
FEWS	– Food,	Energy,	Water	Security	in	
Cambodia
November	2016

Suchi Gopal	& Josh	Pitts

Irit Altman
Les	Kaufman
Roel Boumans



1) Introduction	– Boston	University	team
2) Our	modeling	framework

1) Big	data	analysis	– FEWS	in	MIDAS
2) Ecosystem	based	approach	–MIMES	(agent-based)
3) Larger	teams	– McCarthur Funding/Conservation	International
4) Data	sources	

3) Synergies	across	teams	– Open	access	&	Open	data

Agenda



1) FEWS research	will	provide	foundational	support	in	the	
application	of	ecosystem	based-management	decision-
making	and	design,	yielding	tools	necessary	to	improve	lives	
of	people(sustainable	livelihoods)	and	futures	in	Cambodia

2) New	and	faster	data	algorithms	developed	will	be	generally	
applicable	in	other	systems	and	will	be	a	useful	tool	to	help	
local	fishers/farmers,	NGOS,	international	development	
organizations,	state,	and	federal	agencies	to	design	and	
implement	sustainable	management	plans.

3) State	and	federal	agencies	can	formulate	sustainability	plans	
and	make	informed	decisions	on	land	cover	change,	
biodiversity,	deforestation,	and	development.

FEWS	Context	for	Cambodia



1)	FEWS requires	understanding	and	modeling	systems	level	
interactions.	- integrative,	complex,	and	multi-scale	
interdependencies	across	space	and	time,	and	the	dynamics	of	
their	interactions	
2)	The	nexus	approach	seeks	to	optimize	trade-offs,	maximize	
synergies,	and	identify	mutually	beneficial	options	(i.e.	“win	
wins”)	across	various	stakeholders	including	different	human-
use	sectors,	management	bodies,	civic	groups,	and	public–
private	partnerships.
3)	Understanding	FEWS	nexus	depends	on	knowledge	and	
integration	of	georeferenced	datasets,	ecological,	economic,	and	
social	processes.	Using	quantitative	approaches,	these	data	can	
inform	models	of	ecosystem	service	flows	and	tradeoffs	to	
demonstrate	what	is	lost	and	what	is	gained	under	alternative	
decision-making	scenarios.	

FEWS	Modeling	– Challenges	and	Solutions



FEWS	Modeling	Framework



FEWS	Approach
• Big data – volume, quality, collection
• Data mining – processing and validation
• Data insights – how does it help decision making
• User stakeholder groups – understanding 



FEWS	Data	Framework
Satellite	 Sensor(s)	 Dates	 Spatial	Resolution	

Landsat	1-3	 MSS	 1972	-	1983	 80	meter	

Landsat	4	and	5	 Landsat	TM	 1982	-	2013	 30	m	(120	m	thermal	
band)	

Landsat	7	 Landsat	ETM+	 1999	-	present	 15	m	panchromatic,	30	m	
multispectral,	60	m	
thermal	

Landsat	8	(LDCM)	 Operational	Land	Imager	
(OLI),	Thermal	Infrared	
Sensor	(TIRS)	

2013	-	present	 15m	panchromatic;	30m	
multispectral;	100m	
thermal	

Terra,	Aqua	 MODerate	Resolution	
Imaging	Spectroradiometer	
(MODIS)	

2000	-	present	 250	–	5600	meter	

Terra	 ASTER	(VNIR	&	TIR)	

SWIR	

2000	–	present	

2000	–	2008		

15m	VNIR;	90m	TIR	

30m	SWIR	

EO-1	

	

Hyperion,	Advanced	Land	
Imager	(ALI)	

2000	-	present	 10-30	meter	 	

Suomi	NPP	 Visible	Infrared	Imager	
Radiometer	Suite	(VIIRS)	

2013	-	present	 375-750	meter	

Space	Shuttle	
Endeavour	

	

Shuttle	Radar	Topography	
Mission	(SRTM)	

2000	 30	meter	(1	Arc-Second	
Global)	



Ecosystem	Service	Tradeoff	Analysis	to	Support	
Decision	Making	in	the	Tonle Sap	Basin

Project: The Tonle Sap is critically important to Cambodia 
and the larger region because the system plays a direct role 
by
• Securing food and supporting livelihood strategies’
• Generating income
• Maintaining high biodiversity and unique species
• Providing flood protection
The Mekong Basin is in experiencing rapid changes in its human population, 
economies, and environmental character. Nowhere are these changes more apparent 
or important than in the area of Tonle Sap Lake.

- As a result of decisions made within and outside the lake system, the Tonle Sap sits 
at an important crossroads. Alternative decisions about responding to change will 
have consequences on human wellbeing, natural resource flows, and protection of 
the biological and cultural heritage of the Lake



Tonle	Sap	Integrated	Modeling:	 Connections	To	The	Larger	Research	Initiative
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Different	Scenarios	(4-1	in	order	of	
priority)

01

T
Definite Future 

(DF)

02

3S hydropower 
development 

(3S)

03

DF +3S

04

Basin Water Balance 
Change

Climate Change



DPSIR	Framework Cambodía MIMES-MIDAS

D I
SP

• Positive social drivers 
• Livelihoods
• HEP
• Governance

Drivers

• Ecosystem service
• Fish productivity, 

Water quality, 
Health, Biodiversity

Impact

• Dam Construction –
3S, DF and DF&3S

• Climate change

Pressures

• Flood pulse
• Landuse

State
R



Response	– Change	in	Economic	
Prosperity	of	4	User	Groups

Commercial and small 
Fishers

Small 
Fishers and Farmers

Service category
Service Sector

Commercial and small
Farmers

Measure response of each group on their economic 
status and social status . Use a tripartite indicator of 
well being. 
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a b s t r a c t

In coupled human and natural systems ecosystem services form the link between ecosystem function
and what humans want and need from their surroundings. Interactions between natural and human
components are bidirectional and define the dynamics of the total system. Here we describe the MIMES,
an analytical framework designed to assess the dynamics associated with ecosystem service function
and human activities. MIMES integrate diverse types of knowledge and elucidate how benefits from
ecosystem services are gained and lost. In MIMES, users formalize how materials are transformed
between natural, human, built, and social capitals. This information is synthesized within a systems
model to forecast ecosystem services and human-use dynamics under alternative scenarios. The MIMES
requires that multiple ecological and human dynamics be specified, and that outputs may be understood
through different temporal and spatial lenses to assess the effects of different actions in the short and
long term and at different spatial scales. Here we describe howMIMES methodologies were developed in
association with three case studies: a global application, a watershed model, and a marine application.
We discuss the advantages and disadvantage of the MIMES approach and compare it to other broadly
used ecosystem service assessment tools.

& 2015 Published by Elsevier B.V.

1. Introduction

The historical goal of natural resource management was to
maximize economic benefits harnessed from nature, or as Gifford
Pinchot put it “to manage the system in order to provide the greatest
goods, for the greatest number; and for the longest run” (Pinchot,
1910). In this command-and-control vision of the world, human
systems and natural ones are largely separate and the outcomes of
targeted human actions in the natural world can be calculated and
executed for maximal gain. The legacy of this thinking, along with
continued growth of the human population, has led to the strain, near
collapse, or total collapse of much of the world’s natural resources
(Vitousek et al., 1997; Foley et al., 2005) including widespread
degradation of habitat. Earth’s sixth mass extinction, and loss of
many of the ecosystem functions that humans rely upon are all well

documented (Estes et al., 2011). The current state of the world has
challenged both scientists and decision-makers to reconsider how we
understand the structure, organization, and functional capacity of
planetary systems. In response, a new paradigm for understanding
the world is emerging. In contrast to the idea of natural and human
systems as isolated, there is now recognition that each subsystem is
characterized via its embeddings within the other. In this view, the
coupling of the natural and human spheres is a major driver of overall
system state. Conceptions that adopt this viewpoint include Social
Ecological Systems (SES) and Coupled Human and Natural Systems
(CHANS) and are characterized by reciprocal relationships, nonlinea-
rities, and emergent behavior (Liu et al., 2007; Zvoleff et al., 2014).

The evolution of CHANS has developed along two somewhat
distinct paths. One thrust has been towards immediate utility and
transportability. For example, the Cumulative Human Impact Analysis
and the INtegrated Valuation of Ecosystem Services and Tradeoffs
(INVEST) software are now widely employed to assess the effects of
human activities and services provided by ecosystems (Halpern et al.,
2008; Daily et al., 2009). Results from these examples enrich our

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/ecoser

Ecosystem Services

http://dx.doi.org/10.1016/j.ecoser.2015.01.004
2212-0416/& 2015 Published by Elsevier B.V.

n Corresponding author.
E-mail address: rboumans@afordablefutures.com (R. Boumans).

Ecosystem Services 12 (2015) 30–41

 IRIT ALTMAN, ROEL BOUMANS, JOE ROMAN, SUCHI GOPAL, LES KAUFMAN 253 

 

�!���+�
����%$�!���� ����� %�

����$�! $��

���� ����
��"�#������ ��%��!#�&����

�! %�*%��


 �($%#+��
��� $�� ���!$$�$�%!�� �($%#+�

���� ���
�%#�%���������$�! ����� ���
� ��!"&����$!�(&! $�

!
"
#
$%&'(

)$*
+,-

$&&
./012345627&8

749:;&

���
��
���
-�%����!���#��#�)� .�

!
"
#
$%
&-
"
%%
,<
"
*
,)
'=
$&

.9
>?
2@
/&$
A:
27
/;
&&

&

��!�!������

���!&��

�!�����

��! !����

!"#$%$&'(
)*'+,-"'$)

.
/(
01
)2(
30
"&
$)

��!�!����

���!&��

�!�����

��! !���

!"#$%$&'(
)*'+,-"'$)

.
/(
01
)2(
30
"&
$)

��

�

�

�

4,'+)*30"')015)6-('))

-�

�

�����	������
���������

!'!$.&
$@4;B;/2C&,@@49D/EDF&

!'#,.&
#2@E;E4D&.9::47/&

 

Fig. 9.1 – The MIMES-MIDAS approach supports the development and implementation of ecosystem-
based management. The conceptual diagram shows the main features of MIMES for ecosystem ac-
counting (left), MIDAS for decision support (right), and their integration. MIMES ecosystem account-
ing activities are led by subject experts and result in a model describing the ecosystem service flows and 
human impacts over space and time. The model is developed through collaborative, interdisciplinary 
work that describes both natural and human elements of the ecosystem and their interaction. Scenarios 
are developed with stakeholder input and designed to explore various conditions regarding manage-
ment options (or scientific assumptions). Decision support is obtained through the MIDAS model 
interface that simplifies the model output into digestible results. Interfaces may vary according to the 
specific character and needs of various user groups. Feedback from users regarding preferences and 
values can be used to enrich the model in an iterative progression. 

grated Decision Analysis (MIDAS), a visualization tool and interactive learning 
environment that supports collaborative decision-making. First developed to sup-
port marine spatial planning in Belize (Patel et al. 2011), the latest version of MI-
DAS was designed in parallel with MIMES to communicate the model’s results 
and support understanding of ecosystem service tradeoffs related to alternative 
management decisions. 
 MIDAS is a user-friendly, web-based interface that incorporates features of 
open source GIS, participatory mapping, and social collaboration. Upon entering 
the MIDAS environment, a user selects his/her motivation for what the predomi-
nant uses of the ecosystem should look like. Motivations are tied to the individ-
ual’s values, beliefs, and emotions and describe varied perspectives about the role 
of humans in the ecosystem. Motivations are fully described in MIDAS and in-
clude perspectives of commercial fishing, recreation, conservation, energy devel-
opment and more (a neutral motivation is also available). Each motivation is 
accompanied by a set of relevant GIS layers that provide a backdrop for visualiz-
ing model outputs. While the selection of motivation does not influence the out-
puts from the MIMES model, motivations help cast visualizations from the 
MIMES into a GIS field that resonates with the interests of individual users. In this 
way MIDAS provides a singular platform to engage a diversity of stakeholders and 
tailor their experience. At the same time, all users interact with outputs from a 
single MIMES model and thus all parties are forced to come to grips with the same 
basic understanding of ecosystem dynamics, tradeoffs, and system limits. After 
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Hydrology

-Hypsometric	 curve
-Hydrological	connections
-Evapotranspiration

Hydrological	Units	(n=30)

-Area	and	geography
-Elevation	distribution

Water	Levels

• Kampong	Luong flows

Landcovers (n=13)

-Min	elevation
-Max	elevation
-Elevation	bins	
-Sedimentation	 rates
-NDVI	

Floodplain	Landuse/Landcover Upland	LULC

Tonle	Sap	Integrated	Modeling:	 Design	and	Methods



Color%
Key

Landuse/%
Landcover

2001%
(thousand%km2)

2011%
(thousand%km2)

Change%
(%)

Agriculture 23.4 35.5 52%
Savannas 28.3 20.6 827%
Forest 24.6 19.3 822%
Water 3.9 3.4 813%

Grassland 1.4 2.6 79%

2001 2011

MODIS	Landcover/Landuse
(Friedl et	al.	2002)		

Tonle	Sap	Integrated	Modeling:	 Design	and	Methods







!!Plate&1.!Hoplobatrachus&rugulosus!!!!!!!!!!!!!!!!!!!!!!!!!!Plate&2.!Fejervarya&limnocharis

!!Plate&3.!Glyphoglossus&molossus!!!!!!!!!!!!!!!!!!!!!!!!!!!!Plate&4.!Kaloula&pulchra

!!!Plate&5.!Rana&lateralis!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Plate&6.!Bufo&melanostictus

Frog!species!commonly!collected!for!consumption!and!trade!in!Cambodia

78

Tonle	Sap	Integrated	Modeling:	 Design	and	Methods

DATA/INFORMATION+TYPE CURRENTLY+USED FUTURE+UPDATES
Water&levels Water&guage&(Kampong&Luong),!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

MRC!water!levels,!3S!water!levels!
(Arias!2014)

Landuse/Landcover&8&Floodplain& Arias&2012&(Floodplain&landuse&rules)&
Landuse/Landcover&8&Upland& MODIS&200182013,!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

Land!Concessions!(Open!
Development)

Fish&Community BayFish&(Expert&opinion&combined&
probabilities)&

Fish&sampling&program&(V.&Elliot)

Fish&Ecology Foodweb&theory&(K.&McCann,&S.&Lek),&
Carbon&pathways&(G.&Holtgrive,&B.&
McMeans),&Morphmetrics&and&
functional&ecology&(L.&Kaufman)

Tetrapod&Community IUCN&derived&habitat&maps
Human&Pop&Change&and&Demographics Cambodia&Census,&Landscan Asiapop&data
Health&and&Nutrition IFReDI&food&and&nutrition&survey&data Micronutrients&(G.&Holtgrieve)&
Livelihood&Structure&and&Security Keskiken&and&Varis&work Livelihood&security&surveys&(E.&Fraser)
Governance Community&fishing&surveys&(R.&Pomeroy)

FISH RICEBIODIVERSITY
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average, dry, and wet years, respectively. Transitional habitats was
defined as the area flooded for 1e5, 0e1, and 3e6 months during
average, dry, and wet years, respectively, and it included aban-
doned fields, lowland grassland, and floating and receding rice.
Seasonally flooded habitats included flooded shrubland and floo-
ded grassland. This group was defined by flood duration of 5e8,
2e7, and 6e11 months during the average, dry, and wet years,
respectively. Gallery forest was left as a single habitat since it
dominated the transitional area between the seasonally flooded
habitats and the open water (flood duration of 9 months during
average and dry years and 9e12 months in a wet year). Openwater
was classified as the areas flooded for 10e12, 9e12, and 10e12
months during average, dry, and wet years, respectively. The
baseline cover map derived from these flood duration rules was in
good agreement with the spatial distribution of habitats from JICA
(1999; Table 2).

Flood duration rules defining each of the 5 habitat groups
(Table 2) were then used to simulate the most likely changes in
habitat cover due to potential future scenarios of water infra-
structure development and climate change. Area extent and the
percent difference with respect to the baseline cover map were
calculated for each of the habitat groups (Table 3; Fig. 7). Area of
rainfed habitats increases by 10e14% for all water infrastructure
development scenarios and decreases by up to 5% for the climate
change scenarios. Area of transitional habitats decreases up to 6%
as a result of both infrastructure development and climate change
scenarios. Area of seasonally flooded habitats decreases by up to
22% as a result of infrastructure development, but increases
slightly as a result of climate change. The area most suitable for
gallery forest decreases by up to 83% as a result of development
and up to 69% as a result of the 2040 climate change scenario.
Maps displaying these results show clear habitat shifts as a result
of future scenarios (Fig. 7); changes due to water infrastructure
development show a large shift from gallery forest to open water,
from seasonally flooded habitats to transitional habitats, and from
transitional to rainfed habitats. Climate change scenarios also
showed a large expansion of the open lake for the 2040 scenario.
Other notable shifts for the climate change scenarios were
seasonally flooded habitats shift to gallery forest, transitional
habitats shift to seasonally flooded habitats, and rainfed habitats
shift to transitional habitats.

4. Discussion

4.1. Historical changes in water levels, flood extent, and LULC

The changes in water level and flood extent in the Tonle Sap
calculated in this study are consistent with findings from previous
studies (Fujii et al., 2003; MRC, 2005; Inomata and Fukami, 2008;
Kummu and Sarkkula, 2008), which revealed little change in
recent past decades in water levels and flood extent (hence, flood
duration). Some of these studies have analyzed longer time series
at stations in the Tonle Sap and Mekong Rivers, and their results
show that the years used to represent recent historical conditions
for the Tonle Sap (1997, 1998, and 2000) are optimal. Despite the
limited water level time series available at Kampong Loung, it
appears that decadal patterns of extreme events are influenced by
ENSO patterns; extreme floods match strong La Niña years
whereas droughts match years of strong El Niño. This linkage
between regional and local climate patterns could be useful in
studying long-term historical and future climate change in the
absence of local long-term hydrological data. Other approaches to
overcome the data limitation could be to expand the regression
relationships with other stations with longer historical records
(Inomata and Fukami, 2008), or to use other long-term hydro-
logical indicators such as sediment or tree cores (Buckley et al.,
2010; Day et al., 2011).

A broad comparison of the two classified floodplain-wide land
cover maps (1996 and 2005) revealed expected changes in vege-
tation cover that followed documented land use modifications in
the floodplain. The expansion of village crops and conventional
rice paddies can be explained by the economic expansion and
population growth following the end of a long period of civil
conflict. The abandonment of floating rice fields has occurred
since the late 1970s (Hand, 2002; Sarkkula et al., 2003), and the
results of our analysis suggest that some of the abandoned fields
have more recently been cropped again for conventional rice
paddies. An unexpected finding was the expansion of the area
classified as gallery forest. Nearly all the area classified as gallery
forest in PASCO-FINMAP CONSORTIUM (2005) was previously
classified by JICA (1999) as either shrublands or grasslands, sug-
gesting that the change in land cover of this small area (yet largest
in terms of standing biomass per unit area) has occurred either as

Table 3
Area change from baseline (modeled) habitat cover as a response to different future scenarios.

Model scenarios Rainfed habitats Transitional habitats Seasonally flooded habitats Gallery forest Open water

km2 % km2 % km2 % km2 % km2 %

UMD 813 10 !189 !4 !612 !13 !537 !82 525 21
2030DEV 1061 13 !281 !6 !810 !17 !536 !82 567 22
2060DEV 1215 14 !133 !3 !1041 !22 !495 !75 454 18
2030CC !201 !2 !265 !6 339 7 84 13 42 2
2040CC !384 !5 84 2 219 5 !451 !69 531 21

Table 2
Flood duration rules used for modeling habitat cover and validation results. LULC refers to land use/land cover.

Clustered habitat LULC class(es) Months of annual flood duration Cover area (km2) % Overlap

Average year Dry year Wet year Original Model Overlap

Rainfed habitats Wet season rice, village crops, lowland shrubland 0e1 0 0e3 8641 8386 6999 81
Transitional habitats Abandoned fields, floating and receding rice,

lowland grassland
1e5 0e1 3e6 3658 4744 2327 64

Seasonally flooded
habitats

Flooded shrubland, flooded grassland 5e8 2e7 6e11 5409 4787 3873 72

Gallery forest Gallery forest 9 9 9e12 197 657 51 26
Open water Open water 10e12 9e12 10e12 3027 2550 2431 80
Total 21,067 21,067 15,682 74

M.E. Arias et al. / Journal of Environmental Management 112 (2012) 53e6662
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average, dry, and wet years, respectively. Transitional habitats was
defined as the area flooded for 1e5, 0e1, and 3e6 months during
average, dry, and wet years, respectively, and it included aban-
doned fields, lowland grassland, and floating and receding rice.
Seasonally flooded habitats included flooded shrubland and floo-
ded grassland. This group was defined by flood duration of 5e8,
2e7, and 6e11 months during the average, dry, and wet years,
respectively. Gallery forest was left as a single habitat since it
dominated the transitional area between the seasonally flooded
habitats and the open water (flood duration of 9 months during
average and dry years and 9e12 months in a wet year). Openwater
was classified as the areas flooded for 10e12, 9e12, and 10e12
months during average, dry, and wet years, respectively. The
baseline cover map derived from these flood duration rules was in
good agreement with the spatial distribution of habitats from JICA
(1999; Table 2).

Flood duration rules defining each of the 5 habitat groups
(Table 2) were then used to simulate the most likely changes in
habitat cover due to potential future scenarios of water infra-
structure development and climate change. Area extent and the
percent difference with respect to the baseline cover map were
calculated for each of the habitat groups (Table 3; Fig. 7). Area of
rainfed habitats increases by 10e14% for all water infrastructure
development scenarios and decreases by up to 5% for the climate
change scenarios. Area of transitional habitats decreases up to 6%
as a result of both infrastructure development and climate change
scenarios. Area of seasonally flooded habitats decreases by up to
22% as a result of infrastructure development, but increases
slightly as a result of climate change. The area most suitable for
gallery forest decreases by up to 83% as a result of development
and up to 69% as a result of the 2040 climate change scenario.
Maps displaying these results show clear habitat shifts as a result
of future scenarios (Fig. 7); changes due to water infrastructure
development show a large shift from gallery forest to open water,
from seasonally flooded habitats to transitional habitats, and from
transitional to rainfed habitats. Climate change scenarios also
showed a large expansion of the open lake for the 2040 scenario.
Other notable shifts for the climate change scenarios were
seasonally flooded habitats shift to gallery forest, transitional
habitats shift to seasonally flooded habitats, and rainfed habitats
shift to transitional habitats.

4. Discussion

4.1. Historical changes in water levels, flood extent, and LULC

The changes in water level and flood extent in the Tonle Sap
calculated in this study are consistent with findings from previous
studies (Fujii et al., 2003; MRC, 2005; Inomata and Fukami, 2008;
Kummu and Sarkkula, 2008), which revealed little change in
recent past decades in water levels and flood extent (hence, flood
duration). Some of these studies have analyzed longer time series
at stations in the Tonle Sap and Mekong Rivers, and their results
show that the years used to represent recent historical conditions
for the Tonle Sap (1997, 1998, and 2000) are optimal. Despite the
limited water level time series available at Kampong Loung, it
appears that decadal patterns of extreme events are influenced by
ENSO patterns; extreme floods match strong La Niña years
whereas droughts match years of strong El Niño. This linkage
between regional and local climate patterns could be useful in
studying long-term historical and future climate change in the
absence of local long-term hydrological data. Other approaches to
overcome the data limitation could be to expand the regression
relationships with other stations with longer historical records
(Inomata and Fukami, 2008), or to use other long-term hydro-
logical indicators such as sediment or tree cores (Buckley et al.,
2010; Day et al., 2011).

A broad comparison of the two classified floodplain-wide land
cover maps (1996 and 2005) revealed expected changes in vege-
tation cover that followed documented land use modifications in
the floodplain. The expansion of village crops and conventional
rice paddies can be explained by the economic expansion and
population growth following the end of a long period of civil
conflict. The abandonment of floating rice fields has occurred
since the late 1970s (Hand, 2002; Sarkkula et al., 2003), and the
results of our analysis suggest that some of the abandoned fields
have more recently been cropped again for conventional rice
paddies. An unexpected finding was the expansion of the area
classified as gallery forest. Nearly all the area classified as gallery
forest in PASCO-FINMAP CONSORTIUM (2005) was previously
classified by JICA (1999) as either shrublands or grasslands, sug-
gesting that the change in land cover of this small area (yet largest
in terms of standing biomass per unit area) has occurred either as

Table 3
Area change from baseline (modeled) habitat cover as a response to different future scenarios.

Model scenarios Rainfed habitats Transitional habitats Seasonally flooded habitats Gallery forest Open water

km2 % km2 % km2 % km2 % km2 %

UMD 813 10 !189 !4 !612 !13 !537 !82 525 21
2030DEV 1061 13 !281 !6 !810 !17 !536 !82 567 22
2060DEV 1215 14 !133 !3 !1041 !22 !495 !75 454 18
2030CC !201 !2 !265 !6 339 7 84 13 42 2
2040CC !384 !5 84 2 219 5 !451 !69 531 21

Table 2
Flood duration rules used for modeling habitat cover and validation results. LULC refers to land use/land cover.

Clustered habitat LULC class(es) Months of annual flood duration Cover area (km2) % Overlap

Average year Dry year Wet year Original Model Overlap

Rainfed habitats Wet season rice, village crops, lowland shrubland 0e1 0 0e3 8641 8386 6999 81
Transitional habitats Abandoned fields, floating and receding rice,

lowland grassland
1e5 0e1 3e6 3658 4744 2327 64

Seasonally flooded
habitats

Flooded shrubland, flooded grassland 5e8 2e7 6e11 5409 4787 3873 72

Gallery forest Gallery forest 9 9 9e12 197 657 51 26
Open water Open water 10e12 9e12 10e12 3027 2550 2431 80
Total 21,067 21,067 15,682 74
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average, dry, and wet years, respectively. Transitional habitats was
defined as the area flooded for 1e5, 0e1, and 3e6 months during
average, dry, and wet years, respectively, and it included aban-
doned fields, lowland grassland, and floating and receding rice.
Seasonally flooded habitats included flooded shrubland and floo-
ded grassland. This group was defined by flood duration of 5e8,
2e7, and 6e11 months during the average, dry, and wet years,
respectively. Gallery forest was left as a single habitat since it
dominated the transitional area between the seasonally flooded
habitats and the open water (flood duration of 9 months during
average and dry years and 9e12 months in a wet year). Openwater
was classified as the areas flooded for 10e12, 9e12, and 10e12
months during average, dry, and wet years, respectively. The
baseline cover map derived from these flood duration rules was in
good agreement with the spatial distribution of habitats from JICA
(1999; Table 2).

Flood duration rules defining each of the 5 habitat groups
(Table 2) were then used to simulate the most likely changes in
habitat cover due to potential future scenarios of water infra-
structure development and climate change. Area extent and the
percent difference with respect to the baseline cover map were
calculated for each of the habitat groups (Table 3; Fig. 7). Area of
rainfed habitats increases by 10e14% for all water infrastructure
development scenarios and decreases by up to 5% for the climate
change scenarios. Area of transitional habitats decreases up to 6%
as a result of both infrastructure development and climate change
scenarios. Area of seasonally flooded habitats decreases by up to
22% as a result of infrastructure development, but increases
slightly as a result of climate change. The area most suitable for
gallery forest decreases by up to 83% as a result of development
and up to 69% as a result of the 2040 climate change scenario.
Maps displaying these results show clear habitat shifts as a result
of future scenarios (Fig. 7); changes due to water infrastructure
development show a large shift from gallery forest to open water,
from seasonally flooded habitats to transitional habitats, and from
transitional to rainfed habitats. Climate change scenarios also
showed a large expansion of the open lake for the 2040 scenario.
Other notable shifts for the climate change scenarios were
seasonally flooded habitats shift to gallery forest, transitional
habitats shift to seasonally flooded habitats, and rainfed habitats
shift to transitional habitats.

4. Discussion

4.1. Historical changes in water levels, flood extent, and LULC

The changes in water level and flood extent in the Tonle Sap
calculated in this study are consistent with findings from previous
studies (Fujii et al., 2003; MRC, 2005; Inomata and Fukami, 2008;
Kummu and Sarkkula, 2008), which revealed little change in
recent past decades in water levels and flood extent (hence, flood
duration). Some of these studies have analyzed longer time series
at stations in the Tonle Sap and Mekong Rivers, and their results
show that the years used to represent recent historical conditions
for the Tonle Sap (1997, 1998, and 2000) are optimal. Despite the
limited water level time series available at Kampong Loung, it
appears that decadal patterns of extreme events are influenced by
ENSO patterns; extreme floods match strong La Niña years
whereas droughts match years of strong El Niño. This linkage
between regional and local climate patterns could be useful in
studying long-term historical and future climate change in the
absence of local long-term hydrological data. Other approaches to
overcome the data limitation could be to expand the regression
relationships with other stations with longer historical records
(Inomata and Fukami, 2008), or to use other long-term hydro-
logical indicators such as sediment or tree cores (Buckley et al.,
2010; Day et al., 2011).

A broad comparison of the two classified floodplain-wide land
cover maps (1996 and 2005) revealed expected changes in vege-
tation cover that followed documented land use modifications in
the floodplain. The expansion of village crops and conventional
rice paddies can be explained by the economic expansion and
population growth following the end of a long period of civil
conflict. The abandonment of floating rice fields has occurred
since the late 1970s (Hand, 2002; Sarkkula et al., 2003), and the
results of our analysis suggest that some of the abandoned fields
have more recently been cropped again for conventional rice
paddies. An unexpected finding was the expansion of the area
classified as gallery forest. Nearly all the area classified as gallery
forest in PASCO-FINMAP CONSORTIUM (2005) was previously
classified by JICA (1999) as either shrublands or grasslands, sug-
gesting that the change in land cover of this small area (yet largest
in terms of standing biomass per unit area) has occurred either as

Table 3
Area change from baseline (modeled) habitat cover as a response to different future scenarios.

Model scenarios Rainfed habitats Transitional habitats Seasonally flooded habitats Gallery forest Open water

km2 % km2 % km2 % km2 % km2 %

UMD 813 10 !189 !4 !612 !13 !537 !82 525 21
2030DEV 1061 13 !281 !6 !810 !17 !536 !82 567 22
2060DEV 1215 14 !133 !3 !1041 !22 !495 !75 454 18
2030CC !201 !2 !265 !6 339 7 84 13 42 2
2040CC !384 !5 84 2 219 5 !451 !69 531 21

Table 2
Flood duration rules used for modeling habitat cover and validation results. LULC refers to land use/land cover.

Clustered habitat LULC class(es) Months of annual flood duration Cover area (km2) % Overlap

Average year Dry year Wet year Original Model Overlap

Rainfed habitats Wet season rice, village crops, lowland shrubland 0e1 0 0e3 8641 8386 6999 81
Transitional habitats Abandoned fields, floating and receding rice,

lowland grassland
1e5 0e1 3e6 3658 4744 2327 64

Seasonally flooded
habitats

Flooded shrubland, flooded grassland 5e8 2e7 6e11 5409 4787 3873 72

Gallery forest Gallery forest 9 9 9e12 197 657 51 26
Open water Open water 10e12 9e12 10e12 3027 2550 2431 80
Total 21,067 21,067 15,682 74
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average, dry, and wet years, respectively. Transitional habitats was
defined as the area flooded for 1e5, 0e1, and 3e6 months during
average, dry, and wet years, respectively, and it included aban-
doned fields, lowland grassland, and floating and receding rice.
Seasonally flooded habitats included flooded shrubland and floo-
ded grassland. This group was defined by flood duration of 5e8,
2e7, and 6e11 months during the average, dry, and wet years,
respectively. Gallery forest was left as a single habitat since it
dominated the transitional area between the seasonally flooded
habitats and the open water (flood duration of 9 months during
average and dry years and 9e12 months in a wet year). Openwater
was classified as the areas flooded for 10e12, 9e12, and 10e12
months during average, dry, and wet years, respectively. The
baseline cover map derived from these flood duration rules was in
good agreement with the spatial distribution of habitats from JICA
(1999; Table 2).

Flood duration rules defining each of the 5 habitat groups
(Table 2) were then used to simulate the most likely changes in
habitat cover due to potential future scenarios of water infra-
structure development and climate change. Area extent and the
percent difference with respect to the baseline cover map were
calculated for each of the habitat groups (Table 3; Fig. 7). Area of
rainfed habitats increases by 10e14% for all water infrastructure
development scenarios and decreases by up to 5% for the climate
change scenarios. Area of transitional habitats decreases up to 6%
as a result of both infrastructure development and climate change
scenarios. Area of seasonally flooded habitats decreases by up to
22% as a result of infrastructure development, but increases
slightly as a result of climate change. The area most suitable for
gallery forest decreases by up to 83% as a result of development
and up to 69% as a result of the 2040 climate change scenario.
Maps displaying these results show clear habitat shifts as a result
of future scenarios (Fig. 7); changes due to water infrastructure
development show a large shift from gallery forest to open water,
from seasonally flooded habitats to transitional habitats, and from
transitional to rainfed habitats. Climate change scenarios also
showed a large expansion of the open lake for the 2040 scenario.
Other notable shifts for the climate change scenarios were
seasonally flooded habitats shift to gallery forest, transitional
habitats shift to seasonally flooded habitats, and rainfed habitats
shift to transitional habitats.

4. Discussion

4.1. Historical changes in water levels, flood extent, and LULC

The changes in water level and flood extent in the Tonle Sap
calculated in this study are consistent with findings from previous
studies (Fujii et al., 2003; MRC, 2005; Inomata and Fukami, 2008;
Kummu and Sarkkula, 2008), which revealed little change in
recent past decades in water levels and flood extent (hence, flood
duration). Some of these studies have analyzed longer time series
at stations in the Tonle Sap and Mekong Rivers, and their results
show that the years used to represent recent historical conditions
for the Tonle Sap (1997, 1998, and 2000) are optimal. Despite the
limited water level time series available at Kampong Loung, it
appears that decadal patterns of extreme events are influenced by
ENSO patterns; extreme floods match strong La Niña years
whereas droughts match years of strong El Niño. This linkage
between regional and local climate patterns could be useful in
studying long-term historical and future climate change in the
absence of local long-term hydrological data. Other approaches to
overcome the data limitation could be to expand the regression
relationships with other stations with longer historical records
(Inomata and Fukami, 2008), or to use other long-term hydro-
logical indicators such as sediment or tree cores (Buckley et al.,
2010; Day et al., 2011).

A broad comparison of the two classified floodplain-wide land
cover maps (1996 and 2005) revealed expected changes in vege-
tation cover that followed documented land use modifications in
the floodplain. The expansion of village crops and conventional
rice paddies can be explained by the economic expansion and
population growth following the end of a long period of civil
conflict. The abandonment of floating rice fields has occurred
since the late 1970s (Hand, 2002; Sarkkula et al., 2003), and the
results of our analysis suggest that some of the abandoned fields
have more recently been cropped again for conventional rice
paddies. An unexpected finding was the expansion of the area
classified as gallery forest. Nearly all the area classified as gallery
forest in PASCO-FINMAP CONSORTIUM (2005) was previously
classified by JICA (1999) as either shrublands or grasslands, sug-
gesting that the change in land cover of this small area (yet largest
in terms of standing biomass per unit area) has occurred either as

Table 3
Area change from baseline (modeled) habitat cover as a response to different future scenarios.

Model scenarios Rainfed habitats Transitional habitats Seasonally flooded habitats Gallery forest Open water

km2 % km2 % km2 % km2 % km2 %

UMD 813 10 !189 !4 !612 !13 !537 !82 525 21
2030DEV 1061 13 !281 !6 !810 !17 !536 !82 567 22
2060DEV 1215 14 !133 !3 !1041 !22 !495 !75 454 18
2030CC !201 !2 !265 !6 339 7 84 13 42 2
2040CC !384 !5 84 2 219 5 !451 !69 531 21

Table 2
Flood duration rules used for modeling habitat cover and validation results. LULC refers to land use/land cover.

Clustered habitat LULC class(es) Months of annual flood duration Cover area (km2) % Overlap

Average year Dry year Wet year Original Model Overlap

Rainfed habitats Wet season rice, village crops, lowland shrubland 0e1 0 0e3 8641 8386 6999 81
Transitional habitats Abandoned fields, floating and receding rice,

lowland grassland
1e5 0e1 3e6 3658 4744 2327 64

Seasonally flooded
habitats

Flooded shrubland, flooded grassland 5e8 2e7 6e11 5409 4787 3873 72

Gallery forest Gallery forest 9 9 9e12 197 657 51 26
Open water Open water 10e12 9e12 10e12 3027 2550 2431 80
Total 21,067 21,067 15,682 74
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average, dry, and wet years, respectively. Transitional habitats was
defined as the area flooded for 1e5, 0e1, and 3e6 months during
average, dry, and wet years, respectively, and it included aban-
doned fields, lowland grassland, and floating and receding rice.
Seasonally flooded habitats included flooded shrubland and floo-
ded grassland. This group was defined by flood duration of 5e8,
2e7, and 6e11 months during the average, dry, and wet years,
respectively. Gallery forest was left as a single habitat since it
dominated the transitional area between the seasonally flooded
habitats and the open water (flood duration of 9 months during
average and dry years and 9e12 months in a wet year). Openwater
was classified as the areas flooded for 10e12, 9e12, and 10e12
months during average, dry, and wet years, respectively. The
baseline cover map derived from these flood duration rules was in
good agreement with the spatial distribution of habitats from JICA
(1999; Table 2).

Flood duration rules defining each of the 5 habitat groups
(Table 2) were then used to simulate the most likely changes in
habitat cover due to potential future scenarios of water infra-
structure development and climate change. Area extent and the
percent difference with respect to the baseline cover map were
calculated for each of the habitat groups (Table 3; Fig. 7). Area of
rainfed habitats increases by 10e14% for all water infrastructure
development scenarios and decreases by up to 5% for the climate
change scenarios. Area of transitional habitats decreases up to 6%
as a result of both infrastructure development and climate change
scenarios. Area of seasonally flooded habitats decreases by up to
22% as a result of infrastructure development, but increases
slightly as a result of climate change. The area most suitable for
gallery forest decreases by up to 83% as a result of development
and up to 69% as a result of the 2040 climate change scenario.
Maps displaying these results show clear habitat shifts as a result
of future scenarios (Fig. 7); changes due to water infrastructure
development show a large shift from gallery forest to open water,
from seasonally flooded habitats to transitional habitats, and from
transitional to rainfed habitats. Climate change scenarios also
showed a large expansion of the open lake for the 2040 scenario.
Other notable shifts for the climate change scenarios were
seasonally flooded habitats shift to gallery forest, transitional
habitats shift to seasonally flooded habitats, and rainfed habitats
shift to transitional habitats.

4. Discussion

4.1. Historical changes in water levels, flood extent, and LULC

The changes in water level and flood extent in the Tonle Sap
calculated in this study are consistent with findings from previous
studies (Fujii et al., 2003; MRC, 2005; Inomata and Fukami, 2008;
Kummu and Sarkkula, 2008), which revealed little change in
recent past decades in water levels and flood extent (hence, flood
duration). Some of these studies have analyzed longer time series
at stations in the Tonle Sap and Mekong Rivers, and their results
show that the years used to represent recent historical conditions
for the Tonle Sap (1997, 1998, and 2000) are optimal. Despite the
limited water level time series available at Kampong Loung, it
appears that decadal patterns of extreme events are influenced by
ENSO patterns; extreme floods match strong La Niña years
whereas droughts match years of strong El Niño. This linkage
between regional and local climate patterns could be useful in
studying long-term historical and future climate change in the
absence of local long-term hydrological data. Other approaches to
overcome the data limitation could be to expand the regression
relationships with other stations with longer historical records
(Inomata and Fukami, 2008), or to use other long-term hydro-
logical indicators such as sediment or tree cores (Buckley et al.,
2010; Day et al., 2011).

A broad comparison of the two classified floodplain-wide land
cover maps (1996 and 2005) revealed expected changes in vege-
tation cover that followed documented land use modifications in
the floodplain. The expansion of village crops and conventional
rice paddies can be explained by the economic expansion and
population growth following the end of a long period of civil
conflict. The abandonment of floating rice fields has occurred
since the late 1970s (Hand, 2002; Sarkkula et al., 2003), and the
results of our analysis suggest that some of the abandoned fields
have more recently been cropped again for conventional rice
paddies. An unexpected finding was the expansion of the area
classified as gallery forest. Nearly all the area classified as gallery
forest in PASCO-FINMAP CONSORTIUM (2005) was previously
classified by JICA (1999) as either shrublands or grasslands, sug-
gesting that the change in land cover of this small area (yet largest
in terms of standing biomass per unit area) has occurred either as

Table 3
Area change from baseline (modeled) habitat cover as a response to different future scenarios.

Model scenarios Rainfed habitats Transitional habitats Seasonally flooded habitats Gallery forest Open water

km2 % km2 % km2 % km2 % km2 %

UMD 813 10 !189 !4 !612 !13 !537 !82 525 21
2030DEV 1061 13 !281 !6 !810 !17 !536 !82 567 22
2060DEV 1215 14 !133 !3 !1041 !22 !495 !75 454 18
2030CC !201 !2 !265 !6 339 7 84 13 42 2
2040CC !384 !5 84 2 219 5 !451 !69 531 21

Table 2
Flood duration rules used for modeling habitat cover and validation results. LULC refers to land use/land cover.

Clustered habitat LULC class(es) Months of annual flood duration Cover area (km2) % Overlap

Average year Dry year Wet year Original Model Overlap

Rainfed habitats Wet season rice, village crops, lowland shrubland 0e1 0 0e3 8641 8386 6999 81
Transitional habitats Abandoned fields, floating and receding rice,

lowland grassland
1e5 0e1 3e6 3658 4744 2327 64

Seasonally flooded
habitats

Flooded shrubland, flooded grassland 5e8 2e7 6e11 5409 4787 3873 72

Gallery forest Gallery forest 9 9 9e12 197 657 51 26
Open water Open water 10e12 9e12 10e12 3027 2550 2431 80
Total 21,067 21,067 15,682 74
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