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Abstract: Regime shifts—rapid long-term transitions between stable states—are well documented
in ecology but remain controversial and understudied in land use and land cover change (LUCC).
In particular, uncertainty surrounds the prevalence and causes of regime shifts at the landscape level.
We studied LUCC dynamics in the Tanintharyi Region (Myanmar), which contains one of the last
remaining significant contiguous forest areas in Southeast Asia but was heavily deforested between
1992–2015. By combining remote sensing methods and a literature review of historical processes
leading to LUCC, we identified a regime shift from a forest-oriented state to an agricultural-oriented
state between 1997–2004. The regime shift was triggered by a confluence of complex political
and economic conditions within Myanmar, notably the ceasefires between various ethnic groups
and the military government, coupled with its enhanced business relations with Thailand and
China. Government policies and foreign direct investment enabling the establishment of large-scale
agro-industrial concessions reinforced the new agriculture-oriented regime and prevented reversion
to the original forest-dominated regime. Our approach of integrating complementary analytical
frameworks to identify and understand land-cover regime shifts can help policymakers to preempt
future regime shifts in Tanintharyi, and can be applied to the study of land change in other regions.
Keywords: agricultural plantation; armed conflict; deforestation; ESA CCI land cover dataset; land
use/land cover change; Myanmar; pattern; process; sustainable development; Tanintharyi Region

1. Introduction
Escalating human domination of Earth’s ecosystems over the course of the Anthropocene has led
to adverse global environmental impacts through changes in climate, biogeochemical cycles, ecosystem
functions, and biodiversity [1–3]. Human land-use activities have transformed natural landscapes
through agricultural expansion and intensification, tropical deforestation, and urban sprawl [2,4].
Transformations in land systems—the terrestrial component of earth systems that comprise all
the processes, activities, and socioeconomic outcomes of the human use of land—have profound
consequences for local environments and human well-being and are among the most important drivers
of global environmental change [5,6]. Although land systems can change gradually, the changes may
also occur abruptly between two stable states in the system. This process is referred to as a regime
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shift [4,7–9], a concept used in ecology to describe rapid transitions between different stable states of
ecological systems (e.g., forest to savannah [10–12]).
Reorganisation of land systems may occur during brief periods of abrupt, non-linear change
driven by exogenous events that are difficult to anticipate [8,13,14]. The period of rapid change
between two stable states of land systems (or land-system regimes) is a ‘land-system regime shift.’
Regime shifts may be catalysed by reaching a threshold after cumulative pressure with associated
feedbacks (a ‘tipping point’) or by influential events (a ‘punctuation’) applied to the land system [8,14].
Recognition of land-system regime shifts as significant components of land-system change has emerged
only recently through local-scale studies with long temporal scales of land use and land cover data
(e.g., 27–32 years [8,15]) that have focused on the implications of rapid land-system changes on
long-term socio-ecological interactions and human well-being [8,16].
At broader scales (thousands of km2 ), however, studies of rapid land transformations remain
challenging and have been limited by the availability of long-term land use and land cover datasets.
Limits to the temporal resolution and land-cover class differentiation of available land cover data
products have precluded studies that could potentially detect and investigate regime shifts at broad
scales. For example, the CORINE Land Cover products, developed by the European Environment
Agency [17], have been widely used for land cover change assessments in Europe [18], but its coarse
time-intervals (i.e., ≥6 years) limit its applicability for detecting rapid changes. Moreover, although
dense time-series historical satellite data are now beginning to provide comprehensive quantified
records of global-scale land-change dynamics [19], to date there has been no direct, quantitative
evidence of broad-scale (e.g., at the landscape or regional level) regime shifts. Insights into whether
broad-scale regime shifts occur, and under what conditions, can inform national-level environmental
policy and enhance dialogue on the drivers of widespread land change.
Data requirements for landscape-level investigation of regime shifts mirror those that are
recognised at the local scale [15]. First, spatial data need to be available on a near-continuous timeline
in order to unambiguously identify the occurrence of a regime shift. Second, complete information on
land cover transitions is necessary to produce insights into the drivers of a regime shift. Ramankutty
and Coomes [14], for example, identified the main underlying factors and triggers resulting in the
shifts in the production of soybean and shrimp, but were unable to elucidate whether soybean or
shrimp farms expanded at the expense of natural habitats or other categories of cultivated land.
Müller et al. [8] showed net changes in land use/cover and could only infer the drivers based on
presumed relationships among the land use/cover categories. Hence, while previous research may
have identified regime shifts, and even the net changes across sites, they did not have the deep
dataset required to understand the transitions, and therefore, the drivers of the regime shift. Moreover,
quantitative analysis must be supported by a deep understanding of the context of the landscape(s)
in question. While village-level participatory mapping is a feasible means to gather historical and
contextual information at local scales, it is not so at the scale of thousands of square kilometers.
Literature reviews, national-level interviews, and expert opinion must therefore form the basis for
interpreting the outputs generated from quantitative analysis. Therefore, a complete and holistic
analysis of landscape-level regime shifts should be broad-scale, based on high quality satellite-based
land cover data over frequent time intervals with sufficient categorical resolution for transitions and
their drivers to be evaluated, and accompanied by in-depth historical/contextual analysis that links
land change patterns to the underlying processes driving them.
Here, we identified and investigated a land-cover regime shift across a ~43,300 km2 landscape of
southern Myanmar. We focused on regime shift in land cover, as opposed to a land-system regime
shift, given the limitations on land use data at various scales (such as land use intensity and land
management, which are largely unavailable in Myanmar) that complements the land cover data to fully
characterise the entire land system. Our approach, nevertheless, allowed us to describe the macro-level
drivers that influenced broad scale changes and patterns of land use and land cover. We accomplished
this through the integration of two complementary analytical frameworks to identify, characterise,
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and explain the presence and drivers of the regime shift. Through these frameworks, we (1) identified
the presence of a regime shift over a specific time period; (2) quantified the land cover transitions
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Figure 1. Conceptual diagram of the systematic process for investigating land-cover regime shifts
Figure 1. Conceptual diagram of the systematic process for investigating land-cover regime shifts
using combined analytical frameworks.
using combined analytical frameworks.
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Figure 2. (a) Land cover in 1992, (b) Land cover in 2015, and (c) Changes in land cover 1992–2015 in
Figure 2. (a) Land cover in 1992, (b) Land cover in 2015, and (c) Changes in land cover 1992–2015 in
the Tanintharyi Region, Myanmar, which covers 43,345 km22 .
the Tanintharyi Region, Myanmar, which covers 43,345 km .
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land cover change across two time-points between 1995 and 2015 [32], with the initial intention of
(1) quantifying annual dynamics of land cover transitions, and (2) generating input data for a predictive
land cover change model. However, after discovering a land-cover regime shift (see Section 4, Results),
the objectives of this study shifted towards the investigation of landscape-level land-cover regime shifts.
To prepare the time-series land cover maps for analysis, we developed a script using Google Earth
Engine [36,37] (see Supplementary Materials). We defined the geographic areas of interest, particularly
Tanintharyi (and its districts Dawei, Myeik, and Kawthoung), using the Global Administrative
Database [38]. We aggregated the 23 detailed land cover categories present in Tanintharyi into six broad
classes, namely, Forest, Mosaic Vegetation, Shrubland, Cropland, Other Vegetation, and Non-Vegetation
(Table 1; see Supplementary Materials), to show broad patterns for analysing land cover transitions,
and to keep the analysis from becoming unwieldy due to too much detail. After reclassification,
we then masked out the pixels outside each specific area of interest (e.g., whole region, each district)
prior to exporting the land cover maps for further data processing.
Table 1. Description of aggregated land cover categories.
Aggregated Category

Description

Forest

Tree cover (broadleaved or needleleaved; evergreen or deciduous; closed to open canopy;
flooded saline water or flooded fresh/brackish water)

Mosaic Vegetation

Mosaic configuration of cultivated and managed terrestrial areas; natural and semi-natural
terrestrial vegetation; and closed to open vegetation (trees, shrubs, herbaceous vegetation)

Shrubland

Broadleaved closed to open shrubland (thicket)

Cropland

Rainfed and irrigated crops (trees, shrubs, and herbaceous vegetation)

Other Vegetation

Includes grassland, sparse vegetation (trees, shrubs, and herbaceous cover)

Non-Vegetation

Includes urban areas and water bodies

3.3. Data Analysis
We generated stacked area plots, Sankey diagrams, and conducted Intensity Analysis [20] to
identify and characterise the patterns and dynamics of the land-cover regime shift. Thereafter, we used
the land-use regime shift analytical framework [14] to explain the processes driving the regime shift.
We calculated the area of each land cover category per year using the Semi-Automatic
Classification Plugin in QGIS v.2.18 [39,40], and used the calculated outputs to generate stacked
area plots using R v.3.4 [41,42]. The plots tracked the proportion of total map area comprising each
land cover category over the 24-year period (cf. land-use transitions in [8,15]). We then generated
transition (or cross-tabulation) matrices by calculating the annual area of change for all land cover
transitions in QGIS.
We then used the transition matrices (see Supplementary Materials) to conduct Intensity Analysis,
a quantitative method to analyse land cover change over time for an area of interest to summarise the
change within time intervals whilst allowing the user to determine whether the changes observed in the
maps are due to real transitions or map errors [20,43]. We conducted Intensity Analysis (hereafter “IA”)
using a Microsoft Excel Macro developed by Aldwaik and Pontius [20,44]. We extracted information
at three levels of analysis: interval, category, and transition, progressing from general analysis to more
detailed, respectively. For the identification step, we conducted an interval-level IA, in which we
calculated the total landscape change (percentage of all map pixels changing category) for each time
interval, from which we identified time intervals with either faster or slower rates of change than the
interval-level uniform intensity. We then examined how the overall annual rates of change varied
across time intervals to determine whether a regime shift occurred. We defined a regime shift as the
period during which the overall annual rate of landscape change exceeded the uniform intensity for
the entire interval range.
Next, we characterised the land cover transitions during the regime shift and the (stable)
land-cover regimes. We used output transition matrices to produce Sankey diagrams, which illustrated
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the flows and patterns of gross land cover transitions in three time periods: pre-regime shift, during
the regime shift, and post-regime shift. We generated the Sankey diagrams using an online generator
developed by Csala [45]. Additionally, category-level IA quantified the size (area) and intensity
(proportion of all transitioning pixels) of gross losses and gross gains for each land cover category
per interval, from which we identified active or dormant land cover categories, defined as being
greater than or less than, respectively, the category-level uniform intensity. For example, for each
category, a loss intensity above the uniform represents a gross loss higher than the average change
observed across all categories in an interval, meaning that such categories are “actively” losing
for that interval. Conversely, a loss intensity below the uniform represents a gross loss lower than
the average change observed across all categories in an interval, meaning that these categories are
“dormantly” losing in that interval. This concept of active and dormant categories is similarly applied
to the gross gains, providing information on whether a category is actively or dormantly gaining.
Therefore, at the category-level IA, land cover categories can be characterised into four trends: (1) active
losers—active gainers (AL/AG), which describes categories experiencing active losses and gains;
(2) active losers—dormant gainers (AL/DG), which describes categories experiencing active losses yet
dormant gains; (3) dormant losers—active gainers (DL/AG), which describes categories experiencing
dormant losses yet active gains; and (4) dormant losers—dormant gainers (DL/DG), which describes
categories experiencing dormant losses and gains.
Category-level IA revealed that forest actively lost area over the period of the regime shift
(see Section 4, Results). We therefore conducted a transition-level IA to quantify the size, intensity, and
specific destination land cover categories for forest losses during each interval. From these transitions,
we determined systematic transitions based on (1) reciprocity, defined as whether the loss from
category A and the gain to category B matched, and (2) an evaluation of hypothesised commission and
omission errors. “Systematic transitions” were those that deviated from a hypothesised transition-level
uniform intensity [20,46,47]. As an example, if losses from category A were intensively targeted by
category B, and the gains of category B intensively targeted category A, then we would conclude
that there was a systematic transition from A to B [43,46]. We applied this concept to forest losses
(i.e., deforestation) to determine whether forest was systematically transitioning into another land
cover category. This was a critical component in identifying systematic land cover transitions, and
by extension the drivers, of forest conversion. We visualised IA outputs using the tidyverse package
in R [48].
We adopted Ramankutty and Coomes’ [14] analytical framework for understanding land-use
regime shifts to develop a structured complementary narrative that identified and explained the
preconditions, triggers, and self-reinforcing processes governing the regime shift. Preconditions are
defined as the necessary conditions that set the stage for a regime shift to occur. Triggers are specific
events that are the immediate cause of the regime shift. Self-reinforcing processes maintain the
new land-cover regime in a stable state, resisting a shift back to the previous regime. To develop
the narrative, we identified relevant key events taken from the literature as either preconditions,
triggers, or self-reinforcing processes based on the timing and relationships of the events. In addition
to literature review, the narrative was informed by the first-hand extensive research and observational
expertise of the authors (especially KMW) with land issues in Tanintharyi. Narrative perspective is
appropriate for understanding regime shifts, and land-system change in general, since it adopts long
time horizons, focuses on critical events and abrupt transitions, and seeks depth of understanding
through historical detail and interpretation to tell the story of land change for a particular area [49].
Narrative storylines also form the basis of scenarios that are designed for developing projections of
future land changes [50]. We summarised the narrative by constructing a ball-and-valley diagram
adopted from Müller et al. [8] using Sketch v.51.2 [51].
We subsequently conducted a land cover assessment through visual interpretation of available
high-resolution satellite imagery between 2000–2017 using 150 random sample points for each of
the major forest transitions (see Supplementary Materials) to validate the connection between the
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Hence, the result of the visual assessment of land cover helped to establish the connection between the
land cover change results and the proximate causes of deforestation identified in the narratives.
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Category-level IA revealed the four trends of gross losses and gross gains among land cover
categories in Tanintharyi, namely, (1) active loser—active gainer; (2) active loser—dormant gainer;
(3) dormant loser—active gainer; and (4) dormant loser—dormant gainer. Characterisation of these
trends corresponded to the three periods identified in the interval-level IA, namely, 1992–1997,
1997–2004, and 2004–2015. During the regime shift, Forest was consistently an active loser—dormant
gainer whereas Mosaic Vegetation and Shrubland were consistently dormant losers—active gainers at
both the regional and district levels. Cropland was also a dormant loser—active gainer, consistently
in Kawthoung, and across some intervals in Myeik and the entire Tanintharyi Region. Outside the
regime shift, trends varied across intervals at both the regional and district levels. Forest was an active
loser—dormant gainer in general (with the exception of some intervals) at both the regional and district
levels. Categories that were dormant losers—active gainers were Mosaic Vegetation across most
intervals in Tanintharyi and its three districts; followed by Shrubland, Cropland, and Other Vegetation
(only intermittently) at varying intervals at both the regional and district levels. Other Vegetation
and Non-Vegetation were dormant losers—dormant gainers across most intervals during and outside
the regime shift at both the regional and district levels. Finally, active loser—active gainer categories,
the dynamic trend that indicates swapping or almost equivalent gross losses and gross gains in
an interval [47], was the least observed trend in the region, mostly observed in Kawthoung and
Myeik, and consisting of Shrubland, Mosaic Vegetation, Cropland, and Other Vegetation (Figure 6;
see Supplementary Materials).

b

1992

10
10of
of 23
23

2015

2015

a

1992

Sustainability
FOR PEER REVIEW
Sustainability 2019,
2019, 11,
11, x
1139

DL/DG
DL/AG
AL/DG

1992

d

2015

2015

c

1992

AL/AG

Land Cover Classification
Forest
Mosaic Vegetation
Shrubland
Cropland
Other Vegetation
Non-Vegetation

315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342

Figure 6. Category-level Intensity Analysis. Summary of trends of the gross losses and gross gains
Figure
Category-level
Intensity
Summary
of trends
of the
gross losses
andDistrict;
gross gains
among 6.
land
cover categories
withinAnalysis.
(a) Tanintharyi
Region;
(b) Dawei
District;
(c) Myeik
and
among
land cover
categories
within
Tanintharyi
Region; pre-regime
(b) Dawei District;
(c) Myeik District;
(d) Kawthoung
District
during
the (a)
three
periods, namely
shift (1992–1997),
duringand
the
(d)
Kawthoung
District
during
the
three
periods,
namely
pre-regime
shift
(1992–1997),
during
the
regime shift (1997–2004), and post-regime shift (2004–2015). Trends are denoted as concentric circles
regime
andoutwards,
post-regime
shift (2004–2015).
Trends
are and
denoted
as concentric
circles
startingshift
from(1997–2004),
the inner circle
namely:
AL/AG, actively
losing
actively
gaining; AL/DG,
starting
theand
inner
circle outwards,
AL/AG,
actively
losing
andactively
activelygaining;
gaining; DL/DG,
AL/DG,
actively from
losing
dormantly
gaining;namely:
DL/AG,
dormantly
losing
and
actively
losing
DL/AG, dormantly
losing
actively
dormantly
losingand
anddormantly
dormantly gaining;
gaining. “Active”
or “dormant”
referand
to gross
gainsgaining;
or lossesDL/DG,
that are
dormantly
losing
and
dormantly
gaining.
“Active”
or
“dormant”
refer
to
gross
gains
or
losses
that
greater or less than, respectively, the uniform intensity across all categories for that interval. Each circle
are
greater
or less one
than,annual
respectively,
the uniform
intensity across
all categories
for to
that
interval.
sector
represents
time interval
and progresses
clockwise
from 1992
2015.
Red Each
lines
circle
sector several
represents
one
annual(annual
time interval
andindicate
progresses
from
1992 to
2015. Red lines
comprising
circle
sectors
intervals)
the clockwise
period of the
regime
shift.
comprising several circle sectors (annual intervals) indicate the period of the regime shift.

Transition-level IA determined the systematic transitions from Forest to other categories,
which
were the actively
and gaining
categories,
respectively,
identified
in the
category-level
Transition-level
IA losing
determined
the systematic
transitions
fromas
Forest
to other
categories,
which
IA (see
of the systematic
transitions
corresponded IA
to
were
theSupplementary
actively losing Materials).
and gainingCharacterisation
categories, respectively,
as identified
in the category-level
the three
periods identified
in the
interval-level IA,
namely
1992–1997,
1997–2004,
and 2004–2015.
(see
Supplementary
Materials).
Characterisation
of the
systematic
transitions
corresponded
to the
Of theperiods
115 transitions
Forest
to other categories,
transitions
were truly
systematic
(Table
2).
three
identifiedfrom
in the
interval-level
IA, namely33
1992–1997,
1997–2004,
and
2004–2015.
Of the
For example,
in from
1995–1996,
losscategories,
was intensively
targeted by
Mosaic
the gain
of
115
transitions
ForestForest
to other
33 transitions
were
trulyVegetation,
systematicand
(Table
2). For
Mosaic Vegetation
intensively
hence this
transition
was systematic.
Weand
concluded
example,
in 1995–1996,
Foresttargeted
loss wasForest,
intensively
targeted
by Mosaic
Vegetation,
the gainthat
of
the conversion
fromintensively
Forest to Mosaic
Vegetation
1995–1996
was trulywas
systematic
after both
testing for
Mosaic
Vegetation
targeted
Forest, in
hence
this transition
systematic.
We concluded
reciprocity
and comparing
the hypothesised
commissionin
errors
involved
in truly
this transition.
Inafter
summary,
that
the conversion
from Forest
to Mosaic Vegetation
1995–1996
was
systematic
both
five systematic
transitions
were determined
prior to commission
the regime errors
shift, of
which in
three
categories
testing
for reciprocity
and comparing
the hypothesised
involved
this transition.
systematically
targeted
Forest,
and one were
category
systematically
Forest.
Seven
systematic
In
summary, five
systematic
transitions
determined
prior toavoided
the regime
shift,
of which
three
transitions were
determined
during the
land-cover
regime
shift,systematically
of which two categories
categories
systematically
targeted
Forest,
and one
category
avoided systematically
Forest. Seven
targeted Forest,
and three
categories
systematically
Forest.
Aftershift,
the regime
shift,
21 systematic
systematic
transitions
were
determined
during theavoided
land-cover
regime
of which
two
categories
transitions were
determined,
which
two
categories
systematically
targeted
Forest,
twothe
categories
systematically
targeted
Forest,ofand
three
categories
systematically
avoided
Forest.
After
regime
systematically
avoided
Forest, and
onedetermined,
category either
or avoided
Forest
in different intervals.
shift,
21 systematic
transitions
were
of targeted
which two
categories
systematically
targeted
Forest, two categories systematically avoided Forest, and one category either targeted or avoided
Forest in different intervals.

Sustainability 2019, 11, 1139

11 of 23

Table 2. Transition-level Intensity Analysis. Summary of systematic transitions from Forest to other
land cover categories (Shrubland, Mosaic Vegetation, Cropland, Other Vegetation, Non-Vegetation)
during the pre-regime shift (1992–1997), regime shift (1997–2004), and post-regime shift (2004–2015).
“Targeted Forest” refers to categories that gained from Forest at an intensity greater than the uniform
intensity for all Forest transitions in that interval. “Avoided Forest” refers to categories that gained
from forest at an intensity less than the uniform intensity for all Forest transitions in that interval.
Systematic Transition
Period

Pre-regime shift

Land-cover regime shift

Interval

Targeted Forest

Avoided Forest

1995–1996

Mosaic Vegetation
Cropland

1996–1997

Cropland
Other Vegetation

Non-Vegetation

2000–2001

Mosaic Vegetation

Cropland
Other Vegetation

2001–2002

Shrubland

Non-Vegetation

2002–2003

Non-Vegetation

2003–2004

Shrubland

2004–2005

Mosaic Vegetation

2005–2006
2006–2007

Non-Vegetation
Non-Vegetation

Shrubland
Mosaic Vegetation
Other Vegetation

2007–2008

Cropland
Non-Vegetation
Cropland
Other Vegetation
Non-Vegetation

Post-regime shift
2008–2009

Mosaic Vegetation

Non-Vegetation

2009–2010

Mosaic Vegetation

Non-Vegetation

2010–2011

Other Vegetation

Non-Vegetation

2011–2012

Mosaic Vegetation

Cropland
Non-Vegetation

2013–2014

Shrubland

4.3. Explaining the Preconditions, Triggers, and Self-Reinforcing Processes of the Land-Cover Regime Shift
The analysis of the land-cover regime shift (Figure 7; see Supplementary Materials for timeline
of key events) focuses on the landscape level (Tanintharyi Region) where the literature made
sufficient references to country/region/state dynamics while references to district levels were
largely unavailable.
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and Kokang rebel groups of Myanmar as useful borderland agents to advance China’s business and
security interests in the region [57,58]. However, as business relations among the national governments
warmed, China and Thailand’s diplomacy found the rebel groups along Myanmar’s borderlands, from
southern Tanintharyi Region to Kachin State, less useful to their political and security interests than in
decades past [59,60]. Meanwhile, Myanmar’s military government responded to burgeoning street
protests in Yangon and other cities calling for better economic conditions and democracy by reforming
their impoverished socialist economy and selectively privatising a few lucrative economic sectors,
in particular logging and mining. As a result, a nascent military-backed crony capitalist class was
formed. The conditions for “ceasefire capitalism” had thereby solidified in Myanmar’s resource-rich
borderlands [61], and this, along with Thailand’s “battlefields to marketplaces” [62] and China’s
“Beijing Consensus” [63], came to define Myanmar’s eastern borderlands in the 1990s and into the
2000s, setting the preconditions for a land-cover regime shift by the turn of the century.
4.3.2. Triggers
The preconditions established in the 1990s—in particular policies of turning battlefields into
marketplaces—set the stage for a series of events that triggered the land-cover regime shift in
Tanintharyi. The importance of China and Thailand as Myanmar’s trading partners increased when
the United States and European Union imposed economic sanctions on Myanmar in response to the
human rights abuses of the military government [64,65]. Immediately after Myanmar’s military signed
a series of bilateral resource trade and infrastructure deals with China in 1988, the Commander in
Chief of the Thai Armed Forces became the first foreign dignitary to visit Myanmar since the military
gunned down hundreds of pro-democracy student activists earlier that same year (the 8888 Uprisings).
The meeting resulted in 35 Thai companies receiving 47 logging concessions in border areas claimed
by Karen villagers and the KNU [66]. Within a few months of signing the logging deals, the Thai
government passed a domestic logging ban (ostensibly in response to landslides caused by logging
and flooding) that furthered Thai logging interests with its neighbors [67], resulting in an explosion of
demand for logs from Myanmar [66], and facilitating deals by KNU leaders, Thai businessmen and
state officials, and Burmese commanders and government officials for timber from KNU-controlled
territory along the Thai border. The logging business further weakened KNU security by increasing
opportunities for corruption, which facilitated yet more resource deals. The Tatmadaw also used
the logging roads to move troops closer towards the Thai border, setting up military units in these
borderlands for the first time.
Timber was not the only resource extracted by Thai companies in Tanintharyi, however.
In the early 1990s, a consortium of foreign oil companies signed a deal with the Burmese
military to allow an oil/gas pipeline to run overland across the northern portion of Tanintharyi
to Thailand. To prepare for construction and the security of what became the Yetagon/Yadana pipeline,
the Tatmadaw led a military offensive against the KNU who had territorial control over some of
the pipeline area [68,69], forcibly displacing villagers from a wide swath around the pipeline route.
International civil society groups pressured the oil/gas consortium to establish the Tanintharyi Nature
Reserve in the forests that immediately bordered the pipeline to the southeast [70]. In fact, the creation
of the park curtailed local forest use and customary management practices of the Karen, while also
adding a further security buffer between the pipeline and Karen villagers and KNU members.
At the height of the logging boom along the Thai borderlands in the 1990s, and as the military was
negotiating with the KNU to sign a ceasefire, the Tatmadaw initiated a large military offensive in the
northern stretches of the KNU 4th Brigade. The Tatmadaw pushed down from the pipeline area where
they had secured their first territorial inroads into the region, forcing KNLA troops to the Thai border.
Karen villagers fled into forests as internally displaced persons and across the Thai border as refugees.
Remaining Karen villagers resettled (some forced, some voluntarily) into “model villages” along the
government-controlled Union Road that ran north-south along the western edge of Tanintharyi.
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As a result of the ceasefire agreements between 1989–1995, direct warfare was replaced with
“ceasefire capitalism” whereby land concessions were strategically allocated in previously contested
areas to extract rent and make the territory legible to the state, leading to deforestation and the
displacement of local communities [61]. The military setbacks that greatly weakened the KNU
during the mid-1990s led to a contraction of area under their control, thus reducing their revenue
from the cross-border trade, and the displacement of thousands of Karen people along the border
with Thailand [71]. Hence, after agreeing to ceasefires, the increase in Tatmadaw-controlled areas
enabled greater infrastructure development (e.g., roads) and led to an increase in logging concessions
awarded during the early part of the land-cover regime shift, particularly along the Thailand-Myanmar
border [67,72]. The timber sector became a lucrative area for informal foreign investment, for example,
for Thai logging companies that received concessions from both the military government and ethnic
armed groups in ethnic regions along the Thai border (Karen, Kayah, and Shan States, and the
Tanintharyi Region) where the most intensive logging had occurred [73,74].
At the turn of the century, the military encouraged domestic companies to help industrialise
the agricultural sector, which aligned with its experimentation of crony capitalism [75]. By 1999,
Myanmar’s military government launched the first oil palm development programme, with the
top military leader proclaiming Tanintharyi as the future “edible oil palm big pot of the nation”.
By the time the second oil palm development programme concluded in 2013, the government claimed
that a total of nearly 360,000 acres (~1457 km2 ) had been planted out of the 1.9 M acres (~7689 km2 )
awarded [76]. The 1.9 M acres of oil palm concessions represented nearly 20% of the total land area
of Tanintharyi, making it the highest concentration of land allocated for the purpose of agribusiness
in the country, and representing more than one-third of the total area of Myanmar’s agribusiness
estates. While the Tatmadaw’s most significant military offensives occurred in the north of Tanintharyi,
oil palm concessions were allocated primarily in the southern and eastern areas [76].
Oil palm concessions were allocated mostly throughout the 2000s in forested areas of Tanintharyi
that had little previous state military presence, as they were located within forest reserves demarcated
by the state or the KNU (which has its own forest department). The forests provided cover for KNLA
soldiers still engaged in guerrilla fighting. In some cases, the oil palm concessionaires, especially those
crony companies that also operated logging company subsidiaries, cleared forests inside their oil palm
concessions, although usually they never substantially planted oil palm [77]. In addition to “conversion
timber” coming off oil palm estates, the military government also allocated numerous logging
concessions in forest reserves to the same cronies who received oil palm concessions. The official
annual log volume quota for Tanintharyi was 30,000 cubic tons, one of the highest for any state or
region in the country [76]. In addition to oil palm, regional businessmen expanded tens of thousands
of acres of rubber plantations into northern Tanintharyi from the mid-2000s, oftentimes backed by the
Tatmadaw or the Mon rebel group [78].
The process of reallocating land from individual smallholders to crony companies was legally
enabled by the passage of the 1991 Wastelands Act, which allowed land to be reallocated for the
production of agricultural commodities for domestic self-sufficiency or foreign exchange earnings [76].
Together with the edible oils self-sufficiency policy, these policies enabled the development of oil palm
concessions that led to widespread deforestation and internal displacement with a 900% increase in
planted area between 2000–2010 [76], coinciding with the latter part of the land-cover regime shift.
For example, the Yuzana company owned by Htay Myint, a well-connected crony, was awarded an oil
palm concession in the Pachan reserve forest (Yuzana 1 plantation), while Karen villagers near Lenya
were evicted from the Yuzana 2 plantation [79].
4.3.3. Self-Reinforcing Processes
Throughout the early to mid-2000s, the triggering events that created a new agricultural
production-oriented regime began to stabilize, which continued to be reinforced by the industrial
agricultural system, village roadside settlements, state militarised perimeters, infrastructure
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development, and migrant agricultural labor migrations. By the 2000s, many Karen villages located in
KNU territories had been forcibly emptied. For the larger oil palm concessions in operation, companies
had built roads into these areas for the first time. Migrant laborers arrived to work the plantations,
living in company villages inside the concession boundaries. Other landless migrants arrived to this
opened land frontier in search of new opportunities.
In 2011, Myanmar underwent another significant political transition with a quasi-democratically
elected government put in place [30]. The new government administration quickly passed a series
of policies and laws that sought to open their state economy to foreign investors, particularly in
agribusiness and natural resources. Tanintharyi, in particular, received ample attention from foreign
investors, especially neighboring Thailand, for its strategic ocean access and trade routes to Thailand.
The economic interests of large-scale agricultural businesses were entrenched, at the expense of
smallholders, by the Farmland Law and the Vacant, Fallow, and Virgin Land Management Law in
2012 [73,80]. The latter, in particular, allowed areas of up to 50,000 acres (~202 km2 ) outside the
Permanent Forest Estate, including forested land and land occupied by farmers unable to get formal
tenure recognition, to be leased for agricultural concessions for 30 years [76]. The new 2012 land
laws also legally supported the previous allocation of the oil palm concessions to private companies,
allowing the concessionaires in most cases to retain concession rights. Foreign investors interested in
palm oil processing (and rubber latex) started to make deals with the government and local companies
in Tanintharyi. Regional governments (Thailand, China, Japan) drew up plans for the Dawei Special
Economic Zone, which would be Southeast Asia’s largest if fully developed [81].
In addition to these various development initiatives since 2010 that helped to self-reinforce
Tanintharyi’s new agriculture-oriented regime, thereby preventing deforested areas from reverting
back to forests, renewed international conservation efforts in Tanintharyi are working to maintain
existing forest cover [79]. International support to the government’s and KNU’s forest departments
hopes to achieve better conservation outcomes for Tanintharyi’s state and rebel forest reserves,
with at least one to be upgraded to a national park. Forest-based communities in areas targeted by
international conservation efforts will come under increasing scrutiny with the need to better conform
to more forest-friendly management practices. These conservation efforts, matched by other global
environmental mechanisms (REDD+, FLEGT), will additionally self-reinforce the agriculture-oriented
regime currently in place.
5. Discussion
Our study is the first to identify a regional-scale land-cover regime shift, which could indicate
that a regime shift in the overall land system may be occurring at a previously unrecognised scale.
Previous documentation of land-system regime shifts have been local in scale (e.g., community-level
for Müller et al. [8]; 14–72 km2 for Zaehringer et al. [15]; and 6,348 km2 for Trincsi [82]). Our study
demonstrates that identification of a landscape-level land-cover regime shift highlights areas of
particular interest: where land cover change was most rapid, corresponding changes in the land use
patterns at various spatial and temporal scales have most likely occurred, thereby indicating where
investigations into the preconditions, triggers, and self-reinforcing processes of the potential regime
shift in the land system should be done.
5.1. Systematic Investigation of Land-Cover Regime Shifts using Complementary Analytical Frameworks
We investigated the complex dynamics of land-cover regime shifts through a novel integration of
complementary analytical frameworks. Through the spatially-explicit quantitative Intensity Analysis
framework [20], we identified the temporal occurrence of a land-cover regime shift in the Tanintharyi
Region, Myanmar, and further characterised its land cover transitions. Analysis of land change
intensities at the interval, category, and transition levels quantified the spatial and temporal extent
of the regime shift, which we then contextualised through a structured narrative of the explanatory
preconditions, triggers, and self-reinforcing processes driving it [14]. The two analytical frameworks we
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integrated had previously never been applied together to study land-cover regime shifts, which remain
a poorly understood phenomenon of land change globally. While the analytical framework developed
by Ramankutty and Coomes [14] was designed to direct the attention of scientists and researchers to the
study of the processes governing land-use regime shifts, the Intensity Analysis framework developed
by Aldwaik and Pontius [20] has been applied in the study of the patterns of land cover change, which
then guides the articulation of the processes driving these changes to gain insights on the dynamics of
land change. Our study, therefore, provides the first example that integrates these two complementary
frameworks, applied to the investigation of land-cover regime shifts through a systematic process.
As a result, the spatially explicit, mixed-methods approach we present here represents a benchmark for
future studies investigating regime shifts, and also presents an opportunity to accelerate our knowledge
of regime shifts in other geographic areas through the application of the approach.
Moreover, the approach is scalable for the same study area of interest, thereby permitting analyses
at multiple spatial domains or scales. Previous studies have identified the occurrence of regime shifts
at the village level [8] or the national level [14], but no study has ever been multi-scale over the same
study area of interest. Here, we showed that the occurrence of the regime shift was detected at both
the regional (Tanintharyi) and district (i.e., Dawei, Myeik, Kawthoung) levels. Moreover, these results
provide empirical evidence that land-cover regime shifts occur at multiple spatial scales. Although
we did not carry out an analysis at the township or village levels, evidence of the regime shift in
two villages in Dawei District has been documented [15], further confirming the scale independence in
the detection of regime shifts [14]. Our analysis also showed that while there were similar broad land
change dynamics at the regional and district levels, nuanced and spatially heterogenous land cover
transitions were also detected between the three Tanintharyi districts; thereby highlighting areas that
could be the subject of more detailed investigation at local levels.
5.2. Resolution is Crucial but Is a Double-Edged Sword
Sufficient resolution in two aspects is critical when investigating the dynamics of land-cover
regime shifts. First is temporal resolution; specifically, land cover maps need to be available at
a frequency that will allow the identification of the regime shift (see also [15]). The present study
emerged from a previous analysis of land cover change in the Tanintharyi Region [32], which used
two time-points (i.e., 1995 and 2015); as a result, the regime shift remained undetected due to the low
temporal resolution. It was only when an annual analysis of land cover change was conducted on
the ESA CCI data that the regime shift became detectable. It is therefore plausible that other studies
on land cover change, in particular, deforestation, which use low temporal resolution (i.e., large time
intervals) did not detect important high-resolution dynamics such as regime shifts. Indeed, the dearth
of annual land cover datasets (or the capacity to develop annual datasets efficiently) has constrained
the temporal resolution of previous studies. The availability of annual land cover datasets offers new
opportunities to discover previously unrecognised regime shifts.
Second, the analysis of land-cover regime shifts requires sufficient resolution of land cover
categories that will permit the characterisation of land cover transitions (and therefore the drivers).
Although a global forest change dataset (e.g., [83]) may be used to identify regime shifts in
forest cover from 2000 onwards given its annual temporal resolution, and may have finer scale
detection of regime shifts than our study (30-m versus 300-m pixel size, respectively), a binary
forest/non-forest classification does not permit the characterisation of land cover transitions compared
to the characterisation that is possible with a land cover product containing detailed land cover
categories. Low land-cover class resolution studies remain severely constrained in terms of both
determining systematic land cover transitions and the drivers of a regime shift.
Despite the more sophisticated land cover analysis possible with greater land cover category
resolution, our dataset exhibited constraints that required additional analysis. In this study, in order to
identify timber extraction by logging concessions and the expansion of agro-industrial plantations
(primarily oil palm and rubber) as proximate causes of deforestation during the early and latter stages
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of the 1997–2004 regime shift, a subsequent visual land cover assessment was required to further
differentiate sub-classes of Mosaic Vegetation, Shrubland, and Cropland. Thus, the current ESA CCI
global land cover map product is constrained in detecting very specific land cover (such as oil palm
and rubber, in our case) given that its spatial, spectral, and temporal resolution necessitates the broad
generalisation of land cover categories applicable across the globe. Future land cover map products
with high spatial, temporal, and categorical resolutions will enable more efficient discovery and
interpretation of land-cover regime shifts, and will greatly facilitate improved land change research.
Previous research on land-system regime shifts used long historical timelines (e.g., [8,14,84]).
Time-series spatial data derived from remote sensing are limited historically, so our research, in reality,
is limited to recent land-cover regime shifts, and potentially future ones as data become available.
In fact, time-series land cover data have only become available very recently (e.g., the 24-year ESA CCI
24-year annual land cover product was released to the public in April 2017; [34]), hence, potentially
opening the opportunity to revisit well-known cases of land change, and investigate the prevalence
and significance of regime shifts in global land change [14].
High resolution data allowed us to very precisely identify and characterise the land-cover
regime shift and its dynamics. However, the systematic transitions were challenging to link with
the processes driving them simply because these transitions varied from year to year, making their
interpretation difficult. It is possible that systematic transitions in other regions of the world may
be more consistent, at which point the drivers of forest loss, for example, would be more consistent
as well. In our case, the variability of systematic transitions showed us that forest transitioned into
a range of land cover categories that varied over time. We recognise that attempting to explain
annual processes with a narrative is infeasible due to varying systematic transitions year on year,
which is even further constrained by the limited literature available at sub-regional to local levels.
While we used a narrative perspective in this study, participatory approaches carried out at the
local scales (e.g., village, household) such as those employed in other studies on land-system
regime shifts [8,15,82] provide an agent-based perspective that is focused on understanding how
the agency of actors involved in and excluded from land use decision-making shapes both short- and
long-term land-system transformations [85]. The integration of perspectives is therefore essential in
understanding land-system change since each perspective deals with specific organisational levels
and temporal scales of coupled human-environment systems [49]. Hence, for example, combining
these perspectives could provide information to relate probable causes for the exceptionally slower
rate of change during the 2002–2003 interval within the regime shift, which could not be explained
with an extensive review of the literature. Complementing the quantitative landscape-scale approach
we presented in this study with qualitative local level methods can lend to an integration of these
different perspectives that allows us to maximise the detailed information afforded by high resolution.
5.3. Historical and Possible Future Drivers of Land-Cover Regime Shifts in Tanintharyi
Our systematic approach for investigating a land-cover regime shift through the integration of
complementary analytical frameworks afforded a deeper appreciation of the underlying processes
that determined the patterns of land change in Tanintharyi. Previous studies that have detected
land-system regime shifts were constrained since the land use transition curves only showed net
changes, and hence failed to reveal the total gross landscape change and gross inter-category transitions
constituting the most systematic landscape changes, and may likely have underappreciated the
complex underlying processes driving the changes. In contrast, our systematic approach enabled
the linkage of patterns to processes: we detected the principal signals of the land-cover regime shift
in Tanintharyi, where forest transitioned into different land cover categories that varied over time,
by first identifying the spatial and temporal extent of the regime shift, and then characterising the gross
inter-category transitions, which then finally directed our focus to the possible underlying drivers
that explained the regime shift. As land change is spatially and temporally heterogeneous, driven
by dynamic forces and their interactions that arise from specific environmental, social, economic,
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political, and historical contexts [86,87], our approach therefore allowed us to understand the dynamics
of feedback mechanisms that linked the patterns of land cover change with the processes of land
use change.
Müller et al. [8] identified two distinct pathways that can induce land-system regime shifts
(but may also be a combination of both): a “tipping point” pathway wherein subtle perturbations
from underlying drivers accrue and eventually tip over a critical threshold that then results in
a systemic shift to a new land-system regime; or a “punctuation” pathway wherein influential
external events punctuate the period of equilibrium of an existing land-system regime that then
results in a drastic change to a new stable land-system regime. In Tanintharyi, our results showed
that the land-cover regime shift was induced by a punctuation pathway wherein the equilibrium
was punctuated by decisive political events—armed conflict ceasefires, bilateral trade deals, road
infrastructure development, granting of resource concessions, and enabling policies on land allocation
and edible oils production—thereby transforming the formerly forest-dominated landscape into a new
agricultural production-oriented landscape. Moreover, evidence indicated that the regime shift is
irreversible given several prominent developments: increasing foreign investment following the
initiation of democratic and capitalist transitions [75]; the subsequent lifting of Western sanctions to
remove obstacles for foreign companies to invest in Myanmar [65,73]; and the 2012 Foreign Investment
Law that included very significant liberalisation measures to encourage foreign direct investment in
the natural resources extraction and agribusiness production sectors [80]; thus causing the agricultural
production-oriented landscape to persist.
Beyond providing a historical contextual analysis to explain a robust quantitative land cover
change analysis, our study also suggests that another regime shift could be on the horizon for
Tanintharyi. In Myanmar, the interplay of underlying factors, particularly of armed conflict in ethnic
borderland regions, weak land tenure, and economic interests, has situated the role of formal land
concessions (e.g., logging, agribusiness) in deforestation [27]. While nearly 20% of the region had
been allocated to oil palm concessions by the end of 2013, and at present self-reinforcing processes
appear to have stabilised land change since 2004, less than 20% of the oil palm concessions had
actually been planted [76]. Full development of these concessions represent a new trigger that would
further accelerate a transition to a potentially new agriculture-dominated landscape, causing more
widespread deforestation (including in existing or proposed protected areas, see [26]) and internal
displacement. Also, full development of the Dawei Special Economic Zone, although stalled since
2008, could catalyse further infrastructure development in the region, particularly along the forested
Thailand-Myanmar border, and thus lead to further deforestation. A simulation study, for example,
along the “Road to Dawei” demonstrated this possibility wherein a conventional approach to road
construction was likely to have positive economic impacts in the region, especially in the short-term,
but also negative consequences for the integrity of the ecosystem, which in turn might also negatively
impact the investment itself and its economic outcomes in the medium and longer term [88].
6. Conclusions and Recommendations
Land-system regime shifts have been recognised as globally significant, albeit they are still
poorly understood land change phenomena. In this study, we investigated the complex dynamics of
land-cover regime shifts by integrating complementary analytical frameworks, and then applied this
to the dynamic and rapidly transitioning landscape of the Tanintharyi Region in southern Myanmar.
We found that the land-cover regime shift resulted in rapid and extensive deforestation from
1997–2004, which was due to timber extraction by logging concessions as well as the expansion of
agro-industrial plantations during the early and latter stages of the regime shift, respectively. Therefore,
our study provides the first direct, quantitative evidence of a broad-scale regime shift, emphasising
that the land cover changes were non-linear, which had not been detected by previous studies that
have already reported the extensive land cover changes in the region. Also, our study detected the
occurrence of the regime shift at both the regional and district levels, providing evidence that regime
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shifts occur at multiple spatial scales as well as confirming scale independence in the detection of
regime shifts.
The political and economic conditions that developed internally within Myanmar and its
neighboring countries, primarily Thailand and China, as well as the socio-economic-political
interactions between Myanmar and these two countries, set the stage to trigger the land-cover
regime shift. Government policies that facilitated the establishment of large-scale agro-industrial
concessions, which emerged through state-mediated capitalism and politico-business complexes and
the influx of foreign direct investments, reinforced the new agricultural production-oriented regime,
and prevented it from reverting back to the previous forest-dominated regime. These social, economic,
and political complexities necessitated a deeper investigation and treatment of the narratives regarding
the preconditions, triggers, and self-reinforcing processes that explained the regime shift, which
allowed us to connect the spatial patterns with the processes driving land cover change.
Our study provides a template for future studies investigating land-cover regime shifts using
a spatially explicit, scalable, and quantifiable approach through the integration of complementary
analytical frameworks, and directs further attention to uncovering the dynamics of a potential
regime shift in the overall land system. The future work that we envision includes understanding
land-cover regime shifts, and land change more broadly, in terms of the dynamics and variations of
spatial determinants [87,89] and landscape patterns [86,90] across space and time that could lead to
resolving some of the challenges for developing model projections of future land change, as well as
exploring approaches that further characterise landscape changes and their driving processes [91–93].
Next, integration of the telecoupling framework [94] for analysing regime shifts is important to further
explore cases such as the Tanintharyi Region, where regional-global external forces (e.g., markets,
policies) have influenced local land use and land cover change. Finally, our approach offers new
opportunities to study previously unrecognised regime shifts in other geographic areas, thereby
advancing our understanding of land-system dynamics that drive global environmental change.
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