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Abstract

In biodiversity-rich borderlands, some humanitarian settlements are rapidly expanding.
This creates a profound conflict: refugees need a place to live, and ecosystems need
protection. However, how settlement growth spatially affects the ecology surrounding
protected areas remains understudied. This study takes as an example the city of Teknaf in
Bangladesh, one of the world’s largest refugee gathering areas, to explore how settlement
expansion changes the ecological structure and function of protected area boundaries, with
a focus on two questions: Are there critical spatial thresholds? What is the role of climate
feedback mechanisms? We build an analysis framework that integrates several types of
data: multitemporal remote sensing images, land-use changes, ecological indicators (NDVI,
LST, HQ), landscape pattern indices, gradient analysis, and 2036 simulations based on the
business-as-usual scenario. Through this framework, we identify the ecological threshold at
the junction of settlements and forests within the Teknaf Wildlife Sanctuary. The expansion
of settlements has turned the landscape, which was originally dominated by vegetation,
into fragmented hard patches. At the same time, the habitat is severely degraded, and heat
stress intensifies. Notably, a critical transition zone emerges at approximately 300–500 m
from the protected area boundary, where landscape fragmentation intensifies, habitat
quality declines, and heat stress reaches its peak, highlighting a spatial hotspot of ecological
vulnerability. If there are no intervention measures, future scenario simulations show that
the continued expansion of settlements will only isolate protected areas and accelerate
ecological degradation. On the basis of gradient analysis for spatial diagnosis, we propose
a zoning management framework and regeneration landscape strategy with the direct goal
of coordinating ecological protection and humanitarian needs in crisis-prone border areas.

Keywords: human–environment interaction; refugee-hosting landscapes; borderland pro-
tected areas; land-use change; spatial thresholds; isolated effect; restoration; Teknaf Peninsula
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1. Introduction
Given the escalating global refugee crisis and the ongoing impacts of climate change,

land-use conflicts at the boundaries of nature reserves have become increasingly promi-
nent [1]. According to the United Nations High Commissioner for Refugees (UNHCR),
117.3 million people worldwide are still in a state of forced displacement as of 2025 [2].
Many of these refugee settlements are located on the edge of protected areas, leading to
the degradation of the surrounding ecological environment. The 1994 influx of Rwandan
refugees led to Virunga National Park in the Democratic Republic of the Congo being
placed on the list of world heritage sites in Danger in the same year, mainly because of
large-scale deforestation [3]. In Tanzania, the construction of Mtendeli refugee camps
initially cleared nearly half of the surrounding forest vegetation, exacerbating soil erosion
and reducing soil fertility [4]. Subsequently, local farmers began clearing new farmland
near the Moyowosi Game Reserve, where shifting cultivation practices drove the rapid
expansion of agricultural activities until the camp was closed in 2021 [4]. Additionally,
refugees’ dependence on firewood intensified. It evolved from collecting deadwood within
a 4 km radius of the camp to illegal harvesting 10 to 12 km away, killing trees by ring-
barking [4]. In the Bidibidi settlement in Uganda, most refugee families still use traditional
stoves that require firewood, consuming approximately 20.5 kg of firewood per day and a
total of 347,000 tons per year [5]. It is estimated that at this consumption rate, the forest
resources in the 5 km buffer zone around the settlement zone will be depleted within
three years [5]. Such humanitarian settlements have had a profound impact on the natu-
ral environment and surrounding communities, not only exacerbating deforestation and
habitat fragmentation but also leading to shortages of food and drinking water resources.
Therefore, they exacerbate tensions between refugee groups and local communities in terms
of resource competition. In the current context of global warming and frequent extreme
weather events, such ecological pressures may further intensify, posing even more severe
governance challenges to fragile border-protected areas.

In 2017, nearly 700,000 Rohingya refugees entered Cox’s Bazar, Bangladesh, causing a
sudden increase in humanitarian and ecological pressures [6]. Unlike conventional urban
growth, which is usually gradual and guided by planning and infrastructure provision,
refugee settlement expansion is often sudden, spatially concentrated, and weakly regulated.
In Teknaf, most expansion occurred within a few years after 2017 and was driven by
immediate shelter and resource needs, causing rapid encroachment along the boundary
between the municipality and the Teknaf Wildlife Sanctuary (TWS). Teknaf Municipality
partly overlaps and directly borders the TWS [7], which has been designated an ecological
critical area (ECA) and serves as an important migration corridor for endangered species
such as the Asian elephant (Elephas maximus) [8,9]. The high population density and
excessive dependence on forest resources have exceeded the local ecological carrying
capacity. The continuous exploitation of resources, including firewood collection, illegal
logging [10], land encroachment [11], and the overexploitation of groundwater [12], is
accelerating habitat degradation and fragmentation [13], putting enormous ecological
pressure on protected areas and surrounding communities.

Teknaf is an extreme case of the expansion of humanitarian settlements and the gover-
nance of protected area boundaries [14], with significant analytical value. The Kutupalong
Balukhali settlement quickly became the world’s largest refugee camp in the months fol-
lowing the 2017 influx of refugees, with over 1 million displaced persons concentrated
in 33 camps covering an area of approximately 24 km2. This density is extremely rare
in the global refugee reception landscape [2,15]. Previous studies have shown that the
accelerated growth of the population at the edge of protected areas is a global trend [16].
Teknaf represents the most extreme manifestation of this trend: the speed of expansion

https://doi.org/10.3390/land15061024

https://doi.org/10.3390/land15061024


Land 2026, 15, 1024 3 of 21

and spatial concentration lead to the breaching of ecological thresholds, that is, the critical
distance at which disturbance effects are rapidly intensified, much faster than in con-
ventional urbanization scenarios [17]. More importantly, the administrative boundary
of Teknaf Municipality is directly adjacent to TWS, forming a spatially clear transition
zone for the forest–settlement interface and providing an irreplaceable research interface
across the interference gradient. The significance of Teknaf transcended local emergencies:
the coupling dynamics between rapid settlement encroachment, enhanced edge effects,
and ecological isolation revealed in this study exhibit highly consistent structural features
with existing records in Uganda [5], Tanzania [4], and Borneo [18]. This indicates that
the forest–settlement interface zones in globally displaced areas face similar governance
challenges and lack spatial diagnosis.

Despite growing academic attention given to the ecological changes caused by
refugees, existing research in Teknaf and similar regions still has limitations in terms
of analysis. Related research has evolved from early records of LULC changes [19–21] to the
quantification of ecological consequences: Hasan et al. [22] evaluated the spatiotemporal
patterns of forest degradation and ecosystem function loss in Cox’s Bazar Teknaf Penin-
sula; Sarkar et al. [23] estimated that the value of forest ecosystem services decreased by
21.97% between 2017 and 2021; and Karmakar et al. [24] and Ahmed et al. [25] revealed the
significant driving effect of LULC changes caused by refugee camp expansion on surface
temperature. At the landscape scale, Mitra et al. [15] reported that between 2016 and 2024,
forest cover within refugee camp boundaries decreased by 54.6%, settlements expanded
by 598.5%, and the patch density and fragmentation index increased. In addition, qualita-
tive research has also begun to highlight the institutional weakness of the lack of spatial
planning tools [26]. However, the above research has three limitations in common. First,
existing studies have analyzed ecological changes at the camp or district scale, treating the
settlement protected area interface as a homogeneous boundary rather than a transitional
zone of spatial heterogeneity. There is no research investigating how interference effects
vary with distance from the TWS boundary, nor has a spatial threshold for enhancing the
emergency response been identified. Second, both landscape fragmentation indicators and
ecosystem function indicators are independently evaluated rather than jointly analyzed
within a unified distance-gradient framework. Therefore, the coupling mechanism between
structural fragmentation and functional degradation at the Teknaf interface has not yet been
characterized. Third, evidence of ecological destruction has not yet been connected to dif-
ferentiated spatial planning interventions, and prospective studies that effectively integrate
spatial diagnosis with actionable regenerative landscape strategies are still lacking [27].

Accordingly, this study addresses three related questions:

(1) How does the expansion of refugee settlements reshape the landscape structure and
ecological functions at the forest–settlement interface zone?

(2) Is there a critical spatial threshold beyond which fragmentation, heat stress, and
habitat degradation significantly intensify?

(3) Under the business-as-usual (BAU) scenario, how will future settlement expansion
further expose these threshold areas to ecological risks? What regeneration planning
strategies can alleviate these impacts?

To answer these questions, this study focuses on the forest–settlement interface zone
between the city of Teknaf and the Teknaf Wildlife Sanctuary (TWS). By integrating mul-
titemporal LULC analysis, ecological indicators, landscape indicators, gradient analysis,
and future scenario simulations, (1) the spatiotemporal impacts of settlement expansion
on habitat quality, surface temperature, and vegetation status from 2016 to 2024 can be
quantified; (2) the ecological threshold and structural functional coupling response at the
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forest–settlement interface zone can be identified; and (3) ecological restoration planning
strategies under the BAU scenario in 2036 can be developed.

2. Materials and Methods
2.1. Study Area

Teknaf Municipality (20◦52′ N, 92◦17′ E) is located at the southeastern tip of
Bangladesh and is the administrative center of Teknaf Upazila. It covers an area of 8.45 km2

and borders the Naf River to the east (next to Myanmar) and the Teknaf Wildlife Sanctuary
(TWS) to the west (Figure 1). As a special zone at the junction of city and nature, our
research focuses on this municipality.

Figure 1. Location map of the research area, showing the spatial position between Teknaf Municipality
and the TWS in Bangladesh.

The Teknaf Wildlife Sanctuary (TWS) covers 11,615 hm of the Teknaf Peninsula, which
was originally designated a game reserve in 1983 under the Bangladesh Wildlife (Preserva-
tion) (Amendment) Act of 1974 and was upgraded to Wildlife Sanctuary status in December
2009. The Peninsula was declared an ecologically critical area (ECA) in 1999 under the
Bangladesh Environment Conservation Act (BECA, 1995), reflecting its status as a biodiver-
sity hotspot and its exposure to serious human threats.

The terrain here is steep and runs north–south, with an altitude of up to 700 m. It
borders the Bay of Bengal to the west and a narrow, low strip along the Naf River to the
east [28]. The climate is a humid tropical monsoon climate, with temperatures ranging
from 15 ◦C to 32 ◦C and an annual rainfall of 4000 mm. The region is susceptible to
hurricanes, flash floods, and seasonal landslides. Tropical mixed evergreen forests grow
within protected areas and are historically dominated by plants of the family Dipterocarpus,
including Dipterocarpus turbinatus, D. alatus, Hopea odorata, and Anisoptera scaphula [28].
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In addition, mangrove formations and dune ecosystems are also distributed within the
protected area, with 535 species of angiosperms belonging to 103 families recorded. The
protected area is home to 27 species of amphibians, 54 species of reptiles, 243 species
of birds, and 43 species of mammals, and is an important ecological corridor for Asian
elephants (Elephas maximus) [9,13].

After the influx of Rohingya refugees in 2017, settlements rapidly expanded, resulting
in an increase of nearly 600% in the built-up area within the camps [15], causing a series
of ecological impacts: habitat fragmentation, obstruction of Asian elephant migration
corridors, depletion of groundwater, and seawater intrusion [29]. A field survey conducted
in May 2025 confirmed severe freshwater shortages, with residents relying solely on
polluted ponds and only 15 min of daily pipeline water supply—a situation exacerbated by
the increasingly severe heat island effect and the risk of sudden monsoon floods [24,30].

2.2. Data Sources and Processing

To capture the landscape dynamics surrounding the 2017 Rohingya influx, we define
three temporal phases: a preinflux phase (2016), a postinflux phase (2018, 2020, 2024),
and a future scenario (2036). Multitemporal satellite imagery and field research data
(Table 1) were integrated to support the analysis of LULC dynamics and the derivation of
key environmental indicators, including habitat quality (HQ), the normalized difference
vegetation index (NDVI), and land surface temperature (LST).

Table 1. Data types used in the study.

Data Type Dataset Spatial Scale Temporal Coverage Source

Remote Sensing
Data

Landsat 8 OLI/TIRS
(C02 L2) 30 m December 2016–March 2017 USGS via GEE

Sentinel-2 MSI
(Level-2A)

10 m December 2018–March 2019
ESA Copernicus

via GEE
10 m December 2020–March 2021
10 m December 2024–March 2025

Vector Data

Teknaf Administrative
Boundaries - 2025 Humanitarian Data

Exchange (HDX)

Teknaf Wildlife
Sanctuary - 2025 UNEP-WCMC

(WDPA)

Field Data On-site survey - 2024–2025 Author’s field survey

All the remote sensing data were processed via the Google Earth Engine (GEE) plat-
form (https://code.earthengine.google.com/, accessed on 1 March 2026). For the postinflux
phase (2018, 2020, 2024), Sentinel-2 MSI Level-2A imagery [31] was used for LULC clas-
sification and NDVI calculation. For LST retrieval, Landsat 8 OLI/TIRS Collection 2
Level 2 products (30 m) were employed, with thermal bands converted from Kelvin to
Celsius [24,32,33]. To ensure temporal consistency and minimize cloud interference, we
used a median composite approach for all images acquired during the dry season (De-
cember to March) [34]. Preprocessing included automated cloud masking based on the
scene classification layer (SCL) for Sentinel-2 and the QA_PIXEL band for Landsat. To
supplement satellite observations, we conducted field investigations and recorded key
landscape features, such as the forest–settlement interface zone and forest erosion frontiers,
from 2024 to 2025.

2.3. Methods

The rapid expansion of settlements affects protected areas through processes such
as land conversion, landscape fragmentation, and the degradation of ecological function.
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These processes are not evenly distributed but present a clear spatial gradient along the
forest–settlement interface zone and are concentrated within a specific distance range.
To identify the most significant spatial interface of ecological degradation, we integrate
land-use classification, landscape indices, ecological indicators, gradient analysis, and
future scenario simulation into a unified analysis framework (Figure 2). Among them, the
landscape index is used to quantify fragmentation and connectivity at the structural level,
whereas the NDVI, LST, and HQ characterize vegetation status, the thermal environment,
and ecosystem function, respectively. The combination of structural and functional indi-
cators aims to test whether landscape fragmentation is coupled with ecological function
degradation within the same spatial interval. Gradient analysis transforms traditional
landscape statistics into continuous profiles that vary along distance, thereby identifying
spatial thresholds where significant changes in ecological response occur.

Figure 2. Research technology roadmap. Arrows (→) indicate direction of process flow or causal
relationships; upward (↑) and downward (↓) arrows indicate increase or decrease of an indicator.

In addition, the 2036 land-use simulation assesses whether the identified key threshold
areas will continue to face pressure from new construction, thereby further exacerbating
ecological degradation. The methodological framework serves a single goal: to identify
the key interface where ecological degradation and humanitarian intervention require the
most synergistic action.
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2.3.1. LULC Classification and Transition Analysis

Our research utilized multitemporal remote sensing data to characterize dynamic
changes and transformations of LULC in complex and transitional ecosystems [35]. A
random forest (RF) classifier was implemented in GEE to classify landscapes into five
categories: built-up, cropland, vegetated area, water body, and wetland. A total of 445
training samples were manually collected through visual interpretation of high-resolution
Google Earth images and historical Landsat/Sentinel-2 composite images. The classifier is
trained on Sentinel-2 composite images from 2024 and remains consistent at all time stages
to ensure the comparability of the classification results.

The accuracy of the classifier is evaluated by dividing the training set/validation set
into 70/30 layers. The overall accuracy of the classifier is 80.2%, with a kappa coefficient of
0.73. The classification accuracies of vegetated areas (90.0%) and built-up areas (89.7%) are
the highest. The lower accuracy values for water bodies (55.0%) and wetlands (64.7%) may
reflect spectral confusion between turbid shallow water, moist soil, and exposed surfaces in
coastal environments, which is a common limitation in medium-resolution optical remote
sensing [36]. Because vegetated areas and built-up areas are the main variables driving
ecological gradient analysis, classification accuracy is considered sufficient to meet the
requirements of subsequent analysis.

2.3.2. Multidimensional Ecological Quality Assessment

Ecological quality is evaluated through three indicators: HQ, LST, and NDVI.

(1) Habitat quality: Habitat quality was analyzed via the InVEST module (version
3.18.0) [37] by integrating multitemporal LULC maps (2016–2024) and threat fac-
tors, with built-up areas (0.9), roads (0.6), and croplands (0.5), to quantify habitat
suitability and degradation levels.

(2) LST and NDVI: These indices are calculated via the GEE platform to capture vegetation
vigor and thermal environment variations.

2.3.3. Future Scenario Simulation (2036)

A business-as-usual (BAU) scenario was developed to simulate land-use change
in 2036, with the assumption that the historical urbanization trend continues without
major intervention.

(1) LULC prediction: On the basis of the CA Markov model [38], we used the PLUS
model (version 1.4.2) to simulate future LULC patterns, with transition probabilities
and driving factors derived from historical land-use change data from 2016 to 2024.

(2) Ecological indicator prediction (LST and NDVI): Under land-use constraints, we used
the delta perturbation model to estimate the future LST and NDVI. First, we applied
linear regression to estimate temporal trends for different land-cover types from 2016
to 2024. For pixels that remained unchanged, we extrapolated their future values on
the basis of historical trends; for pixels that had changed, we adjusted them on the
basis of the average difference caused by land-use transformation. In addition, we
applied historical range-based spatial filtering and threshold constraints to reduce
outliers and maintain spatial continuity.

(3) Habitat quality prediction: The prediction of future habitat quality is based on simu-
lated LULC patterns in 2036 and habitat conditions in 2024. This prediction takes into
account the impact of land-use changes and time-trend adjustments while limiting the
values within the historical ecological range to ensure ecological rationality, especially
for high-quality habitats.
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2.3.4. Spatiotemporal Gradient Analysis of Interface

To quantify the spatial decay of anthropogenic disturbances across the forest–
settlement interface zone, a gradient analysis was performed using the boundary of the
TWS as the reference origin for buffer generation. Multiple concentric buffers were estab-
lished and extended into Teknaf Municipality at intervals of 100 m, 300 m, 500 m, 1000 m,
and 2000 m (Figure 3). This multi-scale design follows the gradient approach documented
in a Southeast Asian tropical protected area, where disturbance effects from village bound-
aries were measured along transects of 200–2000 m [39]; here, we extend the gradient closer
to the boundary (100 m) to capture more immediate anthropogenic pressures. The inner
intervals (0–300 m) target the near-boundary zone of concentrated anthropogenic pressure,
whereas the outer intervals (500–2000 m) extend the analysis to landscape scales relevant
for connectivity and spillover assessment [40,41].

Figure 3. The study area and five buffers from the TWS boundary.

Two categories of indicators were extracted for each buffer zone via zonal statistics.
First, three landscape structural indices were computed from the classified LULC maps:
patch density (PD), largest patch index (LPI), and edge density (ED), which collectively
characterize the degree of fragmentation, connectivity, and boundary complexity within
each distance band [42,43]. Second, three ecological condition indicators, HQ, NDVI, and
LST, were derived to capture the functional responses of the landscape to anthropogenic
pressure [44]. Jointly analyzing structural and functional indicators along distance gradients
can identify the spatial range of ecological thresholds and settlement-driven impacts.
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3. Results
3.1. Spatiotemporal Dynamics of Land-Use Transitions (2016–2024)
3.1.1. Land-Use Type Change Analysis

From 2016 to 2024, driven by the influx of events in 2017, the landscape pattern of
the study area underwent drastic evolution, characterized by the explosive and sustained
expansion of built-up areas at the expense of natural land (Figure 4).

Figure 4. Spatiotemporal evolution of LULC in Teknaf from 2016 to 2024.

Before the influx in 2016, the area was composed mainly of natural and seminatural
landscapes. Water bodies (28.52%), vegetated areas (21.13%), and wetlands (18.57%) domi-
nate the region. At this time, the built-up area accounts for only 10.56%, showing a limited
and concentrated spatial distribution, while the proportion of arable land is 7.62%.

By 2018, the landscape pattern had undergone significant reconstruction. The propor-
tion of built-up areas has increased to 22.52%, more than doubling in just two years. The
Sankey diagram shows that the rapid urban expansion during this initial period mainly
encroached on wetlands (which sharply decreased to 7.59%) and water bodies (which
decreased to 19.13%). At the same time, there was a brief increase in croplands (to 14.08%),
and the vegetated areas slightly increased to 23.80%.

The period between 2018 and 2024 witnessed sustained urban expansion and ecologi-
cal degradation. The built-up areas continue to spread rapidly, reaching 30.57% in 2020 and
peaking at 31.37% in 2024. During this stage, the vegetated areas experienced sustained
and severe degradation, dropping to 17.25% in 2020 and only 13.73% by 2024. The clear
transfer of land types indicates that later urban expansion mainly consumed vegetated
areas and cultivated land (stable at approximately 10.95%), highlighting the serious and
persistent loss of ecological land.

3.1.2. Land-Use Transition Pattern Analysis

The land cover trajectory map (Figure 5) reveals the complex spatiotemporal pathways
of landscape transformation between 2016 and 2024.

https://doi.org/10.3390/land15061024
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Figure 5. Spatial patterns of land cover transition trajectories (2016–2024) highlighting dominant
change pathways.

The most dominant trend of change is the large formation of a hardened zone. The
urbanization process expands outwards contiguously from stable, existing settlements
(built-up → built-up → built-up → built-up, red), aggressively encroaching on surrounding
natural lands. Unlike typical urban growth, the trajectory map reveals that vegetated
areas, rather than croplands, became the primary source of urbanization. Trajectories
such as Vegetated Area → Built-up → Built-up → Built-up (salmon red) and its delayed
variants indicate the continuous clearing of terrestrial vegetation for infrastructure from
2018 onwards.

The eastern and northeastern regions of the research area near rivers have experi-
enced severe degradation of aquatic ecosystems due to landfilling and reclamation. The
trajectory of wetland → built-up → built-up → built-up (light pink) indicates that natural
wetlands on the outskirts of the city were directly flattened for housing construction after
2016. In addition, agricultural encroachment also confirms the loss of aquatic systems, as
shown in the trajectory of water body → cropland → cropland → cropland (yellow). The
trajectory of wetland → vegetated area → vegetated area (olive green) further reflects the
territorialization and aridification of wetland ecosystems.

The water body dynamics exhibit fluctuations. Trajectories such as Water Body →
Built-up → Water Body → Built-up (pink color scheme) or Water Body → Water Body →
Built-up → Water Body (blue color scheme) reveal the unstable and repetitive tug of the
war process between human reclamation and water recovery.

Overall, the observed growth pattern is characterized by contiguous outward expan-
sion from existing settlements rather than isolated infilling, which mainly encroaches on
vegetation, wetlands, and water bodies at the edge of the city. In addition to urbanization,
natural space is undergoing restructuring, which is manifested primarily through the trans-
formation of aquatic systems and territorialization. These trajectories highlight a systemic
shift from a natural ecological mosaic to a human-dominated environment.

3.1.3. Land-Use Projection for 2036 Under the Business-as-Usual Scenario

Under the BAU scenario, the PLUS model projected the spatial LULC pattern for 2036,
revealing an increasingly fragmented landscape (Figure 6). Compared with those in 2024,
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built-up areas will continue to consolidate and expand outward from existing peripheries,
forming a denser urbanization network. However, the cropland area increased significantly
in the northern and southern regions. This dual urban-agricultural expansion severely
erodes the remaining vegetation, causing patches (particularly in the northwest) to shrink
and fragment. Additionally, peripheral wetlands continue to degrade. Although water
bodies remain stable in spatial form, they appear to have lost their original continuity and
integrity.

Figure 6. Spatiotemporal evolution of land-use type (2016–2036): historical patterns and future
projection under the business-as-usual (BAU) scenario.

3.2. Spatiotemporal Evolution of Ecological Quality and Thermal Environment (2016–2036)
3.2.1. Habitat Quality Transitions and Projection

The spatiotemporal evolution of habitat quality shows a clear degradation trajectory,
transitioning from a coherent ecological matrix to fragmentation (Figure 7).

Figure 7. Spatiotemporal evolution of habitat quality (2016–2036): historical patterns derived from
the InVEST model and future projection under the business-as-usual (BAU) scenario.

In 2016, areas with high habitat quality dominated the study area. High-quality
habitats were widely distributed in the western vegetated areas and the northeastern wet-
lands, which exhibited high habitat connectivity, whereas low-quality areas were limited to
small patches of built-up land and some agricultural land. From 2016 to 2018, the expan-
sion of built-up land and agricultural land led to particularly severe habitat degradation.
Low-quality areas expanded radially and rapidly, encroaching upon large portions of
the previously high-quality spaces in the western vegetated areas and the northeastern
wetlands. The once continuous high-quality habitats were severely fragmented, leaving
only isolated patches at the edges, greatly weakening the support capacity of regional bio-
diversity. After 2018, the degradation trend continued to spread, and by 2020, high-quality
habitat areas had further contracted. By 2024, the polarization of habitat quality distri-
bution had become distinct, with high-quality and low-quality areas coexisting, whereas
medium-quality areas had almost disappeared. Low-quality patches continued to merge
and expand, severing the remaining ecological connectivity. Although small amounts of
high-quality habitat persist in some corridor areas, they are far from sufficient to reverse
the dominant trend of fragmentation.
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In the BAU scenario, the distribution of habitat quality tends to polarize. The transition
zone of medium quality has been severely encroached upon, and the landscape matrix has
shifted to be dominated by contiguous low-quality patches (brown). Low-quality habitats
continue to spread and interweave in the central, southern, and western regions, completely
blocking the original ecological corridors. This not only led to the continuous degradation
of high-quality habitats in the northwest TWS but also disconnected it from the northeast
region. This indicates that under the continuous pressure of urbanization, regional habitats
are facing systematic disintegration.

3.2.2. Vegetation Vitality Transitions and Projections

In 2016, this area was dominated by high NDVI values (green), while low values
(red) were mainly located in eastern water bodies (Figure 8). From 2016 to 2020, the
total vegetation coverage remained relatively stable, with a slight expansion in the low-
value area on the east side. By 2024, a distinct turning point occurred: the NDVI in the
central regions decreased, and the previously continuous high-value zones began to show
fragmentation due to urban expansion.

Figure 8. Spatiotemporal evolution of the NDVI (2016–2036): historical patterns based on the InVEST
model and future projections under the business-as-usual (BAU) scenario.

The forecast for 2036 shows that the landscape will shift towards a highly fragmented
and moderately vibrant state. Unlike the more concentrated red patches in 2024, the
low-value areas become extremely fragmented and pixelated across the entire region.
Moreover, the range of moderate values (yellow) significantly expands, replacing the
original high vitality forest base. This trend indicates that without intervention, continuous
green infrastructure will be substantially shattered by 2036.

3.2.3. Thermal Environment Transitions and Projection

From 2016 to 2024, heat distribution evolved from isolated patches into concentrated
and connected urban heat island (UHI) networks (Figure 9).

Figure 9. Spatiotemporal evolution of LST (2016–2036): historical patterns derived from Landsat
thermal imagery and future projections under the business-as-usual (BAU) scenario.

In 2016, the high-temperature zone (red) was concentrated in the central and northern
regions, with a maximum temperature of 35.90 ◦C. After experiencing slight fluctuations in
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2018 (34.13 ◦C) and 2020 (35.62 ◦C), the highest surface temperature reached 35.92 ◦C in 2024.
During this period, the high-temperature zone spread outwards from the center, forming
a continuous heat island network that corresponds to the urban expansion footprint.
This phenomenon is consistent with recent research showing that extensive expansion
of impermeable surfaces can severely degrade local thermal environments and weaken
the buffering capacity of landscapes [45]. In contrast, wetlands and water bodies in the
northeast maintained a significant cooling effect during this period (blue).

The forecast for 2036 indicates that the thermal environment will further deteriorate.
The highest surface temperature is expected to increase to 42.06 ◦C, whereas the lowest tem-
perature decreases to 21.68 ◦C, resulting in an increase in regional temperature differences.
In terms of spatial distribution, the high-temperature zone (red) is no longer limited to the
central and northern core areas but spreads widely to the central and southern regions.
This trend shows that under the BAU scenario, the spatial heterogeneity of extreme heat
phenomena and the thermal environment in the region will intensify.

3.3. Spatiotemporal Gradient Analysis of Ecological Structure and Function

The landscape structural index shows a significant spatiotemporal decay gradient
centered around the TWS, with strongly concentrated reorganization in the 300–500 m
transition zone (Figure 10).

Figure 10. Spatiotemporal gradient analysis of landscape fragmentation and structural integrity
along the forest–settlement interface zone (2016–2036). The top row (a–c) shows the distance–decay
trends of the patch density (PD), largest patch index (LPI), and edge density (ED); the bottom row
(d–f) shows the corresponding spatiotemporal intensity matrices.

The PD reaches its peak at 300 m (241.00), indicating high fragmentation at the res-
idential forest boundary, then decreases at 500 m (117.49), and then increases outwards
again. In contrast, the maximum plaque index (LPI) shows the opposite pattern, reaching
its peak at 500 m (38.82) and maintaining a lower level at 300 m and 1 km. The edge density
(ED) is lower between 300 and 500 m but higher in the inner area (0 m: 317.24) and outer
area (2 km: 311.76). Temporally, structural changes intensified after 2020.
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Overall, the results highlighted significant structural differences at critical distances:
fragmentation reached its peak at 300 m (PD high, LPI low), whereas PD decreased and
LPI significantly increased at 500 m, indicating partial integration of larger plaques.

The structural fragmentation of the landscape is closely associated with functional
degradation (Figure 11). Fragmented patches lose their ability to regulate the microclimate,
resulting in a “thermal boundary effect” of the LST and ultimately leading to a decline in
habitat quality and the NDVI.

Figure 11. Spatiotemporal gradient analysis of the mean NDVI, LST, and habitat quality along the
distance along the forest–settlement interface zone (2016–2036). Panels (a–c) represent gradient
profiles, while (d–f) display the corresponding heatmaps.

The NDVI decreases sharply at 300 m and reaches its lowest value at 500 m, indicating
that vegetation degradation is most severe in the transition zone. The HQ also shows a
similar pattern, forming a clear trough at 500 m. After exceeding 1 km, both the NDVI and
HQ showed partial recovery. In contrast, the LST shows the opposite trend, reaching its
peak at approximately 500 m (32.81), indicating strong heat stress in the region.

Overall, the results show significant spatial coupling, with the minimum values of
the NDVI and HQ corresponding to the maximum value of the LST, highlighting that this
transition zone is the area with the most severe ecological functional degradation.

4. Discussion
4.1. Humanitarian Settlement Expansion and Protected Area Isolation: Coupled Gradients
and Thresholds

Gradient analysis revealed strong spatial coupling between settlement expansion and
ecological isolation, with a pronounced transition occurring within the 300–500 m range
from the TWS boundary. In this zone, the patch density increases sharply, whereas the
largest patch index decreases, indicating that the continuous forest matrix has fragmented
into a pattern of small patches interwoven with human land use. Moreover, the NDVI
decreases, habitat quality deteriorates, and surface temperature reaches local peaks, sug-
gesting that structural fragmentation and functional degradation occur simultaneously
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rather than sequentially. The forest–settlement interface zone has therefore shifted from an
ecological spillover zone to a marginal landscape dominated by human activities.

This discovery is directly related to the spillover effect theory of the effectiveness of
protected areas. Xia et al. [41] and Ament and Cumming [40] demonstrated that when
the surrounding landscape remains relatively transparent, the protected area can gener-
ate positive spillover beyond its boundaries. Nevertheless, once landscape connectivity
weakens below the critical threshold, this ability decreases, and the protected area falls into
ecological isolation. Our results show that within the 300–500 m area from TWS, the thresh-
old has been exceeded: as the surrounding substrate transitions from a vegetation mosaic
to a hardened residential area surface, the protected area shifts from producing spillover
effects to isolation effects [46]; that is, the connectivity between the protected area and the
surrounding natural landscape decreases, leading to the interruption of ecological flows.

Previous studies conducted in Teknaf have documented forest loss, habitat degrada-
tion, and increased heat stress at the landscape scale [19,21,22,47], confirming the occurrence
of ecological changes. However, because these studies analyzed overall landscape con-
ditions rather than distance gradients, they failed to identify where degradation is most
spatially concentrated and at which interface distance structural and functional degradation
converge. Therefore, we used gradient analysis to identify the 300–500 m interface as the
main area where fragmentation, habitat degradation, and heat stress occur simultaneously,
thereby clarifying the spatial scope of targeted interventions.

Similar boundary dynamics have been recorded in Bidibidi, Uganda, and Mtendeli,
Tanzania, but at different spatial scales. In Mtendeli, the range of firewood collection ex-
tends from a radius of 4 km around the campsite to 10–12 km, and agricultural cultivation
activities can be detected within a research radius of 25 km [4]. In Bidibidi, fuelwood de-
mand exceeds forest regeneration capacity within the 5 km buffer zone [5]. The compressed
300–500 m threshold in Teknaf reflects the combination of extreme settlement density
and direct spatial adjacency between Teknaf Municipality and the TWS, which together
accelerate the hardening of the forest-settlement matrix and threshold crossing relative to
lower-density or more buffered refugee-hosting landscapes. The comparison indicates that
the key to determining the ecological threshold across scales is not the refugee settlement
itself but the settlement density and matrix configuration [16].

The dependence of refugee families on surrounding forests exacerbates this degra-
dation, forming a social-ecological feedback loop: vegetation loss intensifies heat stress,
weakens hydrological regulation capacity, and further exacerbates pressure on neighboring
ecosystems [48]. This chain reaction resulted in severe infrastructure failure. The spring
water collection system and reservoir within the TWS boundary of Naitong Para, built
during the colonial period, ceased operation because of the occupation of upstream land
and the loss of vegetation, leading to severe water shortages in downstream communities.
This indicates that ecological restoration and humanitarian assistance cannot be seen as
independent planning paths. More importantly, this issue is not unique to unregulated
refugee settlements. Evidence from Borneo suggests that even formally planned settlement
expansion without well-designed buffer zones and ecological corridors can aggravate forest
fragmentation and biomass loss [18]. Therefore, the key factor determining the ecological
consequences of the interface is not whether the expansion itself is “planned” but whether
effective strategies that can maintain ecological connectivity and protect the transition
interface are implemented during the expansion process.

The Teknaf case demonstrates that in extremely high-density humanitarian settlement
environments, ecological thresholds may be breached at smaller spatial and temporal
scales than in typical urbanization scenarios. The degradation height is concentrated at
the transition interface between settlements and protected areas (identified in this case
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as the threshold zone 300–500 m from the TWS), rather than at the boundary of the pro-
tected area itself. This discovery has different implications for three types of actors. For
urban planners, this gradient analysis method provides a replicable process for identifying
ecological thresholds, which does not rely on administrative boundaries but is based on
collaborative responses to structural and functional decline. It can be applied to similar
high-density settlement-protected area adjacency scenarios. For the government, relying
solely on traditional protection within protected areas is no longer sufficient to maintain
their integrity. The land-use control and buffer zone design need to be recalibrated on
the basis of this 300–500 m interface. For humanitarian organizations and NGOs, this
threshold directly defines the priority spatial range for ecological intervention: within
this threshold zone, proactive restoration and livelihood replacement projects can achieve
maximum returns.

4.2. From “Do No Harm” to Regenerative, Landscape-Based Humanitarian Planning

On the basis of the above evidence, our research shifts its focus from impact descrip-
tion to spatial diagnosis and differentiated planning, which also requires corresponding
adjustments to the framework for humanitarian landscape governance.

Environmental management in humanitarian planning has long followed the “no
harm” principle of the Sphere Handbook, emphasizing minimizing environmental damage
in emergency response [49]. When refugee settlements are seen as temporary facilities, this
framework is appropriate, but in long-term environments such as Teknaf, its structural
flaws are evident: “do no harm” is passive, defect-oriented, and aimed at preventing the
worst outcomes rather than pursuing a positive ecological development trajectory. Once
the structural and functional thresholds are exceeded, as shown in our results within
the 300–500 m range, minimizing damage cannot reverse fragmentation, restore habitat
connectivity, or rebuild degraded water infrastructure.

Recent academic research advocates regenerative [49] and landscape-based methods,
which combine ecological restoration with livelihood support [40,50]. Alves et al. [51]
analyzed 24 assisted natural renewal (ANR) cases worldwide and reported that the success
of this method heavily relies on spatial analysis of the natural regeneration potential in
the landscape. They explicitly stated that identifying where ANR is most effective in
the landscape is a key prerequisite for its success. Similarly, Nishi and Subramanian [52]
comprehensively analyzed multiple cases of social-ecological production landscapes and
proposed that effective ecosystem restoration should start at the landscape or seascape
scale, as this approach can help practitioners identify key issues, stakeholder relationships,
and potential threats at specific locations, thereby ensuring the feasibility and pertinence of
intervention measures. The commonality between these two studies is that, as reflected
in our research, the effectiveness of any restoration intervention depends not only on
the content of the intervention but also on the application location and scale within the
landscape. In Teknaf, the 300–500 m boundary zone, identified through gradient analysis,
is the most critical area for restoration investment. Within this area, fragmentation can still
occur, and functional connectivity can be partially restored, thereby preventing further
deterioration of the landscape to a low-resilience state.

4.3. Spatial Zoning and Regenerative Design Pathways Toward 2036

The 2036 BAU projection suggests that ecological threats will continue to intensify,
which is consistent with studies showing that rapid settlement growth leads to fragmented
peri-urban landscapes and declining ecosystem services [53–55]. Notably, the increase
in LST under the BAU scenario in 2036 is attributed mainly to local vegetation loss and
the thermal response caused by impermeable surface expansion rather than to regional
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climate warming effects not explicitly included in this study. Referring to the threshold
determined by gradient analysis (Section 3.3), differentiated three-zone planning (Figure 12)
links ecological restoration with humanitarian landscape management.

Figure 12. Spatial zoning and regenerative design strategies for the TWS interface landscape (Note:
Squiggly downward arrows: infiltration or recharge; straight upward arrows: evaporation; red
prohibition symbol: no-entry core zone boundary).

The difference between this framework and traditional buffer zone planning is that its
boundaries are not based on administrative conventions or arbitrary boundaries but rather
on scientifically identified ecological threshold responses: the 300–500 m transition zone is
regarded as the main fragmentation-degradation convergence zone, which determines the
boundaries of Zone 2.

The first zone (core protected area, HQ > 0.65) covers the interior of the TWS and
adjacent forest boundaries. The key strategies here are to prevent encroachment and
logging, protect wildlife corridors, restore natural water sources and reservoirs, promote
natural forest regeneration, and maintain the ecological source functions that Zone 2 and
Zone 3 rely on.

The second zone (forest–settlement interface zone) is a buffer zone within 500 m of
TWS, which is the main focus area for ecological restoration interventions and the area
with the most severe ecological degradation. Targeted measures include building green
buffer zones to alleviate thermal edge effects, restoring wetlands, repairing traditional
water storage facilities, and conducting ecological monitoring.

The third zone is a settlement transformation zone beyond 500 m, encompassing
the high-density refugee settlement core, where built-up land reached 31.37% in 2024 and
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continues to expand. Rather than restricting land use, strategies here aim to reduce pressure
on the inner zones through landscape-integrated approaches: community agriculture
and forestry, combined with firewood plantations, and existing firewood substitution
schemes (such as liquefied petroleum gas distribution) to meet onsite fuel demand [56];
garden greening and shading facilities to alleviate the expected increase in heat stress;
and blue-green infrastructure to replace polluted or seasonally dried water bodies at field
investigation points KULAL PARA and KHANKAR DEIL (Figure 12).

The framework’s effectiveness depends on its institutional embeddedness. Community-
based co-management has demonstrated the capacity to improve ecological outcomes and
livelihood resilience in resource-dependent landscapes [40,50]. Bangladesh’s Wetland
Conservation Act (2000) and the Forest Department’s jurisdiction over the TWS provide
the legal basis for Zone 1 protection. In practice, the Inter Departmental Coordination
Group (ISCG) of the Joint-Response Plan (JRP), which brings together the government of
Bangladesh, the United Nations High Commissioner for Refugees, and over 117 humanitar-
ian partners, follows a strategic framework that clearly includes climate and environmental
goals [57], providing an existing interagency mechanism through which threshold-based
zoning can be used as input for spatial planning. This institutional foundation distin-
guishes our proposed strategies from purely academic proposals and enables their practical
implementation within existing governance structures.

5. Conclusions
5.1. Key Findings and Contributions

Our research examined the ecological consequences and mechanisms of refugee set-
tlement expansion at the TWS interface via multitemporal remote sensing and gradient
analysis. From 2016 to 2024, vegetation-dominated landscapes were replaced by fragmented
settlement patches, with large-scale losses of vegetation, increased LST, and decreased
habitat quality.

The results revealed a critical ecological transition zone within 300–500 m from the
TWS boundary, where landscape fragmentation, habitat degradation, and heat stress were
highly concentrated. This suggests that rapid settlement expansion can accelerate ecological
isolation around protected areas, particularly in high-density humanitarian landscapes.
Under the BAU scenario, the overall ecological conditions will continue to intensify by
2036 in the absence of targeted interventions.

5.2. Limitations and Future Research

The spatial resolution of existing satellite data limits the detection of fine-scale land-
scape features within dense refugee camps. The habitat quality model relies on predeter-
mined threat factors and weight parameters, which may introduce uncertainty. In addition,
the future land-use scenario assumes a simplified BAU path without considering policy
intervention or socioeconomic changes.

Our analysis focused mainly on ecological and surface indicators. Subsequent re-
search can integrate participatory mapping, field visits, and interviews to gain a deeper
understanding of refugees’ and host communities’ perceptions, utilization, and value iden-
tification of the surrounding landscape. Moreover, conducting comparative research in
other refugee-hosting areas can help test whether there are similar spatial thresholds and
ecological restoration pathways across different ecological and institutional contexts.
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5.3. Implications for Landscape Practice and Policy

Refugee hosting areas should be seen as long-term social ecosystems rather than
short-term humanitarian emergency spaces. In rapidly changing borderland environments
such as Teknaf, ecological degradation may occur in narrow transition zones.

For planning and policy-making, design interventions, ecological restoration, and
livelihood support must be integrated into the management framework of humanitarian
landscape management. More broadly, the analytical framework of this study can serve
as a spatial decision-support tool for identifying ecological thresholds and priority inter-
vention areas in other refugee-hosting landscapes, helping to shift from crisis response to
resilient governance.
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