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ABSTRACT

SPATIOTEMPORAL MODELING OF DAMS AND CONSEQUENT IMPACTS ON THE
MEKONG RIVER BASIN ECOSYSTEM

By
Zihan Lin

The hydro-dam can help increase adaptation to climate change and meet water, energy,
and food needs as a widely adopted water infrastructure. However, it alters and fragments
ecosystems, especially at places where hydro-dam constructions are gaining popularity for the
sake of more socio-economic benefits. This dissertation examines and characterizes the process
and outcomes of ecosystem changes owing to hydro-dams, using the Mekong River Basin as an
example. The overarching research question is answered from four angles, including 1) finding
new essential properties of dams, 2) determining dams’ impact scope on land change, 3)
estimating cascade consequences of dams on significant water bodies, and 4) analyzing dams’
ripple effect on the atmosphere.

The main body (Chapters 2-4) of this dissertation consists of three articles. In Chapter 2, I
achieve the first two research goals by performing time-serial trajectory analyses on 67 working
Mekong hydro-dams and the lands surrounding them using long-term geospatial imageries and
statistical methods. In Chapter 3, I calculated and analyzed the open water surface area of the
Tonle Sap Lake and the changes at a 16-day interval from 2001 to 2015 to assess how upstream
hydro-dam proliferation has influenced the largest inland lake in the lower basin. In Chapter 4,
the spatial variations of inundation areas in the Tonle Sap Lake floodplain and temporal changes
of the greenhouse gas (such as carbon dioxide and nitrous oxide) emissions from the changing

lands were modeled and quantified using



geospatial datasets and a biogeochemical model to provide a solution to the fourth research
question.

In summary, this dissertation has successfully established a new remote sensing approach
that enables hydro-dam characterization and set up a combined framework combining geospatial
modeling and biogeochemical modeling. The three studies come to the conclusions that 1)
hydro-dams’ impact scale on land change is spatially anisotropic at the local level, 2) hydro-
dams’ cascade consequence on a large water body at a remote place is significant, and 3) hydro-
dams’ ripple effect on floodplain via water and lands can cause more greenhouse gas emissions
into the atmosphere. This dissertation can enrich the current literature regarding human-nature
interactions, focusing on hydro-dam’s role in the ecosystem. It also broadens the knowledge of
hydro-dams’ impacts and attracts more relevant studies and environmental protection efforts.
More importantly, this dissertation can assist future policy-making, especially for sustainable

hydro-dam planning and transboundary water resource management.
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CHAPTER 1
INTRODUCTION
Water, food, and energy and the Mekong River Basin

The past decades have witnessed a rapid socio-economic development accompanied by
an unprecedented population boom, especially in the developing countries and regions in Asia,
South America, and Africa (de la Croix and Gobbi, 2017). From early 1900 to 2020s, the world’s
population has increased from less than 10 million to approximately 80 million (“World
Population Growth - Our World in Data,” n.d.), causing concerning challenges to the
planet’s natural resource capacity (Pimentel et al., 2013). Meanwhile, the more severe climate
change and consequent extreme climatic events have trigger uncertainty and severe damage to
sustainable development in many places (Getvoldsen et al., 2009; Lu et al., 2019). To meet the
escalating demand for more water-energy-food (WEF) from the enlarged population and help
adapt to the changing climate, better exploitation and utilization of natural resources become
crucial means to maintain and boost social and economic development (Biggs et al., 2015;
Simpson and Jewitt, 2019). However, these actions have unintentionally left an undesired ripple
effect on the natural environment and ecosystems in some places, making the balance between
the need of people and the exploitation of natural resources a concerning status (Lee, 2016; Liu
etal., 2017).

The Mekong River Basin (MRB) is one of the regions manifesting the abovementioned
human-nature conflicts (Kirmani, 1990; Osborne, 2009). The enormous river basin occupies a
large portion of Southeast Asia and is one of the world’s largest riverine watersheds breed
abundant species and biodiversity (Mekong River Commission (MRC), 2003, 2000). Its total

catchment area is approximately 795,000 km? and has been the home to millions of people over



hundreds of years (Van Zalinge et al., 2004). The entire basin is nourished by the sixth-longest
Asian river — Mekong River (MR), which originates from the Tibetan Plateau and flows through
six Asian and Southeast Asian countries, including China, Myanmar, Thailand, Laos, Cambodia,
and Vietnam (Adamson et al., 2009). The national border between China, Myanmar, and Laos
forms a dividing line that separates the MRB into Upper Mekong River Basin (UMRB) and
Lower Mekong River Basin (LMRB) (Yang et al., 2019). The UMRB is much smaller (i.e., a
quarter of the MRB) and comprises plateaus of southwestern China. For many years, two Asian
summer monsoons controls the UMRB (Shi and Chen, 2018), while the climate in the LMRB is
typically tropical monsoonal with an apparent two-season cycle (i.e., wet season and dry season)
every year (“Mekong River | Facts, Definition, Map, History, & Location | Britannica,” n.d.).

A substantial portion of the Mekong population (i.e., ~ 70 million) reside in the LMRB
and are mainly engaged in farming activities for livelihoods as agricultural labor (Pech and
Sunada, 2008). For many years, wet-season precipitation brought by the Monsoon and year-
round river flows provided valuable water resources to lower Mekong agricultural and aquatic
food production. Fish and rainfed crops are the primary nutrient sources for the lower Mekong
residents. Fishery and agriculture productivity relies heavily on the periodical cycle of the
LMRB hydrology and the Monsoon climate (Kirby et al., 2010). However, the rhythm of the
watershed hydro-pattern has experienced a significant change because of the varying climate
conditions and human responses to negative consequences of climate change in recent decades
(Xue et al., 2011).

According to the most widely used world’s disaster database called EM-DAT (Guha-
Sapir et al., 2016), a total of 203 severe floods and droughts have hit the MRB from 2001 to

2021. More than 119 million population were affected and the Mekong countries have suffered



from a $59 billion economic loss (Guha-Sapir et al., 2016). The region becomes one of the most
vulnerable regions to climate change, and its inhabitants confront a high risk of reduced WEF
sustainability in socio-economic development (Phommasack et al., 2013). Under such
circumstances, human interventions have been largely encouraged and developed at the basin-
wide scale over the entire MRB to secure the essential living supply and prevent the negative
impacts of the frequent floods and droughts (Intralawan et al., 2019; Kubiszewski et al., 2013).
Hydro-dams in the MRB

As one of the most efficient means to buffer human society and industrial and agricultural
activities against seasonal and annual climate variability, hydro-dam construction has gained
popularity among Mekong countries since the 1950s (Osborne, 2009). Hydro-dams are designed
and operated for the purpose of facilitating cropland irrigation, mitigating floods and droughts,
generating clean hydropower, and providing recreation places (Brown et al., 2009). According to
the WLE Greater Mekong dam database (WLE, 2017), to the late 2017, a total of 320 hydro-
dams are functioning in the MRB. Approximately 47% of the commissioned Mekong hydro-
dams were established by Thailand, 19.4% and 19.0% by China and Vietnam, respectively
(WLE, 2017). The largest Mekong hydro-dam with the highest installed capacity (i.e., 5850
Megawatt (MW)) was initiated and owned by China since 2014 (WLE, 2017).

The MRB has been recognized as one of the most prominent areas where hydro-dam
construction is at a surprising pace (Grumbine and Xu, 2011; Winemiller et al., 2016). The
number of hydro-dams has kept rising since 1956, and currently, more hydro-dams are under
construction or proposed/planned driven by the enormous socio-economic benefits underneath

(WLE, 2017). For example, Laos has decided to set up another 56 hydro-dams by 2030 (WLE,



2017). The accelerated and competitive hydro-dam development is mainly driven by the huge
amount of economic profit generated by the hydro-dam facilities to local inhabitants.

Although the basin-wide hydro-dam projects positively contribute to settling the conflict
between the basin’s socio-economic development and the sustainable environment maintenance,
they inevitably cause undesirable side effects on the MRB ecosystem, especially in hydrological
irregularity, biodiversity loss, and unevenly transboundary water occupation (Soukhaphon et al.,
2021; Vaidyanathan, 2011). For instance, after a hydro-dam is completed, its water storage
reservoir will become the primary water source for cropland irrigation of the neighboring
communities. The improved accessibility to water and enhanced food productivity promotes
more natural lands (e.g., wetland and grassland) converted to agricultural fields (Biemans et al.,
2011; Jurik et al., 2018; Rufin et al., 2019). Sadly, local inhabitants’ need for more water and
food is satisfied at the cost of some plants and wildlife losing the home they are dependent on
(Siyal et al., 2019). Another example is the hydro-dam’s regulation on river flow through turbine
and gauge becomes a barrier for fish migration during the reproduction period, making fish
biodiversity and fishery productivity confronting a threatening recession (Dudgeon, 2005; Wu et
al., 2019; Ziv et al., 2012).

In general, like many other man-made facilities, hydro-dams play a controversial role in
the harmonious coexistence of humans and nature. It serves as a bridge in the WEF nexus and
inevitably leads to many ecological and environmental issues (Gao et al., 2021; Olawuyi, 2020).
Since the last century, with the enhancement of modeling techniques and the emergence of data
diversity, research on the impact of hydro-dams on nature has gradually become a
multidisciplinary hot spot (Brown et al., 2009), such as hydrology, geography, ecology, and

environmental science.



Research overview and research gaps

To date, far more studies have been performed to explore and reveal the role of hydro-
dams in the MRB ecosystem and their impacts on different ecosystem services. To the best of
my knowledge, most scholars have focused more on the “negative” effects of hydro-dams than
on the economic value in terms of electricity generation. In-depth studies of these impacts and
ongoing dialectical discussions and debates can provide a more comprehensive perspective on
whether the approaches and measures taken to maintain WEF nexus development are effective or
not.

It is noticed that a majority of these studies have adopted and applied quantitative models
(e.g., hydrologic model, land cover land use change (LCLUC) model, etc.) to assess the impacts
of hydro-dams and predict the outcomes of dam removal (Chen and Olden, 2017; Foley et al.,
2017). Scholars in engineering, hydrology, geography, environment, and ecology fields often use
this approach to conduct specific studies. In contrast, in social science research, field surveys and
sampling and subsequent statistical analyses are the most common research workflow used by
researchers in sociology and economics (Kirchherr and Charles, 2018). According to current
literature, the impacts of hydro-dams’ can be classified as short-term and long-term, direct and
indirect, quantifiable and non-quantifiable, and foreseeable and unforeseeable.

The most direct impact of a hydro-dam on the natural ecosystem is the hydrological
alterations of water bodies in the river network via the regulation of river flow and reservoir
volume (Hecht et al., 2019; Pokhrel et al., 2018; Résédnen et al., 2012). Besides, the changes in
hydrology combined with the fact that a hydro-dams may act as a physical barrier in fish
migration channel have caused a decline in the biodiversity of fish in the MRB (Baran and

Myschowoda, 2009; Dugan et al., 2010; Ziv et al., 2012). What’s more, Mekong hydro-dams



also induce basin-wide LCLUC and downstream sediment accumulation (Kondolf et al., 2014;
Kummu and Varis, 2007).These three directions are followed by the majority of studies
addressing the effects of the MRB hydro-dams. The remaining studies focus on the another two
aspects: the indirect impact of hydro-dams on the MRB ecosystem and the controversial issues of
the spatial redistribution of water resources between the LMRB and UMRB regions and among
Mekong countries from the political perspective (Bakker, 1999; Hirsch, 2010; Pearse-Smith,
2012).

Although there is a large body of literature assessing hydro-dams and their impacts at
multiple scales, perspectives, and levels, there are still some problems that current research has
rarely studied. First, our knowledge of the properties of hydro-dams themselves is incomplete
(Lin and Qi, 2019). For example, basic information about a particular hydro-dam can be obtained
from project records, construction documentaries, and public reports. Yet, information on a large
number of hydro-dams at a broad spatial extent can only be extracted from regional or global-
scale hydro-dam databases. Often, the data in these databases have not been verified with high
accuracy, which leads to systematic errors in the modeling process in some fields. Second, due to
data shortage and computational power limitations in the early years, many studies were limited
to a specific geographic area and period only. Studies on a larger scale (i.e., time and space) can
better help identify hydro-dams’ ripple effect. Finally, as mentioned above, some research areas
are in full swing. In contrast, others lack targeted in-depth studies, and how the latter can be
complemented by available historical data is one of the research topics in this dissertation.
Research questions and summary of three dissertation chapters

This dissertation research addresses three specific science questions in Land, Water, and

Atmosphere as follows:



1) Land: what are the spatial and temporal characteristics of all working Mekong hydro-
dams in terms of LCLUC?

2) Water: what are the long-term and cumulative impacts of the Mekong hydro-dam
cascade on the Tonle Sap Lake (TSL) hydrological cycle?

3) Atmosphere: what is the consequent change trend in the long-term greenhouse gas

(GHG) (e.g., carbon dioxide (CO>) and nitrous oxide (N20)) emissions from the Tonle

Sap floodplain?

These three research questions can help fill some of the gaps in current studies. In
particular, the first research question investigates how Mekong hydro-dams have affected the
land use pattern at a basin-wide scale. The results of this study could increase the diversity of
information in the current Mekong hydro-dam database. The second research question explores
the long-term hydrological impacts of Mekong hydro-dams on a large water body in distant
areas. The third question studies how floodplain inundation changes owing to the TSL hydro-
pattern variations can alter the GHG change tendency.

The research background, process, and outcomes of studies designed to solve the three
research questions are explained and illustrated in the following dissertation chapters (Chapters
2-4). Chapter 2 introduces a new remote sensing-based method that characterizes Mekong hydro-
dams spatially and temporally using time-series datasets. The new method can measure the
impact distance of any functioning Mekong hydro-dam at the areas above and below the dam site
and precisely identify when the project was started and completed. Therefore, it adds new basic
hydro-dam properties to a more comprehensive understanding of hydro-dam constructions.
Chapter 3 investigates and shows the trajectory of the open water surface area of the TSL (i.e.,

the largest inland freshwater lake in Southeast Asia) over 15 years. The Mann-Kendall (MK)



nonparametric trend test is used to identify the changing trend of this hydro-pattern feature.
Compared to the changes in atmospheric conditions (i.e., temperature and precipitation), the
driven factor underneath is analyzed and discussed. Chapter 4 takes advantage of geospatial data
and techniques and a process-based biogeochemical model to simulate the daily CO, and N,O
emissions from the Tonle Sap floodplain under the influence of TSL’s inundation variations. A
long-term gases emission trajectory, similar to the open water surface area change of the TSL,
was produced and used to detect the changing trend in the CO> and N>O emissions from the

altered Tonle Sap floodplain inundation area from 2001 to 2015.



CHAPTER 2
A NEW REMOTE SENSING APPROACH TO ENRICH HYDROPOWER DAMS’
INFORMATION AND ASSESS THEIR IMPACTS DISTANCES: A CASE STUDY IN
THE MEKONG RIVER BASIN
Summary of the published article

Basic information on hydro-dam properties plays a paramount role in the modeling
process for hydro-dam evaluations. This data is usually acquired from hydro-dam databases.
However, some essential hydro-dams’ characteristics are missing, and the comprehensive and in-
depth knowledge of dam properties is incomplete. For example, none of the existing dam
databases can provide the impact scale of a specific hydro-dam, not to mention many hydro-
dams in a large area. Besides, current temporal information of hydro-dam constructions recorded
in commonly-used dam databases is inconsistent and inaccurate. The column “year” in different
dam databases refers to different time points during the construction process, leading to a gross
error when using this property.

This research aims to establish a feasible and reliable quantitative method for obtaining
critical construction time points and spatial impact extent of a hydro-dam on LCLUC by taking
advantage of geospatial science. Specifically, the proposed method can 1) fill record blanks in
the current dam databases (i.e., dam commissioned year) and 2) add new hydro-dam
characteristics (e.g., duration of the construction process, radius size of the influential buffer) in
any dam database.

The datasets used in this research include a WLE Mekong hydro-dam database, digital
elevation model (DEM) data, and a 30-year Landsat Normalized Difference Vegetation Index

(NDVI) image collection covering the entire MRB from 1988 to 2017. A total of 67 Mekong



hydro-dams were studied using the proposed new remote sensing method. Their geo-locations
and commissioned year records extracted from the WLE database were verified using open-
source information (e.g., literature, reports, media news, etc.). The basis for creating the new
method is that the hydro-dam construction and operation cause LCLUC surrounding the dam
site. Such changes are spatially anisotropic (e.g., different at the area above and below the dam)
and obtain stationarity over time. The key steps to realize the method comprise 1) separating the
area above the dam and below the dam using DEM and NDVI quantile combination, 2) detecting
the changing points in the 30-year trajectory using image entropy mean, standard deviation (SD),
and coefficient of variation (CV) calculated using NDVI at different buffer zones with an
increment of equal interval centered at the dam site.

The final results were assessed both empirically and statistically. The start and end years
of hydro-dam construction generated by this method were correlated to the information on the
real timings of constructions using the Pearson correlation test. The hydro-dams’ impact scope
estimates were compared to relevant findings in other peer-reviewed studies. It can be concluded
that 1) the long-term curve of entropy’s mean calculated for the above dam area at 400m distance
is the most suitable one for determining construction start year (Pearson correlation value =
0.96), 2) similarly, the trajectory of entropy SD calculated for the below dam area at 500m
distance is the best to identify construction completion year (Pearson correlation value = 0.90),
3) the impact scale in terms of a buffer radius at the above dam area and below dam area for the
majority of Mekong hydro-dams is 4.0km and 2.5km, respectively.

Using the enormous MRB as the study area and 67 commissioned Mekong hydro-dams
as study objects, the method set up and realized in this research has been approved to have the

capability to be implemented and generalized at any other watershed worldwide by utilizing the

10



long-lasting impacts of hydro-dams on land. This article successfully answers the scientific
question of “what are the spatial and temporal characteristics of all working Mekong hydro-dams
in terms of LCLUC?” and offers insights to a better understanding of hydro-dam construction
itself by filling the current gaps in many dam databases. The findings and conclusions obtained
in this study can be further extended to the research focusing on the hydro-dam’s impact at a

much larger scale.
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The content and information summarized in CHAPTER 2 have been published in an open-source
peer-reviewed journal (i.e., Remote Sensing) in 2019.According to the journal’s copyright policy,
the publication could be reused and quoted in the dissertation as the author retains the copyright.

The article can be found and viewed using the citation below.

Chapter 2: Lin, Z., & Qi, J. (2019). A New Remote Sensing Approach to Enrich
Hydropower Dams’ Information and Assess Their Impact Distances : A Case Study in the

Mekong River Basin. Remote Sensing, 11(24). https://doi.org/10.3390/rs11243016
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CHAPTER 3
HYDRO-DAM — A NATURE-BASED SOLUTION OR AN ECOLOGICAL PROBLEM:
THE FATE OF THE TONLE SAP LAKE
Summary of the published article
It is known that the regional proliferation of hydro-dams has a constant and notable
impact on the hydrological pattern of the rivers in which they are located. Such influence, when
accumulated, can also change the hydro-pattern of water bodies downstream the river network.
Among all the water bodies in the LMRB (e.g., lake, river, stream, and pond), the TSL, lying in
the lowland of Cambodia, is the most vital one since it is the largest inland freshwater lake in
Southeast Asia and functions as a regulating reservoir for the MR mainstream. This great lake
feeds over three million people, breeds abundant wildlife species, and attracts millions of tourists
worldwide every year. Therefore, the lake also plays a pivotal role in the Cambodian economy.
Previous studies have demonstrated the consequences of Mekong hydro-dam

constructions on the lake’s hydrology, biodiversity, and sedimentation, particularly on its unique
seasonal reverse-pulse pattern. These studies modeled and analyzed the water level change and
inflow and outflow fluctuations of the TSL when the hydro-dam boom occurred. But little is
known and has been investigated on the lake’s open water surface area using continuous
observations over decades. However, the lake’s size is the most direct and effective indicator of
the lake’s hydrological change. Due to the limitation of computation and lack of sufficient data
support, most analyses were performed by comparing the differences of two-time points (or
more). In this study, continuous remote sensing imageries make the close monitoring of the

lake’s surface area accessible and possible.
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Both Landsat images acquired at specific dates of a five-year interval from 1988 to 2016
and Moderate Resolution Imaging Spectroradiometer (MODIS) NDVI time series from 2001 to
2015 obtained at a 16-day interval were used to 1) first confirm the changes of the lake’s surface
area briefly and roughly, and 2) extract the semi-monthly lake surface area size. The optimal
threshold used to separate the lake surface from the surrounding landscape for each image was
determined by visualization interpretation and Otsu’s method. When estimates from Landsat
products showed a noticeable surface area change in the past three decades, MODIS NDVI-
derived lake size long-term trajectory was produced every 16 days from 2001 to 2015. Flash
flood and drought disturbance on the curve was removed using the forecasting function in Excel
2016, and other types of the statistical anomaly were also eliminated. At last, the nonparametric
MK trend test was applied to uncover the underlying change tendency of the TSL’s hydrology in
the perspective of open water surface area.

A downward changing direction was discovered when all the outliers and bias were
cleared, implying a shrinking phenomenon in the TSL. There are multiple drivers for such
hydrological loss and can be mainly summarized into two categories, human interventions,
climate change, to name them all. Correlation analyses between climatic factors (i.e., regional
rainfall accumulation and air temperature) and lake area time series were not significant, thus
inferring climate change may not be the primary driver responsible for the identified decline.
Then, can we claim that the Mekong hydro-dam cascade should bear the lion’s share of the
responsibility for the long-term reduction in the great lake’s water area? It would be arbitrary to
do so. Yet, we can confirm that the construction and operations of the Mekong hydro-dams did
have some impacts on changes in the hydrological characteristics of the TSL because the

changes occurred during the period when the number of commissioned hydro-dam rose
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explosively. At the current stage, we need more specific and accurate hydrologic measurements,
support of models with high precision, and continuous, long-term observations to establish this
fact.

This study has succeeded in indirectly exploring and discovering the hydro-changes in
the most significant water body of the LMRB under the shadow of accelerating dam proliferation
from the water perspective. It answers the questions of “what are the long-term and cumulative
impacts of the Mekong hydro-dam cascade on the TSL’s hydrological cycle?” and for the very
first time, it provides solid evidence by using long-term, frequent observations on a large water

body.
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The content and information summarized in CHAPTER 3 have been published in a peer-
reviewed journal (i.e., Environmental Research) in 2017.According to the journal’s copyright
policy, the publication could be reused and quoted in the dissertation as the author retains the

copyright. The article can be found and viewed using the citation below.

Chapter 3: Lin, Z., & Qi, J. (2017). Hydro-dam — A nature-based solution or an ecological
problem: The fate of the Tonlé Sap Lake. Environmental Research, 158, 24-32.

https://doi.org/10.1016/j.envres.2017.05.016
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CHAPTER 4
CHANGE TREND ANALYSIS OF GREENHOUSE GAS EMISSIONS FROM THE
TONLE SAP FLOODPLAIN, CAMBODIA OVER FIFTEEN YEARS
Summary of the manuscript under review

The concentration of GHG in the atmosphere warms the planet and is the main reason for
global warming. Typical GHG include CO;, N>O and methane (CH4). GHG emissions mainly
come from industrial and agricultural activities as well as transportation and LCLUC. Among
different land cover types, the seasonally inundated floodplain plays an important role. It is
perceived as an ecosystem that can act as a GHG sink or source during the different inundation
stages. In Southeast Asia, the vast Tonle Sap floodplain dominated by evergreen or deciduous
tropical forest is vulnerable to the periodical changes of the Tonle Sap water system and thus
leading to the changes of its spatial extents year by year. Sometimes, when there is less drainage
into the lake, submerged floodplain land will be exposed to the air and become bare land and
vice versa. The floodplain water level change and spatial inundation area loss and gain together
affect carbon and nitrogen biogeochemical cycles and constantly alter GHG emissions in this
wetland.

So far, there has been no research conducted to simulate this process and assess the
potential change and change trend in the floodplain GHG emissions. This article demonstrates a
pilot study that quantifies the daily CO; and N2O emission from the altered floodplain lands
based on geospatial analyses and a widely adopted biogeochemical model called DeNitrification
and DeComposition (DNDC). The findings can be used to reveal the ripple effect of TSL’s
hydro-variations on the floodplain GHG emission. Model-derived daily emissions accumulate

annually throughout 15 years, and the slopes of the linear regression uncover the changing
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tendency of the regional CO2 and N>O emission. Given the size of the study area and the
difficulty of field sampling in the wetland rainforest, the model simulation outputs were
compared with data obtained from other peer-reviewed work.

The datasets employed in this article consist of long-term daily climatic factors (i.e.,
precipitation and temperature), soil properties, geo-location centroids of gridded floodplain
lands, and vegetative biomass information. In addition to the data support, remote sensing
combined with geographic information science (GIS) determines the preliminary modeling
process for the spatial extent change detection of the Tonle Sap floodplain. The model was
implemented in a regional mode using the remote sensing-based large database and generated a
daily CO2 and N>O emission estimate for every grid in the study area from 2001 to 2015 using
the maximum floodplain spatial extent in 2011 as the reference. These daily estimates were then
summarized into annual emission accumulations, and linear regressions were applied to
recognize the change tendency in the total amount and yearly rate of CO2 and N>O emissions due
to the floodplain spatial extent change. It was noted that more floodplains lands were no longer
submerged under the seasonal floodwater and regional emission quantity and rate both rose over
the 15-year study period.

This article demonstrates a multidisciplinary effort to evaluate cascade consequences of
the water body’s hydrological change on the atmosphere. The workflow taken here can be
generalized to the other floodplains to help disentangle the following myth: how human efforts
for a better adaptation to climate change have changed the climate? Considering the magnitude
and scale of the Mekong hydro-dams and their impacts, this question urgently needs to be

answered and is partially solved by the findings of this research.
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Abstract

Climate change and human activities can have significant impact on floodplain hydrologic
patterns and associated greenhouse gas (GHG) emissions. This research, using the Tonle Sap
floodplain as a study case, investigates the change trends in the floodplain extents and associated
GHG emissions from 2001 to 2015. Specifically, we first used satellite images, topographic data,
and model-based water depth information to delineate the maximum spatial extent of Tonle Sap
floodplain inundation and the permanent lake each year. Then, we applied the DeNitrification
and DeComposition (DNDC) model, driven by local climate data, soil properties, and floodplain
vegetation biomass information, to calculate the daily emissions of carbon dioxide (CO,) and
nitrous oxide (N,O) from the non-inundated floodplain area. Results show that 1) more
floodplain lands are no longer submerged due to the hydro-pattern change of the Tonle Sap water
system, which is physically connected to the densely dammed Mekong River (MR), 2) the
annual total CO, and N,O emissions from the floodplain had increased from 2001 to 2015, and 3)
the annual emission rates also increased over the study period. These findings imply that Tonle
Sap floodplain could potentially become a big source of GHG if the regional flood pulse is to be
removed by the hydro-dam regulations across the Mekong River Basin (MRB). Given the scale
and magnitude of global hydro-dam construction, floodplain induced changes in GHG emissions
could be significant and may offset the hydropower induced carbon reductions. The approach
taken in this study may contribute to environmental and ecological research with a focus on

climate change and human influence on watershed ecosystems.
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1. Introduction

There have been many studies and discussions on global climate change and its causes
(Ahmed, 2020; Dessler and Parson, 2019; Khairullina et al., 2019; Knight, 2016). Research
indicates that influencing factors of natural processes and anthropogenic processes are the
original reasons for this issue (Mikhaylov et al., 2020). A typical and concerning environmental
problem of climate change is global warming, a consequence of enhanced GHG concentration in
the atmosphere, especially CO, (Kumar, 2018; Ritchie and Roser, 2020). In addition to CO,,
methane (CH,), N,O, industrial gases, water vapor, and ozone also contribute to the observed
global warming trend. Industrial activities (e.g., fossil fuel combustion), transportation,
agriculture (e.g., livestock and rice production), and land use change (LUC) (e.g., urbanization
and deforestation) are the leading causes for more and more GHG (Cloy and Smith, 2017;
Ritchie and Roser, 2020).

Previous LUC-GHG research mainly focused on farmland, forestland, and grassland,
because they were perceived as land cover types of high carbon stock (Harris et al., 2015; Kim
and Kirschbaum, 2015; Tubiello et al., 2015). Recent studies have shown that periodically

inundated floodplain also plays a vital role as a GHG sink or source throughout the drying-

24



wetting phase (Arce et al., 2018; Machado dos Santos Pinto et al., 2020). The characteristics
playing a defining role in the floodplain GHG emissions include soil properties, water level,
climate (e.g., temperature and precipitation), vegetation composition, and management
intervention (if any) (Cronan, 2018). Among all these factors, the water level fluctuates more
frequently as a result of combined impacts of climate (e.g., extreme climatic events, ENSO, etc.)
(Ilyas et al., 2019; Karim et al., 2016) and human activities (e.g., hydro-damming, water resource
management, cropland irrigation, etc.) (Alam et al., 2017; Dang et al., 2016; Wang and Wang,
2016).

The enormous Tonle Sap floodplain, lying in the heart of Cambodia, is one of the world’s
largest freshwater floodplains receiving significant influences of regional climatic fluctuations
and human activities. This lowland floodplain, together with the great Tonle Sap Lake (TSL)
have gone through rapid changes in both spatial extents and hydroperiod cycles over the past
several decades (Cochrane et al., 2014; Dang et al., 2016; Hecht et al., 2019; Lin and Qi, 2017).
The changes of Tonle Sap water system are believed to be related to dampening effects by the
intensified upstream hydro-dams in the MRB and a shift in the Asian monsoon climate patterns
(Lin and Q1, 2017; Yu et al., 2019). The alterations in the Tonle Sap hydrological dynamics can
affect the floodplain’s biogeochemical processes and the carbon (C) and nitrogen (N) cycles (de
Vicente, 2021), leading to further changes of the GHG generation. However, the trends of GHG
emissions from the Tonle Sap floodplain, which is tightly linked to the Mekong hydro-dams’
regulation, are unknown.

In this research, we take the Tonle Sap floodplain as a study case and we aim to 1) map
the annual geospatial extent of the Tonle Sap floodplain from 2001 to 2015, and 2) uncover

potential change trends in the GHG emissions, triggered by the interannual floodplain extent
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variations. First, we mapped the spatio-temporal dynamics of the Tonle Sap floodplain using
long-term remote sensing images and geospatial modeling methods. Then, we employed the
process-based DNDC model to simulate daily GHG emissions from the non-inundated
floodplain area over the 15-year period. Lastly, based on the simulated results, we analyzed the
trends in the GHG emissions to understand how hydroperiod alternations of the Tonle Sap water
system could contribute to global warming.

Since the 1970s, remote sensing data and techniques have been widely used because they
enable frequent and multi-scale observations of a large area with high efficiency and reliability
(Guo et al., 2017; Schultz and Engman, 2012). Previous studies have approved the capabilities of
remote sensing and geospatial modeling in monitoring the hydrology and habitat of the Tonle
Sap floodplain (Mahood et al., 2020; Siev et al., 2016). The DNDC computer program adopted
in this research was initially designed and developed upon a series of C and N biogeochemical
reactions (e.g., composition and nitrification) in agroecosystems to predict rice productivity, soil
carbon cycling, nitrogen leaching, and trace gas emissions (Li, 2001, 1996; Yin et al., 2020). It
was gradually improved to become applicable to other ecosystems (e.g., wetland, rangeland,
etc.), and has been successfully engaged in different studies over twenty countries as a
supportive ecologically modeling tool (Beheydt et al., 2007; Katayanagi et al., 2012; Li et al.,
2017).

2. Materials and methods
2.1. Study area

For thousands of years, the TSL and its floodplain have fed millions of Southeast Asian

residents and bred abundant biodiversity as the most productive ecosystem in the MRB

(Lamberts, 2006; Olson and Morton, 2018). Initiated in 1950s to meet the increasing demand for
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more food and energy, Mekong hydro-dam projects proliferate and have experienced an obvious
boom especially after 2000 (Figure 1). Connecting to the MR mainstream via the Tonle Sap
River (TSR), the lake and its floodplain function as a natural reservoir to regulate seasonal
Mekong floodwater. When the wet season arrives, floodwater pours into the lake via the TSR,
enlarging the lake up to six times its size of the lowest water level (Kummu et al., 2014; MRC,
2005). During the dry season from November to April, lake water flows back into the TSR and
joins the MR at the confluence near Phnom Penh, the capital city of Cambodia. This flow
reversal pulse forms a unique pattern in terms of expanding and contracting floodplain,
transporting sediment and nutrients from the MR to the Tonle Sap water system. Recent studies
have found a reduction in the inflows and outflows of the TSR (Cochrane et al., 2014), resulting
in an alteration to the Tonle Sap hydrological cycling (Lin and Qi, 2017; Yu et al., 2019).
Regardless of the causes of weakened flood pulses of the TSL, the alterations in the floodplain’s
hydroperiod offer an opportunity for land use to convert from floodplain to agricultural fields
(Arias et al., 2014), while at the same time could trigger changes in the associated
biogeochemical processes. As a result, these unintended changes bring a concern to the fate of

the lake and sustainability of the local communities.
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Figure 1. The Tonle Sap Lake and floodplain in the Lower Mekong River Basin with hydro-
dams built across the entire Mekong River Basin. The Tonle Sap Lake and floodplain are
connected to the Mekong River via the Tonle Sap River.

2.2. Data
2.2.1. Data used for mapping floodplain extent

To map the spatial extent and temporal variations of the Tonle Sap floodplain, we used
Landsat 5 TM/8 OLI 8-day Enhanced Vegetation Index (EVI) composites, elevation map, water
depth, and periodical TSL surface area data (Table 1) to delineate the annual maximum
floodplain area from 2001 to 2015. The elevation information was obtained using a 30-m void-
filled Shuttle Radar Topography Mission (SRTM) digital elevation model (DEM). The water
depth estimates were produced based on a modeling framework (Shin et al., 2020) that combines
a land surface model HIGW-MAT (Pokhrel et al., 2015) and a hydrodynamics model CaMa-
Flood (Yamazaki et al., 2011). The open lake surface area data were acquired from (Lin and Qi,
2017) using MODIS time series at a 16-day temporal resolution. The lake surface area data was
used to determine the time windows when the Tonle Sap floodplain approached its annual

maximum/minimum spatial extent.
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2.2.2. Data used for simulating GHG emissions

The process-based DNDC model requires the following parameter sets to enable
biogeochemical simulations: geographic attributes (i.e., latitude, longitude, slope, size of specific
land cover), soil properties (i.e., pH, bulk density (BLD), soil organic carbon (SOC), clay (%)),
climatic information (i.e., rainfall, 2-m air temperature) and vegetation composition and
characteristics (i.e., type of plant, plant biomass) (Table 1). The entire input dataset was
comprised of satellite images except for the soil and plant type categories.

Table 1. Employed datasets and remote sensing images for geospatial modeling and
biogeochemical modeling.

Dataset Spatial resolution Temporal range / Temporal
resolution

SRTM elevation 30-m 2000

Water depth 90-m 2001-2015 / daily

Tonle Sap Lake surface area 2001 — 2015/ 16-day

Landsat 5 TM/8 OLI 30-m Driest month in 2001 — 2015/

Enhanced Vegetation Index 8-day

(EVI) composite

S0ilGrids250m 250-m

Climate Hazards Group 0.05° 2001 — 2015 / daily

InfraRed Precipitation with

Station data (CHIRPS)

rainfall collection

MODIS 11A1.006 land I-km 2001 — 2015 / daily

surface temperature (LST)

product

European Centre for 0.25° 2001 — 2015 / daily

Medium-Range Weather

Forecasts (ECMWF)

Reanalysis v5 (ERAS)

temperature collection

Woods Hole Research Center  500-m 2015
(WHRC) pantropical

national-level carbon stock

dataset

The geographic attributes were generated using elevation information and interannual

spatial changes of the maximum floodplain extents. The soil property files were acquired from a
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global soil information system named SoilGrids, developed by the International Soil Reference
Information Centre (ISRIC) at a 250-m spatial resolution (Hengl et al., 2017). All soils content
properties were evaluated at a 5-cm depth beneath the ground surface. Due to the shortage of
long-term, ground-based meteorological station records for the entire study area, satellite-based
daily rainfall and temperature time series were collected from the 0.05° (~5.5-km at the equator)
Climate Hazards Group InfraRed Precipitation with Station measurements (CHIRPS) dataset
(Funk et al., 2015) and the 1-km MODIS 11A1.006 daily land surface temperature (LST)
product (Wan et al., 2015), respectively. To convert the surface temperature to model-required 2-
m air temperature, the 0.25° European Centre for Medium-Range Weather Forecasts (ECMWF)
Reanalysis v5 (ERAS) daily temperature was involved (ECMWF, 2017) for temperature
calibration. For vegetation characteristics, the plant type information was acquired from peer-
reviewed work (Davidson, 2006), and the plant biomass statistics were extracted from the Woods
Hole Research Center (WHRC) pantropical national-level carbon stock dataset (Baccini et al.,
2012).
2.3. Methods

The brief workflow chart shows how geospatial modeling and biogeochemical model
were combined to achieve the research goals (Fig. 2). In this study, procedures to quantify the
daily GHG fluxes from Tonle Sap floodplain alteration can be generalized into two sections: 1)
identifying the interannual changes of Tonle Sap floodplain maximum extents, and 2) simulating
the GHG emissions from the changed floodplain area. Based on the DNDC outputs, trajectories
of GHG emission rate and quantity were established to help uncover any change trends. Specific

operations are as described below.
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Figure 2. Workflow chart of the study.
2.3.1. Mapping spatio-temporal Tonle Sap floodplain dynamics

Here, we assumed the lake and the floodplain reached their maximum and minimum
spatial extent simultaneously. Following this rule, the critical steps in mapping out the annual
Tonle Sap floodplain spatial extent were: 1) figuring out the time widows when the floodplain
reached its maximum (Prax) and minimum (Pumin) size each year, and 2) removing the permanent
lake area from the land cover (floodplain + lake) composites.

First, the 15-year lake surface area time series was used to decide the time windows of

Poax and Ppjy from 2001 to 2015. Then, the water depth estimation of P was combined with
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the elevation data to detect the yearly maximum floodplain inundation area, which also included
the permanent lake. Third, Otsu’s thresholding method was applied to mosaicked Landsat EVI
images acquired during Pi» to recognize the permanent lake pixels. Otsu’s method is a cluster-
based image segmentation algorithm that differentiates groups of pixels based on image
histogram (Otsu, 1979; Xu et al., 2011). Last, annual permanent lake pixels were removed from
the maximum inundation extent map for each year. Consequently, both the maximum yearly
floodplain spatial extent and interannual floodplain spatial dynamics were obtained and
produced.

More conversions and calculations were carried out to allow outcomes from the
geospatial modeling to be usable for future biogeochemical simulations. For example, the areas
and geo-coordinates of interannual changed floodplain pixels were computed using ArcGIS.
Centroids of interannual changed floodplain pixels were also calculated and applied to extract
soil and climate information.

Given that 1) the maximum spatial extent of the Tonle Sap floodplain was different every
year, and 2) there was no recognized boundary of the Tonle Sap floodplain, we decided to use
the largest spatial extent over the study period to determine the boundary of the floodplain. This
decision was made based on a premise that the changes of floodplain hydrology play the most
important role in the floodplain spatial extent variation. In this case, the temporal factor doesn’t
matter too much in the trend change detection but the influence on the hydrology caused by
upstream human activities and regional climate change gains the highest weight. Since
approximately half of the inflows into the lake and floodplain come from the Mekong tributaries

and local rainfall doesn’t drain the lake too much, the year when both the lake and the floodplain
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reached their maximum spatial extent would be the one that received the least impact from the
hydro-dams and thus could be set as the reference year.

In this study, the spatial difference between the assumed floodplain boundary and those
defined by the extracted annual floodplain maximum extent would represent the spatial changes
of the Tonle Sap floodplain in the 15 years.

2.3.2. Modeling CO: and N>O emissions

Establishing a complete DNDC database and parameterizing the model requires these
operations: 1) determining the size of a simulation unit and calculating the non-inundated
floodplain area in each unit. In this research, given the large area of the study site and the various
spatial resolutions of employed remote sensing datasets, ranging from 30-m to 5.5-km, we
decided to unify and resample all the inputs using the 5.5-km unit size. The total area of
floodplain exposed to the air over the entire year was computed by multiplying the number of
30-m pixels identified as influenced floodplain in the 5.5-km unit with the area of a 30-m pixel,
2) obtaining the above-ground biomass information of identified Tonle Sap floodplain
vegetation. We selected random points (a total number of 200) of vegetation in the Tonle Sap
floodplain and averaged their corresponding biomass statistics to generate the desired biomass
information, 3) computing the soil SOCayg, pHave, Clayave, and BLDay, for every single
simulation unit using zonal statistical analysis. Each simulation unit contains 484 soil pixels
extracted from the 250-m SoilGrids dataset, 4) filling missing values caused by cloud
contamination and observation failure in the MODIS LST time series using an R-based package
named “imputeTS”, and 5) calibrating the improved MODIS daily LST based on the ERAS 2-m
air temperature observations and producing new air temperature time series at a higher spatial

resolution. Finally, the DNDC model was run in “No irrigation and Average Soil” mode because
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there was no human-dominated irrigation intervention in this natural Tonle Sap floodplain
ecosystem.

Since this study solely focused on the dry soils, no CH4 was produced in the study site as
CH4 was usually released during the dry-wet period. That is, we excluded the inundated
floodplain soils, then CH4 should not be considered here. In this case, by summing up the daily
CO; and N2O fluxes from the DNDC, we obtained the annual total amount of these two GHG
emissions for the entire study area and then divided them using the area of the interannual
changed floodplain to acquire the regional emitting rates. Linear regression was applied to reveal
any trend in both the CO; and N>O emission quantity and rate from 2001 to 2015.
3. Results
3.1. Intermediate outcomes in spatial modeling and DNDC database establishment

The time windows during which the lake reached its maximum and minimum surface
area were identified from 2001 to 2015 (Table 2). Usually, the TSL spread to its largest spatial
extent from late August to late October, with the detectable open water surface area growing up
to 4413 km? as of 2011. P always occurred in the wet season when heavy rainfall brought by
the South Asian monsoon hit the lower MRB. Py, showed up in the dry season from late April
to mid-June, and the lake area could reduce to 2579 km?.

Table 2. Annual periods when the Tonle Sap Lake increased/decreased to the
maximum/minimum surface area from 2001 to 2015.

Year Poax Pin

2001 29-Aug to 14-Sep 09-May to 25-May
2002 14-Sep to 30-Sep 09-May to 25-May
2003 14-Sep to 30-Sep 09-May to 25-May
2004* 28-Aug to 13-Sep 08-May to 24-May
2005 29-Aug to 14-Sep 25-May to 10-Jun
2006 29-Aug to 14-Sep 09-May to 25-May
2007 17-Nov to 03-Dec ~ 23-Apr to 09-May
2008* 13-Sep to 29-Sep 22-Apr to 08-May
2009 01-Nov to 17-Nov ~ 23-Apr to 09-May
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Table 2 (cont’d)

2010 17-Nov to 03-Dec ~ 23-Apr to 09-May
2011 16-Oct to 01-Nov 09-May to 25-May
2012%* 15-Oct to 31-Oct 27-Jul to 12-Aug
2013 30-Sep to 16-Oct 23-Apr to 09-May
2014 13-Aug to 29-Aug  25-May to 10-Jun
2015 14-Sep to 30-Sep 10-Jun to 26-Jun

* For leap years, the date of year (DOY) refers to a different date after Feb 29" and will be one
day earlier than the one in the non-leap years.

The averaged biomass estimate of the Tonle Sap vegetation was 72923 kg C/ha.

The correlation equation built between daily MODIS LST (x) and daily ERAS (y) 2-m air
temperature was:

y = 0.2936x + 18.202 (1)

3.2. Changes of floodplain spatial extent

Annual maps of the maximum floodplain spatial extent with the permanent lake removed
show how the Tonle Sap floodplain changed across space and over time (Fig. 3). The years 2002,
2007, 2011, and 2013 witnessed inundated floodplain expanded to 17287 km?, 17262 km?,
17313 km?, and 17304 km?. In 2015, the floodplain inundation area dropped to 11542 km?, only
three-quarters of the previous year’s. Another year with contracting floodplain was 2005, and the
size of the submerged floodplain was 12991 km?. It was notable that the total area of the annual
maximum inundated floodplain in 2001, 2003, and 2004 was also small. Additionally, we
noticed that the northwest part of the Tonle Sap floodplain lost more inundated lands when the

Tonle Sap water system’s hydro-pattern stability was affected.
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Figure 3. The annual maximum spatial extent of inundated Tonle Sap floodplain (permanent lake

removed) from 2001 to 2015, spatial resolution: 30m.

2011. The floodplain boundary of 2011 was adopted as the outermost border of the study site.
Using the 2011 floodplain spatial extent as a baseline, the interannual non-inundation lands were
identified (Fig. 4). Since the size of the changing area in 2013 was 1 km?, even smaller than that
of a single simulation unit, an empty map was made for this year. In the years when fewer
floodplain lands were submerged, e.g., 2001, 2003, 2004, 2005, and 2015 (Fig. 3), more non-
inundation pixels appeared (Fig. 4). Moreover, it was evident that lands away from the

permanent lake suffered more from the loss of floodplain inundation. It was true that when doing

For the entire study period, the maximum floodplain area reached the highest value in
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the unit size conversion from 30-m to 5.5-km, a portion of the 30-m pixels in Fig. 3 were lost. It

was also worth noting that the only pixel in 2007 was because of high elevations in this 5.5-km

area.
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Figure 4. The annual non-inundated Tonle Sap floodplain areas from 2001 to 2015, except for
2011 and 2013, spatial resolution: 5.5-km. Inundated floodplain area in 2011 was used as a
baseline. The areal difference between 2011 and 2013 was too small to be mapped.

3.3. Spatial patterns of CO: and N>O emission rates

CO; and N>O were the only two major GHG released from the non-inundated floodplain soils
according to outcomes of the DNDC model. Spatial heterogeneities were observable in both the
annual CO and N>O emitting rate maps (Fig. 5 and Fig. 6). Using the pattern of 2015 as an

instance, we noticed the CO, emission rate varied from 454 to 2678 kg C/ha/yr in the non-
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inundated floodplain area (Fig. 5). Meanwhile, the N>O emission rate increased from 0.085 to
2.509 kg N/ha/yr (Fig. 6). For the annual CO; emission rate, the lowest values changed from 450
to 588 kg C/ha/yr, while the highest one varied from 1815 to 3549 kg C/ha/yr. For the annual
N20 emission rate, the lowest number shifted from 0.077 to 0.131 kg N/ha/yr, and the highest

one increased from 0.738 to 2.875 kg N/ha/yr.
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Figure 5. CO; emission rate (kg C/ha/yr) from the non-inundated floodplain lands, spatial
resolution: 5.5-km.
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Figure 6. N>O emission rate (kg N/ha/yr) from the non-inundated floodplain lands, spatial
resolution: 5.5-km.

Though the spatial heterogeneities were obvious, there were no hotspot clusters of CO2
and N>O emission rates, that is, higher/lower values of gas emission rate intended to aggregate in
adjacent lands (Fig. 5 and Fig. 6). Usually, higher N>O emission rates appeared in the south and
the farthest north parts in the non-inundated floodplain, and lower rates showed up in the east
region (Fig. 6). What’s more, when comparing the annual maps in Fig. 5 and Fig. 6, we didn’t
find any distinct spatial displacement tendency. To be specific, if a pixel in a map displayed a

high (or low) CO2 and N>O emission rate, the probability of this pixel remaining at the same high
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(or low) level in the other years would be high. For example, if a pixel was labeled with a high-
level CO; emission rate in 2014, it continued to have a high CO; efflux rate in 2015 (Fig. 6).
Such trends were not significant in both figures.
3.4. Temporal dynamics of floodplain extents and CO: and N>O emissions

In this study, the sums of CO2 and N>O emissions from the non-inundated floodplain, the
regional gas emission rates, and the total areas of floodplain inundation loss, all presented an
upward changing trend over the 15-year period (Fig. 7). Given the extremely low value of non-
submerged land size in 2007 (~ size of a simulation unit), another set of graphs were produced
by removing the statistics of 2007 for more rigorous trend detections (Fig. 8). Similarly, upwards
trends were found again in all graphs. More importantly, such increasing tendencies became

more apparent after the spike in 2007 was eliminated.
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Figure 7. CO; and N>O emissions, emission rates, and non-inundated floodplain areas with trend
lines.
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4. Discussion

According to the records in one of the most widely-used disaster databases, Emergency

4.1. Causes of floodplain spatial extent change
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Figure 8. CO7 and N>O emissions, emission rates, and non-inundated floodplain areas with trend
lines; spikes of 2007 were removed.

Events Database (EM-DAT), severe floods swept through Cambodia in 2001, 2002, 2011, 2013,
with more than six million population affected (Guha-Sapir et al., 2016). This information
follows what we found in the outputs of the geospatial modeling, as described in 3.2 Changes of

floodplain spatial extent. Extreme weather results in the expanding/shrinking Tonle Sap




floodplain. In addition, the overall increasing trend of non-inundated floodplain areas implies
that other factors must be counted for the long-term floodplain extent change.

It is known that a lot of human efforts have been made, especially in the regions facing
the heavy burden of climate change and the high demand for resources. In the MRB, a large
number of hydro-dams have been built to reduce the harmful effects of extreme climatic events
and support local socio-economic development. A boom of hydro-damming took place after the
new Millennium (Lin and Qi, 2019). Though Mekong hydro-dams have succeeding in mitigating
floods and droughts and generating clean energy, they inevitably alter the hydrology of Mekong
water systems by adjusting the river flows of the MR and its tributaries (Hecht et al., 2019;
Pokhrel et al., 2018). A majority of Mekong hydro-dams with large installed capacity was
aggregated in the upstream countries, and debates regarding the transboundary water resource re-
distribution keep attracting attentions (Kuenzer et al., 2013; Xie and Warner, 2021). Our study
area is in the lower part of the Mekong watershed and has constantly received the influence and
chain effect of hydro-dam’s management on MR and TSR. The longstanding alteration of water
inflow and outflow into/from the lake and floodplain has led to many consequences; one of them
is the upward change trend in the floodplain non-inundated areas revealed by this study.

4.2. Causes of CO, and N,O emission change

First, the total amount of CO, and N,O emission increased as a combined outcome of the
enlarged area of the non-inundated floodplain and rising gas emission rates. Second, as
mentioned in 3.3. Spatial patterns of CO, and N,O emission rates, no distinct spatial
displacements in CO, and N,O emission rates were discovered. It suggested that among all the
factors determining the biogeochemical process of C and N cycling in the Tonle Sap floodplain,

only those that didn’t change over time but varied across space played a more important role in
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affecting some GHG emissions. Therefore, changes in CO, and N,O emission rates can be
mainly attributed to soil properties, topographic features and the area of non-inundated
floodplain within a 5.5-km unit. Here, the only topographic feature used in the simulation
process is slope. However, due to the flat topography of the Tonle Sap floodplain, there is not
many variations in slope across the study area. Therefore, soil properties and area of influenced
floodplain gain more weight in deciding both CO, and N,O emission rates. To verify this
conclusion, we checked and compared the soil property data and noticed that the average SOC
and pH values were usually larger for the pixels identified with high CO, and N,O emissions.
What’s more, the non-inundated floodplain area was larger in pixels (spatial resolution: 5.5-km)
of higher CO, and N,O emissions.
4.3. Strengths and limitations

Given the large size of the Tonle Sap floodplain and the inaccessibility of its swamp
forest, performing field surveys in the dynamic non-inundation areas over 15 years was full of
difficulties and hardly possible. Thus, we collected and leveraged information from existing
literature as an indirect verification of the results. We compared the CO, and N,O emission
outcomes to those found in the article by Li et al. (Li et al., 2004). In their work, the authors used
the DNDC model to calculate GHG emission rates from two natural wetlands, one in Minnesota
(MN) and one in Florida (FL), USA. Since the FL wetland had similar humid, hot climate and
wetland forest ecosystem with the Tonle Sap floodplain, we compared CO, and N,O emission
rates of the FL wetland to our findings. Their results showed that the average rates of FL wetland
CO; and N,O emission were 5450 kg C/ha/yr and 5.3 kg N/ha/yr when the floodplain
transformed to a GHG source, which were in the same magnitude as what we obtain in this

study. Despite the lack of direct validation of specific GHG emissions, which would only impact
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the magnitude of detailed statistics, we focus on and emphasize the change trends of the CO, and
N,O emission trajectories over fifteen years. The upward tendency identified in floodplain spatial
extent variation and consequent CO, and N,O emissions is valuable for assessing future
contributions of the Tonle Sap floodplain ecosystem global warming. Moreover, this study
reveals how the floodplain and biogeochemical reactions in the floodplain environments have
been influenced by climatic oscillation and human activities spatially and temporally. It
delineates the dynamic picture of a vital component in a floodplain ecosystem at a very large
scale with high efficiency.

5. Conclusions

This pilot study combines geospatial modeling and biogeochemical modeling to examine long-
term change trends of the Tonle Sap floodplain and GHG emissions (e.g., CO, and N,O) from
the non-inundated floodplain areas. Climate change and intensification of hydro-dam
constructions in the MRB have generated accumulative impacts on the Tonle Sap floodplain
ecosystem, especially in the floodplain hydrological patterns. Altered floodplain hydroperiods
have further caused the spatial extent change of the floodplain and left more CO, and N,O
released into the atmosphere. The approaches developed and applied in this research can be
generalized to other large watersheds where the trade-offs between human adaptations to climate
change and the environment are concerned. The outcomes and findings are evidence of climate
and human influence on a natural floodplain ecosystem. Future studies will focus on the LUC in
the Tonle Sap floodplain and explore the GHG emissions from the new lands pattern.
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CHAPTER 5
CONCLUSIONS

Main research conclusions

This dissertation study was undertaken to design a new approach and framework and
characterize hydro-dams and their influence on different aspects of ecosystems (i.e., Land,
Water, and Atmosphere) using the MRB as an example.
The first article, A new remote sensing approach to enrich hydropower dams’ information and
assess their impacts distances: a case study in the Mekong River Basin, can be considered a
methodological study examining the scale of the impact caused by a hydro-dam on the landscape
in its neighboring regime. Engaging with the time-series model and analyses, this article comes
to the main conclusions as follows. First, it approves that the adjacent influence is spatially
asymmetric: the impact at the area above the hydro-dam is generally more significant than that at
the area below the site. Second, changing points in the trajectory derived from a land change
indicator reflect the key timings in the hydro-dam construction process, such as project start year
and commission year. As the first study to obtain a hydro-dam’s spatial and temporal
characteristics, the findings of this study offer a statistical supplement to the existing dam
databases. Meanwhile, as a pilot study in figuring out the spatial extent of hydro-dams’ impact
on land perspective, it parallels several existing research in the influential distance of a dam and
enlarges the capacity to perform the impact scale analyses.

Comparatively, the second article, Hydro-dam — A nature-based solution or an ecological
problem: The fate of the Tonlé Sap Lake, is a geospatial study focusing on tracking the cascade
consequences of UMRB hydro-dam proliferation on the distant largest inland water body in the

LMRB. Taking advantage of long-term spatial observations over the TSL’s water surface area,
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this study, for the very first time, estimates the lake surface area at a 16-day interval over 15
years and eventually reveals how the lake has changed from a hydrologic perspective. It
concludes that the climatic impact is not the major contributor to the lake’s phenological pattern
change. Moreover, it provides indirect evidence that hydro-dams’ regulation on river flow and
volume can be accumulated to trigger undesired outcomes throughout the water system.

The first two articles explain MRB hydro-dams’ impact from land and water
perspectives, respectively. More importantly, they examine these influences at both local and
regional scales. The third study, Change trend analysis of greenhouse gas emissions from the
Tonle Sap floodplain, Cambodia over fifteen years, as a multidisciplinary endeavor combining
geographical and ecological modeling, has complemented the impact investigation of hydro-
dams, particularly from an atmospheric perspective at a regional level. Supported by geospatial
and biogeochemical models, the third article concludes that the inundation changes in the Tonle
Sap floodplain will affect the carbon and nitrogen cycling process and lead to consequent GHG
emissions in a changing status. The changing trend has been uncovered to be an upward one and
might unintentionally exacerbate global warming. This study is designed and carried out from a
fresh view among the current research on MRB hydro-dams.

Intellectual contribution

This dissertation has contributed to our understanding of human-nature interactions in
terms of hydro-dams, mainly in three aspects. First, for environmental, geographical, ecological,
and biological research, it fills existing knowledge gaps regarding the role of hydro-dams in the
ecosystem by figuring out answers to the three specific research questions. Theoretically, the
findings of hydro-dams’ impacts on Mekong land, water, and atmosphere can further help

enhance understanding the WEF nexus concept structured by human needs and interventions.
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Second, methodologically, this dissertation develops and manifests 1) a new remote
sensing approach and 2) a combined spatial and biogeochemical modeling framework that can be
promoted and employed to quantify and interpret 1) hydro-dams’ construction dates and impact
magnitude on surrounding land and 2) disturbance in the GHG emissions accompanied by
floodplain inundation area change. The contributions in establishing and verifying innovative
methods and tools can offer new opportunities that enable scholars to sort out the complex
relationships behind human-nature interactions at multi-scale and multi-resolution.

Third, the dissertation enriches the literature and discussions on the role of human-nature
interactions in the WEF nexus. Such contribution is especially essential for the rational
utilization and transboundary re-allocation of water resources while seeking perpetual
maintenance of ecosystem stability. Particularly, the first article presents quantitative
assessments of hydro-dams’ influence on LCLUC, and the second article exhibits a qualitative
evaluation of hydro-dams’ impacts on the TSL’s hydro-patterns. The third article measures both
quantitative and qualitative hydro-dams’ ripple effect on the atmosphere via land and water.
Notably, the first article, performed at a local level (i.e., area encompassing the hydro-dam) on
the adjacency effect, has found and enumerated the influential scale and timing information of
every commissioned dam in the selected dam list. This work largely enriches the data support for
the modeling process in many disciplines. The second article, carried out at a distant region over
a spacious watershed, has uncovered the change tendency of the TSL and the underlying
relationship among climate change, expanded human interventions, and the lake. This study
considerably deepens the comprehension of dams’ indirect and cumulative impact at places far

away. The third research, which solves the floodplain inundation variations and the
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accompanying GHG emissions changes, has provided quantitative clues to enhancing insights
into the dams’ impacts for the first time.
Practical implications

The insights gained from this dissertation may assist human-nature interaction study and
provide implications for natural resource management and policy-making. First, the new remote
sensing method in Chapter 2 is easy to be adopted and will benefit research that needs the
essential information of a hydro-dam construction. Such research includes but is not limited to
modeling in hydrology, environment, and ecology fields and the quantitative analyses of hydro-
dams’ influence. Second, the interdisciplinary framework set up in Chapter 4 has shown its
capacity and feasibility and can encourage more multidisciplinary studies to investigate more in
the human-nature interactions from brand new views.

More importantly, this dissertation research facilitates better MRB hydro-dam planning
and administration for the sake of sustainable water resource exploitation. Specifically, the
analyses and findings of Mekong hydro-dams’ impacts undertaken in Chapters 2, 3 and 4, have
extended our knowledge of dam planning and will promote the development of an
environmentally-friendly strategy on land use transition and water resource utilization. For
example, the first article reveals the spatial heterogeneity of a hydro-dam’s changing ability on
surrounding LCLUC, i.e., more significant influence at the area above the dam. Therefore, when
rural residents plan cropland cultivation, they can be advised to allocate more irrigated crops
upstream of the dam for a sufficient water supply. Another example is that when Mekong
policymakers discuss where to propose new hydro-dam projects, they should put more weight on

the potential cascade consequences of the water infrastructure in ecosystems at a distant place.
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By following this rule, they can reduce the transboundary water resource competition and
conflict by making optimal decisions on the dam design.

Last but not least, this dissertation is of practical significance for the production of
agriculture and fishery. In other words, the enhancement of optimal planning for land transition
and hydro-dam establishment mentioned above is beneficial to addressing the existing
environmental problems in the MRB. For instance, rational crop rotation and installed dam
capacity can maximize irrigation water exploitation and increase rivers’ elasticity to extreme
climatic events. An annually stable water flow helps to reduce the soil sedimentation in the
confluence of rivers and lakes. On top of that, a good selection of dam sites can lower the risks
of hindering fish migration and maintain aquatic biodiversity.

Future research

The investigation on Mekong hydro-dam’s characteristics and dams’ impact on the
Mekong ecosystem in different aspects has provided a deeper insight into the general question of
whether human interventions on climate change have produced the expected effect. Moving
forward from this dissertation, four directions are proposed for future research given the
limitations on current work.

First, due to the limited access to sufficient hydro-data and lack of knowledge of major
Mekong hydro-dams’ operations, this research does not involve specific and comprehensive
analyses on the water level and volume changes in the Mekong River mainstream and inflow and
outflow volume into/from the TSL. Future research should collect long-term hydrological
observations at the dam sites and use hydro-models to identify the ripple effect of hydro-dams’
proliferation on the TSL. Under such circumstances, more hydrological characteristics of the

great lake can be explored.
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Second, more efforts are needed to determine the new land use pattern in the MRB region
on account of the hydro-dam boom in recent decades, using multi-level and multi-scale analysis
to understand the WEF nexus trade-off in the MRB better. I believe this can be a fruitful area for
future work: Specifically, I assessed the hydro-dam’s influence scale on adjacent lands but did
not explore the rearrangement of land use patterns within the impact regime. Is it true that more
agricultural lands are emerging due to the construction of dams? Which type of land is more
likely to be converted into agricultural land if the former hypothesis holds true? Is this
phenomenon widespread over the entire basin or only limited to certain areas (e.g., close to
human settlement)? Besides, in Chapter 4, I found out more Tonle Sap floodplain lands were no
longer submerged under floodwater. Then, what would be the new usage for these lands? I
believe continued studies on Mekong LCLUC caused by the hydro-dam increment can help with
a unique insight into the evaluation of hydro-dam-related gains (e.g., clean energy induced
carbon reduction) and loss (e.g., sacrifice of certain land use type).

Third, the current study of hydro-dams’ impact on adjacent LCLUC should be extended
to a larger scale. Combination of investigations on local dam impact and regional dam impact
could depict a more comprehensive picture of how hydro-dams affect the landscape. This has
been partially realized in the collaboration with Dr. Peilei Fan on a project checking the hydro-
dams’ influence on economy, population and greenness globally. In this work, we use geospatial
datasets and geo-analytical techniques to investigate the changes of GDP, urban land area,
population density, nighttime light and NDVI in the areas of distances changing from Skm,
20km, and 50km from 2001 to 2015. We found that small and medium (i.e., installed capacity)
hydro-dams had significant decrease in population and urban land area while medium and large

ones had far less nighttime light in the study zones. Since the number of hydro-dams labelled as
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Mekong dam in the global database was much smaller than that of the WLE Greater Mekong
dam database, a future study can be carried out by replacing the global one using the WLE
database to explore the hydro-dams influence at a much larger spatial scale on multi-
perspectives.

Forth, more broadly, research using controlled trials and comparative analysis can offer a
good source for adding new knowledge toward an improved understanding of the dynamics of
human-nature interactions. So far, I have studied hydro-dams characteristics and dams’ influence
on the land, water, and atmosphere in the MRB. Yet, the changing processes studied were
complicated since they all received the impact of the dams and other human-induced alterations
on the environment. For a more accurate separation between the effects of dams and other human
activities or naturally induced changes, more studies should be repeated in the regions where
hydro-dam constructions are not present or rare. The results should be compared to those found
in this dissertation to confirm the ratio of hydro-dams’ impact among the effects of human

interventions on climate change and water resource management.
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