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ABSTRACT

Edited by Hermann Heilmeier

To understand the relationship of phytolith production patterns in regional pteridophytes with elevation dependent climatic variables, and their potential to differentiate vegetation zones of the eastern Himalayan
Mountain, we have studied phytolith spectra of 58 pteridophytic species of 22 families from tropical–temperate
vegetation belts of Darjeeling, Sikkim and Arunachal Pradesh. Nineteen major phytolith types recovered from
foliages and shoots of the pteridophytes are assessed for their potential to distinguish different vegetation zones,
if any. Combined data suggest that epidermal polygonal (EP), jig saw plate (JSP), cast of epidermal cells (CEC),
globular folded (GF), polyhedral bodies (PB), hair cell base (HCB) and silicified tracheids (TR) are the most
significant phytolith morphotypes produced along the tropical‒temperate vegetation belts. Of these, CEC and GF
could successfully discriminate tropical and sub-tropical from temperate vegetation. PB may be used as indicator
of sub-tropical/lower-temperate vegetation and climate, and HCB as indicator of sub-tropical‒temperate vegetation and climate. Cluster analysis (CA) applied on the pteridophyte phytolith data shows morphotype signal for
different vegetation zones. Discriminant analysis (DA), detrended correspondence analysis (DCA) and redundancy analysis (RDA) have arranged pteridophytic phytolith assemblages along the evapotranspiration and
moisture availability gradients, approximating the actual distribution of vegetation along the rising elevation.
DA has classified 75% of the taxa into their correct vegetation zones. Misclassification by DA may be attributed
to the redundancy of the phytolith morphotypes among the studied taxa and indicating that caution should be
taken when applying them in the fossil phytolith assemblages. The study infers a combined influence of climate–energy and moisture availability on the elevational distribution of the pteridophytic phytoliths in the
eastern Himalaya. This study indicates that pteridophytic phytoliths have the potential to record regional forest
zones despite steep environmental gradients and may be used in interpreting regional fossil pteridophytic
phytolith spectra during palaeoclimate reconstructions.
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1. Introduction
Pteridophytes, the earliest known seedless vascular plants, have originated about 400 Ma ago during the Silurian period of the Palaeozoic
Era and subsequently diversified, and became the dominant component
of the vegetation between Devonian and Permian period. Subsequently
they have been substituted principally by the seed bearing vascular
plants but still constitute a significant part of the modern vegetation of

the globe. India with its highly variable climate has a rich and diverse
flora, of which ‘pteridophytes’ are one of the important components with
their distinctive ecological distribution pattern (Rawat and
Satyanarayana, 2015; Dixit, 1984). Out of the total 12,000 species recorded in the world flora, Indian pteridophytes consist of 1000 species,
belonging to 191 genera under 67 families (Dixit, 1984). Among these,
about 700 species occur in the eastern Himalaya and adjoining states, so
the region may be considered as a ‘hot spot’ for the pteridophyte
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diversity (Rawat and Satyanarayana, 2015). Climate exerts dominant
control on plant diversity, distribution and richness along the elevation
gradients (Heaney, 2001; Md. Nor, 2001; Whittaker et al., 2001). Temperature, rainfall, evapotranspiration (ET), length of growing season,
humidity, air pressure, nutrients, moisture availability and ultraviolet
radiation are the climatic factors that vary with rising elevation in any
mountainous region (Funnell and Parish, 2001) and may influence plant
species distribution (Körner, 1999). Thus, one of these climatic factors or
their combined effect may also influence the elevational distribution
pattern of the pteridophytic flora, and further differential distribution of
the pteridophytes along the elevation gradient may also portray the influence of different climate variables and vice-versa.
Phytoliths, the opaline silica bodies of plant origin, are widely used as
environmental indicator proxy in many branches such as, geology,
pedology, agronomy, biology and archaeology (Twiss et al., 1969; Wang
and Lu, 1993; Piperno, 2006; Lu et al., 2007; Madella et al., 2009). Environmental indicative values of phytoliths are ascertained after studying
a large number of modern plants, considering the principle that different
plant species correspond to different environments and categorization of
the phytolith spectra of different species could be used as a basis for
studying climatic change. Most studies have considered the monocot and
dicot angiosperms and gymnosperms (Campos and Labouriau, 1969;
Twiss et al., 1969; Sondahl and Labouriau, 1970; Rovner, 1971; Geis,
1973; Klein and Geis, 1978; Kondo and Sumda, 1978; Brown, 1984;
Mulholland, 1989; Mulholland and Rapp, 1992; Wang and Lu, 1993;
Fredlund and Tieszen, 1994; Kondo et al., 1994; Kealhofer and Piperno,
1998; Carnelli et al., 2004; Wallis, 2003; Gallego and Distel, 2004;
Mercader et al., 2009; Morris et al., 2009; Ge et al., 2011; Jie et al., 2010,
2011; Ghosh et al., 2011; Guo et al., 2012; Das et al., 2013; Dey et al.,
2015; Biswas et al., 2016 and references there in) to create a regional
phytolith reference for the modern plants that could be used while interpreting fossil spectra. However, studies from the pteridophytes are
relatively less (Kaufman et al., 1971; Bienfait and Waterkeyn, 1974;
Stevenson and Loconte, 1996; Lavalle, 2005, 2007; Chauhan et al., 2009;
Sundue, 2009; Mazumdar and Mukhopadhyay, 2009a, 2009b, 2010a,
2010b, 2011; Mazumdar, 2011) and mostly focused either on the biogenic silica concentration in the studied taxa (Gibson, 1893), their
phytolith assemblages or implications in plant systematics (Pant and
Srivastava, 1961; Piperno, 1988, 2006; Iriarte and Paz, 2009; Das et al.,
2013), though studies related to environmental implications of the
pteridophytic phytoliths are still missing. However, these ‘plant opals’
are a powerful tool to enrich our knowledge whether phytolith production in pteridophytes follows any elevational pattern due to climate
variability or not. In view of the rich and diverse wealth of the pteridophytic flora of the eastern Himalaya, this region is ideal for studying
the interrelationship of phytolith production pattern and climate factors
along the elevational gradient. The only attempts made by Mazumdar
and Mukhopadhyay (2010b) and Biswas et al. (2015) on the eastern
Himalayan pteridophytes have centred around the morphometric analysis of phytolith spectra of some fern and fern-allies. Phytolith analysis
of pteridophytes of the eastern Himalayan Mountains focusing on their
ecological indicative values has never been attempted, especially along
the elevation gradient, and can be significant for reconstructing regional
palaeovegetation and palaeoclimate. So, the present study is a step towards developing a detailed phytolith reference for the eastern Himalayan pteridophytes and to assess their relationship with climatic variables conditional on elevation, and thus their potential to differentiate
different vegetation zones. The results of the study may serve as a
baseline data for the regional past vegetation and climate reconstructions
using fossil phytolith spectra.

2.1. Darjeeling Himalaya
Detailed regional setting and climate of the Darjeeling Himalaya is
discussed in Supplementary information (S 2.1). In the Darjeeling
Himalaya there are five vegetation zones along the elevation gradient:
(i) tropical moist deciduous forest (up to 300–1000 m a.s.l.), (ii) tropical semi-evergreen forest (1000–1500 m a.s.l.), (iii) sub-tropical
forest (up to 1900 m a.s.l.), (iv) wet temperate forest (1900–3000 m
a.s.l), and (v) sub-alpine forest (over 3000 m a.s.l.) (Champion and
Seth, 1968). We have collected the fern and fern-allies from the tropical–temperate vegetation zones.
2.2. Sikkim Himalaya
Detailed regional setting and climate of the Sikkim Himalaya is
discussed in Supplementary information (S 2.2). Five major vegetation
zones are recognized in the Sikkim Himalaya (Champion and Seth,
1968) such as, (i) tropical dry deciduous to semi-evergreen forest (up to
900 m a.s.l), (ii) sub-tropical broad-leaved forest (900–1800 m a.s.l),
(iii) wet temperate forest (1800–3000 m a.s.l), (iv) sub-alpine forest
(3000–3700 m a.s.l), and (v) alpine forest (above 3700 m a.s.l). We
have collected pteridophyte specimens from the tropical dry deciduous
forest up to the wet temperate forest.
2.3. Arunachal Himalaya
Detailed regional setting and climate of the Arunachal Himalaya is
discussed in Supplementary information (S 2.3). The forest type classifications of Champion and Seth (1968) and Hajra et al. (1996) divided
the vegetation of Arunachal Pradesh into 4 major categories, such as (i)
tropical evergreen forest (up to 1000 m a.s.l.), (ii) sub-tropical vegetation (up to 1800–2000 m a.s.l.), (iii) temperate vegetation
(1800–3000 m a.s.l.), and (iv) sub-alpine and alpine vegetation (subalpine up to 3500/4000 m a.s.l. and above it is the alpine zone), of these
we have collected specimens from tropical evergreen forest to temperate forest.
2.4. Climate data
Variations of the modern climate parameters (such as mean annual
precipitation, mean annual temperature, actual evapotranspiration and
moisture index) along the tropical to temperate vegetation zones of the
three sectors are presented in Fig. 2 and details of climate data used in
this study is given in Supplementary information (S2.4).
3. Materials and methods
3.1. Sample collection
A total number of 76 pteridophytes were collected from tropical–temperate vegetation zones along the elevation gradients of the
Darjeeling, Sikkim and Arunachal Himalaya. During the collection,
some dominant pteridophytic taxa were considered as the representatives of tropical–temperate zones of the eastern Himalaya in
order to assess whether their phytolith spectra show any elevational
pattern and can discriminate different vegetation zones. These 76 taxa
belong to 58 species under 22 families, of which 25 taxa were collected
from tropical zone, 19 from sub-tropical zone and 32 from temperate
vegetation zone (Fig. 1; Tables S1 and S2). Out of these 58 different
species, 21 species have been collected from Darjeeling, 17 from Sikkim
and 20 from Arunachal Himalaya during 2013–2015. List of the studied
pteridophytes from these three sectors, their sampling locations, parts
used, respective code numbers and ecological affinity are presented in
Table S1. Among these 76 taxa, 16 genera were present in more than
one vegetation zone, even in more than one sector (Table S2).

2. Study area: vegetation and climate
Of the Indian part of the eastern Himalayan states, we have selected
Darjeeling (the hilly stretches of the state West Bengal), Sikkim and
Arunachal Pradesh for this study (Fig. 1).
96
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Fig. 1. Digital elevation map of the eastern Himalaya showing sampling locations. Red lines indicate locations of Darjeeling, Sikkim and Arunachal Pradesh in India
(inset) and eastern Himalaya (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

3.2. Extraction method

Further to validate the results of CA and to test the reliability of
pteridophyte phytoliths for distinguishing different vegetation belts
along the eastern Himalayan Mountains we have used discriminant
analysis (DA) and detrended correspondence analysis (DCA), which
have summarized the phytolith assemblage characteristics of the different vegetation zones. DA has been used here to demonstrate how
well linear functions could classify phytolith assemblages into their
predefined forest zones and to identify the important phytolith morphotypes for distinguishing different vegetation belts (Liu and Lam,
1985; Lynch, 1996). Both the CA and DA were done using SPSS 16
(SPSS Inc., 2007). DCA (Hill and Gauch, 1980) has been performed
using detrending by linear segments and down-weighting of rare species to understand the key patterns of variations of pteridophytic phytolith assemblages among sampling sites and to estimate the compositional gradient lengths along the first few DCA axes. The gradient

Phytoliths have been extracted from the microphylls/leaflets and
stem/rachis parts of the pteridophytes following the protocol of Albert
and Weiner (2001) and Parr et al. (2001) with little modification. The
detailed method of extraction is mentioned in Supplementary data
(S3.2).
3.3. Numerical analyses
Cluster analysis (CA) has been applied preliminary on the pteridophyte phytolith data to determine if there is any morphotype signal
for different vegetation zones. We have selected Ward’s method and the
squared Euclidean distance with the variables rescaled to 0–1 for the
CA.

Fig. 2. Variations of mean annual precipitation (MAP), mean annual temperature (MAT), actual evapotranspiration (AET) and moisture index (MI) along the studied
elevation stretches in Darjeeling (a,b), Sikkim (c,d) and Arunachal Himalaya (e,f).
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length of the first axis > 2 SD (standard deviation) indicates that the
environmental gradient is long.
Redundancy analysis (RDA) (Lepš and Šmilauer, 2003) has also
been applied to the phytolith and climate datasets to explore the relationship between modern phytoliths and the climate variables. All the
phytolith percentages have been log-transformed (Y′ = log [Y + 1])
and double centred.
As climate variables are often highly auto-correlated, principal
component analysis (PCA) has been performed here to identify climate
variables which best characterize regional climate patterns (ter Braak
and Prentice, 1988). Statistical program CANOCO version 4.5 (ter
Braak, 1986, 1988; ter Braak and Smilauer, 2002) has been used to
perform all these ordination analyses.
In order to understand the relationship between the phytolith data
and climate variables, we have prepared scatter plots in PAST program
(Hammer et al., 2001) to show the relationships between selected
phytolith types and climate variables. A locally weighted regression
(LOESS) curve is fitted in each scatter plot to show trends between
phytolith morphs and environmental variables (Cleveland, 1993).
LOESS is a nonparametric method for estimating regression surfaces
that allows great flexibility as no assumptions about the parametric
form of the regression surface are needed.

tropical zone of the Darjeeling Himalaya (c. 1.9% of dry wt.) differs
significantly from that collected from temperate zone of the Sikkim
Himalaya (c.12.5% of dry wt.). Again significant difference in silica
accumulation rate is noticed for Equisetum diffusum (21.9% of dry wt.)
collected from temperate zone and Equisetum ramosissimum (8.2% of
dry wt.) from sub-tropical zone of the Sikkim Himalaya and Equisetum
arvense (0.8% of dry wt.) from the tropical zone of the Darjeeling Himalaya. Although the genus Equisetum shows an overall increasing
trend of silica accumulation rate with rising elevation this is not the
case for the other taxa.
4.2. Pteridophytic phytolith assemblages and vegetation zones
A total of 19 major phytolith types from 76 pteridophytic taxa
collected from these three sectors of the eastern Himalaya (Table 1;
Figs. 5–7, and S1, S2, S3) are presented here. Scanning electron micrographs (SEM) and light micrographs (LM) of some significant morphotypes are presented in Figs. 5 and 6. Frequency distribution of major
phytolith types in foliar and shoot parts of the studied pteridophytes are
represented in Fig. 7. It is observed that silicification is common in
epidermal cells, intercellular spaces, hair cells/hair cell bases, vascular
elements as well as in stomatal region. The morphotypes with doubtful
morphology and anatomical origin are presented as unidentified.

4. Results

4.2.1. Darjeeling Himalaya
Twenty-one pteridophytes collected from this region have yielded
18 major phytolith morphotypes. Out of these 18 types, only 5 types i.e.
epidermal polygonal (EP), jigsaw plate (JSP), cast of epidermal cells
(CEC), globular folded (GF) and polyhedral bodies (PB) are more or less
recovered from all the vegetation belts along the studied elevational
stretch, though in variable frequencies (Fig. S1). The non-diagnostic
morphotypes recovered throughout the studied elevation stretch are
silicified stomata (ST), hair cell (HC), hair cell base (HCB), sclereid
(SC), tracheid (TR) and vessel (VE).

4.1. Estimation of biogenic silica
In the Darjeeling Himalaya, in case of leaflets/microphylls, Athyrium
sp. and Lycopodium clavatum contain the highest and the lowest amount
of biogenic silica (dry weight-acid insoluble fraction or AIF%) respectively i.e. the highest value is 7.20% and the lowest is 0.08%. In case of
stem/rachis the highest percentage of silica is observed in Equisetum
diffusum, i.e. 3.0%, and lowest percentage in both Athyrium sp. and
Selaginella monospora, i.e. 0.06% (Figs. 3 and 4).
In the Sikkim Himalaya, highest and lowest percentages of biogenic
silica are found in microphylls/leaflets of Equisetum diffusum (21.89%)
and Pyrrosia porosa (0.08%) respectively. In case of stem/rachis,
Cyathea sp. contains highest percentage of biogenic silica (0.54%) and
Lygodium sp. contains lowest percentage of biogenic silica (0.15%)
(Figs. 3 and 4).
In Arunachal Himalaya, microphylls of Selaginella tenuifolia contain
the highest proportion of biogenic silica, i.e. 3.33%, while leaflets of
Cyathea sp. contain the lowest percentage i.e. 0.06%. In case of stem/
rachis, Diplazium esculentum contains highest silica percentage, i.e.
2.92%, and Polystichum lentum contains lowest silica percentage, i.e.
0.04% (Figs. 3 and 4).
From the data presented in Figs. 3 and 4, it is apparent that the
mean silica content of foliar parts of the pteridophytes is about 2.1% of
their dry biomass, while shoot parts show comparatively lower silica
accumulation rate i.e., 0.8% of their dry mass. In the Darjeeling Himalaya, foliages of Athyrium sp., Polystichum aculeatum, P. lentum,
Gleichenia sp., Selaginella monospora and Diplazium esculentum, and
stem/rachis of Equisetum diffusum, Selaginella bisulcata and S. monospora
are found to be high silica accumulators, although no elevational trend
of silica accumulation is noticed. Similarly, leaves/leaflets of Equisetum
diffusum, E. ramosissimum, Adiantum sp. and Selaginella monospora are
found to be high silica accumulators in the Sikkim Himalaya and Selaginella tenuifolia, Blechnum orientale, Lycopodiella cernua, Dipteris
wallichii and Pteridium aquilinum in the Arunachal Himalaya, again no
elevational pattern is observed. The same is also not seen in the silica
accumulation rate within shoot parts of the pteridophytes in the Sikkim
and Arunachal Himalaya. Moreover, it has been observed that not only
taxonomically distantly related taxa have shown remarkably different
silica accumulation rate, but also some taxa with close taxonomic affinity have shown different silica accumulation patterns. For example,
silica content in leaves of Selaginella monospora collected from the sub-

4.2.1.1. Tropical zone (199 ̶ 408 m a.s.l). In tropical zone, EP (c. 4.5% ̶
39.5%), CEC (c. 6.8% ̶ 78.5%) and PB (c. 1% ̶ 22.5%) are present in
significant frequencies in all the taxa collected from this zone. CEC are
recovered from the leaflets, PB from the rachis and EP from both parts
of the plants. CEC has been found to be the dominant morphotype of
this zone. Apart from these, some other significant morphotypes
recovered in this zone are epidermal plate with straight wall (EPSW),
polocytic stomate (PS) and jigsaw plate (JSP) from the leaflets of
Diplazium esculentum in variable frequencies i.e. c. 5.1%, 0.5% and
34.5% respectively. Globular folded (GF) is another morphotype
primarily recovered from the rachis of Diplazium esculentum (c. 11%)
and Microsorum punctatum (c. 43.5%). Of these, EPSW and PS are the
morphotypes exclusively found in pteridophytes only.
4.2.1.2. Sub-tropical zone (1458 ̶ 1870 m a.s.l). We have collected
leaflets and rachis of 5 taxa and only the rachis of 2 taxa from this
zone. CEC (c. 14% ̶ 77.3%), JSP (c. 03% ̶ 95%) and GF (c. 5% ̶ 12.5%)
are retrieved more or less from all the taxa. CEC is absent in two species
of Equisetum. JSP mostly occurring in the microphylls/leaflets are only
found absent in Selaginella bisulcata and Pteridium aquilinum, and GF
occurring in the rachis are missing in Equisetum arvense and Pteris
biaurita. Compared to tropical zone, frequencies of EP (c. 4.5%) and PB
(c. 9.8%) have decreased in this zone. EP is found to occur in low
amounts in the stem/rachis of the two taxa Selaginella bisulcata and
Cyathea spinulosa, and PB in two species of Selaginella and Pteridium
aquilinum. Apart from these, some other morphotypes only found in
pteridophytes are significantly recovered in this zone such as, EPSW
from microphylls/leaflets of Equisetum arvense (c. 10%) and Pteris
biaurita (c. 39%), elongated bodies with conical projection (EBCP)
from the microphylls of Selaginella monospora (c. 35%) and Equisetum
arvense (c. 38%), elongated beaded (EB) from the microphylls/leaflets
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Flora 254 (2019) 95–112

B. Mukherjee, et al.

Fig. 3. Biogenic silica content (dry weight acid insoluble fraction AIF) of microphylls/leaflets of pteridophytes collected from tropical to temperate vegetation belts of
a. Darjeeling, b. Sikkim and c. Arunachal Himalaya.

of Selaginella monospora (c. 10%) and Pteridium aquilinum (c. 5.8%) and
PS from the leaflets of Cyathea spinulosa (c. 1%) and Pteris biaurita
(5.2%). Stomate with rosette (SR) phytoliths is only seen produced in
Equisetum spp. and thus it is diagnostic to Equisetum arvense recovered
from this zone.

both microphylls/leaflets and stem/rachis of 6 taxa and GF (c. 1.6% ̶
15.8%) from only the stem/rachis of 5 taxa. Although a considerable
amount of CEC has been recovered from this zone the frequency is
lowest in comparison to the other two zones. The recovery of the PB
further decreased in this zone and obtained around c. 8% and in only 3
taxa. Other morphotypes recovered are EPOW (c. 0.5% ̶ 31.5%) from
Gleichenia sp., Polystichum lentum, Dicranopteris linearis and Cyclosorus
evolutus, EPSW (9.5% ̶ 34.5%) from Gleichenia sp., Athyrium clarkei and
Dicranopteris linearis, EB (c. 0.34% ̶ 10%) from Lycopodium clavatum,
Asplenium ensiforme and Athyrium clarkei, EU (0.7%–65%) from
Lycopodium clavatum, Gleichenia sp. and Polystichum aculeatum and PS
(c. 4.5% ̶ 21%) from two species of Polystichum and Dicranopteris

4.2.1.3. Temperate zone (1900 ̶ 2612 m a.s.l). Eleven taxa have been
collected from this zone and of these Athyrium sp. and Lycopodium
clavatum are present in both Darjeeling and Manebhanjyang. This zone
is dominated by four morphotypes, EP (c. 1% ̶ 81%) recovered from
both microphylls/leaflets and stem/rachis of 8 taxa, JSP (c. 0.5% ̶ 73%)
recovered from the leaflets of 7 taxa, CEC (c. 6% ̶ 69%) recovered from
99
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Fig. 4. Biogenic silica content (dry weight acid insoluble fraction AIF) of stem/rachis of pteridophytes collected from tropical to temperate vegetation belts of a.
Darjeeling, b. Sikkim and c. Arunachal Himalaya.

linearis.

(6.8%) and other types.

4.2.2. Sikkim Himalaya
Twenty-five taxa have been collected from this eastern Himalayan
sector, out of which Polystichum lentum, Pteridium aquilinum, Equisetum
diffusum and Selaginella monospora are common to the taxa studied from
the Darjeeling Himalaya, and, Lindsaea ensifolia, Polypodium sp.,
Cyathea sp. and Selaginella tenuifolia are common to taxa from the
Arunachal Himalaya. The morphotypes recovered are similar to other
two sectors of the eastern Himalaya with an exception that a new
morphotype globular psilate (GP) is recovered in this sector only (Fig.
S2).

4.2.2.2. Sub-tropical zone (1530 ̶ 1710 m a.s.l). Eight taxa have been
collected from this zone out of which Pteridium aquilinum and Lindsaea
ensifolia are also present in the Darjeeling and Arunachal Himalaya.
This zone is mainly dominated by 4 phytolith types such as CEC (c. 4% ̶
74%), JSP (c. 8.9% ̶ 49%), GF (c. 1% ̶ 23%) and PB (c. 2% ̶ 98%). In all
the sectors of the eastern Himalaya, maximum abundance of CEC is
noticed in tropical zone and gradually decreased upwards. Other
significant morphotypes found in this zone are: EP from the rachis of
Asplenium sp. (25.5%) and leaflets of Lindsaea ensifolia (11.5%), EPSW
(4.5%), EBCP (22.4%) and SR (8.5%) from the leaves of Equisetum
ramosissimum, GP from leaflets of Oleandra sp. (9.2%), EB from leaflets
of Asplenium sp. (1%) and Oleandra sp. (10%) and EPOW from leaflets
of Polystichum lentum (0.5%).

4.2.2.1. Tropical zone (418–462 m a.s.l.). Overall this zone is
dominated by CEC as in the Darjeeling and Arunachal Himalaya.
Phytolith types recovered from Lygodium sp. collected from this zone
are CEC (71%) followed by EP (13%), PB (11%), GF (4%), and VE (1%).
EP and CEC are produced in both leaflets and rachis, whereas the
remaining types only in the rachis part of the plant. The leaflets of
Adiantum caudatum are rich in TR (63.1%), EU (20.4%), JSP (9.7%), PB

4.2.2.3. Temperate zone (1894–1941 m a.s.l). Fifteen taxa have been
studied from this zone out of which Selaginella tenuifolia, S. monospora,
Equisetum diffusum, Cyathea sp. and Polypodium sp. are common with
the other two sectors. This zone is mainly dominated by PB types (c.
100

EP
EPOW

JSP

CEC
EB

EU

GF
GP
PB
HC
HCB
SR
PS

ST
SC
TR
VE

Epidermal polygonal
Epidermal plate with oblique
wall
Epidermal plate with straight
wall
Epidermal bodies with conical
projection
Jig saw plate

Casts of epidermal cells
Elongated beaded

Elongated undulated

Globular folded
Globular psilate
Polyhedral bodies
Hair cell
Hair cell base
Stomate with rosettes
Polocytic stomate

Stomate
Sclereid
Tracheid
Vessel

EBCP

EPSW

Acronym

Morphotype name
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Oval in outline with folded surface texture
Circular outline
Blocky polyhedral bodies
Silicified hair
Silicified hair cells base
Stomata surrounded by pilulae encrusted with rosettes
Silicified stomata surrounded by single U-shaped
subsidiary cell
Silicified stomata with subsidiary cells
Silicified scleried
Silicified tracheids
Silicified vessels

Elliptical shape, tapered ends and undulated margin

Epidermal plate with polygonal cells (top view)
Epidermal plate with rectangular cells having oblique
wall
Flat epidermal silicified sheet from the vein area of
pinnule
Elongated epidermal bodies with small conical
projections
A jig saw piece of phytolith. Smooth walled, transparent
with defined edges and edges are sinuous.
Casts of cells of epidermal origin
Elongated phytoliths from the vein area showing
beaded margin

Description

–
–
–
–

Stomata
–

Cast of silica found in the
veins of lamina
–
–
–
–

Epidermis
Cast of silica found in the
veins of lamina

Epidermis

Epidermis

Epidermis of the vein area

Epidermis
Epidermis of vein areas

Anatomical origin

Table 1
Details of phytolith types reported in this study, acronyms, brief descriptions, diagnostic potential and anatomical origin.

Non
Non
Non
Non

diagnostic
diagnostic
diagnostic
diagnostic

Also found in dicots
Also found in dicots
Also found in dicots
Non diagnostic
Non diagnostic
Diagnostic for Equisetum sp.
Diagnostic for pteridophyte

Diagnostic to pteridophytes

Diagnostic for pteridophytes
Diagnostic for pteridophytes

Also found in dicots

Also found in dicots
Maximum found in Gleicheniaceae and
Thelypteridaceae (rachis)
Maximum found in Gleicheniaceae,
Dryopteridaceae and Pteridaceae
Diagnostic for pteridophytes

Diagnostic potential

–
–
–

Chauhan et al. (2009), Mazumdar and
Mukhopadhyay (2009b)
Kondo et al. (1994), Piperno (2006), Mercader et al.
(2009)
Chauhan et al. (2009)
Chauhan et al. (2009),
Sundue (2009) (Silica bodies having sinuately or
shallowly lobed sides)
Sundue (2009), Chauhan et al. (2009), Mazumdar
and Mukhopadhyay (2010a)
Mercader et al. (2009), Watling and Iriarte (2013)
Mercader et al. (2009), Das et al. (2013)
Das et al. (2013)
–
–
Currie and Perry (2007)
Sen and Hennipman (1981); Sen and De (1992)

Chauhan et al. (2009)

Blinnikov (2005), Mercader et al. (2009)
Chauhan et al. (2009)

Reference
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Fig. 5. Scanning electron micrographic (a–h) and light microscopic images (i–s) of some selected phytolith morphotypes recovered from studied pteridophytes (a, l)
epidermal plate with oblique wall; (b) jig saw plate; (c, m) elongated undulated; (d) globular folded; (e) polyhedral bodies; (f, h) tracheids; (g, k) epidermal bodies
with conical projection; (i) epidermal plate with straight wall; (j) elongated beaded; (n) hair cell; (o) epidermal polygonal; (p) hair cell base; (q) polocytic stomate; (r,
s) stomate with rosettes (scale = 50 μm, wherever not mentioned).

2.5% ̶ 100%) whereas in the Darjeeling and Arunachal Himalaya,
maximum frequency of PB is found in tropical and sub-tropical zones.
Moreover, in Darjeeling PB has been recovered mainly from the stem/
rachis parts, whereas in the Sikkim Himalaya the maximum frequency

has been retrieved from microphylls/leaflets. Frequencies of JSP (c.
1.4% ̶ 49%), CEC (c. 3.5% ̶ 89%), GF (c. 0.9% ̶ 20%) and EP (c. 1% ̶
7.5%) types are decreased here in comparison to the tropical–subtropical belts. EP is recovered from microphylls/leaflets of Selaginella
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Fig. 6. Scanning electron micrographic (a–c) and light microscopic images (d–o) of some more phytolith morphotypes recovered from studied pteridophytes (a)
globular psilate; (b–o) cast of epidermal plate recovered from (b) Microsorum punctatum; (c, o) Pyrrosia nummulariifolia; (d) Pyrrosia adnascens; (e) Tectaria polymorpha, (f, n) Polystichum lentum; (g) Pteridium aquilinum; (h) Dipteris wallichii; (i) Onychium siliculosum; (j) Cheilanthesalbomarginata; (k) Cystopteris sp.; (l) Lindsaea
ensifolia; (m) Odontosoria chinensis (scale = 20 μm, wherever not mentioned).
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Fig. 7. Distribution (%) of major phytolith types in foliar and shoot parts of the pteridophytes collected from the tropical–temperate vegetation zones of the eastern
Himalaya. Data from the three sectors (Darjeeling, Sikkim and Arunachal Pradesh) are combined and arranged following their location of collections along the rising
elevation. Please see taxon code in Table 1. For details of the phytolith types retrieved in the foliar and shoot parts of the taxa from the three sectors readers are
referred to Supplementary Figs. S1–S3.

monospora and Cyathea sp. and rachis of Nephrolepis cordifolia and
Pyrrosia porosa. GF is recovered from the leaflets of Lepisorus sp. and
Polypodium sp. and stem/rachis of Selaginella monospora, Lycopodium
japonicum, Pyrrosia porosa and Cyathea sp. Overall recovery of EP as
well as GF from the Sikkim Himalaya is poor compared to Darjeeling. In
the Darjeeling Himalaya, EP is recovered in highest frequency in
temperate zone and GF in tropical zone. In the Sikkim Himalaya
highest frequency of EP is noticed in sub-tropical zone and GF in
tropical and sub-tropical zones. Frequency of JSP is highest in subtropical zone of the Sikkim Himalaya. Here it is retrieved mostly from
the microphylls/leaflets of Selaginella tenuifolia, S. monospora, Equisetum
diffusum, Pyrrosia porosa, Adiantum sp., Sphenomeris chinensis, and
Cyathea sp. CEC are recovered from both the microphylls/leaflets and
stem/rachis of 7 taxa collected from this zone. Other morphotypes
recovered are EPOW (c. 2%), EPSW (c. 2%) and GP (c. 3%) from the
leaflets of Dennstaedtia sp., EBCP from the microphylls of Selaginella
tenuifolia (c. 45%), S. monospora (c. 32.5%) and Equisetum diffusum (c.
27%), EB from the microphylls of Lycopodium japonicum (c. 9%) and
Selaginella spp. (c. 6%), EU from the microphylls/leaflets of Lycopodium
japonicum (c. 41%), Polystichum sp. (c. 0.5%) and Adiantum sp. (c. 13%),
SR from Equisetum diffusum (c. 7.5%) and PS from Polystichum sp. (c.
5.5%).

esculentum, Polystichum lentum, Microsorum punctatum, Blechnum orientale, Cheilanthes albomarginata and Pteris biaurita, are common to the
Darjeeling Himalaya. A total of 16 out of 19 morphotypes are recorded
in 28 taxa excepting for SR and SC which are absent in this region (Fig.
S3).
4.2.3.1. Tropical zone (147 ̶ 334 m a.s.l.). Twenty-one taxa have been
analysed from this zone of which 6 (namely, Diplazium esculentum,
Polystichum lentum, Microsorum punctatum, Blechnum orientale,
Cheilanthes albomarginata and Pteris biaurita) are common to the
Darjeeling Himalaya. CEC is the dominant morphotype of this zone
(c. 0.5% ̶ 60%) as in the Darjeeling and Sikkim Himalaya. JSP (c. 1% ̶
75%), PB (c. 3.5% ̶ 49%) and GF (c. 3% ̶ 42.5%) are also recorded in
significant frequencies from 15, 14 and 15 taxa respectively. CEC is
equally abundant in microphylls/leaflets and stem/rachis of the plants.
For JSP, the maximum production is noticed in the leaflets. PB and GF
are present both in the microphylls/leaflets and stem/rachis of the
plants but comparatively higher production is observed in the stem/
rachis part. The abundance of the PB and GF is highest in tropical zone
of the Arunachal Himalaya similar to the Darjeeling Himalaya. The
other types recovered from this zone are EP, found in both the
microphylls/leaflets and stem/rachis parts of 12 taxa with maximum
abundance in Diplazium esculentum (c. 45%) and minimum in Pyrrosia
adnascens and Drynaria quercifolia (0.5% each). Silicomorphs like EPOW
are also found in both parts of 5 taxa and EPSW are recovered from 6
taxa. PS type is retrieved in the microphylls/leaflets of 6 taxa with

4.2.3. Arunachal Himalaya
Twenty-eight taxa have been collected from this region, of which 8
taxa, namely Dicranopteris linearis, Pteridium aquilinum, Diplazium
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highest in Polystichum lentum (c. 14%) and lowest in Pteris stenophylla
(1%), and EBCP (34.84%) in leaflets and rachis of Cyclosorus nudatus.
The percentage of EPOW (c. 28.1%) is highest in Cyclosorus nudatus,
while EPSW (c. 16%) is highest in Pityrogramma calomelanos. Two other
elongated morphotypes such as EB (c. 6.3%) and EU (c. 17.4%),
recovered only from sub-tropical and temperate zones of the
Darjeeling Himalaya, are found also in tropical zone of this region
though in comparatively low frequency. Leaflets of Lycopodiella cernua,
Pteris stenophylla and Pityrogramma calomelanos produce EB and that of
Lycopodiella cernua, Pyrrosia adnascens and Onychium siliculosum
produce EU.
4.2.3.2. Sub-tropical zone (1059 ̶ 1645 m a.s.l). In sub-tropical zone, 2
new taxa such as Woodwardia unigemmata and Angiopteris evecta and 2
repetitive taxa such as Dicranopteris linearis and Pteridium aquilinum
have been studied. EP type (c. 10% ̶ 44%) shows dominance in this
region. This morphotype is almost absent in the sub-tropical region of
the Darjeeling Himalaya. Other significant morphotypes present in this
region are JSP recovered from only the leaflets, and EPOW from both
the leaflets and rachis of Woodwardia unigemmata (c. 62% and c. 2.5%
respectively) and Dicranopteris linearis (c. 18.5% and c. 30.6%
respectively). Morphotypes like EPSW are retrieved from the rachis of
Dicranopteris linearis (18.5%), CEC from Pteridium aquilinum (c. 72%)
and Woodwardia unigemmata (c. 4.1%), EB from the leaflets of
Angiopteris evecta (44.5%), GF from the rachis of Pteridium aquilinum
(2.5%), PB from Angiopteris evecta (c. 7%) and Pteridium aquilinum (c.
11%) and PS from the leaflets of Woodwardia unigemmata (7.5%) only.
Complete absence of EBCP and EU are noticed in this zone.

The first 2 canonical discriminant functions were used in the analysis.

4.2.3.3. Temperate zone (2064 ̶ 2961 m a.s.l.). This zone is dominated
by CEC (c. 4% ̶ 47.5%), GF (c. 3.9% ̶ 16.5%) and PB (c. 2% ̶ 7%)
recovered from all the taxa namely Dryopteris splendens, Cystopteris sp.
and Selaginella tenuifolia. Negligible presence of EP is noticed in
Selaginella tenuifolia (c. 1%), though in the Darjeeling Himalaya, EP is
recovered in maximum percentages in the temperate zone. Other
significant morphotypes recovered from the leaflet of Selaginella
tenuifolia are EBCP (c. 34%), JSP (c. 5%) and EB (c. 3%). Major
phytolith types present in the rachis of Cystopteris sp. are EPOW (c. 5%)
and EPSW (c. 27%). The leaflets of Dryopteris splendens are rich in JSP
(c. 53.7%) and PS (c. 7%). In the other two sectors of the eastern
Himalaya JSP is recovered from all the zones in more or less similar
percentages.
In order to assess whether the compiled pteridophytic phytolith
spectra from the above eastern Himalayan sectors show any consistent
morphotype signal that could be used for discriminating different vegetation zones, CA has been performed. It has been observed that 76
taxa could be classified into 2 major clusters i.e. 1 and 2 (Fig. S4). The
first cluster could further be divided into two sub-clusters such as, 1A
and 1B.
Cluster 1:
Sub-cluster 1A:

• A total of 22 taxa have been grouped here, most of which have been

collected from tropical (9 taxa) and sub-tropical (8 taxa) zones and
only 5 taxa from temperate zone. Some of the temperate taxa which
are found in this cluster have an overlapping distribution e.g.
Polystichum and Cyathea which have also been collected from both
tropical and temperate zones. Dominant phytolith morphotypes
produced in these taxa are CEC and JSP followed by PB types.
Sub-cluster 1B:

• Altogether 45 taxa have been grouped in this cluster, of which 25

taxa were collected from tropical/sub-tropical zone and rest were
from temperate zone. Some overlapping taxa found in this cluster
are Equisetum, Selaginella, Adiantum, Asplenium, Cheilanthes,

a

0.003
0.542
0.731
0.480
80.0
100
80.0
20.0
1.191a
0.299a

Significance
(p < 0.05)
Canonical correlation
Cumulative percentage of variance of dependent variable
Percentage of variance of dependent variable
Eigenvalue
Summary of Canonical Discriminant Functions

2 (6.5%)
2 (10.5%)
20 (77.0%)
6 (19.3%)
14 (73.7%)
3 (11.5%)
23 (74.2%)
3 (15.8%)
3 (11.5%)
Temperate
Sub-tropical
Tropical

31
19
26

Sub-tropical
Temperate
No. of taxa
Actual group

Predicted group
Vegetation zones

Total no. of specimens (as per the vegetation zones): 76
Number of misclassified specimens: 19
Percentage of samples correctly classified: 75.0%

Table 2
Summary of discriminant analysis (DA) results for combined modern pteridophyte phytolith data from tropical to temperate vegetation zones of the of the Darjeeling, Sikkim and Arunachal Himalaya.

Tropical
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Fig. 8. Results of discriminant analysis (DA), detrended correspondence analysis (DCA) and redundancy analysis (RDA) done on the pteridophyte phytolith data from the three eastern Himalayan sectors. Scatter plots
showing (a) discriminant function scores for first two functions, first two axes scores of (b) DCA and (c) RDA.

B. Mukherjee, et al.

Cyclosorus, Polystichum and Pteris. The morphotypes abundantly
produced by these taxa are GF, CEC and JSP followed by EP.
Cluster 2:

• Nine taxa have been grouped in this cluster, out of which 7 have
been collected from temperate zone and 2 from sub-tropical zone.
PB type has been recorded in these taxa dominantly. No overlapping
taxa have been noticed in this group.

4.3. Numerical analyses of phytolith and climate data
Combined phytolith data (percentage frequency) of all the 76 taxa
from the three sectors for 19 phytolith morphotypes such as EP, EPOW,
EPSW, EBCP, JSP, CEC, EB, EU, GF, GP, PB, SR, PS, ST, HC, HCB, SC, TR
and VE (excluding the unidentified types) were used in the discriminant
analysis. Summary results of the analysis are presented in Table 2 and
Fig. 8a. Linear discriminant functions have successfully classified 75%
of the pteridophyte taxa into their original vegetation zones. Erroneous
assignments of some of the taxa into different vegetation zones may be
due to their presence in more than one vegetation belt and multiplicity
and redundancy among phytolith morphs i.e. when one taxon produces
many morphotypes and similar morphotypes are present in more than
one taxon. The proportion of variance in the dataset is explained by
eigenvalue, and the large eigenvalue as in here indicates a strong
function. A correlation between the discriminant scores and the levels
of the dependent variable is indicated by the canonical correlation. The
high correlation as observed in the present case indicates a function
that discriminates well (Table 2). The first 2 canonical discriminant
functions are used in the analysis. Here, a small Wilks’ Lambda (0.351)
associated to discriminant function 1 has a significant value (Sig. =
0.003) and suggests that the group means differ significantly. Wilks’
Lambda measures the proportion of the total variance in the discriminant scores not explained by differences among groups and is the
ratio of within-groups sums of squares to the total sums of squares. A
high lambda nearing 1.00 occurs only when observed group means are
equal, and a small lambda suggests that within-groups similarity is
small. Hence, the first discriminant function is the most significant here.
Loadings of the phytolith morphs (correlation of phytolith percentages
with function scores) indicate that PB, CEC, GF, TR, SR, EP and HCB
have shown strong correlations to the first DA function, while morphs
like HCB, PB, EB, EPSW, EBCP, JSP, GP, SR and TR contributed the
most to the first DA function (Tables S3 and S4).
DCA has been also performed combining percentage data for 19
morphotypes from all the three sectors. Summary results of the analysis
are presented in Table 3 and Fig. 8b. DCA is used here to examine the
indirect environmental gradients implied by the phytolith data (ter
Braak and Prentice, 1988). Environmental gradient lengths calculated
using DCA are 3.57 SD, 2.29 SD and 2.41 SD for the first three DCA axes
respectively which indicate a long environmental gradient. The scatter
plot shows the scores for specimens and phytolith morphotypes together to demonstrate the degree of distinction between different vegetation types in Fig. 8b. Together, first and second axes of the DCA
explain about 28.6% of the total variance in the phytolith assemblages.
Scores of the phytolith morphs with each axis and the sample scores of
the ordination show that the first axis represents a climate–energy
gradient. TR, EPSW, JSP, CEC, GF, PB, HC, HCB and PS are the morphotypes which show strong association with axis 1 (Tables S5 and S6).
From the scatter plot it is apparent that on the basis of phytolith spectra
specimens collected from the tropical zone could be distinguished from
that of sub-tropical and temperate zones.
In the RDA, the first two axes together captured 6.9% of the total
variance of the phytolith data (Table 3). This low variance may be
explained by the redundancy and multiplicity within the pteridophyte
phytoliths that might have created noise in the dataset. The first RDA
axis showing an eigenvalue of 0.05 and the second axis an eigenvalue of
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0.008
0.372
8.9
95.4
0.012
0.445
8.1
86.5

Axis 4

0.023
0.417
6.9
74

Axis 2

0.046
0.582
4.6
49.5

Axis 1

RDA

0.264
2.294
28.6

Eigenvalue
Species–environment correlation
Cumulative percentage variance of species data
Cumulative percentage variance of species–environment relation

0.418
3.574
17.5
Eigenvalue
Gradient length (SD)
Cumulative percentage
variance of phytolith data (%)

PCA 1

PCA 2

Eigenvalue
% of variance

3.654
71.73

1.309
27.53

Correlation with climate variables
Elevation
MAT
MAP
MI
AET

−0.986
0.971
0.751
−0.381
0.982

0.134
−0.238
0.653
0.920
−0.172

0.02 are suggestive of a fairly strong gradient of the first axis. The ordination plot shows a discrimination of the samples as per the elevation–climate gradient, where samples from the low elevation sites of
tropical vegetation belts with high MAT and AET are clustered in the
negative side of the plot between 0.0 to −1.0 loadings. In contrast,
samples from the mid-elevation sub-tropical zones clustered around
0.0, and those from the high elevation temperate zone with high MI are
grouped in the positive side of the plot between 0.0 to 1.0 (Fig. 8c). CEC
and GF types have shown a close association with the samples from
tropical zones with high MAT and AET, while PB types are found associated with those from the sub-tropical/lower-temperate zones with
moderate MAT, AET and MI. HCB, GP and ST are closely associated
with the samples collected from temperate zone with high MI, thus
establishing a gradient of water availability and evapotranspiration
(Tables S7–S9; Fig. 8c).
Data of the climate variables obtained for sampling sites (as discussed earlier) provide a basis for comparison of phytolith–climate interrelationships. PCA performed on the climate data and elevation
clearly identifies the most influential variable(s) and reduces the
number of variables for the subsequent analysis. The first two principal
components together explain 99.3% of the variance in the data, where
PC1 explains 71.7% of the total variation and represents the main environmental gradient in the data dependent on elevation (Table 4).
For all the three sectors, a strong negative correlation between
elevation and MAT is observed (r = ‒0.99) as expected. In case of
rainfall, generally it shows a relatively complex pattern with rising
elevation. As orography significantly influences rainfall in the mountainous region, hence it appears to be statistically independent of the
linear change of energy along the elevation gradient (Lomolino, 2001).
However, both MAP and AET have shown strong negative correlations
with elevation for the studied stretches of the eastern Himalaya. In the
Darjeeling and Sikkim sectors, MI has shown strong positive correlation
with elevation (r = 0.90). However, no significant correlation between
MI and elevation exists in the Arunachal Himalaya. Loadings for PC1
are highest for MAP (0.269), AET (0.268) and MAT (0.260), while
loadings are lowest for MI (‒0.034) and elevation (‒0.273). PC2 captures about 27.5% variance explained by the first two components. PC2
loadings are highest for MI (0.659) followed by MAP (0.551), elevation
(0.19), AET (‒0.048) and MAT (‒0.099). To explore the relationship
between the phytolith data and climate variables, we have selected
elevation, MAT, MAP, AET and MI for further analysis against phytolith
data. Of these, MAT, MAP and AET show the main environmental
gradient apparent in PC1, while MI has been selected here as it portrays
the water availability of any region, crucial for plant’s growth.
In order to select the phytolith morphotypes for further analysis,
correlations of all the 19 types with elevation and climate variables are
assessed. Morphotypes with correlation coefficients p < 0.05 with
environmental variables are only selected primarily i.e., CEC, EP, GF,
PB, HCB and TR. SR is excluded from the dataset as it is found only
present in three specimens. A Bonferroni method of correction of pvalue is attempted here in order to avoid the potentially inflated familywise error rate that arises as a result of conducting multiple analyses on
the same dependent variable. In order to get the Bonferroni corrected/

0.209
2.408
37.3

Axis 3

0.135
2.400
43.0

Axis 4
Axis 3
Axis 2
Axis 1

DCA

Table 3
Summary results of detrended correspondence analysis (DCA) and redundancy analysis (RDA) on the combined phytolith dataset from the Darjeeling, Sikkim and Arunachal Pradesh. Here,
SD = standard deviation units for DCA.

Table 4
Summary results of principal components analysis (PCA).
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−0.451*
0.466*
0.088
−0.417*
0.461*

0.243
−0.246
0.018
0.261
−0.250

−0.101
0.093
0.013
−0.092
0.089

0.142
−0.150
0.102
0.238
−0.144

0.140
−0.138
−0.247
−0.020
−0.138

0.211
-0.241
−0.092
0.228
−0.230

0.169
−0.177
0.075
0.217
−0.184

−0.290
0.302*
0.182
−0.206
0.318*

−0.023
0.021
0.030
−0.027
0.026

adjusted p-value, original p-value (p < 0.05 here set as a critical value)
is divided by the number of analyses on the dependent variable, which
resulted into a p < 0.01 after the Bonferroni correction. Hence, CEC,
EP, GF, PB and TR are considered for further analyses (Table 5). Scatter
plots display abundances of the five selected morphotypes against the
environmental variables (Fig. 9).
Among the selected phytolith types, CEC’s show higher values up to
1900 m a.s.l. and found best represented in MAT between 13.7 and
24 °C and in AET between c. 737 and 1400 mm yr−1 (R2 = 6.8%,
R2 = 7% and R2 = 7.2% respectively at p < 0.05). A very weak positive correlation with MAP and MI (R2 = 3.3%, at p < 0. 1) is also
evident.
Although EP shows higher recovery between 1600 and 2100 m a.s.l.
and 23.2 and 13.1 °C MAT, no significant relationship is evident to use
it as a marker for distinguishing different vegetation belts. Similarly no
significant relationships between EP and MAP, MI and AET have been
found.
In case of GF, higher frequencies have been observed in low to midelevation sites (between c. 150 and 1530 m a.s.l.) with MAT ranging
between 24 and 15.5 °C (R2 = 7.1% and R2 = 8.5% respectively at
p < 0.01). No significant trend for MAP is observed for this type.
However, for MI it shows a negative and for AET a positive linear trend
(R2 = 6% and R2 = 7% respectively at p < 0.05). A positive trend with
MI and a negative trend for AET is also evident (R2 = 5.9% and
R2 = 7% respectively).
Abundance of PB type is higher between c. 1000 and 2000 m a.s.l.
where MAT varies between 19.2 and 15.1 °C and declined upwards
(R2 = 10% and R2 = 21% respectively, at p < 0.05 and p < 0.01 respectively). No significant trend has been noticed for MAP. PB increases
with rising MI and declines with rise in AET (R2 = 31% and R2 = 21%
respectively, p < 0.01). The higher frequencies have been observed in
MI between 2.8 and 3.1 and AET between c. 730 and 830 mm yr−1.
TR shows an increasing trend with elevation and MI, while a declining trend with MAT and AET (R2 = 5.6%, R2 = 10%, R2 = 5.8%
and R2 = 7.9% respectively at p < 0.1 and p < 0.05), whereas TR
shows no trend with MAP.

0.156
−0.165
0.060
0.197
−0.171

5. Discussion

Bold values indicate p < 0.05.
The values marked with ‘*’ are statistically significant after a Bonferroni correction for alpha.

−0.302*
0.326*
0.101
−0.283
0.336*
0.060
−0.083
−0.040
0.106
−0.083
0.132
−0.144
0.027
0.148
−0.151
0.103
−0.093
−0.108
0.004
−0.101
Elevation (m a.s.l.)
MAT
MAP
MI
AET

0.252
−0.279
0.097
0.355*
−0.274

0.012
−0.022
−0.143
−0.074
−0.037

0.133
−0.116
−0.157
−0.007
−0.111

−0.015
0.026
−0.114
−0.080
0.029

−0.345*
0.366*
0.174
−0.281
0.367*

GF
EU
EB
CEC
JSP
EBCP
EPSW
EPOW
EP

Table 5
Pearson’s correlation coefficients between environmental variables and frequencies (%) of phytolith morphotypes.

GP

PB

SR

PS

ST

HC

HCB

SC

TR

VE
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The primary focus of this study is to create a phytolith reference for
some dominant ferns and fern allies of the eastern Himalaya, one of the
world’s ‘hot spots for the pteridophytes’, and to assess how far they
could discriminate different vegetation belts along the elevation gradient so that better historical information can be obtained while interpreting regional fossil phytolith assemblages. In order to achieve
this, silica content of the above ground parts of the plants are also assessed to test whether it can be correlated with elevation and dependent
climate variables. Relationships of the major phytolith types produced
by these ferns and fern allies of eastern Himalaya are also tested with
elevation and climate parameters to explore the major drivers.
5.1. Silica content
The silica accumulation rates of the studied ferns and fern-allies of
the eastern Himalaya reveal that the rate of silica accumulation may
vary within families, genera and even at species level, which needs
explanation. It is also worth mentioning here that among the studied
pteridophytes, fern-allies have proved to be high silica accumulators
compared to the true ferns. As silica accumulation in plants is dependent on silica uptake in form of soluble Si(OH)4 or Si(OH)3O– present in
the soil and its controlled polymerization at a final destination, it can
vary significantly (Currie and Perry, 2007). Silica content in soils is
variable (between < 1 to 45% of dry weight) (Sommer et al., 2006) and
its presence in form of Si(OH)4 also depends on the soil pH which
further influences its uptake by plants. Besides environmental control,
silica accumulation rate in plants also depends on their ability to
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Fig. 9. Scatter plots showing the abundance of selected phytolith morphotypes against environmental variables. Relationships of phytolith morphotypes with the
environmental variables are shown with the LOESS curves (smoothing 0.05).

accumulate silica and so is found to differ greatly between species
(Simpson and Volcani, 1981; Takahashi et al., 1990; Hodson et al.,
2005). Different parts of the same plant can show large differences in
silica accumulation rate as well. Plant families such as the Poaceae,
Equisetaceae and Cyperaceae are high silica accumulators. A declining
trend for silica accumulation is noticed for liverworts > horsetails >
clubmosses > mosses > angiosperms > gymnosperms > ferns
(Hodson et al., 2005). Hence, different silica accumulation rates in the
same genus from different sites of the eastern Himalaya may be due to

the reasons discussed above. As soil silica availability and ability of
plants for silica uptake are the major factors that control silica accumulation in plants, no elevational pattern for silica deposition has been
observed in the eastern Himalayan pteridophytes. It is to be mentioned
here that not only the rate of silica accumulation varies among taxonomically related taxa, but the diversity and frequency of phytolith
types may also vary. For example, out of the 16 taxa collected from
more than one sites/vegetation zones/sectors, 5 show considerable
differences in either frequency of the phytolith morphs or diversity.
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Blechnum orientale, e.g., collected from the temperate vegetation zone of
Darjeeling and tropical zone of Arunachal Pradesh shows considerable
difference in phytolith spectra. Here EP, GF and HCB are only found to
be present in the specimen collected from the tropical zone of Arunachal Pradesh and absent from the one collected from the temperate
zone of Darjeeling. Another noteworthy example is Cheilanthes albomarginata, where the taxon collected from the temperate zone of Darjeeling shows high percentage of EP type which is found absent in the
specimen collected from the tropical zone of Arunachal Pradesh. The
taxon from Arunachal Pradesh instead produces JSP, CEC, PB and GF
types in abundance. Similar variations in phytolith spectra are also
noticed for Pteris biaurita, Equisetum diffusum and Cyathea sp. collected
from two different vegetation–climate zones. However, specimens collected from similar vegetation–climate zones even from different sectors show more or less similar phytolith spectra with negligible difference in frequencies. Some earlier studies on angiosperms also inferred
that changes in environmental variables led to significant variations in
size and abundance of phytolith morphotypes (Lisztes-Szabó et al.,
2014; Dey et al., 2015; Liu et al., 2018 and references therein). All these
indicate towards a strong environmental influence on the distribution
of the phytolith types in the pteridophytes as well and will be discussed
in the next section in detail. Furthermore, the phytolith profile studied
here demonstrates that silicon is a low prominence mineral plant constituent for the eastern Himalayan true ferns. Though plant silica content has very little taxonomic implications (Henriet et al., 2006;
Piperno, 2006), quantification of the silica content in plants helps us to
understand the Si cycle, where plants have an important role (Borrelli
et al., 2008; Katz, this volume) which is beyond the scope of this study.

different vegetation types, identifying climate signals and many more
(e.g., Ball et al., 1999; Carnelli et al., 2004; Gallego and Distel, 2004;
Blinnikov, 2005; Bremond et al., 2005a, 2005b; Mercader et al., 2009;
Ghosh et al., 2011; Dey et al., 2015; Biswas et al., 2016). In this study
PCA applied to the climate data indicates that studied elevational
stretches of the eastern Himalaya show combined effects of energy
(surrogated by temperature), productivity (surrogated by AET) and
water availability (reflected by MI) which might have influenced
pteridophytic phytolith production pattern. CA, DA, DCA and RDA results further support the hypothesis that vegetation belts could be discriminated using pteridophyte phytolith assemblages to some extent.
From the CA it is apparent that GF, CEC, EP and JSP are the morphotypes which are dominantly recovered in the pteridophytes collected
from tropical and sub-tropical vegetation zones, while PB type is
abundant among the taxa collected from sub-tropical and lower temperate zones. In contrast, DA indicates that the potential discriminators
for different vegetation zones are HCB, PB, EB, EPSW, EBCP, JSP, GP,
SR and TR as these types are the major contributors to the DA function
1, and some of these are diagnostic for pteridophytes too. Misclassification and overlapping of some of the samples in DA and DCA
results may be attributed to the redundancy across families. It is noticed
further in the DCA and RDA scatter plots that on the basis of phytolith
spectra tropical sites could be distinguished from the sub-tropical and
temperate sites, although phytolith spectra of fern and fern-allies from
sub-tropical and temperate sites show much overlapping. This may be
due to very little difference in the MI of these two different vegetation
belts, especially in the Arunachal Himalaya, which might have created
noise in the data. So, compiling all the data it has been observed that
non-diagnostic phytolith morphs such as CEC, GF, HCB, PB and TR have
much stronger potential for discriminating different vegetation belts
along the elevation gradient of the eastern Himalaya, rather than the
diagnostic morphotypes for the pteridophytes. Among these morphotypes if CEC and GF types are recovered from fossil sediments in higher
frequencies, the data could be used in discriminating the tropical belt
from the sub-tropical and temperate belts and corresponding climatic
condition. This morph is not exclusive for pteridophytes as production
of GF has also been reported in tropical dicot families (Mercader et al.,
2009). Similarly, PB type has also been reported from some dicot plants
growing in sub-tropical to temperate regions (Bozarth, 1992) and JSP,
GP and EP from dicot plants growing in tropical to sub-tropical belts
(Mercader et al., 2009). Higher recovery of PB type may indicate a subtropical vegetation and climate, as this type is found prevalent in specimens collected between 1000 and 1900 m a.s.l. Maximum abundance
of HCB is noticed between 1600 and 2100 m a.s.l., hence if retrieved in
high percentages this type may serve as an indicator of sub-tropical and
temperate vegetation belts and climate. High percentages of TR type in
any fossil phytolith assemblages also may serve as an indicator for
tropical and sub-tropical vegetation and climatic condition, as maximum representation of this type is noticed among species growing in
low to mid elevation sites. Two other morphotypes i.e., EB and EU
though do not show any significant correlation with elevation and climate parameters but could be used to discriminate the sub-tropical/
temperate belts, as these types are chiefly found in these zones expect in
the Arunachal Himalaya. As no significant difference in the MI along
the entire elevation stretch of the Arunachal Himalaya is evident, this
might be the reason behind production of these morphs also in tropical
areas though in low percentages.
It should be mentioned here that while interpreting fossil phytolith
assemblages for palaeoecological reconstructions caution should be
taken, as phytoliths are prone to post-depositional alterations due to
partial dissolution. Rate of partial dissolution in different phytolith
types differ, because stability of different morphs differs significantly.
This ‘differential stability’ of phytoliths has long been an issue of debate, as different workers proposed different untested hypotheses (see
Cabanes and Shahack-Gross, 2015 and Feng et al., 2017 for the references). From the work of Cabanes and Shahack-Gross (2015) on

5.2. Phytolith assemblages of the eastern Himalayan fern and fern allies:
potential for distinguishing different vegetation zones along the elevation
gradients
Potential of eastern Himalayan pteridophytic phytolith assemblages
in distinguishing different vegetation zones largely depends on two
factors such as the taxonomic level that could be attained through
identification of pteridophytic phytoliths and knowledge on their distribution pattern along the elevation gradient. This preliminary attempt
demonstrates that though limited but in some cases pteridophytes can
be identified down to family or generic level with their phytoliths, if
specimens from a region with distinct climate and restricted geographical distribution are studied. For example epidermal bodies with
conical projections (EBCP) may be used as diagnostic for the pteridophytes. This morphotype was earlier reported in significant amounts
in the members of Equisetaceae, Selaginellaceae and Thelypteridaceae
(Kaufman et al., 1971; Piperno, 2006; Chauhan et al., 2009; Mazumdar
and Mukhopadhyay, 2009a, 2009b). While polocytic stomata (PS) appears to be diagnostic morphotype for pteridophytic stomata, as it has
been recovered from studied specimens of Cyatheaceae, some members
of Dryopteridaceae, Lycopodiaceae, Polypodiaceae and Pteridaceae
(Chauhan et al., 2009). Stomate types with rosettes (SR) are diagnostic
for species of Equisetum (Kaufman et al., 1971; Perry and Fraser, 1991;
Holzhüter et al., 2003; Currie and Perry, 2007) and elongated beaded
(EB) is diagnostic for members of the families Lycopodiaceae and Selaginellaceae. Elongated undulated (EU) is found to be diagnostic for
species of Adiantum of Pteridaceae (Sundue, 2009). Some other silicomorphs are there whose presence is found to be restricted in few families. For example, epidermal plate with straight wall (EPSW) is retrieved from Gleicheniaceae, Dryopteridaceae and Pteridaceae only,
while epidermal plate with oblique wall (EPOW) is diagnostic for
members of Gleicheniaceae and Thelypteridaceae. Hence, when retrieved in fossil phytolith assemblages these morphotypes may serve as
indicators of the above-mentioned pteridophyte taxa.
Quantitative methods in studying phytolith assemblages have long
been proved as useful in resolving plant taxonomy related issues, discriminating signals of C3 vs C4 plant communities, distinguishing
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differential stability of various phytolith morphotypes from four ecologically and archaeologically important plant species it became apparent that the geometric surface to bulk ratio of individual phytoliths
which is related to morphotype shape and size is one of the factors that
determine differential stability in the phytoliths. Further, rate of burial
of the phytolith morphs and the availability of water are the other
factors that influence state of preservation of phytolith assemblages in
soils and sediments. Feng et al. (2017) inferred that the enrichment or
loss of phytolith morphs in soil is associated with their dimensions,
where large, thick and robust ones being more stable and rich in soils
and preferred over the long and narrow or tiny forms which are fragile
and are easily degradable in the soil. Environmental factors and variations in plant species also influence the concentration ratios of different morphotypes in different vegetation zones. To understand which
of the pteridophyte phytolith morphs will survive the taphonomic
process and to what extent, analytical advancement is necessary to
accurately measure the surface to bulk ratio of individual phytolith
morphotypes, which is beyond the scope of this study and future research should be targeted in this direction.
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