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ABSTRACT

Land use transitions in ecotonal regions of Northeast India illustrate the dynamic interaction
between ecological resources, industrial demand, and livelihood change. This study examines
three decades of land use and land cover (LULC) change in Karbi Anglong district, Assam, with a
focus on bamboo-based systems. Multi-temporal satellite images (1993, 2014, and 2023/24) were
classified using the Random Forest algorithm. The 2023/24 map, validated with 700 ground-truth
samples, achieved 93.6% overall accuracy and a Kappa coefficient of 0.87. Results indicate three
major phases: (i) 1993 — natural abundance, when bamboo was embedded in forest and shifting
cultivation systems; (i) 2014 — plantation expansion, driven by industrial demand and state
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subsidies, when bamboo became a dominant land cover (24.72%) at the expense of forests and
jhum; and (iii) 2023/24 — post-mill diversification, characterized by stable bamboo cover (24.74%),
expansion of rubber, tea, and arecanut, and growing built-up areas. These transitions highlight the
role of industrial dependence in reshaping landscapes and livelihoods. The study underscores the
need for integrated land use policies that balance forest conservation with livelihood diversification
and sustain bamboo as both an ecological and cultural resource.

Keywords: Land use transition; Bamboo utilization; Remote sensing and GIS; plantation expansion;
shifting cultivation decline; Karbi Anglong (Northeast India).

1. INTRODUCTION

Land use and land cover (LULC) transitions are
among the most visible indicators of human—
environment interactions, reflecting changing
livelihood strategies, market forces, and
ecological pressures (Lambin & Meyfroidt, 2010).
Across the tropics, transitions from shifting
cultivation to plantations, commercial agriculture,
or built-up areas have reshaped forest
landscapes, often creating trade-offs between
economic opportunity and ecological resilience
(Fox et al., 2009; Meyfroidt, 2016). In South and
Southeast Asia, the expansion of plantations and
the decline of traditional land-use systems are
strongly tied to industrial demand, rural
development policies, and demographic change
(Mertz et al., 2009).

In Northeast India, land use dynamics are
especially complex because of the coexistence
of shifting cultivation, forest-based livelihoods,
and emerging plantation economies. Bamboo, in
particular, has played a pivotal role in shaping
both landscapes and livelihoods (Kurien et al.,
2019; Bos et al.,2020; Chanu et al.,2023). As one
of the fastest-growing and most versatile non-
timber resources, bamboo provides construction
material, household goods, and cultural
value while also serving as a raw material for
industries such as paper and pulp (Belcher,
1998; Nath et al, 2015). However, the
sustainability of bamboo as a livelihood resource
depends on broader land-use dynamics,
including the pressures from forest conversion,
resource availability, and market fluctuations
(Sundriyal & Joshi 2015), as well as ecological
trade-offs linked to land conversion and
competition with other forests resources (Sailo et
al., 2025).

Karbi Anglong district in Assam represents a
critical case for examining such transitions. The
district experienced three decades of dramatic
land-use change, closely tied to the rise and fall
of the Nagaon Paper Mill in Jagiroad, once a
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major consumer of bamboo in the region (Sarma,
2012). The establishment of bamboo plantations
on former jhum fields, the decline of forest cover,
and the subsequent diversification into
alternative crops such as rubber, tea, and
arecanut illustrate the multiple pathways through
which livelihoods and landscapes have evolved
(Bos et al.,2020). At the same time, population
growth and infrastructure expansion have
contributed to steady expansion of built-up areas,
adding to ecological stress (Aktara & Bhuyan,
2025; Sarkar, 2024).

While earlier research has documented
bamboo’s  ecological in Northeast India
(Bystriakova et al., 2003) as well as its deep
cultural and livelihood importance in the region
(Nath & Das, 2011). Few studies have
systematically examined land-use transitions
over multiple decades in relation to industrial
demand and livelihood shifts. This paper
addresses that gap by analysing land use and
land cover change in Karbi Anglong from 1993 to
2023/24. Using multi-temporal remote sensing
data, transition matrices, and field-based
narratives, the study identifies three distinct
phases of transition: (i) natural abundance
(1993), (ii) plantation expansion (2014), and (iii)
post-mill diversification (2023/24).

The objectives of the study are:

1. To map and quantify land use and land
cover changes in Karbi Anglong across
three decades.

To examine the drivers and
ecological  implications  of
utilization across different phases.
To discuss the policy implications of land
use transitions for sustainable bamboo
management and  diversified rural
livelihoods.

socio-
bamboo

By situating bamboo within broader trajectories
of land-use change, this study contributes to
understanding how industrial dependence and
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livelihood diversification ecotonal

landscapes in Northeast India.
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2. MATERIALS AND METHODS

2.1 Study Area

Karbi Anglong, the largest district in Assam,
Northeast India (Fig. 1). It covers an area of
approximately 10,434 km? at latitude 25°33’ N
and 26° 35'N and longitude 92°10'E and 93°50°
E, with altitudinal range of 47-1370 m above sea
level. It is sub-tropical monsoon, characterized
by cool winters (6-12° C), warm summers (23-
32°C), and heavy monsoon rainfall averaging
about 2416 mm annually (Government of Assam,
n.d). The soil are predominantly red lateritic soils,
occurring extensively over the hilly uplands and
slopes. In contrast, the valley bottoms and plains
contain sandy loam to loam soils. According to
Champion and Seth’s (1968) classification, the
districts are categorized as Moist Semi-
Evergreen (2BC1/b,2BC) and Moist Mixed
Deciduous (3C/C 3b) (Champion & Seth, 1968;
Karbi Anglong District Forest Department, n.d).

2.2 Demography of the Study Area

According to the Census of India (2011), the
district has a population of 956313 (490167
males, 466146 females i.e. 951 females per
1000 males), with a density population of 93

people km?2, Rongkhang block being the most
populous with 158035, while Socheng block has
the lowest population with 27334. The overall
literacy rate is 69.25% (Census of India, 2011).
The district has a total household of 177646, with
Bokajan has the highest number of inhabited
villages (419), whereas Socheng block records
the lowest (76). The Largest village by population
is Nawaibil, under Rongkhang block accomdating
7303 persons (Census of India, 2011). In terms
of social composition, Schedules Tribes (STs)
constitute with 56.33%, while Schedules Castes
(SCs) account for 4.70% (Census of India, 2011;
Government of Assam n,d).

2.3 Significance of the Area

The district is ecologically significant, forming
part of the Indo-Burma biodiversity hotspot, and
socio-culturally diverse, inhabited predominantly
by the Karbi and other tribal communities.
Bamboo has  historically been central to
household subsistence, cultural practices, and
industrial supply chains. The district's land-use
dynamics are strongly influenced by the Jagiroad
Paper Mill (operational until 2017), government
plantation schemes, and the gradual decline of
jhum (shifting cultivation). The geographical
location and multi-functional role of bamboo
make Karbi Anglong a representative case for
studying land-use transitions in ecotonal
landscapes.
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Fig. 1. Location map of Karbi Anglong district, Assam, India, showing sample villages
Source: Survey of India (administrative boundaries) and Shuttle Radar Topography Mission (SRTM) DEM from
USGS Earth Explorer
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2.4 Data Sources

The study employed multi-temporal satellite
imagery and field-based information for land use
and land cover (LULC) analysis:

» 1993: Landsat 5 TM (30 m resolution).
» 2014: Landsat 8 OLI (30 m resolution).
»  2023/24: Sentinel-2 MSI (10 m resolution).

Ground-truth data were collected from field
surveys between 2019 and 2024 across ten
villages representing different land-use contexts
(reserve forests, plantations, and homesteads).
Ancillary data, including topographic maps and
local knowledge, were used to support
classification and validation.

2.5 Land Use Classification

Supervised classification was performed using
the Random Forest algorithm, with class
definitions adapted to the ecological and socio-
economic conditions of each reference year. For
1993, five land cover categories were identified:
water bodies, forest, jhum fields, agriculture, and
built-up areas. Bamboo was not distinguished
separately in this period due to spectral
limitations and was included within the broader
forest category. For 2014, six categories
were classified: water bodies, other
forest/plantation, jhum fields, agriculture, built-up
areas, and bamboo. By this stage, bamboo
emerged as a distinct land cover class due to its
expansion as plantations under industrial

demand. For 2023/24, classification was refined
to capture emerging land-use diversification,
resulting in seven categories: bamboo, non-
bamboo forest/plantations, rubber, tea and
arecanut, agriculture, built-up areas, and water
bodies.

The classifications were carried out using multi-
temporal satellite imagery (Landsat TM 1993,
Landsat OLI 2014, and Sentinel-2 MSI 2023/24),
supported by ground-truth  data, field
observations, and ancillary sources. The
evolution of land cover categories across the
three phases reflects the changing ecological
role of bamboo and the broader trajectory of
land-use transition in Karbi Anglong.

2.6 Accuracy Assessment

The classification accuracy of the 2023/24 map
was assessed using 700 ground-truth points
collected during field surveys. A confusion matrix
was generated to calculate producer’s and user’s
accuracy for bamboo and non-bamboo classes,
along with overall accuracy and Kappa
coefficient as showed in Table 1 and Table 2. The
classification achieved an overall accuracy of

93.57% and a Kappa coefficient of 0.87,
indicating “almost perfect” agreement
(Congalton, 1991). Producer’s accuracy was
93.94% for bamboo and 93.24% for non-

bamboo, while user’s accuracy was 92.54% and
94.52%, respectively. These results confirm the
reliability of the classification for analysing land-
use transitions.

Table 1. Confusion Matrix for land cover classification (n=700)

Reference Data Classified as Classified as Total Producer’s
Bamboo non-bamboo Reference  Accuracy (%)

Bamboo 310 20 330 93.94%

Non-Bamboo 25 345 370 93.24%

Total Classified 335 365 700 —

Note. Data generated by the author from accuracy assessment of the 2023/24 land-use classification (Sentinel-2
MSI).

Table 2. Accuracy statistics of classification

Class User’s Accuracy (%) Producer’s Accuracy (%)
Bamboo 92.54 93.94

Non-Bamboo 94.52 93.24

Overall Accuracy 93.57% —

Kappa Coefficient

0.87 (Almost Perfect)

Note. Data generated by the author from accuracy assessment of the 2023/24 land-use classification.
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2.7 Land Use Transition Analysis

To assess changes over time, post-classification
comparison was used to generate transition
matrices for 1993-2014 and 2014-2023/24.
These matrices quantified conversions between
land cover categories, such as forest to bamboo,
jhum to bamboo, and forest to built-up. Spatial
overlays and change maps were prepared to
visualize the magnitude and direction of
transitions. The analysis was supported by
household narratives that contextualized the
socio-economic drivers of land use change,
particularly the influence of industrial demand,

subsidies, and the post-mill diversification
process.
3. RESULTS

3.1 Phase I: Natural Abundance (1993)

In 1993, Karbi Anglong’s landscape was
dominated by forests (49%) and shifting
cultivation or jhum fields (26.96%), with smaller
areas under built-up land (12%), agriculture

wvv e
1

(5.58%), and water bodies (5%) (Table 3; Fig. 2).
Bamboo was not separated as an independent
land cover category in this period due to spectral
limitations but was widely embedded within forest
areas and around settlements, as confirmed by
field accounts. Bamboo during this phase played
a dual role such as sustaining household needs
(construction, storage, handicrafts, rituals) and
increasingly serving industrial demand following
the establishment of the Jagiroad Paper Mill in
1985.

3.2 Phase II: Plantation Expansion (2014)

By 2014, land use patterns reflected the strong
influence of industrial demand and subsidy-
driven plantation expansion. Bamboo emerged
as a distinct land cover class, occupying 257
954 ha (24.72%) of the district. This expansion
occurred largely at the expense of jhum
fields, which declined sharply from 270,977 ha in
1993 to 76980 ha in 2014 (-18.59%). Forest
cover also decreased (-5.68%), while
built-up areas grew modestly to 12.33% (Table 4;
Fig. 3).
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Fig. 2. Land use and land cover of Karbi Anglong district, Assam, in 1993, showing major
categories of forest, agriculture, jhum fields, built-up areas, and water bodies
Source: Landsat 5 TM (1993); classification using Random Forest algorithm
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Table 3. Land use Land cover distribution in Karbi Anglong, 1993

Category Areain Ha Percentage (%)
Water Bodies 49319 4.73

Forest 510988 48.97

Jhum Field 270977 25.96

Built-up 122558 11.75
Agriculture 89586 8.58

Note. Data generated by the author from classified land-use maps (Landsat TM, 1993). Due to Spectral limitation,
bamboo could not be separated; included in Forest
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Fig. 3. Land use and land cover of Karbi Anglong district, Assam, in 2014, showing expansion
of bamboo plantations and shifts in forest, agriculture, jhum fields, and built-up areas

Source: Landsat 8 OLI (2014); classification using Random Forest algorithm.

Table 4. Land use and land cover distribution, 2014

Category Areain Ha Percentage (%)
Water Bodies 47773 4.57

Forest 452025 43.32

Jhum Field 76980 7.37

Built-up Areas 128661 12.33
Agriculture 80033 7.67

Bamboo 257954 24.72

Note. Data generated by the author from classified land-use maps (Landsat OLI, 2014).
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3.3 Phase |lll: Post-Mill Diversification

(2023/24)

The closure of the Jagiroad Paper Mill in 2017
marked a turning point in land use trajectories.
The 2023/24 Sentinel-2 classification shows that
bamboo stabilized at 258,243 ha (25% of the
district), while new land-use categories emerged,
reflecting diversification into cash crops such as
rubber (13.3%) and tea/arecanut (9.5%) (Table 5;
Fig. 4). Built-up areas expanded further to
14.4%, reflecting population growth and
infrastructure development. Agriculture occupied

93°0°0"E
L

10.4%, while non-bamboo forests accounted for
27%.

Comparative analysis across the three phases
(1993, 2014, and 2023/24) shows the near-
disappearance of jhum cultivation, stabilization of
bamboo plantations, and steady expansion of
built-up land (Table 6). The diversification into
rubber, tea, and arecanut underscores household
adaptation strategies in the post-industrial
context, reducing reliance on bamboo alone
while reshaping the district into a multi-crop,
market-oriented landscape.
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Fig. 4. Land use and land cover map of Karbi Anglong district, Assam, in 2023/24, generated
from Sentinel-2 MSI imagery using the Random Forest algorithm. Bamboo remains a major
land cover type alongside expanding rubber, tea and arecanut, agriculture, built-up areas, and
waterbodies
Source: Sentinel-2 MSI (2023/24); classification using Random Forest algorithm in Google Earth Engine;
validated with 700 ground-truth samples

Table 5. Land use and land cover distribution in Karbi Anglong, 2023-2024

Category Areain Ha Percentage (%)
Water Bodies 6790 0.65

Forest 281438 26.97

Jhum Field

Built-up 150561 14.4
Agriculture 108095 10.35

Bamboo 258243 24.74

Rubber 138940 13.31

Tea & Arecanut 99361 9.52

Note. Data generated by the author from classified land-use maps (Sentinel-2 MSI, 2023/24)
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Table 6. Percentage distribution of land-use land-cover (LULC) classes in Karbi Anglong for
1993, 2014, and 2023/24

Class 1993 (%) 2014 (%) 2023/24 (%)
Water Bodies 4.73 457 0.65

Forest 48.97 43.32 26.97

Jhum Field 25.97 7.38 0.00
Built-up 11.75 12.33 14.40
Agriculture 8.58 7.67 10.36
Bamboo — 24,72 24.75
Rubber — — 13.31

Tea & Arecanut — — 9.52

2 LULC Percentage Distribution in Karbi Anglong (1993, 2014, 2023/24)
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Fig. 5. Comparative percentage distribution of land use and land cover (LULC) classes in Karbi
Anglong district, 1993 (blue), 2014 (orange), and 2023/24 (green)

Stacked Percentage Distribution of LULC Classes in Karbi Anglong (1993, 2014, 2023/24)
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Fig. 6. Stacked percentage distribution of land-use and land-cover (LULC) classes in Karbi
Anglong district for the years 1993, 2014, and 2023/24, showing relative contributions of each
class to the total district area
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Fig. 7. Conceptual timeline of bamboo utilization transitions in Karbi Anglong (1993-2023/24)

3.4 Synthesis: A Three-phase Trajectory

The analysis reveals a clear trajectory of land
use transition in Karbi Anglong:

» Phase | (1993): natural bamboo
abundance within forest—jhum systems;

» Phase 1l (2014): plantation expansion
under industrial demand, with bamboo
emerging as a dominant land-use class;

» Phase 1l (2023/24): post-mill

diversification, with bamboo stabilizing but
increasingly complemented by rubber, tea,
and arecanut plantations.

These transitions (Fig. 7) demonstrate that while
bamboo remains ecologically and culturally
significant, its economic role has weakened,
creating vulnerabilities but also opening
pathways for livelihood diversification.

4. DISCUSSION

4.1 Land Use Transitions and Shifting
Cultivation Decline

The findings demonstrate a clear transition from
a forest—jhum dominated landscape in 1993 to
plantation-based and diversified systems in 2014
and 2023/24. The progressive decline of shifting
cultivation reflects broader regional trends across
Northeast India, where state policies, with
changing livelihood demands, and demographic
pressures have contributed to the decline of jhum
(Ramakrishnan, 1992; Mertz et al., 2009). In
parts of Karbi Anglong, abandoned jhum fallows
are increasingly being converted to planted or
natural colonizing bamboo stands (improved
bamboo fallows), a trajectory documented in
local participatory studies (Bos et al., 2020).
Similar transitions away from rotational jhum
toward more permanent land uses have been
observed in neighbouring states, where policy
reforms and targeted programmes, including
state bamboo policies and the National Bamboo
Mission, have promoted bamboo plantation and
value chain development; in several areas, jhum
fallows have been directly converted into planted
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bamboo or improved bamboo fallows, including
rehabilitation of shifting cultivators through
bamboo cultivation in Tripura (Bos et al.,2020;
Sarkar & Keat, 2024; Tripathi et al., 2017; NBM,
2018).

4.2 Bamboo Expansion and Industrial
Dependence

The plantation boom that shows from LULC in
2014 highlights how industrial demand,
particularly from the Jagiroad Paper Mill,
reshaped land-use systems. Similar dynamics
have been observed in other parts of Asia,
Nigeria where industries drove bamboo
expansion at the expense of mixed forests
(Saroinsong et al., 2006; lllorkar & Raut 2021;
Pavate et al.,2024). In Karbi Anglong, this
industrial dependence generated short-term
livelihood gains but created structural
vulnerability after the mill's closure in 2017
(Borah et al.,2025). The stabilization of bamboo
around 25% of the district in 2023/24, despite
declining industrial demand, suggests resilience
at the household and cultural level (Singha &
Timung., 2015)., but weakened economic
viability at the regional scale (Perez et al.,2014).
This echoes findings from China and Vietnam,
where bamboo remains socially embedded but
its market role fluctuates with industrial cycles
(Belcher, 1998). Comparable bamboo dynamics
were recently mapped in Dima Hasao, Assam,
where Sentinel-2 and machine learning
classifiers revealed how industrial and
agricultural pressures shape bamboo distribution
(Tamang et al., 2025). Moreover, new modelling
studies from Ethiopia show how industrial drivers
and land use change effect highland bamboo
resources, reinforcing the global relevance of
these transitions (Yirsaw & Nigussie, 2024).
4.3 Post-Mill Diversification and
Livelihood Strategies

The post-mill diversification into rubber, tea, and
arecanut reflects adaptive strategies to reduce
dependence on a single commodity. Such
livelihood diversification is consistent with
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broader agrarian transitions in South and
Southeast Asia, where households increasingly
adopt plantation crops in response to market
opportunities (Kuhling et al., 2022; Schroth &
Ruf, 2014; Longpichai et al., 2012). However, the
ecological costs are significant, rubber and tea
plantations, like bamboo monocultures, simplify
landscapes and reduce biodiversity (Warren et
al.,, 2015; Fox et al., 2009; Singh et al., 2021).
Recent studies in Northeast India highlight
similar risks of biodiversity loss and forest
fragmentation linked to plantation expansion
(Mahapatra et al., 2025). Built-up expansion,
which reached 14.4% by 2023/24, adds further
pressure by fragmenting habitats and altering
hydrological regimes. Recent LULC analysis in
the buffer zone of the Nambor Wildlife Sanctuary,
Assam, showed how urban and agricultural
expansion  significantly  threatens  habitat
connectivity (Kashyap et al.,2025). The Karbi
Anglong case thus llustrates both the
opportunities of livelihood diversification and the
risks of ecological homogenization.

4.4 Policy and Sustainability Implications

The three-phase trajectory underscores the need
for integrated land-use policies in ecotonal
districts like Karbi Anglong. First, conservation of
remaining forests is critical, as continuous
decline threatens biodiversity and ecosystem
services. Recent work in Northeast India
emphasizes the urgent need to address forest
fragmentation and the drivers of forest loss
(Mahapatra et al.,2025). Second, bamboo
management must move beyond industrial
supply toward community-based, diversified
value chains (e.g., furniture, handicrafts,
bamboo-based housing), which can enhance
economic resilience. This aligns with findings
from Arunachal Pradesh, where perceptions of
bamboo ecosystem services highlight the
importance of diversified, community-cantered

management (Sailo et al.,, 2025). Third,
diversification into multiple crops should be
guided by land-use planning that balances

income opportunities with ecological integrity.
These lessons resonate with global debates on
sustainable transitions in resource-dependent
regions, where balancing economic, social, and
ecological goals remains a central challenge
(Meyfroidt, 2016; Gomez-Limén et al., 2020).

5. CONCLUSION

This study traced three decades of land use and
land cover (LULC) transition in Karbi Anglong,
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Northeast India, highlighting the evolving role of
bamboo in shaping both ecological and livelihood
systems. Using multi-temporal satellite data
(1993, 2014, 2023/24), validated classification,
and transition matrix analysis, the results reveal
a three-phase trajectory: (i) 1993 - natural
abundance, when bamboo was embedded in
forest—jhum mosaics and supported subsistence
alongside emerging industrial demand; (ii) 2014
— plantation expansion, driven by the Jagiroad
Paper Mill and subsidy programs, where bamboo
emerged as a major land cover class at the
expense of forests and shifting cultivation; and
(i) 2023/24 — post-mill diversification, marked by
stabilization of bamboo (24.74% of district area)
but diversification into rubber, tea, and arecanut
plantations, alongside continued built-up growth.

These transitions underscore the dual nature of
bamboo, resilient as a cultural and ecological
resource, yet vulnerable as an economic
commodity tied to industrial cycles. The decline
of jhum cultivation reflects broader agrarian shifts
in Northeast India, while the post-industrial

diversification demonstrates household
adaptation strategies but raises ecological
concerns about plantation-driven landscape

simplification and forest loss.

The findings highlight three policy priorities. First,
protecting residual forests to safeguard
biodiversity and ecosystem services. Second,
revitalizing bamboo-based value chains beyond
industrial pulp, focusing on housing, furniture,
handicrafts, and climate-resilient uses. Third,
integrated land-use planning to balance
livelihood diversification with ecological integrity,
ensuring that plantation expansion does not
undermine long-term sustainability.

By situating bamboo within a broader trajectory
of land-use transitions, this study contributes to
understanding how industrial demand, livelihood
strategies, and ecological pressures interact in
ecotonal landscapes. The Karbi Anglong
case offers insights not only for bamboo-
dependent regions in India but also for other
resource-based landscapes in Asia undergoing
similar transitions.
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