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Abstract

Traditional ecological knowledge plays a crucial role in understanding ecological process-
es, seasonal forecasting, and sustainable agroecosystem management among indigenous
communities. The present study documents and analyzes the traditional agroecological
calendar and biotic ecological indicators used by the Lepcha community of Sikkim in the
Eastern Himalaya. Field investigations were conducted during 2024 in Lepcha-dominated
areas of Pakyong district, Sikkim, using unstructured interviews, participant observations,
and focused group discussions with knowledgeable community elders and local practi-
tioners. The study primarily examined traditional seasonal calendars, floral and faunal in-
dicators, insect activity, climatic observations, hydrological cues, and agricultural practices
associated with seasonal transitions. The study documented twelve traditional Lepcha
months synchronized with ecological rhythms rather than fixed calendrical systems. Sea-
sonal progression and agricultural operations were regulated through detailed observa-
tions of flowering phenology, bird behaviour, insect emergence, amphibian vocalization,
fish migration, atmospheric conditions, hydrological changes, and indigenous acoustic
cues. Important floral indicators included Bombax ceiba, Rhododendron arboreum, Clero-
dendrum infortunatum, Rosa macrophylla, Luculia gratissima, and Erythrina arborescens,
while faunal and insect indicators involved migratory birds, cicada choruses, frog breeding
calls, dragonfly activity, moth swarming, and fish movements. Agricultural activities such
as sowing, harvesting, food gathering, mushroom collection, honey harvesting, and tuber
extraction were closely synchronized with these ecological indicators and seasonal envi-
ronmental conditions. The findings reveal that the Lepcha seasonal calendar represents a
highly integrated indigenous agroecological forecasting system developed through long-
term interaction with Himalayan ecosystems. The study further highlights the ecological
and cultural significance of indigenous phenological knowledge, soundscape ecology,
and biotic forecasting systems in regulating traditional agricultural practices and liveli-
hood adaptation. In the context of rapid socio-cultural transformation, biodiversity loss,
and climate change, documentation of such indigenous ecological knowledge systems
is essential for cultural preservation, biodiversity conservation, and sustainable mountain
agroecosystem management in the Eastern Himalaya.

Keywords: biotic indicators, Eastern Himalaya, indigenous agroecological calendar, Lep-
cha community, seasonal ecological forecasting, traditional ecological knowledge

refers to the cumulative body of knowledge, practices, be-
liefs, and observations developed by indigenous and local

Traditional ecological knowledge (TEK) has increasingly
been recognized as an important component for sustain-
able natural resource management, biodiversity conserva-
tion, and resilience of agroecosystems. Although the con-
cept remains broad and multidisciplinary, TEK generally

communities through long-term interaction with their
surrounding environment (Agrawal 2014). Anthropologists
further describe TEK as a dynamic system of knowledge
evolving through generations and transmitted through
oral traditions, cultural practices, stories, songs, rituals,
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and livelihood activities. It encompasses the relationships
shared among living organisms, including humans within
their socio-cultural settings, and the natural ecosystems
they inhabit. Berkes (2012) emphasized that TEK possesses
three major dimensions: (i) empirical knowledge of floral
and faunal species and ecological processes, (i) communi-
ty practices associated with environmental management
and subsistence activities, and (iii) cultural beliefs and val-
ue systems that regulate interactions between humans and
nature.

In recent decades, TEK has attracted increasing attention
from researchers, conservationists, policymakers, and non-
governmental organizations because of its potential contri-
bution to sustainable development and effective natural re-
source management (Berkes et al. 2000; Huntington 2000;
Prober et al. 2011). This growing interest has also been driv-
en by concerns among indigenous communities regarding
rapid environmental degradation, biodiversity loss, and ero-
sion of traditional knowledge systems (Jackson and O’Leary
2006; Langton 1998; Luckert et al. 2007). Indigenous eco-
logical knowledge is often geographically extensive and
temporally deep because it is derived from continuous obser-
vations accumulated over generations in landscapes where
livelihoods remain closely dependent on natural resources
(Fraser et al. 2006). Consequently, TEK is increasingly be-
ing incorporated into ecological research, biodiversity con-
servation, climate adaptation studies, and sustainable resource
management frameworks. Several studies have demonstrated
the importance of indigenous ecological knowledge in natural
resource management and subsistence adaptation among in-
digenous communities worldwide (Altman 1987; Buchanan
et al. 2009; Chase and Sutton 1981; Ens et al. 2012; Horstman
and Wightman 2001; Meehan 1981; Russell-Smith et al. 1997;
Walsh 1990).

Among the diverse dimensions of TEK, biotic indicators
and indigenous ecological forecasting systems constitute
particularly important components of traditional environ-
mental knowledge. Biotic weather forecasting indicators
represent ecological cues derived from the behaviour, phe-
nology, abundance, vocalization, migration, or reproductive
activities of plants and animals that are used by indigenous
communities to interpret seasonal transitions and predict
weather variability (Shoko and Shoko 2012). Indigenous
societies across the world have evolved sophisticated sys-
tems for interpreting such ecological signals to regulate ag-
ricultural operations, food gathering, fishing, hunting, and
other subsistence activities. Numerous studies have high-
lighted the importance of biotic indicators in indigenous
forecasting systems (Anju and Bonny 2019; Ayal 2017; Gar-
teizgogeascoa et al. 2020; Iticha and Husen 2019; Magoro
2020; Mosime 2018; Nkuba et al. 2020; Radeny et al. 2019;
Roque de Pinho 2020). Many avian, mammalian, reptilian,
amphibian, and invertebrate species exhibit behavioural,
physiological, and reproductive responses to climatic vari-
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ability, which indigenous communities interpret as indica-
tors of environmental change and seasonal progression.
Ethno-zooindicators therefore represent an important com-
ponent of indigenous ecological forecasting systems.
Closely related to indigenous ecological forecasting are
traditional ecological calendars, which synchronize sea-
sonal biological events with livelihood activities and envi-
ronmental conditions. Traditional calendars based on flow-
ering phenology, animal behaviour, hydrological changes,
and climatic events have been documented among several
indigenous communities worldwide (Faast et al. 2020;
Franco 2015; Green et al. 2010; Munera-Roldan et al. 2020;
Nassar et al. 2020; Retnowati et al. 2014; Ryan 2013; Yang et
al. 2019). Green et al. (2010) documented the significance of
ecological calendars among Aboriginal communities
through the expression: “We don’t have a calendar. Bama
story goes by the tree. The tree knows better than we do.”
Such observations illustrate the extent to which indigenous
societies depend upon ecological rhythms rather than
fixed calendrical systems for organizing subsistence activi-
ties. Interest in TEK-based ecological indicators has contin-
ued to grow because of their potential applications in forest
management, biodiversity conservation, climate adapta-
tion, and ecological forecasting (Garcia-del-Amo et al.
2020; Kidemu et al. 2020; Sbragaglia et al. 2020; Sinthu-
mule and Mashau 2020). Researchers have increasingly
emphasized the importance of integrating TEK with scien-
tific approaches to improve environmental management
and climate resilience (Chambers et al. 2017; Eddy et al.
2017; Mantyka-Pringle et al. 2017; McMillen et al. 2017).
Sikkim, a small Himalayan state located in northeastern
India, is situated within the Eastern Himalaya, one of the
globally recognized biodiversity hotspots. Despite covering
an area of only about 7,096 km’, the state exhibits remark-
able ecological heterogeneity because of its wide altitudinal
gradient ranging from nearly 300 m above sea level to over
8,000 m. This extreme variation in altitude and climate has
resulted in the occurrence of tropical, subtropical, temper-
ate, sub-alpine, and alpine ecosystems within a relatively
small geographical region. Consequently, Sikkim supports
exceptionally rich biodiversity, including nearly 160 mam-
malian species (Agrawal 2000; Avasthe and Jha 1999),
more than 500 bird species (Chettri 2000; Chettri et al.
2001), 78 reptilian species (Chettri et al. 2011; Jha and Tha-
pa 2002), and 19 amphibian species (Jha and Thapa 2002).
Among the indigenous communities inhabiting the Sik-
kim Himalaya, the Lepchas are considered one of the old-
est ethnic groups of the region. The Lepchas, who refer to
themselves as Rong, primarily inhabit areas distributed
along the southern and eastern slopes of Mount Kanchen-
junga. Although several anthropological theories suggest
migration from Tibet, Myanmar, or neighbouring Hima-
layan regions, the Lepchas traditionally regard Sikkim and
adjoining Himalayan landscapes as their ancestral home-
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land. At present, they coexist with Bhutia and Nepali com-
munities within Sikkim. According to the 2004 electoral
records, the Lepcha population constituted approximately
8.46% of the total population of Sikkim.

The Lepchas possess rich TEK closely associated with
the surrounding Himalayan environment. Their language
contains extensive terminology describing local landscapes,
mountains, rivers, forests, flora, and fauna. Previous stud-
ies have documented Lepcha nomenclature and ethnobio-
logical knowledge associated with plants, food species, me-
dicinal plants, mammals, birds, reptiles, and butterflies
(Avasthe and Jha 1999; Hajra and Verma 1996; Jha et al.
2004a, 2004b; Jha and Jha 2012; Jha and Thapa 2002). Such
detailed ecological knowledge reflects long-term interac-
tion between the Lepcha community and the diverse eco-
systems of the Eastern Himalaya.

Although several studies have documented ethnobotani-
cal knowledge, medicinal plants, food plants, and biodiver-
sity associated with the Lepchas, comprehensive studies fo-
cusing on traditional agroecological calendars and biotic
ecological indicators remain limited. In particular, integrat-
ed documentation of floral phenology, faunal behaviour, in-
sect activity, acoustic indicators, hydrological observations,
and seasonal agricultural synchronization within a single
indigenous ecological forecasting framework is largely
lacking from the Eastern Himalaya. Considering the in-
creasing threats posed by climate change, biodiversity loss,
modernization, and erosion of indigenous knowledge sys-
tems, systematic documentation of such traditional ecolog-
ical forecasting systems has become increasingly import-
ant.

Therefore, the present study aims to document and ana-
lyze the traditional agroecological calendar of the Lepcha
community of Sikkim with particular emphasis on floral,
faunal, insect, acoustic, hydrological, and climatic indica-
tors used in seasonal forecasting, agricultural scheduling,
food gathering, and livelihood adaptation in the Eastern
Himalaya. The study further seeks to highlight the ecolog-
ical, cultural, and conservation significance of indigenous
agroecological knowledge systems in mountain ecosystems.

Study area
The study was conducted in the Himalayan state of Sik-

kim, located in the Eastern Himalaya biodiversity hotspot
of northeastern India (Fig. 1). The region is characterized
by remarkable ecological heterogeneity arising from steep
altitudinal gradients, diverse climatic regimes, and varied
vegetation types ranging from subtropical forests to alpine
ecosystems. The study primarily focused on Lepcha-inhab-
ited regions of Pakyong district, particularly Lower
Gagyong and Amba Gram Panchayat Units, where a con-
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Location study site. (A) Location of Sikkim within India,
(B) districts in Sikkim and (C) Digital Elevation Model map of Sik-
kim (Source: ALOS-2, downloaded from https://www.eorc.jaxa.jp/
ALOS/en/aw3d30/data/index.htm).

siderable proportion of the Lepcha population continues to
maintain traditional ecological and agro-cultural practices.

Study design and ethical approval

The present investigation was exploratory in nature and
based on extensive field surveys undertaken during 2024.
Although the broader field investigations originally fo-
cused on documenting various dimensions of Lepcha tra-
ditional knowledge, including food plants, medicinal
plants, ethnobiological traditions, and cultural practices
such as songs and dances, the present study specifically
re-examined the collected information to identify and ana-
lyze indigenous agroecological knowledge systems, season-
al ecological indicators, and traditional agricultural calen-
dars of the Lepcha community.

Prior to data collection, ethical approval for the study
was obtained from the Institutional Ethics Committee of
Sikkim Manipal Institute of Medical Sciences, Sikkim Ma-
nipal University (Approval No.: SMIMS/IEC/2024/2). Prior
informed consent was obtained from all participants be-
fore interviews and discussions were conducted.
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Data collection
The present study adopted an exploratory, participatory,

and systematic qualitative inquiry to document and vali-
date the traditional agroecological knowledge of the Lep-
cha community. The present investigation builds upon
nearly three decades of anthropological, ethnobiological,
and ecological research conducted among the Lepcha com-
munity by members of the research team (Avasthe and Jha
1999; Jha and Jha 2012; Jha and Thapa 2002; Jha et al.
2004). This long-term engagement provided an extensive
body of primary observations and community interactions,
forming the foundation for the present investigation.

To validate previously documented knowledge and fill
remaining information gaps, six focus group discussions
(FGDs) were conducted during 2024, with three FGDs held
in each of the two selected Lepcha villages identified
through purposive (judgment) sampling. Each FGD com-
prised approximately 10-12 participants, resulting in a to-
tal of 66 participants, with a balanced representation of
men and women. Participants were intentionally selected
because they were recognized within the community as
knowledgeable holders of TEK. All participants were 55
years of age or older, primarily engaged in agriculture, and
most possessed lifelong experience in farming, forest re-
source collection, and the use of wild food plants and other
natural resources. The majority had resided in the study
area throughout their lives, ensuring extensive familiarity
with local ecosystems, seasonal cycles, and traditional live-
lihood practices (Table 1).

Each FGD began with an explanation of the study objec-
tives, ethical considerations, confidentiality, and voluntary
participation. Participants were first asked to review the
traditional Lepcha calendar to establish a common under-
standing of the sequence and characteristics of the twelve
indigenous months. Discussions then explored the criteria
used to recognize seasonal transitions and any local varia-
tion in the calendar among villages.

Subsequently, each traditional month was discussed in-
dividually using a flexible thematic guide. Participants de-
scribed seasonal climatic characteristics, flowering and
fruiting patterns, bird and animal behaviour, insect emer-
gence, amphibian activity, fish migration, hydrological
changes, atmospheric phenomena, and indigenous weather

Demographic characteristics of study participants
Characteristic

Total participants
Focus group discussions (FGDs)
Participants per FGD

Gender Male
Female
Primary occupation Farming

Secondary livelihood
Residency
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Category
- 66
- 6
- 10-12

Collection of wild food resources
Long-term residents of study villages
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forecasting indicators. Discussions also explored agricul-
tural operations, including land preparation, sowing,
transplantation, harvesting, and crop management, togeth-
er with seasonal collection of wild vegetables, mushrooms,
fruits, honey, fish, and other forest resources. Although
discussions remained open-ended to encourage free ex-
pression of indigenous ecological knowledge, all FGDs fol-
lowed these common thematic areas to ensure consistency
and comparability across groups (Supplementary 1).

Data validation and analysis
Given the exploratory and qualitative nature of this

study, the collected information was analyzed following a
systematic qualitative inquiry approach aimed at docu-
menting and preserving the indigenous ecological knowl-
edge of the Lepcha community. Information obtained
through unstructured interviews, participant observations,
and focused group discussions was first organized accord-
ing to the twelve traditional Lepcha months and subse-
quently categorized into major thematic components, in-
cluding seasonal climatic conditions, floral phenology,
faunal and insect indicators, hydrological observations,
acoustic ecology, agricultural activities, food gathering,
and associated cultural practices.

To enhance the credibility and reliability of the findings,
information was continuously cross-validated through re-
peated interactions with participants and comparisons
among individual interviews and different FGDs. Commu-
nity consensus was established by identifying ecological
observations and traditional interpretations that were con-
sistently reported by multiple knowledgeable participants.
Where differing interpretations or recollections emerged,
these were discussed further with community elders and
experienced knowledge holders until a broadly accepted
consensus was achieved. Information that could not be ad-
equately verified across respondents was interpreted cau-
tiously and excluded where appropriate.

Potential recall bias, an inherent limitation of studies re-
lying on long-term oral knowledge, was minimized by con-
ducting group discussions that encouraged collective recol-
lection and mutual verification of seasonal events, species
behaviour, and agricultural activities. Because the docu-
mented knowledge represents cumulative intergenerational

Number (N)

36
30
Majority
Majority
Majority
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observations that continue to guide contemporary liveli-
hood practices, discussions were primarily directed toward
recurring seasonal patterns rather than isolated historical
events, thereby improving the consistency of the recorded
information.

The validated information was subsequently synthesized
into month-wise matrices and integrated ecological frame-
works describing the relationships among floral phenology,
faunal behaviour, insect activity, hydrological processes,
weather indicators, seasonal soundscapes, and agricultural
operations. Data were interpreted using thematic analysis
to identify recurring ecological patterns and the intercon-
nections between indigenous environmental observations
and seasonal livelihood strategies. This systematic qualita-
tive approach enabled the development of an integrated
representation of the Lepcha agroecological calendar while
preserving the ecological and cultural context of the indig-
enous knowledge system.

Traditional Lepcha agroecological calendar
The present study documented a traditional Lepcha agro-

ecological calendar comprising twelve seasonal months
synchronized with ecological rhythms, climatic conditions,
and subsistence activities rather than fixed calendrical sys-
tems (Table 2, Fig. 2). Seasonal transitions were identified
through integrated observations of flowering phenology,
bird behaviour, insect emergence, hydrological changes, at-
mospheric conditions, and characteristic acoustic cues.
These ecological indicators regulated agricultural opera-
tions, food gathering, and other livelihood practices through-
out the year.

The spring months extending from Karnyt to Ting (Jan-
uary-May) were characterized by increased flowering ac-
tivity, emergence of butterflies and cicadas, bird courtship
and nesting behaviour, and initiation of agricultural activi-
ties. Flowering of species such as Bombax ceiba, Rhodo-
dendron arboreum, Clerodendrum infortunatum, and Eu-
phorbia sikkimensis served as major floral indicators of
seasonal progression from winter toward warmer conditions
(Table 3, Fig. 2). Concurrently, migratory bird arrival, nest
building, courtship displays of Himalayan Monal pheas-
ants, and upstream fish migration were recognized as im-
portant faunal indicators. Agricultural practices during
this period included field preparation, sowing of millet,
maize, ginger, and dry paddy, along with collection of leafy
vegetables and tubers from surrounding forests.

The monsoon period from Numtsam to Purvim (May-
September) exhibited the highest ecological productivity
and biological activity within the annual cycle. This phase
was associated with flowering of moisture-loving plant spe-
cies such as Bauhinia vahlii, Rosa macrophylla, Iris hooker-
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iana, Hydrangea spp., and Erythrina arborescens. Heavy
rainfall, overflowing rivers, waterfalls, cloud-covered hills,
and humid atmospheric conditions dominated the land-
scape. Faunal indicators included frog breeding calls, spawn-
ing migration of Golden Mahsir, reduced avian vocalization
after breeding, and moulting behaviour among birds (Table
4, Fig. 2). Insect abundance also increased substantially, in-
cluding dragonflies, cicadas, crickets, beetles, and butter-
flies (Table 4). Agricultural activities primarily involved
transplantation and weeding of paddy and millet crops, har-
vesting of early rice varieties, cardamom processing, and ex-
tensive collection of mushrooms, wild fruits, edible shoots,
leafy vegetables, and honey from forests.

The post-monsoon and winter months extending from
Glu to Mar (September-January) were characterized by de-
clining rainfall, migration of birds, reduced insect activity,
flowering of winter-associated species, and preparation for
winter agriculture. Floral indicators included Millettia ex-
tensa, Aconitum ferox, Luculia gratissima, and Cleroden-
drum spp. (Tables 2, 3). Faunal observations included mi-
gration of summer birds, formation of mixed-species bird
flocks, communal roosting of Himalayan Monal pheas-
ants, and local migration of Blood Pheasants to lower ele-
vations (Table 3). Weather conditions during this period
were marked by clear skies, starlit nights, dew formation,
lunar halos, winter rainfall, and snowfall at higher eleva-
tions. Agricultural practices included harvesting and stor-
age of rice, pulses, ginger, oranges, and fruits, sowing of
barley and winter rice, field preparation, and maintenance
of agricultural tools and houses. Thus, the Lepcha agro-
ecological calendar is closely associated with sustainable
mountain agriculture, ecosystem conservation, and resil-
ience-building in the Eastern Himalaya, thereby support-
ing several sustainable development goals (SDGs), particu-
larly SDGs 2, 13, and 15 (Fig. 3).

Floral indicators in the Lepcha agroecological

calendar
Flowering phenology constituted one of the most reliable

ecological indicators used by the Lepchas to identify sea-
sonal transitions and regulate agricultural activities (Table
3). The onset of spring was marked by flowering of B. ceiba
during Karnyt, followed by blooming of orchids, Oberonia
spp., and R. arboreum during Kursong. These flowering
events coincided with increasing temperatures, bird activity,
and initiation of agricultural operations. Progression toward
pre-monsoon conditions was further indicated by flowering
of C. infortunatum and E. sikkimensis during Thon and
Ting, respectively (Table 3).

Monsoon months were characterized by flowering of
moisture-associated plant species including B. vahlii, R.
macrophylla, I. hookeriana, Hydrangea spp., and E. arbo-
rescens, which were closely associated with humid condi-
tions, overflowing rivers, and intensive agricultural activity
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MODERN LEPCHA AGRICULTURAL
CALENDAR MONTH FLORAL INDICATORS FAUNAL INDICATORS INSECTINDICATORS ACTIVITIES WEATHER
January- K Tun-Glu Rip (Red flowers of Bombax Birds begin territory calls and Great Effigy: Himalayan fritillary; | Kashyox Buk, Katching Buk | Cut (Wind without
February arnyyt ceiba) courtship gestures Indian Tortoise Shell (Tubers) noise)
February— Oberonia parvula; Etok (Rhododendron | Mest building begins; upward fish | Great Windmill (Lugblo Sungchit) | Dry seasonrice cu\t\\{ated.mil\e‘s Tuk Myil (Rushing
March Kursong arboreum), Kursong Rip (Orchid flower) | migration of cold-water fish ESN) !iﬂwf;‘ Kualngbhll.K;mThem gales and thunder)
green leafy vegetables);
- Kum bal Rip (Flowers of Cleradendium | Birds lay eggs; parentbirds hostile Tailed Jay; Red Lacewing: Winter rice harvested; Kin-rtsong | (So Tap) hail storms;
March. p . g
April Thon infortunatum) nearnests; dance of Monal cicadas (Sam-si, La-gek) sown; barley harvested; Barbul | Nun Kun Nydn Ban
P pheasants; snakesand bears avoided (green leafy vegetables) (Trees bendwith wind)
April- Sun Grryon Rip (Euphorbia sikiimensis) | Ariival of migratory cuckoos (Indian Jungle Glory (Lavo Thamblyok): Kin-rtsong (Sharung) sown; Bop (Rivers are muddy);
l cuckoe, Himalayan cuckoo and brain - | g Rongzilit, Kushyulit; green Hlo Pum-Byon-Mu Nup-
Ma: cicadas (La yen, Tunsor)
y fever bird) leaves: Kanchyel bi, Kuntong bi, [ Myon (the hillis
May- Tatkal flowers (Sal tree); Pa Gun Rip Hills and valleys echo with calls of | Ling-Doll-Tibbu (beetle on sal Kuzu Sarong, Chokle B, Kat-ta (Hot and humid
June Numtsam (Flower of Bauhinia vahiliiy the Great Assam Barbet (Kunyoo- | trees), Stately Nawab (Ungling Kanyong Bi (greenlealy weather); Pum-byon
Kunvan) Thamhblvok) vegetables); mushrooms; young | Gryom Tuk Di (Clouds
June— Rosa macrophylla (pink flower indicator) | Birds encourage young ones to fly; Northern Jungle Queen (Mayel Kintsong(Sharung)harvested; | So gydn nd gydn-nd
July Blung magpie preys on babies; frogs begin | Pundi Thamblyok); cicadas (Ta Dambr? rice harvested; young (Heawy rains); Klya-la e i
croaking for breeding nak_Ta rel) shoots; others; honey (hu fu) river inrains at utmost
July- Iris hookenana, Tun Dyar Rip (Flowers) | Cuckoos migrate back; birdiingstake | Koyeng-tungi (cricket); Yellow Monsoon rice sown; dry season | Klya (Riversfull and
August Num-kum wing; breeding season of Golden Dryad: Green Commadore: rice cultivated; Kin-rtsong flowing); Tuk syo lu ar
Mahsir (fish) draoon-fiv {Un sun val harvested; others; honey (Tu) gyun (Waterfalls}
August— . Gya Se Rip (Flowers of Erythiina Moulting in Redvented bulbul and | Green Duke (Euezor klop Millets (Savi) harvested; green | Nup (Hills are covered
September Pur-Vim arborescens) other birds Thamblyok) leafy vegetables; mushrooms; | with clouds)
young shoots; fruits; others;
September— Glu Bf;.l Dan)R\D(Whlleﬂowers of Milettia | Many rdnigratmg birds fly out:H ;starms o}f%nolths: dragon flies g[lhnvsu)alg‘ﬁs\ec;?;;'gmuul Ej?;agggﬁa%';idle”wn
October extensa spotted doves migrate partially up man) fly low \ pear, Moon,
So-Rin Tyer-Ra Tyer-Ra
October- . Lun Ji Rip (Flowers of Aconituim ferox) | White-capped redstart and Hoopoe Common awl (Hasora bada); Monsoon rice harvested; Brilliant blue sky (Ka-Gly-
November Ayit arriv:‘ Inhns—mlla?mhrush present; many maths arrive Shamben (Fruits) ta;. starlitnight (Par-Jit-
snakes hibernate a
November— Simbrang Rip (Flowers of Luculia N\_ngarvm:_al with _nngntmnnn‘ Common Earl (Pungeu Barley sown Kul (Halo around moon};
December |1y gratssima) iedaruprateons Soud | hamiyoly g0 ottian Dewon
December— A Rot Rip (Flowers of Clerodenarum Large mixed-species groups; Monal Bees (Tun Bun Hu) sleep in Winter rice sown; Sarong Nok Frost (So Gi); So-Gi Pot
J Mar sp.) pheasants roostin large numbers honeycomb: Heliophorus brahma; | (0reenleafy vegetables); Nan (Dew on leaves and
Zntany Athvma niara mushrooms; fruits; others flowers)

@ Floral indicators

#® Faunal indicators

® Insect indicators

® Agricultural activities

® Weather

Integrated Lepcha ecological calendar showing seasonal relationships among floral phenology, faunal behavior, insect emer-
gence, agricultural activities, and weather indicators across traditional Lepcha months in the Eastern Himalayan region. The scientific
interpretations presented in this study are based exclusively on field observations, interviews, focus group discussions, and documented

species records rather than on the graphical illustrations.

(Table 3, Fig. 2). The transition toward autumn and winter
was marked by flowering of M. extensa, A. ferox, L. gratis-
sima, and Clerodendrum spp., coinciding with declining
rainfall, reduced insect activity, and onset of colder condi-
tions. Several of these species additionally possessed me-
dicinal, ritual, and nutritional significance within Lepcha
society, thereby integrating plant phenology with subsis-
tence and cultural practices.

Faunal and insect indicators in the Lepcha

agroecological calendar
Faunal and insect indicators formed an integral compo-

nent of the Lepcha indigenous ecological forecasting sys-
tem (Table 4). Bird behaviour represented one of the most
important seasonal indicators. Increased vocalization, ter-
ritorial calls, courtship displays, and nest-building activi-
ties during Karnyt and Kursong signified the transition
from winter toward spring. Arrival of migratory cuckoos
during Ting and courtship displays of Himalayan Monal
pheasants during Thon were considered important indica-
tors of seasonal progression and ecological renewal (Table
4, Fig. 2).

Monsoon months were associated with major changes in
faunal activity, including frog breeding calls, upstream mi-
gration and spawning of fishes, reduced avian vocalization
after breeding, and moulting behaviour among birds.
During Numkum, Lepchas described the landscape as

“Mon Ta-Ryum-Ma,” meaning the hills had become silent
following departure of migratory cuckoos and dispersal of
juvenile birds. Post-monsoon and winter periods were
characterized by migration of summer birds, formation of
mixed-species bird flocks, increased vocalization of Night
Jars, and communal roosting behaviour of Himalayan
Monal pheasants (Table 4). These behavioural changes were
interpreted as ecological responses to declining temperature
and changing seasonal conditions.

Insect indicators also exhibited pronounced seasonal
variation. Emergence of butterflies after winter dormancy
during Karnyt and Kursong represented one of the earliest
signs of ecological rejuvenation. Butterfly species such as
Great Windmill, Tailed Jay, Jungle Glory, Northern Jungle
Queen, Green Duke, Yellow Dryad, and Common Earl ap-
peared sequentially across different months and functioned
as indicators of seasonal progression (Tables 2, 4). Continu-
ous cicada vocalization during spring and monsoon months
was associated with increasing humidity and crop matura-
tion, while dragonfly abundance during Numkum indicat-
ed sustained monsoon conditions (Table 4, Fig. 2). Post-
monsoon moth swarming around artificial lights and
winter dormancy of bees further reflected seasonal climat-
ic transitions.
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Conceptual framework illustrating the contribution of Lepcha agroecological knowledge systems to biodiversity conservation,
climate adaptation, and sustainable mountain livelihoods. The scientific interpretations presented in this study are based exclusively
on field observations, interviews, focus group discussions, and documented species records rather than on the graphical illustrations.

Seasonal synchronization between ecological

indicators and agricultural activities
The study revealed a highly integrated relationship be-

tween ecological indicators, climatic conditions, and agri-
cultural practices within the Lepcha traditional knowledge
system. Flowering phenology, bird migration, amphibian
breeding, insect emergence, hydrological changes, and
acoustic signals collectively functioned as ecological cues
regulating sowing, harvesting, food gathering, and season-
al livelihood activities. Agricultural operations including
cultivation of millet, maize, paddy, barley, and ginger were
closely synchronized with seasonal ecological changes (Fig.
2). Simultaneously, collection of mushrooms, wild fruits,
leafy vegetables, tubers, shoots, and honey formed an im-
portant supplementary subsistence strategy, particularly
during monsoon periods when cultivated food resources
were relatively limited. The findings demonstrate that the
Lepcha agroecological calendar represents a sophisticated
indigenous ecological forecasting system developed through
long-term interaction with Himalayan ecosystems (Fig. 2).
The calendar integrates phenological observations, faunal
behaviour, soundscape ecology, climatic interpretation,
and subsistence practices into a unified seasonal knowl-
edge framework regulating traditional mountain agricul-
ture in the Eastern Himalaya.

Seasonal acoustic ecology and indigenous

environmental forecasting
The Lepcha agroecological calendar additionally incor-

porates a highly refined system of acoustic ecology based
on seasonal variation in bird vocalization, cicada choruses,
frog breeding calls, cricket sounds, and broader environ-

mental soundscapes (Table 4, Fig. 4). These acoustic signals
functioned as important ecological indicators for identify-
ing seasonal transitions, onset and progression of monsoon
conditions, breeding periods, and timing of agricultural
activities. Seasonal changes in sound intensity, frequency,
and composition were closely monitored and interpreted as
indicators of environmental change, climatic variation, and
ecosystem productivity.

Spring and pre-monsoon months were characterized by
increased bird vocalization, territorial calls, cuckoo songs,
and continuous cicada activity, reflecting rising tempera-
tures and enhanced biological productivity (Table 4). During
Thon and Ting, vocalization of cicadas and migratory
cuckoos formed important seasonal indicators associated
with crop sowing and approaching rainfall. Peak monsoon
periods were dominated by intense frog croaking, cricket
sounds, flowing rivers, waterfalls, and heavy rainfall, col-
lectively creating distinct monsoon soundscapes interpret-
ed by the Lepchas as indicators of high moisture availabili-
ty and ecological abundance (Table 4, Fig. 2).

A particularly significant observation was recorded
during Numkum, when the departure of migratory cuck-
oos and decline in bird vocalization led to a phenomenon
locally described as “Mon Ta-Ryum-Ma,” meaning “the
hills have become silent.” This seasonal silence was recog-
nized as an important ecological indicator marking the
transition toward mature monsoon conditions (Table 4).
Post-monsoon and winter soundscapes were characterized
by reduced insect activity, increased Night Jar vocalization,
and gradual decline in biological acoustic intensity under
colder climatic conditions. The findings demonstrate that
the Lepchas possess a sophisticated indigenous sound-
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species records rather than on the graphical illustrations.

scape-based environmental forecasting system integrating
acoustic signals with seasonal ecology, climatic interpreta-
tion, and agricultural decision-making in the Eastern Hi-
malaya (Table 4, Fig. 2).

Traditional agroecological calendars as

indigenous ecological knowledge systems
The present study demonstrates that the Lepcha commu-

nity maintains a highly integrated agroecological calendar
that synchronizes seasonal climatic variation, flowering
phenology, faunal behaviour, insect activity, hydrological
changes, and agricultural practices into a unified indige-
nous ecological knowledge system (Fig. 2). Rather than re-
lying on fixed calendar dates, seasonal transitions are rec-
ognized through ecological signals that guide sowing,
harvesting, food gathering, and other livelihood activities.
This close coupling between biodiversity, climate, and ag-
riculture illustrates how long-term environmental observa-
tions have been translated into practical ecological forecast-
ing, enabling local communities to adapt to the dynamic
mountain environment of the Eastern Himalaya (Armatas
et al. 2016; Ullmann et al. 2022; Yang et al. 2019). Further-
more, the Lepcha agroecological calendar contributes to
sustainable mountain agriculture, biodiversity conserva-
tion, and climate resilience, aligning closely with SDGs 2,
13, and 15 (Fig. 3).

These findings support the concept of TEK proposed by
Berkes (1993), whereby ecological knowledge, cultural prac-
tices, and environmental observations are accumulated th-
rough generations and continually refined through inter-
action with local ecosystems. Similar indigenous seasonal
calendars have been documented among Aboriginal and
other indigenous communities worldwide, where phenolog-
ical events and animal behaviour are used to regulate re-
source management and agricultural activities (Bulbulshoev
et al. 2011; D’Arcy and Kuan 2023; Prober et al. 2011; Ull-
mann et al. 2022). However, comprehensive studies inte-
grating floral phenology, faunal behaviour, insect indicators,
hydrological observations, and acoustic ecology within a
single agroecological framework remain scarce in the East-
ern Himalaya. The present study therefore fills an import-
ant regional knowledge gap by documenting a comprehen-
sive indigenous ecological forecasting system.

A notable feature of the Lepcha calendar is its multidi-
mensional interpretation of ecological indicators. Flower-
ing of key plant species is closely synchronized with bird
migration, amphibian breeding, insect emergence, seasonal
weather, and agricultural operations, demonstrating that
ecological indicators are interpreted collectively rather than
independently. This holistic perspective is characteristic of
indigenous knowledge systems, where ecological, cultural,
and livelihood dimensions are inseparable (Boillat and
Berkes 2013; Caillon et al. 2017; Pretty 2011). The integrat-
ed seasonal wheel and acoustic ecology framework devel-
oped in this study further illustrate these ecological link-
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ages and provide a conceptual representation of the Lepcha
environmental knowledge system.

Beyond agricultural scheduling, the Lepcha agroecologi-
cal calendar also encompasses ethnomedicinal knowledge,
food gathering, ritual practices, and environmental ethics,
highlighting the multifunctional role of indigenous ecolog-
ical knowledge in sustaining both livelihoods and cultural
identity. As climate change increasingly alters phenological
patterns and ecological processes in mountain ecosystems,
such locally adapted knowledge systems provide valuable
complementary information for biodiversity monitoring,
climate adaptation, and sustainable resource management
(Kassam et al. 2018; Turner and Reid 2022; Ullmann et al.
2022). Consequently, the Lepcha agroecological calendar
represents not only a repository of traditional knowledge
but also a living framework for understanding and re-
sponding to environmental change in the Eastern Himala-
ya.

The Lepcha agroecological calendar also shares import-
ant characteristics with indigenous seasonal calendars doc-
umented in other mountain regions of the world, including
the Pamir Mountains of Central Asia and the Andes of
South America, where seasonal ecological knowledge is
similarly derived from long-term observations of plant phe-
nology, animal behaviour, climatic variability, and agricul-
tural cycles (Kassam et al. 2010; Mathez-Stiefel 2014; Ullmann
et al. 2022). However, the Lepcha system is distinguished
by its integration of floral, faunal, hydrological, and acous-
tic indicators within a single agroecological framework
adapted to the exceptionally diverse environmental gradi-
ents of the Eastern Himalaya. This multidimensional eco-
logical interpretation highlights the unique biocultural
heritage of the Lepcha community while demonstrating
the broader relevance of indigenous mountain knowledge
systems for ecological research and sustainable resource
management.

Phenological indicators and indigenous seasonal

forecasting
Flowering phenology emerged as one of the most reliable

ecological foundations of the Lepcha agroecological calen-
dar (Table 3). Sequential flowering of species such as B.
ceiba, R. arboreum, C. infortunatum, B. vahlii, R. macro-
phylla, and L. gratissima provided consistent cues for rec-
ognizing seasonal transitions and regulating agricultural
activities. Rather than following fixed calendar dates, the
Lepchas synchronize field preparation, sowing, transplan-
tation, harvesting, and forest resource collection with re-
current phenological events, reflecting a long-term indige-
nous environmental monitoring system developed through
continuous observation and intergenerational knowledge
transmission (Ruelle et al. 2022; Yang et al. 2019; Zeiger et
al. 2024).

The close synchronization between flowering phenology,
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climatic conditions, and agricultural practices demon-
strates a strong ecological coupling within the Himalayan
socio-ecological system. For example, flowering of B. ceiba
and R. arboreum coincides with increased bird activity, but-
terfly emergence, and initiation of agricultural preparation,
whereas flowering of moisture-associated species such as B.
vahlii and Hydrangea spp. corresponds with monsoon on-
set, wet-rice transplantation, and intensified forest food
gathering. These observations indicate that the Lepcha sea-
sonal calendar is based on ecosystem processes rather than
chronological time, enabling agricultural activities to re-
main closely aligned with seasonal environmental condi-
tions.

Such reliance on local phenological indicators is particu-
larly important in the Eastern Himalaya, where steep alti-
tudinal gradients create substantial spatial variation in tem-
perature, precipitation, and growing seasons. Similar use
of plant phenology for seasonal forecasting has been docu-
mented among indigenous communities in alpine, Arctic,
and tropical mountain ecosystems (D’Arcy and Kuan 2023;
Prober et al. 2011; Reyes-Garcia et al. 2016; Ullmann et al.
2022). However, the present study provides one of the few
comprehensive accounts from the Eastern Himalaya inte-
grating flowering phenology with faunal behaviour, hydro-
logical observations, agricultural practices, and indigenous
environmental forecasting within a single agroecological
framework.

Beyond seasonal forecasting, Lepcha phenological knowl-
edge also incorporates ethnomedicinal uses, food gather-
ing, ritual beliefs, and environmental ethics, illustrating
the multifunctional role of biological indicators in indige-
nous livelihood systems. Species such as A. ferox and M. ex-
tensa are interpreted not only as seasonal markers but also
through their medicinal, toxicological, and cultural signif-
icance. This multidimensional interpretation reflects the
holistic character of TEK, in which ecological observations
are inseparable from cultural values and resource manage-
ment (Li and Han 2022; Ludwig and Poliseli 2018; Sterling
et al. 2017). The continued relevance of this indigenous
phenological system is particularly evident under contem-
porary climate change. Shifts in flowering phenology, rain-
fall patterns, and species distributions may alter the reli-
ability of traditional seasonal indicators and disrupt long-
established ecological synchrony. Nevertheless, long-term
indigenous phenological observations provide valuable
complementary information for biodiversity monitoring,
climate adaptation, and sustainable management of moun-
tain ecosystems, highlighting the importance of docu-
menting and preserving such knowledge systems.

Faunal and insect indicators as ecological

forecasting tools
The present study demonstrates that faunal and insect

indicators constitute a fundamental component of the Lep-
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cha agroecological calendar, functioning as reliable tools
for seasonal forecasting and agricultural decision-making.
The Lepchas closely monitor changes in bird migration,
courtship and nesting behaviour, amphibian vocalization,
tish migration, butterfly emergence, cicada choruses, drag-
onfly abundance, and moth activity to recognize seasonal
transitions and guide agricultural operations. These obser-
vations illustrate a sophisticated indigenous ecological mon-
itoring system developed through long-term interaction
with the Himalayan environment.

Bird behaviour emerged as one of the most important
ecological indicators within the Lepcha seasonal calendar.
Increased bird vocalization, territorial displays, and nest-
ing activity marked the transition from winter to spring,
whereas migratory species such as cuckoos, White-capped
Redstarts, and Hoopoes signalled successive seasonal chang-
es. Similarly, the courtship displays of the Himalayan Monal
during Thon reflected reproductive phenology associated
with spring. Comparable use of bird behaviour as seasonal
indicators has been reported among indigenous communi-
ties in different ecological regions, where migration and
breeding patterns are closely linked with climatic variabili-
ty and resource availability (Carey 2009; Morelli et al. 2017;
Ortega-Alvarez and Casas 2023).

Amphibians and insects also played important roles in
environmental forecasting. Frog breeding calls coincided
with the onset of monsoon conditions and paddy cultiva-
tion, while continuous cicada vocalization reflected increas-
ing temperature, humidity, and crop maturation. Likewise,
the seasonal abundance of dragonflies, butterflies, and
crickets provided additional indicators of moisture avail-
ability and monsoon progression. These observations are
consistent with ecological studies demonstrating the sensi-
tivity of amphibians and insects to temperature, rainfall,
and humidity (Bonnefond et al. 2020; Ficetola and Maiora-
no 2016; Neff et al. 2022).

One of the most distinctive findings of this study is the
incorporation of acoustic ecology into the Lepcha agroeco-
logical calendar. Seasonal soundscapes created by birds,
frogs, cicadas, crickets, flowing rivers, and even periods of
environmental silence were interpreted as ecological sig-
nals reflecting seasonal progression and ecosystem dynam-
ics. The locally recognized phenomenon “Mon Ta-Ryum-
Ma” (“the hills have become silent”) during Numkum,
following the departure of migratory cuckoos and decline
in bird vocalization, represents a particularly sophisticated
example of indigenous soundscape-based environmental
interpretation. This finding complements the growing field
of soundscape ecology, which recognizes biological and
environmental sounds as valuable indicators of ecosystem
condition and biodiversity dynamics (Darras et al. 2019;
Farina 2018; Muller et al. 2023).

The close synchronization between faunal behaviour and
agricultural activities further demonstrates the ecological
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sophistication of the Lepcha seasonal calendar. Fish migra-
tion, amphibian breeding, insect emergence, and seasonal
changes in bird activity consistently coincided with crop
sowing, rice transplantation, harvesting, and other agricul-
tural operations, indicating that animal behaviour is inter-
preted collectively with climatic and hydrological cues
rather than in isolation. Such integration reflects the holis-
tic character of indigenous ecological knowledge systems
and reinforces the role of biodiversity as an important
source of environmental information for mountain com-
munities (Castagnetti et al. 2021; Ullmann et al. 2022).

As climate change increasingly alters migration patterns,
breeding phenology, insect emergence, and seasonal acous-
tic patterns, the reliability of traditional ecological indica-
tors may also be affected. Nevertheless, indigenous faunal
knowledge provides valuable long-term ecological observa-
tions that complement scientific biodiversity monitoring
and enhance understanding of ecological responses to en-
vironmental change in Himalayan ecosystems. Consequent-
ly, documenting such knowledge is important not only for
preserving biocultural heritage but also for informing fu-
ture biodiversity conservation and climate adaptation strat-
egies.

Indigenous weather forecasting and seasonal
synchronization
The present study demonstrates that the Lepcha agro-

ecological calendar functions not only as a seasonal classi-
fication system but also as a sophisticated indigenous weath-
er forecasting framework. Rather than relying on individual
environmental signals, the Lepchas interpret seasonal weath-
er through the combined observation of flowering phenol-
ogy, faunal behaviour, insect activity, hydrological changes,
cloud formation, atmospheric conditions, and characteris-
tic soundscapes. This integrated approach enables accurate
recognition of seasonal transitions and guides agricultural
operations within the environmentally heterogeneous land-
scapes of the Eastern Himalaya.

Weather prediction is closely linked with biological and
hydrological indicators. Increased cicada activity, cuckoo
vocalization, frog breeding calls, and low-flying dragonflies
signal increasing humidity and the approach of the mon-
soon, whereas upstream fish migration and rising river dis-
charge indicate intensifying seasonal rainfall. Hydrological
observations, including changes in river colour, stream
flow, waterfall activity, and valley cloud accumulation, fur-
ther assist in predicting rainfall and determining suitable
periods for crop cultivation. Such ecological associations
are consistent with studies demonstrating that many plant
and animal species respond sensitively to changes in tem-
perature, humidity, atmospheric pressure, and precipita-
tion (Boillat and Berkes 2013; Chanu et al. 2019; Kom et al.
2024).

Atmospheric observations provide additional forecasting
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cues within the Lepcha knowledge system. Dew formation
during Ra is associated with dry winter conditions, while
lunar halos are interpreted as indicators of impending
snowfall or rainfall. Likewise, increasing cloud accumula-
tion over mountain slopes during Numtsam and Pur-Vim
signals the onset and progression of monsoon conditions.
Similar use of atmospheric and hydrological phenomena
for seasonal prediction has been reported among indige-
nous communities in diverse mountain environments (Ki-
jazi et al. 2013; Vedwan 2006), highlighting the widespread
importance of locally derived weather knowledge for sub-
sistence agriculture.

A distinctive feature of the Lepcha forecasting system is
that weather predictions are rarely based on a single indi-
cator. Instead, multiple ecological signals—including flow-
ering of moisture-associated plants, increased insect activi-
ty, frog choruses, river swelling, cloud development, and
acoustic changes—are interpreted collectively to assess
seasonal progression. This systems-based interpretation
closely synchronizes agricultural activities such as sowing,
transplantation, harvesting, food gathering, and storage
with prevailing environmental conditions, thereby enhanc-
ing the resilience of mountain farming systems under
highly variable climatic conditions (Castagnetti et al. 2021;
Kassam et al. 2018; Ullmann et al. 2022).

The continued relevance of this indigenous forecasting
system is particularly important under ongoing climate
change. Altered rainfall regimes, rising temperatures, and
shifting phenological patterns may weaken the synchrony
between traditional ecological indicators and seasonal ag-
ricultural activities. Nevertheless, the long-term environ-
mental observations embedded within the Lepcha agro-
ecological calendar provide valuable complementary
information for climate adaptation, biodiversity monitor-
ing, and sustainable management of Himalayan mountain
ecosystems. Preserving this knowledge therefore contrib-
utes not only to safeguarding indigenous cultural heritage
but also to strengthening locally adapted strategies for re-
sponding to environmental change.

Biocultural relationships and adaptive livelihood

strategies
The present study demonstrates that the Lepcha agro-

ecological calendar represents a comprehensive biocultural
knowledge system in which ecological observations, agri-
cultural practices, food gathering, ethnomedicinal knowl-
edge, and cultural beliefs are closely interconnected. Sea-
sonal environmental changes are interpreted not merely as
ecological events but as components of a broader socio-
ecological system that guides livelihood decisions, resource
use, and community practices. This holistic relationship
between people and nature is a defining characteristic of
many indigenous knowledge systems (Berkes et al. 2000;
Rist and Dahdouh-Guebas 2006; Rozzi et al. 2023).
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Many floral and faunal indicators documented in this
study possess ecological, medicinal, and cultural signifi-
cance simultaneously. Species such as B. ceiba, C. infortu-
natum, B. vahlii, and A. ferox function as seasonal markers
while also serving medicinal, nutritional, or ritual purpos-
es. Likewise, animals including the Himalayan Monal,
Hoopoe, and Great Assam Barbet are embedded within lo-
cal beliefs, folklore, and symbolic traditions, illustrating
how ecological observations reinforce cultural identity and
facilitate intergenerational transmission of knowledge. Such
multifunctional use of biodiversity highlights the close inte-
gration of ecological understanding with ethnobiological
traditions (Hosen and Nakamura 2020; Kassam et al. 2010).

Seasonal food gathering further strengthens the adaptive
capacity of the Lepcha livelihood system. During periods
when cultivated food resources become limited, particularly
during the monsoon, communities increase their reliance
on wild edible plants, mushrooms, fruits, tubers, honey,
tish, and other forest resources. This seasonal diversifica-
tion reduces dependence on cultivated crops and enhances
resilience to environmental variability, a strategy widely
recognized among indigenous communities inhabiting
mountain ecosystems (Dhyani and Dhyani 2016; Ghosh-Jerath
et al. 2021; Lu et al. 2023).

Agricultural practices are similarly synchronized with
ecological conditions. Timing of sowing, transplantation,
harvesting, and storage is guided by biological and climatic
indicators rather than fixed calendar dates, allowing farm-
ing activities to remain closely aligned with seasonal envi-
ronmental variability. Combined with practices such as
mixed cropping, organic nutrient management, and sus-
tainable use of forest resources, this adaptive strategy con-
tributes to both livelihood security and maintenance of
agroecosystem diversity (Altieri et al. 2015; Barthel et al.
2013; Witharana et al. 2025).

Beyond agriculture, the seasonal calendar also structures
community life by determining periods suitable for social
gatherings, marriages, weaving, repair of agricultural tools,
and other collective activities. Consequently, the Lepcha
calendar functions as an ecological, economic, and cultural
institution that strengthens community cohesion while
regulating interactions between people and their environ-
ment. However, this knowledge system faces increasing
pressures from modernization, changing livelihood aspira-
tions, youth migration, agricultural intensification, and
climate change, all of which threaten the continuity of in-
tergenerational knowledge transmission. Documenting the
Lepcha agroecological calendar is therefore important not
only for preserving indigenous cultural heritage but also
for supporting biodiversity conservation, climate adapta-
tion, and sustainable mountain development. As a long-
term repository of environmental observations, the Lepcha
calendar provides valuable complementary knowledge that
can inform future ecological research and conservation
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planning in the Eastern Himalaya (Kassam et al. 2018; Ull-
mann et al. 2022; Yang et al. 2019).

Relevance of indigenous agroecological calendars

under climate change
The present study highlights the continued relevance of

the Lepcha agroecological calendar as a locally adapted en-
vironmental monitoring and climate adaptation system in
the Eastern Himalaya. Built upon long-term observations
of flowering phenology, animal behaviour, hydrological
changes, atmospheric conditions, and seasonal sound-
scapes, the calendar enables communities to synchronize
agricultural activities with changing environmental condi-
tions. Such knowledge is particularly valuable in mountain
regions, where steep altitudinal gradients and high climatic
variability strongly influence ecosystem processes and ag-
ricultural productivity (Gerlitz et al. 2017; Kassam et al.
2018).

However, climate change poses significant challenges to
the reliability of traditional ecological indicators. Shifts in
flowering phenology, migration timing, insect emergence,
and rainfall regimes have been widely documented across
mountain ecosystems and may disrupt the ecological syn-
chrony upon which indigenous forecasting systems depend
(Inouye 2022; Parmesan 2007; Vitasse et al. 2021). In the
Lepcha calendar, seasonal transitions are interpreted through
multiple interacting indicators, including flowering of
moisture-associated plants, cicada vocalization, frog breed-
ing, fish migration, cloud formation, and river dynamics.
Alterations in the timing or intensity of these ecological pro-
cesses may reduce the accuracy of traditional seasonal fore-
casting and affect agricultural planning.

Despite these challenges, the present study demonstrates
that indigenous ecological knowledge remains an important
source of fine-scale environmental information. The long-
term phenological, behavioural, hydrological, and acoustic
observations maintained by the Lepcha community pro-
vide valuable complementary evidence for understanding
ecological change in data-deficient mountain regions. In-
creasingly, global assessments recognize that integrating
indigenous and local knowledge with scientific approaches
strengthens biodiversity conservation, ecosystem manage-
ment, and climate adaptation strategies (Brondizio et al.
2021; McElwee et al. 2020; Tengo et al. 2017).

A particularly novel contribution of this study is the
documentation of indigenous acoustic ecology as part of
climate-relevant environmental monitoring. Seasonal vari-
ation in bird vocalization, frog choruses, insect sounds,
and periods of environmental silence were interpreted as
indicators of ecological change and seasonal progression.
These observations complement recent advances in sound-
scape ecology, which recognize acoustic patterns as sensi-
tive indicators of biodiversity status and ecosystem func-
tioning (Oestreich et al. 2024; Stowell and Sueur 2020). The
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integration of soundscape observations with phenological
and climatic indicators broadens our understanding of in-
digenous environmental forecasting and provides new op-
portunities for interdisciplinary ecological research.

An important contribution of the present study is the es-
tablishment of a comprehensive qualitative baseline for fu-
ture ecological research in the Eastern Himalaya. The twelve-
month Lepcha agroecological calendar documented here
provides a locally derived seasonal framework that can
serve as a hypothesis-generating tool for quantitative in-
vestigations. Future studies may integrate these indigenous
seasonal indicators with long-term meteorological records,
remote sensing products, satellite-derived vegetation phe-
nology, and biodiversity monitoring datasets to evaluate
shifts in flowering phenology, species behaviour, monsoon
timing, and ecological synchrony under changing climatic
conditions. Such interdisciplinary approaches would facili-
tate rigorous assessment of climate-induced ecological change
while simultaneously validating and strengthening indige-
nous ecological knowledge systems in data-deficient moun-
tain environments.

Nevertheless, the continuity of this knowledge system is
increasingly threatened by socio-economic transformation,
modernization, changing agricultural practices, climate
change, and declining intergenerational knowledge trans-
mission. Documenting indigenous agroecological calen-
dars such as that of the Lepchas is therefore essential not
only for safeguarding biocultural heritage but also for sup-
porting locally adapted climate resilience, biodiversity con-
servation, and sustainable mountain development.

Conservation significance and future

perspectives
The present study demonstrates that the Lepcha agro-

ecological calendar is more than a traditional farming cal-
endar; it represents a dynamic biocultural knowledge system
that integrates ecological observation, sustainable resource
use, and cultural practices. Through continuous monitor-
ing of plant phenology, animal behaviour, hydrological
changes, and seasonal climatic variation, the Lepcha com-
munity has developed an adaptive framework that sup-
ports agricultural planning, biodiversity conservation, and
sustainable management of mountain ecosystems. Such
holistic relationships between people and nature are in-
creasingly recognized as fundamental to ecosystem stew-
ardship and resilience (Berkes et al. 2000; Brondizio et al.
2021).

The documented dependence on wild edible plants,
mushrooms, medicinal species, fish, and other forest re-
sources further highlights the importance of surrounding
forest ecosystems in sustaining food security, livelihood
diversification, and cultural continuity. Consequently, con-
serving forest biodiversity is inseparable from conserving
the TEK upon which indigenous livelihoods depend. The



Jhaet al.

Lepcha agroecological calendar therefore provides an im-
portant example of how biodiversity conservation and cultur-
al heritage are mutually reinforcing within mountain socio-
ecological systems.

Beyond its cultural significance, the Lepcha calendar
represents a valuable repository of long-term environmen-
tal memory. Generations of observations on seasonal phe-
nology, species behaviour, hydrological processes, and cli-
matic variability provide locally relevant ecological
information that complements conventional scientific mon-
itoring, particularly in data-deficient mountain regions
(Kassam et al. 2018; Rozzi et al. 2023). Integrating such in-
digenous knowledge with contemporary ecological re-
search can improve biodiversity monitoring, ecosystem
management, and climate adaptation planning.

Future research should evaluate the relationships be-
tween traditional ecological indicators and contemporary
climatic and phenological datasets to better understand
climate-driven changes in seasonal synchrony across the
Himalaya. Comparative studies among indigenous com-
munities of the Eastern Himalaya would further reveal re-
gional similarities and differences in ecological forecasting
systems. The indigenous acoustic indicators documented
in this study also provide promising opportunities for in-
terdisciplinary research linking ethnobiology, soundscape
ecology, biodiversity monitoring, and environmental as-
sessment.

Despite its ecological and cultural importance, the conti-
nuity of Lepcha Indigenous Ecological Knowledge is in-
creasingly threatened by modernization, changing liveli-
hood patterns, market-oriented agriculture, and declining
intergenerational knowledge transmission. Younger gener-
ations are becoming progressively less familiar with tradi-
tional seasonal indicators and ecological forecasting prac-
tices. Therefore, systematic documentation, revitalization,
and incorporation of indigenous ecological knowledge into
conservation, education, and community-based resource
management initiatives are urgently needed. Preserving
traditional agroecological calendars such as that of the Lep-
chas will not only safeguard an important element of in-
tangible cultural heritage but also contribute to sustainable
mountain development, biodiversity conservation, and cli-
mate-resilient ecosystem management in the Eastern Hi-
malaya.

The present study documents the traditional agroecolog-
ical calendar of the Lepcha community of Sikkim and
demonstrates that it represents a highly sophisticated in-
digenous ecological knowledge system linking biodiversity,
seasonal forecasting, agriculture, and livelihood adaptation
in the Eastern Himalaya. The Lepchas utilize a diverse range
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of floral, faunal, insect, acoustic, hydrological, and climatic
indicators to recognize seasonal transitions, regulate agri-
cultural activities, anticipate weather variability, and orga-
nize seasonal food gathering. These observations reflect
long-term ecological experience accumulated through con-
tinuous interaction with mountain ecosystems. Flowering
phenology forms the primary ecological basis of the Lep-
cha seasonal calendar, while bird behaviour, fish migration,
amphibian vocalization, insect emergence, and environ-
mental soundscapes function as complementary ecological
forecasting tools. The documentation of indigenous acous-
tic ecology further reveals a previously underexplored
soundscape-based environmental monitoring system in
which seasonal changes in biological sounds and environ-
mental silence serve as indicators of ecosystem dynamics
and seasonal transitions.

The Lepcha agroecological calendar also illustrates the
close interdependence between ecological knowledge, sub-
sistence practices, ethnomedicinal traditions, folklore, and
social organization. Agricultural operations, forest food
gathering, seasonal labour allocation, and cultural activities
are closely synchronized with ecological rhythms, thereby
strengthening adaptive resource management and liveli-
hood resilience within the environmentally heterogeneous
landscapes of the Eastern Himalaya. At a time when climate
change is altering phenological patterns, biodiversity, and
seasonal climatic variability, indigenous ecological knowl-
edge provides valuable fine-scale environmental observa-
tions that can complement scientific monitoring, particu-
larly in data-deficient mountain ecosystems. However, rapid
socio-economic transformation, modernization, changing
livelihood aspirations, and weakening intergenerational
knowledge transmission increasingly threaten the continu-
ity of this knowledge system, highlighting the urgency of
its documentation and preservation.

Beyond its value as a repository of TEK, the Lepcha agro-
ecological calendar should be recognized as a living knowl-
edge system with practical applications for contemporary
biodiversity conservation, climate adaptation, sustainable
mountain agriculture, participatory ecological monitoring,
and environmental education. To ensure its continued rel-
evance, coordinated conservation actions are required, in-
cluding systematic documentation and digital archiving of
indigenous knowledge, integration of traditional seasonal
calendars into educational programmes, active participa-
tion of Lepcha knowledge holders in community-based
conservation and climate adaptation initiatives, establish-
ment of long-term participatory ecological monitoring that
combines indigenous observations with scientific pheno-
logical and climatic datasets, and promotion of collabora-
tive research among indigenous communities, academic
institutions, conservation organizations, and government
agencies. Such an integrated Knowledge Conservation Ac-
tion Plan will not only safeguard an invaluable element of
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Lepcha biocultural heritage but also strengthen locally
grounded strategies for biodiversity conservation, ecosys-
tem resilience, and sustainable mountain development in
the Eastern Himalaya.

Supplementary information accompanies this paper at
https://doi.org/10.5141/jee.26.028.

Supplementary 1. Core question themes addressed in
the unstructured interviews and FGDs.
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