0.343538
Therophyte —0.5655 —0.071108

Bold values represent loadings with high explained variance
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Geophyte abundance was associated with precipita-
tion variables, including annual precipitation, precipi-
tation of the wettest quarter and precipitation in the
wettest month. Precipitation of the wettest quarter and
abundance of geophytes were the highest at Borbet.
The sites Masai, Naneghat, Hatvij, Mhavashi showed
low precipitation of the wettest month as well as low
geophyte abundance. Legume abundance was associ-
ated with soil nitrogen. The positioning of Borbet is
in the same (second) quadrant as nitrogen and legume
abundance. Graminoids and therophytes were abun-
dant at all the sites and did not follow any particular
trend with respect to environmental variables (Fig. 5).

Wilsonpoint and Patta were associated with high
succulent abundance. Carnivores and succulents were
closely associated with temperature variables. The
combined effect of these functional types and temper-
ature variables was dominant at Khamda, Mhavashi,
Masai, Maan, Surla (HLF) and Naneghat (BM).
Hemiparasites, abundant at Korigad and Ghatghar,
were negatively associated with isothermality (Fig. 5).

Role of soil carbon and nitrogen in shaping functional
type abundance across lithotypes

Among the environmental parameters, soil nutrients
(carbon and/or nitrogen) appeared to be consistently
significant in the PCA, CCA and MANOVA. This
could be indicative that they are influential factors
deciding the vegetation across lithotypes. There-
fore, we checked the independent effects of litho-
type, carbon, nitrogen and their interaction on the
abundance of each functional type. Soil carbon con-
tent (F;9=5.80, P <0.05) and its interaction with
lithotype (F,¢=38.08, P<0.05) significantly influ-
enced the abundance of graminoids. The interaction
between nitrogen and lithotype was marginally sig-
nificant (F| g=4.44, P<0.1). Independent effects of
nitrogen and lithotype were not significant (Table 5).
Figure 6 shows the relationship between graminoid
abundance and levels of carbon, with regression lines
representing nitrogen content. In the case of BM, we
observed a negative relationship between graminoid
abundance and carbon and nitrogen levels, while in
the case of HLF this relationship was positive.

The carbon and nitrogen interaction affected
legume abundance significantly (F,o = 45.79,
P <0.001). The independent effect of the amount of
nitrogen was also significant (F; ¢=16.98, P <0.01).
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Fig. 5 Canonical correspondence analysis (CCA) based on the most influential environmental variables and plant functional types.

Sites marked in red: BM, blue: HLF

Table 5 Analysis of covariance (ANCOVA) showing significant factors for each functional type

Functional type Significant factors Sum sq D.f. F Pr(>F)
Graminoid Carbon 131488632 1 5.80 0.0394*
Carbon: Lithotype 183252319 1 8.08 0.0193*
Nitrogen: Lithotype 100754833 1 4.44 0.0643®
Legume Nitrogen 301180 1 16.98 0.0026%**
Nitrogen: Lithotype 74448 1 4.20 0.0708®
Geophyte Carbon: Nitrogen 812194 1 45.79 0.0001***
Lithotype 57660 1 7.23 0.0249 *
Carbon: Nitrogen 103220 1 12.94 0.0058 **
Therophyte Carbon: Nitrogen 17400399 1 3.82 0.0825®

#Ek <0.001, ¥¥<0.01, ¥<0.05, ® <0.1

Figure 6 showed that across lithotypes, legume
abundance and carbon and nitrogen content exhibit
a similar trend. For high nitrogen content, legume
abundance and the level of carbon showed a positive
association. We did not observe such a trend for low
content of nitrogen.

In the case of geophyte abundance, the interaction
between carbon and nitrogen (F; ¢=12.93, P <0.01)
and lithotypes (F g=7.22, P <0.05) was significant.
The carbon and nitrogen interaction (F;¢=3.81,

P <0.1) also marginally influenced the abundance of
therophytes. None of the effects were significant for
carnivore, succulent and hemiparasite abundance.

Discussion
Rock outcrops are unique landscapes in terms of sea-

sonal water availability, large expanses of bare rock
and low nutrient content. Therefore, edaphically
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Fig. 6 Regression lines representing a relationship between carbon for various levels of nitrogen for each functional type on HLF
and BM

influenced herbaceous vegetation is dominant on distances are geographically nearer to each other (e.g.
outcrops (Porembski and Barthlott 2000a). Rock out- Maan-Surla, Kondhwal-Hatvij). A large proportion
crops offer a wider range of micro-climatic differ- of shared species among these sites might be a result
ences than the surrounding areas and host a mosaic of dispersal due to geographical proximity. The den-
of microhabitats. Studying these unique ecosystems drogram showed a clear grouping according to litho-
has become more important because they host many types, but we also observed that the secondary tiers
endemic plants, insects and freshwater aquatic com- were longer than the primary tiers. This could poten-
munities (Padhye and Victor 2015; Thorpe et al. tially mean that the entire group acts as one cluster
2018; Shigwan et al. 2020). with little differentiation between the sites. There-

The primary objective of our study was to investi- fore, this raises the questions “‘Why do we observe an
gate if plant communities are shaped by lithospheric apparent clustering of sites based on the lithotypes?,
aspects and to determine whether macro or micro- and ‘Which macro and micro-environmental param-
environmental conditions are more influential in eters could influence species occurrence?’. To quan-
functional type abundance. We began our investiga- tify and disentangle the potential influential macro-
tion by conducting a cluster analysis as a preliminary environmental variables and soil nutrients across the
check for differences in species occurrence across all sites, we conducted a PCA to reduce the multidimen-
the sites. In this cluster analysis, we observed a sepa- sional space to a smaller number of variables and
ration of sites based on lithotypes (Fig. 3). The first to note the respondents which had a high explained
cluster contains all HLF sites (Chalkewadi to Zenda) variance. In the outcomes of the PCA, we noted that
whereas the second cluster contains all BM sites variables related to temperature seasonality and pre-
(Ghatghar to Patta). The sites with lower Euclidean cipitation (precipitation of the wettest month and
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quarter) showed a clear distinction. Rock outcrops of
the Western Ghats experience extreme environmen-
tal conditions wherein almost all of the rainfall in the
study area is concentrated in the monsoon (June—Sep-
tember), and it is completely dry at other times of the
year (Watve 2007). Ephemeral herbaceous vegetation
is therefore dominant on outcrops, for which pre-
cipitation is one of the most important driving fac-
tors. Similarly to a previous study by Watve (2007),
which reported diurnal variation in temperature on
rock outcrops, we found the mean diurnal range to be
another vital component. There is latitudinal separa-
tion between lithotypes. Therefore, latitude was also
one of the significant factors in the PCA (Fig. 4). We
observed that the vectors of precipitation, soil carbon
and nitrogen have almost similar direction, these vari-
ables might be weakly related (Fig. 4, Table 2). Previ-
ous studies have shown that the amount of carbon and
nitrogen changes with precipitation, as water avail-
ability influences the carbon and nitrogen in the soil
through nutrient cycling (Austin and Sala 2002).
Further investigation of significant environmen-
tal components using MANOVA showed that the
two lithotypes are significantly different from each
other (Table 3). Latitude, isothermality, temperature
seasonality and soil carbon were among the crucial
variables separating the two lithotypes. Isothermal-
ity considers the diurnal variation of temperature
with respect to annual variation (Karger et al. 2017).
A large proportion of exposed bedrock, insolation,
seasonal rainfall and inconsistent water availabil-
ity create huge variations in the temperature on rock
outcrops (Szarzynski 2000; Watve 2007). According
to our field observations, there is a large portion of
exposed bare rock and fewer soil-covered areas on
HLF than BM. Messias et al. (2013) have shown that
the amount of bare rock is one of the critical compo-
nents influencing species occurrence and specificity.
Also, the amount of rainfall decreases and the length
of the dry period increases as one moves northwards
in the Western Ghats, where the BM sites are situ-
ated, making isothermality a significant variable.
Previous studies have shown that environmental
variables influence plant communities of rock out-
crops (Burke 2001; Messias et al. 2013). To check
the association between plant functional type abun-
dance and environmental factors, we performed CCA.
The association between environmental factors and
functional type abundance reinforces some of the

previously observed trends, such as the well-known
relationship between nitrogen and legumes (Fig. 5).
The position of the Borbet site in the CCA corrobo-
rates this relationship, as it showed the highest nitro-
gen content and legume abundance. Geophyte abun-
dance was associated with precipitation of the wettest
month and quarter (Fig. 5). Geophytes start their
vegetative growth with the first monsoon shower, as
they possess underground perennial parts with stored
food reserves. This means that precipitation in the
wet season could be one of the factors driving geo-
phyte abundance. Graminoids and therophytes were
the most abundant functional types. Their position
in the CCA may indicate that they optimally utilize
the environmental factors to their advantage. Nitrogen
and, to some extent, carbon seemed to be grouping
the sites based on lithotypes. Additionally, carbon,
nitrogen, or both appeared to be consistently signifi-
cant in all previous tests. Soil, being one of the factors
directly influencing plant occurrence and distribution,
ultimately affects plant ecological strategies (Lambers
et al. 2008; Laliberté et al. 2013). Therefore, to fur-
ther investigate whether carbon and nitrogen concen-
tration influences functional type abundance across
lithotypes, we carried out an ANCOVA.

In ANCOVA, we observed that lithotype inter-
acted differently with each functional type. In gen-
eral, the coupled effect of lithotype and soil nutrients
(levels of carbon and nitrogen) seems to influence the
functional type abundance. ANCOVA showed that
nitrogen on Legume abundance was highly significant
(F19=16.98, P<0.01). Previous studies have shown
that legume abundance promotes biological nitrogen
fixation and subsequently results in increased soil
nitrogen content (Xu et al. 2019). The independent
effect of carbon was significant on graminoid abun-
dance (F,¢=5.80, P<0.05). Many studies have
shown that graminoids and soil carbon content have
positive association (De Deyn et al. 2008; Dieleman
et al. 2017). Interaction of carbon and lithotype was
significant on Graminoid abundance (F 1.9=38.08,
P <0.05) whereas nitrogen and lithotype interac-
tion marginally affected the Legume abundance
(F19=4.44, P <0.1). Carbon and nitrogen vectors
in CCA roughly grouped the sites as per lithotypes
(Fig. 5), indicating that these soil variables associ-
ate with both the lithotypes differently. The interac-
tion between soil carbon and nitrogen significantly
influenced the abundance of Legumes (F,4=45.79,
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P<0.001), Geophytes (F;¢=12.93, P <0.01)
and marginally influenced Therophyte abundance
(F19=3.81, P<0.1). Fornara and Tilman (2008)
showed that C, grasses and Legumes increase the
accumulation of soil carbon and nitrogen. The major-
ity of the grasses found in peninsular India follow
the C, photosynthetic pathway (Vats 2012). Previous
studies in vegetation ecology show that, functional
types are influencing the soil nutrients (Fornara and
Tilman 2008; De Deyn et al. 2008; Xu et al. 2019). It
is possible that there is positive feedback mechanism,
since we found that sites having more leguminous
species also show higher concentration of nitrogen.
However, whether such a feedback mechanism is at
work needs further in depth investigation. In the case
of Geophytes, we observed a difference in the spe-
cies occurrence based on the lithotypes (F;9=7.22,
P <0.05). HLF possesses more cracks and crevices
than BM due to its physical structure and porosity
(Widdowson 2007), which might support the tubers
of certain Geophytes.

To better understand the relative contribution of
various ecological factors to the functional type diver-
sity and dominance, long term monitoring of rock
outcrops and temporal data of vegetation abundance
and occurrence is necessary. Nonetheless, our study
is the first attempt to decipher the pattern of environ-
mental variables from rock outcrops of the Western
Ghats and discuss the influential components. Our
study also examined the vegetation-environment rela-
tionship and attempted to find out which environmen-
tal and lithospheric components affect the vegetation.
This work could potentially be a foundation for long-
term ecological studies on rock outcrops.

Conclusions

We investigated plant functional type abundance and
the relationship between functional types and abiotic
factors on rock outcrops in the Western Ghats. We
studied various macro- and micro-environmental fac-
tors influencing vegetation across basalt and laterite
lithotypes.

We could infer that macro-environmental condi-
tions and soil nutrients are important influencers
of plant life on rock outcrops in the Western Ghats.
Different environmental parameters are important at
different sites, rather than certain variables dividing
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the sites into groups. The microhabitat diversity and
physical properties of the lithotypes, such as topog-
raphy, texture, elevation and exposition, could be the
driving factors for the marginal differences in func-
tional type abundance and diversity. Moreover, the
patterns of soil nutrients are different across the two
lithotypes and they consequently affect the occur-
rence and abundance of plant species across basaltic
and lateritic rock outcrops differently. This observa-
tion requires further in-depth analysis concerning
plant traits and environmental parameters over time.
Among the plant functional types, graminoids and
therophytes seem to be dominant on rock outcrops of
the Western Ghats. Soil nutrients (carbon and nitro-
gen) seem to be decisive in affecting the diversity and
dominance of functional types, as shown by PCA and
ANCOVA. A detailed study using temporal species
occurrence and abundance data with respect to soil
nutrients is necessary to understand plant-soil rela-
tionships. The present investigation is a pioneering
attempt to study vegetation and functional diversity
and its relation to macro- and micro-environmental
characteristics of outcrops in the Western Ghats. One
limitation of our study is a lack of availability of tem-
poral vegetation data from rock outcrops, which can
be useful further in predicting changes in vegetation
dynamics under the current climate change scenario
and could be a promising prospect for investigation.
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