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Abstract

The present study attempts to investigate the phenological changes of herbaceous plant species in early snowmelt
microsite and late snowmelt microsite in treeline ecotone (3200-3300 m asl) at Tungnath, western Himalaya. Four sites,
each with two microsites (early snowmelt: ES and late snowmelt: LS) were selected and within each microsite, 3 quadrats
(1x1m each) were permanently laid and studied for phenology. Eighty-six species were recorded, of which the proportion
of perennial forbs, hemicryptophytes and natives was 90, 84 and 70%, respectively. The early phenophase was noticed in
the majority of species in ES microsite than that of LS microsite and the timing of different phenophases varied among
microsites. The vegetative phase peaked July (75.6%), while flowering, fruiting and seed maturation phases peaked in
August (72.1% and 23.3%, respectively) and 71% species attained the senescence during September. This indicates that
species might adapt to the different adaptation to a warming climate. Immediately after the snowmelt 10 species were
observed in flowering, while 11 species were in the bud development phase. Comparing 13 common species of the present
study with those of past in same or similar study areas indicates that timing and duration of vegetative and flowering
phenophase (77% and 69%, respectively) have advanced and lengthened, while fruiting and seed maturation have
shortened. Furthermore, phenophase initiation has advanced for flowering (69% species), fruiting (46% species) and
senescence (38% species) phases. It seems that the early snowmelt influences spring phenology of herb species on the
microsite level and may continue to influence the overall phenology of species for the whole growing season in timbetline.
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Introduction

Above a certain elevation, due to ‘physiognomic discontinuum’ (Singh, 2018), there is a transition from
trees to herbaceous meadows which can be seen as an imaginary line separating meadow from the forest through
short stature tree patches/ krummholz (Kérner, 2012a). This transition is driven by temperature decline due
to increasing clevation (Mayor er al, 2017) and represents an ecotone of vast biodiversity importance
(Callaghan eral,2002; Singh, 2018) as vascular plants decrease with an altitudinal gradient (Mohapatra, 2015)
leading to increase in endemic (Dhar, 2000) and native species. But due to anthropogenic climate change,
especially warming, these ecotones are experiencing ecological changes (Gobiet, 2014) especially warming-
induced biodiversity changes (Pauli er a/, 2007; Gottfried er al, 2012; Wipf et al, 2013) and species
redistribution (Lenoir er al, 2008; Chen er al, 2011; Grytnes et al, 2014; Pauli er a/, 2007, 2012) affecting
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richness (Steinbauer ez a/, 2018), growth and phenology (Liu eral, 2014; Anadon-Rosell e al, 2014) of species
on or near mountain summits which may result in group extinction of range-restricted species (Parmesan,
2006). Furthermore, warming promotes tree growth which may push treeline elevation (Grabherr er al, 1994;
Grace eral, 2002; Walther er al, 2005; Peuelas er al, 2007; Schickhoff er al, 2015) thus affecting snow cover
regime and microclimate of species and their interactions (Wielgolaski er a/, 2017). A lot of studies have
pointed out the potential impact of warming on treeline ecotones (Grace er a/, 2002; Camarero and Gutierrez
2002; Dolezal and Srutek, 2002; Baker and Moseley, 2007; Batllori ez al, 2009a; Batllori er al, 2009b;
Kaarlejarvi ez a/, 2012; Cudlin ez a/, 2017; Kambo and Danby, 2017) but they in general deal with either tree
density, seedling regeneration/dispersal or tree phenology but have neglected herbaceous vegetation, especially
phenology, in treeline ecotones.

Cold climate species (treeline and alpine) have developed through selection filters of resisting cold as a
primary evolutionary filter while phenology comes a close second (Kérner, 2016a) as it controls initiation and
termination of growth which protects vulnerable tissues from freezing temperature (Kérner and Basler, 2010;
Korner eral, 2016). Small plant stature in treeline is an adaptation for warmer growing season as they generate
their microclimate through heat exchange, also known as facilitation (Aulitzky, 1961; Kérner, 2012b; Korner,
2016b) especially true for herbaceous species, which make them susceptible to frost. Global warming has
affected seasonal life history i.e. phenology of many plant species (Parmesan, 2006), most of which is believed
to have advanced for treeline in general, but this shift in initiation and duration is not unidirectional and shifts
depend upon species response (Parmesan, 2007; Thackeray er al, 2010). Many studies have shown positive
growth response to warming (Arft et al, 1999; Campioli er al, 2012) while other show a lag or inconsistent
response in plant growth over time (Elmendorf, 2012). This leads to a decrease in temporal overlap causing
phenological mismatch (Kudo and Ida, 2013) affecting the reproduction and survival of species (Miller-
Rushing ez al, 2010). But under present warming false initiation of growth season due to early thawing of snow
(especially in mountain treelines) may cause damage to tissues leading to the death of plants. This is especially
true for herbaceous vegetation under tree canopy in treeline ecotones. Since herbs have adapted themselves for
the cold climate they need to grow and reproduce undergrowth restricting temperature this warming may not
give them ample time to adapt to microclimate change. Since phenology is strongly dependent on temperature
(Walther, 2003) it is the simplest way to track changes happening due to the warming environment, especially
on a regional scale.

Besides temperature snow is another important factor controlling microclimate and plant growth in
treeline ecotones (Wipf and Rixen, 2010). It acts as an insulator protecting herbaceous plants (Sturm ez al,
1997) while its duration and extend determine the occurrence of plant communities (Evans er al, 1989; Walker
et al, 1993; Odland and Munkejord, 2008) and beginning of growth season through snowmelt (Jones et a/,
2001; Pomeroy and Brun, 2001; Inouye and Wielgolaski, 2003; Kérner, 2003). But due to warming, it is
fastest-changing environmental factor globally (Laternser and Schneebeli, 2003; Lopez-Moreno, 2005; Mote
et al, 2005; Dyer & Mote, 2006; Barnett et al, 2008; Clow, 2010; IPCC, 2013; Mote ez al, 2018), which leads
to carly snowmelt resulting in potentially warmer and longer growing season affecting community
composition, richness (Kérner, 2003; le Roux et al., 2013) and phenology (Smith ez a/,2012), and may increase
frost damage because of early dehardning (Kimmins and Lavender, 1992; Cummingand Burton, 1996; Inouye,
2000; Gorsuch and Oberbauer 2002). This changing regional climate is already affecting treeline ecotones,
rich in high-value medicinal, aromatic and threatened plants, and further pressurized by anthropogenic
disturbances (Winkler ez a/, 2018) resulting in altering of functional attributes of alpine plants which lead to
increased productivity initially at cost of nutrient reserve depletion in long term (Wookey er a/, 1993; Chapin
and Shaver, 1996) affecting nutrient cycling and net primary productivity (Rathcke and Lacey, 1985; Eviner
and Chapin, 2003).

Somehow there is a lack of data on herbaceous phenological responses to a warming climate, especially
missing in context to Himalayan treeline ecotones. Although, many studies can be found on herbaceous

phenology (Sundriyal er al, 1987; Negi et al, 1992; Nautiyal er al, 2001; Bijalwan ez al, 2013), nearly all of
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them focused on phenology in alpine meadows. This is also true for the studies on the relationship between
snowmelt and phenology due to remoteness and difficult terrain leading to inaccessibility. Therefore, the
present study is an attempt to investigate the relationship between snowmelt and phonological attributes of
herbaceous species at timberline ecotone in western Himalaya, which may act as baseline information for future

studies.

Materials and Methods

Study area

The study area is located at Tungnath lying in the upper catchment of Alaknanda (one of the two
tributaries of river Ganga) and Mandakini rivers of Uttarakhand, a western Himalayan state of India (Figure
1). The year is divisible into four seasons viz., short summer (May to June), monsoon (July to mid-September),
autumn (mid-September to October), and long winter (November-April). The period with snow cover is of
about 4-5 months (December-April) in general and snowmelts during April-May between 3200-3300 m.
Adhikari er al (2012) reported the mean monthly temperature ranged between -8.9 in January and +25.6 °C
in May, with an average of 6.7 + 0.7 °C during 2008-2010 and mean temperature of the warmest month July
was 12.6 + 1.2 °C at timberline ecotone (3300 m) in Tungnath. Annual precipitation was 2410.5 + 432.2 mm,
of which 89.5% was recorded during June-September (4 months).

The understory vegetation mainly consists of forbs, grasses and sedges along with Rhododendron
campanulatum krummbolz at treeline. Over last 36 years (1981-2017) following changes were discernible for
Tungnath  region over time from the past climatic data obtained from NASA
(htep://cosweb.larc.nasa.gov./#dataaccess): relative humidity (r* = 0.289, P < 0.05), dew/frost point (r* =
0.403, P < 0.01), minimum (r* = 0.298, P < 0.05) and maximum temperatures (r* = 0.007, P < 0.001) have
increased. However, during pre-monsoon (March to May), which is dry and windy, relative humidity (r* =
0.226, P < 0.05) and dew/frost point (r* = 0.129, P < 0.05) have decreased, while wind speed (> = 0.060, P <
0.001), maximum (r* = 0.145, P < 0.05) and minimum temperatures (r* = 0.061, P < 0.001) have increased.
The decline in pre-monsoon humidity could be due to the rise in temperature and an increase in wind speed.
The annual rainfall has increased over time during the 36-year period (r* = 0.324, P < 0.01; Adhikari er al,
2018).
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Figure 1. Map of the study area with the location of plots in early and late snowmelt microsites

Methods

At Tungnath, the treeline summit is almost ca. 2 km long predominated by Abies spectabilis and
Quercus semecarpifolia forests with Rhododendron krummholz. To determine the effect of spring snowmele
on plant species 4 study plots of 20x20m were selected at the base of 4 summits (Ravanshila, Chandrashila,
Patankudi and Jhabra) between 3200-3300 m asl. The study plots were further divided into two microsites
composed of exposed areas on with ridges with no canopy cover and early snowmelt (ES), and unexposed areas
on troughs with canopy cover and late snowmelt (LS). Within study plots 6 random quadrats (1x1m each)
were permanently laid with a distance of 5-7m (3 each in ES microsites and LS microsites) within the selected
plot to study phenology of plant species. The exposed microsite (hereby referred to as ES) had a convex surface
where snowmelt began earlier than unexposed microsite (hereby referred to as LS), which were with concave
surface causing snow deposition resulting in a longer stay of snow due to presence of krummholz and snowdrift
due to high winds.

The permanent plots were used to make visual phenological observations on a monthly interval to
monitor all species present. Data were recorded for different phenological stages of species present as per the
Biologische Bundesanstalt Bundessortenamt und CHemische Industrie scale (BBCH; Hess et a/, 1997). The
BBCH scale was chosen as it provides uniform coding primarily to phenologial criteria instead of
differentiating analogous stages. Furthermore, it is a detailed observation key allowing the recording of the
frequency distribution of phenophase of individuals on sampling date, so the presence is not required at the
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beginning of phenophase (Cornelius ez a/, 2013). In BBCH scale entire development cycle of plant species can
be divided into 10 principal stages (0-9, Tablel) which are further subdivided into 10 secondary stages (0-9)
corresponding to intermediate stages linked to the principal stage. It is difficult to pinpoint in alpine herb
species which secondary stage is dominant at a particular time as some species, in general, may also skip some
primary stages depending on microclimate. Therefore, we combined different primary phenophases into 4
major categories (Table 1).

The study was focused to record all major phenophases with corresponding principal stages for all species
present in permanent plots for growing season from May to October, 2017. All the individuals of species were
observed in permanent plots and although multiple phenophases were observed at the same time, the existence
of a particular phenophase was considered if 5% of individuals showed that phenophase, to avoid overlapping
and get results.

Table 1. Different growth phases and description as per the BBCH scale (modified after Hess et al, 1997)

Growth phase Code Code names Code description
0 Germination/sprouting/bud From dry seed till leaf breaks the soil
development
1 Leaf development (main shoot) | The first leaf to nine or more leaves/whorls
v e oh development
egetative phase 2 Formation of side First side shoot/tiller to nine or more
shoots/tillering shoot/ tiller visible
3 Stem elongation/shoot Beginning of stem elongation to nine or
development (Main shoot) more nodes
4 Vegetative propagation/ booting | Development of propagation organ to first
(Main shoot) awl visible
. 5 Inflorescence emergence (Main Inflorescence/ flower bud visible to full
Reproductive Phase )
shoot)/heading emergence
6 Flowering (Main shoot) First flower till the end of flowering till fruit
set visible
Eruit/Seed 7 Development of fruit Fruit begins to .develop unti.l maturity for
species and location
development and — - - — . ; -
. 8 Ripening and maturity of fruit or Beginning of ripening o fruit colouration
Maturation . .
seed till fully ripe
Senescence 9 Plant dead or plant resting or dormant
Results

The plant growth period was about 6 months from mid-April to mid-October. In total 86 species were
recorded during the study period of which 56 species were common in both ES and LS microsites. Of the total
species, 30% each were erect leafy and semi basal growth forms and 35% short basal growth forms, whereas 4
species each were represented by climber, tussock, shrub and dwarf shrub.

Of the total 56 common species, 20 species namely Anaphalis nepalensis, Anemone rivularis, Bistorta
affinis, Bistorta amplexicaulis, Caltha palustris, Carex serosa, Circea alpina, Fragaria nubicola, Kobrasia duthei,
Lysimachia prolifera, Nepeta govaniana, Oxygraphis polypetala, Polygonum filicaule, Polygonum
vaccinifolium, Porentilla atrosanguinea, Potentilla polyphylla, Prunella vulgaris, Ranunculus hircellus, Selinum
vaginatumand Trachydium roylei contributed greatly to density in both ES and LS microsites(BS Adhikari;
unpubl. data). The species such as Anemone rivularis, Bistorta affinis, Circca alpinaand Potentilla
atrosanguinea dominated inLS microsite and Anaphalis nepalensis,Kobrasia dutheii, Nepeta govaniana,
Oxygraphis polypetala and Selinum vaginatum dominated in ES microsite. Across months Fragaria nubicola,
Rannunculus hircellus, Polygonum filicaule, Bistorta amplexicaulis were dominated in LS microsite, while

905



Adhikari BS and Kumar R (2020). Not Sci Biol 12(4):901-919

Rannunculus hirtellus, Carex scrosa, Trachydium royelie, Oxygraphis polypetala, Fragaria nubicola and
Anaphalis nepalensis were the dominant species in ES microsite (BS Adhikari; unpubl. data).

As the study is primarily focused on the phenological changes of herbaceous species as per growth forms
viz. erect leafy, semi basal, short basal and other growth forms at and around timbetline, the results are as
follows:

Erect leafy growth form

Sixteen erect leafy species were common in both ES and LS microsites, of which Bistorea affinis, B.
amplexicaulis, Pimpinella diversifolia, Prunella vulgaris, Rannunculus hircellus, Swertia ciliata, S. Speciosa
germinated in May, Buplurum longicaule, Circea alpina, Imapatiens scrabida, Myriactis walichii, Polygonum
polystachium, Stachys melissifolia, Swertia cordata, Veronica canain June and Epilobium royleanumin July. In
Bistorta affinis and Pimpinella germination observed in May in LS microsite, while in June and July,
respectively in ES microsite. Swertia ciliara germinated in ES microsite in May, but it did not show vegetative
phase in LS microsite. Swertia speciosa germinated in both ES and LS microsites, but carried its lifecycle in LS
microsite only. Circeaalpinaand Imapatiens scrabidagerminated during June in LS microsite, while Bup/urum
longicaule, Polygonum polystachium, Stachys melissifolia and Swertia cordata germinated in ES microsite.
Flowering started in early May for erect leafy species. Rannunculus showed two different flowering periods,
beginning from early and mid-May and continued till the end of June in both ES and LS microsites,
respectively, while the vegetative phase returned in June end in ES microsite. Rananunculus again flowered in
mid-August in both ES and LS microsites. Bistorta affinisand B. amplexicaulis flowered early in LS microsite
in June and July, respectively, while Imapatiens scrabida and Pimpinellaflowered during July in LS microsite.
Buplurum longicaule and Veronica cana flowered in June, while Prunella, Swertiaciliataand Swertia cordata
during July in ES microsite. Swertia ciliata only showed flowering phenophase, while Epilobium royleanum
showed only vegetative and flowering phenophase in LS microsite. Polygonum polystachium flowered in early
August in ES microsite and mid-August in LS microsite. Circea alpina, Stachys melissifolia and Myriactis
walichii entered the reproductive phase in mid-July, early and mid-August, respectively in both ES and LS
microsites. Fruiting and seeding phenophases were achieved by only 4 species.Swertiaciliata and Prunella
entered into fruiting and seeding phase during mid-August in ES microsite only. Veronica cana entered into
fruiting phase mid-August in ES microsite and early September in LS microsite, while Buplurum longicaule
entered into fruiting in early and mid-September in ES and LS microsites, respectively. B amplexicaulisentered
into senescence in late August, while all species entered into the senescence phase from early to late September
in both ES and LS microsites (Figure 2). Arisema propenquim, Aster methodus, Epilobium roylie, Helina
ellipticaand Thalictrum foliolossumwere present only in LS microsite and Aster methodus germinated in July,
while rest germinated in June except Epilobium roylei. Flowering started in June in all species except
Thalicerum and Aster methodus. Fruiting was absent in Aster methodus and Thalicerum, while Arisema and
Helinaremained in the fruiting phase for the whole of August. Epilobium royleishowed two distinct vegetative,
flowering and fruiting phenophases between May-July and August-September, but senescence was not
observed. All species entered into senescence in September, except Thalictrum, which entered into senescence
in October (Figure 2). Aster albescens, Gaultheria trichophylla, Persicaria nepalensis, Rumex nepalensis and
Swertia auriculatawere present only in LS microsite. Aster albescens, Persicariaand Rumaxgerminated in June,
while Swertia auriculara germinated in July. Aster albescens flowered in July, while Persicaria, Rumax and
Swertia auriculata started fruiting in early August and senescence occurred in early September. Eatly flowering
in May was observed in Gaultheria trichophylla, which later entered into a vegetative phase in late May skipping
fruiting, It again flowered in carly July and fruiting began in carly August and entered senescence in mid-
September.
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Figure 2. Major phenophases (vegetative, reproductive, fruit/sced development and maturation, and
senescence from light olive to dark olive colour, respectively) of different erect leafy growth form species in
carly and late snowmelt microsites

MS: denotes microsite, L: Late microsite and E: early microsite.

Semi basal growth form

Among semi basal growth form, 19 species were common in both ES and LS microsites. Anaphalis
nepalensis, A. roylie, Anemone rivularis, Arenaria neelgherrensis, Caltha palustris, Carex setosa, Geranium
wallichianum, Geum elatum, Kobresia duthicei, Nepeta govaniana, Pedicularis pectinata, Poa annua, Potentilla
atrosanguinea and Selinum vaginatrum germinated in May, Morina longifolia and Selinum wallichianum in
June and Pedicularis hoffmeisteri and Ainseliaca aptera in July, while Senecio lactus germinated in August
(Figure 3). Anaphalis roylie and Geranium wallichianum germinated in LS microsite only in May, while
Arenaria neelgherrensis germinated first in LS microsite. Anemone rivularis flowered first in ES microsite,
Carex sctosa flowered only in ES microsite, while Caltha palustris, Nepeta govaniana and Arenaria
neelgherrensisflowered only in LS microsite during May. Selinum vaginarum flowered together both in ES and
LS microsites. Morina longifolia and Selinum wallichianum germinated in ESand LS microsites, respectively
only in June, A. roylic and Geranium wallichianum germinated in ES microsite in mid and early June,
respectively. Selinum vaginatum reverted to the vegetative phase from the reproductive phase. Geraniumand
Carex entered in flowering phase during late June, Kobresia and Pedicularis pectinata entered in flowering
phase in ES microsite only, while Arenaria neelgherrensis and Caltha palustris entered flowering in ES
microsite. Pedicularis hoffmeisteriand Ainseliaca aptera germinated early in July in both ES and LS microsites,
while Selinum wallichianum germinated in ES microsite. Anaphalis nepalensis, Geum elarum and Porentilla
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atrosanguinea flowered together in ES and LS microsites in early and mid-July and Ainseliaca aptera entered
reproductive phenophase in ES microsite in late July while Poa annua flowered first in LS microsite before ES
microsite.
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senescence from light olive to dark olive colour, respectively) of different semi basal growth form species in
carly and late snowmelt microsites
MS: denotes microsite, L: Late microsite and E: early microsite.

Geranium wallichianum and Nepeta govaniana flowered in ES microsite in mid and late July,
respectively, while Kobresia, Pedicularis pectinataand A. roylie entered in reproductive phase during early and
mid-July. Carexentered in fruiting and seeding phenophase in ES and LS microsites during late July. Anemone
rivularis entered senescence in late July in LS microsite, while Arenaria and Caltha entered senescence in ES
and LS microsites during early and late July. Senccio Jactus germinated in ES and LS microsites in early August
and Anemone rivularis reverted to vegetative phase in early August and senescence in late August.
Ainsliacaaptera flowered in LS microsite in early August, while Anaphalis roylic and Selinum wallichianum
entered into a reproductive phase during early August in ES microsite, while Ainsliaca aptera, Morina longifolia
and Senecio lactusin LS microsite. Pedicularis hoffmeisteriand Selinum vaginarum entered into reproductive
phase together in both ES and LS microsites during early August. Kobresia and Potentilla atrosanguinea
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entered into a fruiting phase during early and late August in both ES and LS microsites, Poa annua and
Geranium wallichianum in early and mid-August in LS microsite, while Pedicularis pectinata entered in ES
microsite during early August. Pedicularis pectinata and Nepeta govaniana entered into senescence in LS
microsite, while Anemone rivularis in ES microsite during early and late August. Anaphalis nepalensis and
Pedicularis hoffmeisteri entered into a fruiting phase in late September, while Geum elarum entered in both
ES and LS microsites during carly September. Ainseliaca aptera, Morina longifolia and Nepeta govaniana
entered into senescence in ES microsite during late September and Pedicularis pectinata in early September.
Poa annua entered senescence in both ES and LS microsites during early September, Carex serosa and
Geranium wallichianum in late September, while Pedicularis hoffmeisteri entered senescence first in LS
microsite during mid-September and ES microsite in late September and Kobresia in LS and ES microsites in
carly and late September, respectively. Three species were present only in LS microsite (Ligularia amplexicaulis,
Senecio graciliflorus and Smilacina purpurea). Ligularia amplexicaulis and Smilacina germinated in June and
entered into a reproductive phase in July, while Ligulariaamplexicaulis entered into a fruiting phase during
August, while Smilacina continued into flowering phase and entered senescence during early September, which
was not observed in Ligularia amplexicaulls. Senecio germinated in July, flowered in August, fruiting took place
during September and senescenced in October. (Morina polyphylla germinated in May, Cerastrium ceratoides
in June, Ligularia sibirica in July and Goodyera repens in August in ES microsite. Morina polyphylla and
Cerastrium ceratoides flowered in July and Ligu/aria sibiricain August. The reproductive phenophase was not
observed in Goodyera repens. Morina polyphylla and Cerastrium ceratoides entered senescence during
September, while Goodyera repensand Ligularia sibirica entered during October (Figure 3).

Short basal growrh form

Of the total 30 short basal species, 20 species were common in both ES and LS microsites. Sixteen
species, Fagaria nubicola, Gentiana argentea, Lysimachia prolifera, Oxygraphis polypetala, Plantago major,
Porentilla ancerina, Polygonum delicatula, Polygonum filicaule, Porentilla lincata, Potentilla polyphylla,
Primula denticulata, Primula edgeworthii, Sibbaldia cuneata, Synotis alata, Taraxicum officinale, Trachydium
royleiand Triplostegia glanduliferawere in vegetative phase during May, while germination started in Gentiana
argentea as soon as snow melt, so it was not recorded in the growing season, Parnassia nubicola, Synotis alata
and Viola biflorain June and Euphorbia stracheyiduring July (Figure 4). Fourteen species showed germination
during early May, except Triplostegia glanduliferain which germination started during late May. Oxygraphis
showed reproductive phase during early May in LS microsite, while it started during mid-May in ES microsite.
Trachydium royleiin ES and LS microsites during late May, Fagaria nubicolain ES microsite, while Lysimachia,
Plantago major, Primula denticulataand Polygonum filicaule entered into a reproductive phase in LS microsite.
Viola biflora germinated during early May in both ES and LS microsites, Synotis alata in LS microsite,
while Parnassia nubicola during mid-June in ES microsite only. Porentilla ancerina, Polygonum delicatula and
Viola biflora entered into the reproductive phase early during June in both ES and LS microsites. Lysimachia
prolifera, Plantago majorand Primula denticulatain ES microsite entered the reproductive phase during early
June with Fagaria nubicolaand Porentilla polyphyllain LS microsite, while Polygonum filicaule and Sibbaldia
cuneate in ES microsite entered during late June (Figure 4). Oxygraphis re-entered into a vegetative phase in
LS microsite during late June. Fagaria nubicola entered into fruiting phenophase during late June, while
Gentiana argentea entered into senescence during early June. Euphorbia stracheyi germinated during mid and
late July in ES and LS microsites, while Oxygraphis in ES microsite, Lysimachia prolifera and Primula
denticulate re-entered into a vegetative phase in LS microsite during early, mid and late July, respectively.
Porentilla lincara flowered during mid-July in both ES and LS microsites, 7riplostegia in ES microsite and
Sibbaldia in LS microsite entered into the reproductive phase. Fragaria nubicola reverted to flowering from
fruiting phase during early July. Plantago majorand Trachydium roylei entered into fruiting phase in ES and
LS microsites during early and late July, respectively. Synotisalata germinated during mid-August in ES
microsite, while Lysimachia proliferain ES and Trachydium roylei re-entered into the vegetative phase in ES
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and LS microsites during early August from reproductive and fruiting phenophases, respectively. Parnassia
nubicolain ES and LS microsites, Triplostegiaand Synotisin in ES microsite entered into a reproductive phase
during mid and August, while Oxygraphisin ES microsite re-entered during mid-August.
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Figure 4. Major phenophases (vegetative, reproductive, fruit/seed development and maturation, and
senescence from light olive to dark olive colour, respectively) of different short basal growth form species
in early and late snowmelt microsites

MS: denotes microsite, L: Late microsite and E: early microsite.

Fagaria nubicola, Potentilla polyphylla and Potentilla lineata entered into a fruiting phase during early
and late August in both ES and LS microsites, while 7rachydium roylei entered into fruiting early in LS
microsite and in late August in ES microsite. Euphorbia stracheyi only showed fruiting in LS microsite during
carly August, while Vio/a in ES microsite during late August. Polygonum delicatula and Potentilla polyphylla
entered into senescence in both ES and LS microsites during early and late August. Plantago major re-entered
into a vegetative phase from fruiting phase during early September. 7araxicum flowered in both ES and LS
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microsites during early September, while Fagaria nubicola reverted to flowering from fruiting phase during
carly September in ES microsite. Oxygraphis and Synotis flowered in LS microsite during early and mid-
September. Parnassia nubicola entered into a fruiting phase in ES microsite only during early September. Both
Potentilla ancerina and Viola biflora in ES and LS microsites with Euphorbia and Primula denticulatain LS
microsite entered into senescence during early September, while Fagaria nubicola, Lysimachia prolifera,
Polygonum filicaule, Triplostegia glandulifera and Parnassia nubicola during mid-September. Triplostegia,
Primula denticulata and Polygonum filicaule in ES microsite entered into senescence during late September.
All the species present in October were in senescence, except Gentiana argentea which was observed in the
vegetative phase. Corydalis cornuta, Cynanthus lobatus, Gentiana tubiflora, Gerbera gossypina, Plantago
himalaica and Primula redii present only in ES microsite, Plantago himalaica germinated in May and entered
into a reproductive phase in late May, fruiting and seeding phases happened from late July and senescent during
mid-September. Gerbera gossypina germinated in early June, entered into a reproductive phase in early July and
senescence in early September. Corydalis cornuta and Cynanthus lobatus germinated in late June and entered
into a reproductive phase in early July. Corydalis cornuta entered into senescence during late August, while
Cynanthus lobatus entered into fruiting and seeding phases and senescence in mid-September. Gentiana
tubiflora and Primula redii germinated in early July. Primula redii showed only vegetative phase and entered
senescence during early September, while Gentiana tubiflora flowered in mid-July and early August. Gentiana
tubiflora showed fruiting and seeding phases twice during mid-July and late September and senescence
happened in October. Galium asperifolium, Parocherus communis and Trillium govanianum germinated in
carly May, while Hemiphragma heterophyllum in early July and were present only in LS microsite. Galium
asperifolium flowered in late May till June end. Hemiphragma flowered mid-July, fruiting took place mid-
August onward and senescence in early September. Parocherus communis flowered in early July and fruiting
took place in mid-August, while senescence was not observed. 7rillium govanianum flowered early in May and
reverted to the vegetative phase in early July (Figure 4).

Orther growth forms

Danthonia cachemyriana (tussock) was present in both ES and LS microsites and germination took
place during early and late May in ES and LS microsites, while reproductive phase started during mid-August
in both ES and LS microsites and fruiting phase was not observed and senescence started during mid-September
(Figure 5). Viburnum glanduliflorum (shrub) germinated in mid-June and remained in vegetative phase till late
September. It did not show any other phenophases. Clematis barbellata(climber) and Rubus nepalensis (dwarf
shrub) germinated in early June. Clematisshowed vegetative (early June and early August), reproductive (mid-
June and mid-August) and fruiting (mid-July and late August) phases twice. Rubus nepalensis entered into a
reproductive phase during early August and entered into senescence during eatly September skipping fruiting
phase (Figure 5).

May June July August September October
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Figure 5. Major phenophases (vegetative, reproductive, fruit/seed development and maturation, and
senescence from light olive to dark olive colour, respectively) of climber, dwarf shrub, shrub and tussock
growth form species in early and late snowmelt microsites

MS: denotes microsite, L: Late microsite and E: early microsite. Climber!, Dwarf shrub?, Shrub? Tussock*
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Discussion

The relationship between growth initiation and snowmelt was evident in micro-sites. In general,
phenophases were in advanced stages in ES microsite than in LS microsite. Two phenophases (vegetative and
reproductive) were observed in the early month of May and June, all four phenophases were observed from July
to September with the dominance of vegetative phase in June, reproductive phase in August and senescence
phase was observed in September and October. The increase in rainfall (241.1 43.2 cm; Adhikari er al, 2012
and 370.7 cm; GBPIHED) in recent years in the region might be a factor for delay in community senescence.
Temperature may be playing an important role as variations in temperatures during growing period have
increased compared to past (7.7-12.2 °C through mercury thermometer at 20cm height; Sundriyal ez a/, 1987
and 2.4-9.9 °C through HOBO at 150 c¢m height; GBPIHED) and difference between maxima and minima
have decreased (13.0-23.0 °C; Nautiyal er a/, 2001 and 9.6-12.6 °C; Adhikari er a/, 2012), which may help
species to remain in different phenophases for longer time period resulting in much overlapping of
phenophases. This may be due to warmer temperature in ES microsites which may be encouraging these species
to postpone reproductive phenophase for better opportunities.

In the present study, no significant difference was observed within vegetative phenophase in ES and LS
microsites for first three BBCH scale stages across the months and overall, they differ significantly from stage
3, as most of the species showed transition directly from 0-1 to stage 3, as a majority of species showed rapid
stem elongation/shoot development (main shoot). Although the starting of the vegetative phase in the present
study was observed, the end could not be discernible as per the BBCH scale. Therefore, whenever species
individuals reached up to 5% of the next stage, the termination of the previous stage was considered in the
quadrat. Similarly, in the reproductive phase, no significant difference was observed between stage 5 and stage
6. Fruiting and seed maturation stages also did not differ significantly across the months while senescence shows
an abrupt increase in both ES and LS microsites across the growing season. The timing of different phenophases
varies among micro-sites and it was quite similar between Ravanshila and Chandrashila and between Patankudi
and Jhabra, while more variability in phenophases was observed in extreme micro-sites, i.e. Ravanshila and
Jhabra, can be due to the micro-climatic conditions, which includes environmental conditions (aspect, slope,
moisture, soil texture, ambient and soil temperature, rainfall, etc.) and topographical features (gentle, steep,
bouldery/rocky, etc.) and anthropogenic traits (grazing, trampling, collection of NTFP) influences the
phenophase directly.

Sundriyal ez a/ (1987) did a comprehensive study on the phenology of alpine plants at Tungnath and
reported initial growth of plants during early May to mid-June, but considerable differences in phenological
phases of different species. They also reported stability in phase duration for a single species was remarkable
despite different locations. Nautiyal er a/ (2001) studied the phenology of plants in an alpine pasture of
Tungnath. They reported 171 species during their study period (1988-1998) of which 16 species were observed
in the flowering phase in May immediately after snowmelt. In these species, flowering buds remain dormant
throughout the months of snow cover, with flowering commencing immediately after snowmelt. Gentiana
argentea and Oxygraphis polypetala emerged early and were the most dominant species, while Podophyllum
hexandrum was scarce and showed vegetative growth as well as flowering. Together, these species illustrate
adaptation for survival under harsh climatic conditions. They reported most of the species at the flowering
stage from June to late July or early August. In early-growing species, fruiting began as early as the beginning of
June, and in other species, peak fruiting occurred during August. Afterward, it declined sharply, and by the
beginning of October, only a few species bore fruit. Seed maturation started in the latter half of June. Gradual
senescence was observed from July to early September after which it was sudden and massive at a community
scale. Bijalwan er a/ (2013) studied microclimatic variation influence on the developmental stage of plant
species in the alpine region in Dayara, Garhwal Himalaya. They reported phenology of alpine plants is under
the direct influence of topographical features and environmental conditions. Out of selected plants, 70%
showed growth initiation during snowmelt during early May except for Parnassia and Bupleurum which

912



Adhikari BS and Kumar R (2020). Not Sci Biol 12(4):901-919

germinated during late May and June. May and June saw rapid vegetative growth as temperature increased.
Major flowering happened between mid-June to early September while fruiting begins early July, peaking in
late August. They observed flowering in Geum and Taraxacum during September showing deviation from
normal phenology. Negi et a/ (1992) studied phenophases in alpine meadows of Bedni-Ali and reported a
germination period of two months peaking in late May. Species entered flowering in May and rapidly increased
from June while peaked in July. Fruiting started in June and peak fruiting was observed in mid-July and mid-
August (70%). Most of the species bore fruits within a month of fruit formation, senescence gradually started
from June showed an abrupt increase in August and peaked between late August and early September.

Comparing Tungnath meadows (Nautiyal er a/, 2001; Adhikari er a/, 2018) with Bedni-Ali meadows
(Negi et al, 1992), in the early years, phenophase progression was similar except they lasted much longer in
Tungnath than in Bedni-Ali. The vegetative phase ended by June in Bedni-Ali, while in Tungnath lasted till
August (2001) and October (2017). Similarly, flowering and fruiting ended in August in Bedni-Ali (1992)
while it was present till September (2001) and October (2017) in Tungnath. Senescence started early in Bedni-
Ali (1992) in June, but in Tungnath it started in July (2001; Nautiyal ez a/, 2001) and May (2017; present
study) showing advancement in Tungnath region. The longer phenophase in the Tungnath region compared
to other meadows may be due to a higher maximum and minimum temperature and rainfall resulting in a
longer growing season. Considering early snowmelt (by March) in past few years it is possible that certain
species (Primula edgeworthii, Anemone rivularis, Gentiana spp., Picrorhiza kurroa, Kobressia) have started
their growth in early April may be due to high absorbing ability at low soil temperature, might be related to a
high level of soluble carbohydrate (Mooney and Billings, 1960) and resulted in early senescence. The species
percent in senescence increased sharply from August to September in both studies.

Thelongvegetative phenophases in the present study could be due to higher precipitation in recent years
(Adhikari et a/, 2012; GBPNIHED 2017) and less difference in minimum and maximum temperature in
recent years as compared with Sundriyal ez a/ (1987). The precursor to initial plant growth is snowmelt water,
which was received during winters in the form of snowfall (39 days; 4 days in December 2016 and 35 days from
January to April in 2017), before the onset of the monsoon. The increase in rainfall (241.1 43.2 cm; Adhikari
et al, 2012 and 370.7 cm; GBPIHED) in recent years in the region might be a factor for delay in community
senescence. Temperature may be playing an important role as variations in temperatures during growing period
have increased compared to past (7.7-12.2 °C through mercury thermometer at 20cm height; Sundriyal ez a/,
1987 and 2.4-9.9 °C through HOBO at 150 cm height; GBPIHED) and difference between maxima and
minima have decreased (13.0-23.0 °C; Nautiyal er a/, 2001 and 9.6-12.6 °C; Adhikari ez a/, 2012), which may
help species to remain in different phenophases for longer time period resulting in much overlapping of
phenophases. A shift of phenophase timing and period for the major of species was observed in general as
compared to similar studies conducted in the study area (Nautiyal ez a/, 2001; Sundriyal ez al, 1987).

In the present study an carly onset of growth initiation and extended vegetative phenophase was
observed, could be due to early snowmelt/soil water thawing leading to early soil moisture availability and
ambient temperature, which favoured early growth as suggested by several workers (Ram et al, 1988; Holway
and Ward, 1965; Kudo, 1991; Kudo and Suzuki, 1999; Kudo and Hirao, 2006). Flowering and fruiting
phenophase has also seen a shift (both advance and lag) in phenophase initiation and duration of the period, in
general, have extended compared to other studies (Nautiyal er a/, 2001; Sundriyal er a/, 1987). Bock (1976),
Owen (1976) and Fareed and Caldwell (1975) had also observed the change in flowering due to early snowmelt.
The flowering period of plant species is controlled by snow cover (Kudo, 1991, 1992) only in early growing
species while late flowering plants flowering period are controlled by photoperiod (Korner, 1999; Keller and
Korner, 2003; Giménez et al, 2007) thus determining reproductive success (Thérhallsdéetir, 1998; Hiilber ez
al, 2010). Variation in the phenophase period at spatio-temporal scale due to orography and
microenvironmental variables was also observed by Nautiyal er a/ (2001). The snowmelt timing with growth
initiation and flowering have been observed by Bock (1976), Fareed and Caldwell (1975), and Owen (1976),

while ambient temperature during snowmelt strongly favour the growth initiation in alpine plants (Holway
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and Ward 1965; Kudo 1991; Kudo and Suzuki 1999; Kudo and Hirao, 2006). The patterns of phenological
events vary at spatio-temporal scale from species to species due to micro-environmental variables as well as
orography of the region (Nautiyal ez 2/ 2001) and growth initiation depends on soil water availability due to
snowmelt and rise in temperature Ram er a/ (1988).

Conclusions

Although, several factors governing the phenology, among them snowmelt timing is an important key
factor. The snowmelt effect can play a major role by warming partially frozen soil and raising temperature above
zero kick-starting the root activities, thus affecting the timing of spring phenology. Most of the snow
manipulation experiments have been conducted in the temperate or boreal forest with inconsistencies in
experimental settings, as these experiments are in-situ, but literature is severely lacking in the Indian Himalayan
Region (IHR). The present study sheds some light on phenological behaviour of herb species to snowmelt
timing in treeline regions of IHR (early snowmelt, in general, leads to early-onset phenology in species), many
other key questions remain unanswered as different ecophysical environments may result with a different
response, especially anthesis of herb species across different functional groups (growth forms), which will result
in completion and final adjustment between species for the resource (pollinators). Early snowmelt is already
identified as a major driver in the onset of spring phenology for herb species at treelines of Himalaya, as
comparing our data with past for study site has revealed early-onset and increase in the duration of vegetative
and flowering phenophases (based on comparing 13 common herb species).Furthermore, as the temperature
increases across the globe, especially in IHR, due to pervasiveness of phenological changes to climate change, it
is important to study individuals/functional groups in a different microclimatic environment especially
introducing spatial variation and temporal relationship of plants (overlapping of anthesis, etc.), which may
evolve. There is a need to study phenological sensitivity of different species especially to spatial variation in a
given set of parameters may be different in IHR as elevation range of treeline is wide (~2000m), which might
result in species showing a wide range of behaviour under similar conditions depending on orography of
treelines. Although, several studies have been conducted on phenology and global climate change, the context
of snowmelt impact on herb phenology response of a community on spatial landscape level is lacking, especially
in context to Indian Himalayan Region.
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