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Abstract: In the Lower Mekong River Basin (LMB), deforestation rates are some of the highest in
the world as land is converted primarily into intensive agriculture and plantations. While this has
been a key for the region’s economic development, rural populations dependent on the freshwater
water resources that support their fishing and agriculture industries are increasingly vulnerable to
the impacts of flood, drought and non-point source pollution. Impacts of deforestation on ecosystem
services (ES) including hydrological ES that control the availability and quality of fresh water across
the landscape, regulating floods and droughts, soil erosion and non-point source pollution are
known. Despite this understanding at the hillslope level, few studies have been able to quantify
the impact of wide-scale deforestation on larger tropical watersheds. This study introduces a new
methodology to quantify the impact of deforestation on water-based ES in the LMB with a focus on
Cambodia by combining spatial datasets on forest loss from remote sensing and spatially-explicit
hydrological modeling. Numerous global and regional remote sensing products are synthesized
to develop detailed land use change maps for 2001 to 2013 for the LMB, which are then used as
inputs into a hydrological model to develop unique spatial datasets that map ES changes due to
deforestation across the LMB. The results point to a clear correlation between forest loss and surface
runoff, with a weaker but upward trending relationship between forest loss and sediment yield.
This resulted in increased river discharge for 17 of the 22 watersheds, and increased sediment for
all 22 watersheds. While there is considerable variability between watersheds, these results could
be helpful for prioritizing interventions to decrease deforestation by highlighting which areas have
experienced the greatest change in water-based ES provision. These results are also presented in a
web-based platform called the Watershed Ecosystem Service Tool.
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1. Introduction

1.1. The Importance of Water-Based Ecosystem Services Provided by Forests

It is well recognized that forests are important sinks for carbon dioxide (CO2), mitigating the
impacts of global climate change [1]. It is estimated that the greenhouse gas (GHG) emissions that
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result from tropical deforestation contribute 7%–14% of total global anthropogenic CO2 emissions [2–4].
However, carbon emissions are just one of the ecosystem services (ES) benefits of forests, and some
have suggested that hydrological services could be seen as more important for their impacts to local
communities, as vital resources for downstream industry and users, and even as large scale regulators
of regional climates through transpiration and cloud formation [5–8].

As a hydrological regulator, natural forests and their trees slow the flow of water across the earth’s
surface reducing runoff and enhancing soil infiltration that can in some cases increase groundwater
recharge [9–11]. Vegetation and roots control the erosion of soil and nutrients, and slow above ground
runoff which can increase ground water infiltration that filters and purifies the ground and surface
water [10,12]. At the same time, the slow percolation of water through the soil profile in a mature
forest often slows the rate of water returning to the river and can help maintain river base flows
during dry periods and avoid flash floods that are exacerbated by high runoff rates [12,13]. In contrast,
deforestation that results in the conversion of land to agriculture, plantation and other types of typical
development can often increase surface runoff which disturbs soils, causes water pollution, and creates
a large demand on groundwater resources [8,14]. During high rainfall events these types of land use
changes can lead to flashfloods, and lower groundwater recharge rates in the wet season can lead
to well water shortages in the dry season [13]. Increased runoff from agricultural lands can lead to
non-point source pollution from excessive nutrients from organic and inorganic fertilizer in the rivers
and lakes leading to eutrophication that can devastate fisheries, and at extreme levels be poisonous to
humans [8,14,15].

In Cambodia, which makes up a large portion of the Lower Mekong Basin (LMB), some of the key
ES provided by forests include the regulation of water flow and filtration, seasonal flooding and soil
nutrient cycling, carbon sequestration and biodiversity [16–18]. These ES are critical to the region’s
major industries, fishing and agriculture, which depend on seasonal wet season flows for lowland rice,
and for healthy fish stocks [16,19,20]. Cambodia’s inland freshwater fishery is one of the largest in
the world, yielding around 1.2 million tons of fish per year, employing about 2 million people, and is
vital for food security for the vast majority of Cambodians [21]. Agriculture, primarily lowland rice,
is the largest industry in Cambodia, making up 35% of GDP and employing around 56% of the labor
force [22]. Rice production is not only vital for domestic food security in the region, but is also 90% of
Cambodia’s economic exports, making it the cornerstone of its global income [21,23,24]. At the same
time a significant portion of rural Cambodians depend directly on forest products for things like fuel,
timber and non-timber forest production [25].

Agricultural production has grown over the last decade facilitating significant drops in poverty
from 48% in 2007 to 18% in 2012, and a doubling of per capita GDP between 1998 and 2007, making
Cambodia one of the fastest growing economies in the world [24]. About 90% of the poor are in
rural areas and most of the population remain highly vulnerable to poverty and are dependent
on the availability of natural resources from freshwater and forest for a significant portion of their
incomes [24,26]. Thus, forest and the ES that they provide support a significant portion of Cambodia’s
livelihoods and economy and act as an important buffer against the impacts of climate change.
At the same time this economic development has contributed to Cambodia having one of the highest
deforestation rates in the world [27,28]. Therefore, Cambodia and its people are at risk of losing vital
ES that support their economy, livelihoods and provide a buffer against the potential impacts of climate
change [23].

1.2. Quantifying the Impact of Deforestation at the Large Watershed Level

Within the LMB and around the world it is increasingly evident that the impacts of land use
changes on ES are costly to land owners, companies, and to society in general in the short term,
and especially over the long-term [29–32]. However, decision makers in developing countries often
lack the tools to assess at any scale the impact of land use change on ES, and to tie ES impacts together
within the larger landscape for a more holistic and integrated assessment [5,31]. This is especially true
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for the dynamics between tropical deforestation and water-based ES given that few methodologies
exist for studying this impact [31]. Studies that use stream gauge and other field measurements to
assess impacts cannot decouple variability in other factors through time, including rainfall, water
abstractions for human use and post-conversion land uses which make it difficult to isolate the impact
of forest loss alone [13]. One solution to this problem is hydrological modeling, which can create
scenarios that isolate land cover change from other changes on the landscape [33,34]. However,
hydrological modeling of tropical forest loss at the landscape level in the LMB has been limited by
the lack of a consistent, spatially-explicit land cover mapping series that allow for explicit linkages
between the loss of forest cover and change in hydrological indicators [33,35]. Where tropical land
cover change maps have been created, they are only for small watersheds and not replicated across
entire landscapes [36–38].

Over the last decade global remote sensing products have begun to map deforestation and land
cover annually with a high degree of accuracy, allowing for consistent wall-to-wall mapping of land
cover changes at the landscape level anywhere in the world [27,39,40]. These products have largely
been developed in the context of Reducing Emissions from Deforestation and Forest Degradation
(REDD) programs and have largely been utilized to measure greenhouse gas (GHG) emissions [41,42].
In large part this has been driven by the demand from the international community after the Kyoto
Protocol in 1997 and the establishment of the UNFCCC to mitigate the amount of GHG emission and
impacts of climate change [43]. However, less attention has been paid to using these products for
assessing impacts of hydrological conditions [5]. This is in part because of the complex and dynamic
nature of the hydrological cycle [44]; but today with improving hydrological modeling and remote
sensing data land surface modeling has evolved to a state where they can provide realistic depictions
of the water cycle over large scales with acceptable errors when driven by accurate meteorological
data [44–47]. This data has the potential to help quantify the impact of deforestation on water-based
ES over large areas and consistently across different parts of the world, showing which regions,
watersheds and sub-watersheds have been most impacted by tree cover loss. Decision-makers in
tropical countries could better understand what areas are more prone to larger floods and landslides
as a result of deforestation or prioritize areas to prevent further deforestation to mitigate negative
water-based impacts.

This study uses a global tree cover and tree-loss dataset from Hansen et al. (2013) [27] combined
with other global, regional and local spatial datasets on land use to create yearly land use/land cover
change (LULCC) maps across Cambodia. The Hansen et al. (2013) [27] dataset analyzed a time series
of images Landsat satellites to detect where forest has been lost each year between 2001 and 2013.
The dataset is the first global forest loss layer, which provides a unique opportunity to compare and
contrast the magnitude of forest loss across large landscapes and a relatively high resolution of 900 m2

pixels. The maps are used as inputs into the Soil and Water Assessment Tool (SWAT) hydrological
model to show spatially how deforestation impacts hydrological indicators of water-based ES across
the LMB. The SWAT results are validated using available ground data and compared against local and
regional peer-reviewed studies to help ensure results are accurately representing actual conditions.

The output of the study will provide a better understanding of the impacts of forest cover loss on
water-based ES in the LMB, and an assessment of the potential for using existing land cover change
data and hydrological modeling to understand those impacts.

2. Materials and Methods

The study required development of a land use/land cover change (LULCC) map for the LMB
from existing global and regional remote sensing productions, then separately running the land cover
maps for 2001 and 2013 through a hydrological model to assess the impacts that forest loss had on
water-based ES. Model calibration occurred through use of seven different hydrological gauging
stations in Cambodia, and through comparisons with regional peer-reviewed studies on erosion and
sediment loss rates. Forest loss and the impact to water-based ES was assessed through multiple
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regressions, and spatial analysis of SWAT derived sub-basins and the major watersheds that make up
the LMB.

2.1. Developing the Land Use/Land Cover Change Map

The development of annual LULCC maps relied on a compilation of maps from different published
sources. The process of development took a stepwise approach:

1. Establish a forest cover benchmark map for 2001: The benchmark map included a combination of
the following datasets:

(a) The 2001 forest cover dataset from Hansen et al., (2013) [27] at the 30 × 30-m Landsat
resolution. This dataset was used for all upland evergreen forests.

(b) A map of dry deciduous dipterocarp forest of Southeast Asia developed by Wohlfart et al.,
2014 [48].

(c) A wetland forest map developed by combining the Hansen et al. (2013) [27] 2001
forest cover map and the extent of the 2002 flood in Cambodia from the Mekong River
Commission [49].

2. Establish non-forest classes in the benchmark map: Non-forest classes from the European Space
Agency’s 300 m resolution Globe Land Cover (GLC) product for 2015 [50] were used to determine
land use in non-forest areas of the benchmark land cover/land use map.

3. Establishing land use changes over time: Deforestation was identified as forest loss from the
Hansen et al. (2013) forest loss dataset. The forest loss dataset provides annual forest loss from
2000 to 2013. The forest loss dataset was used to create a new land cover map for each year (see
“classifying deforestation areas”). It is with this dataset that annual LULCC maps were created.
Hansen’s forest loss methodology was updated after 2013 affecting comparability between the
data produced pre and post 2013. Therefore, this analysis focused only on the years up till 2013.

4. Classifying deforested areas: Deforested areas from the Hansen et al. (2013) forest loss dataset
were reclassified using a Boolean classification scheme in the following manner:

a. If a deforested area is inside an Economic Land Concession (ELC) granted by the Government
of Cambodia, the resulting non-forest class was converted to that ELC’s designated
development type. Each concession is designated for some type of development, for
example rubber, oil palm or rice. Therefore, if an area deforested inside an ELC that was
designated for rubber, the area was assessed to be converted to rubber. The ELC dataset
was produced by the Government of Cambodia and distributed by Open Development
Cambodia [51].

b. If a deforested area was not in an ELC, the GLC 2015 [50] map was consulted. If the
deforestation occurred over a non-forest GLC class, the area was assigned that GLC 2015
class. If the deforested area was occurred over a forested GLC class, the simplifying
assumption was made that the area was mosaic cropland (50% cropland and 50% forest).

These steps result in a LULCC maps that show land cover for every year from 2001 to 2013
(Figure 1).

A stakeholder review was conducted (workshop in March 2015 in Phnom Penh) to finalize and
agree classifications. During this review, it was determined that for the Cambodian context, the GLC
shrubland class should be changed to swidden farming (mosaic cropland) and grassland changed
to pasture.
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2.2. Developing Hydrological Data

To evaluate ES related to water such as freshwater provision and regulation, groundwater recharge
and soil erosion, the SWAT model was used. SWAT was run using the ArcSWAT interface (Available
online at: http://swat.tamu.edu/software/arcswat/). SWAT requires the user to input several spatial
data sources along with auxiliary tabular data (Table 1).

Table 1. Data sources for Soil and Water Assessment Tool model inputs.

Spatial Data Sources Source Citation

Land use/land cover Custom map developed This paper

Elevation/slope Shuttle Radar Topography Mission (SRTM) 90
m digital elevation model (DEM) Jarvis et al., (2008) [52]

Soil type Food and Agriculture Organization’s (FAO)
Digital Soil Map of the World FAO (2012), Sanchez et al., (2009) [53,54]

Weather station locations

Global Summary of the Day and Global
Historical Climatology Network rain gauge

locations, downloaded from the National
Climatic Data Center (NCDC)

Menne et al., (2012) [55]

Tabular data sources

Rain gauge records Selected gauges between 1986–2013,
downloaded from NCDC Menne et al., (2012) [56]

Weather station records
Climate Forecast System Reanalysis (CFSR)
data for relative humidity, solar radiation,

temperature and wind speed
Fuka et al., (2014) [57]

Management (Crop cycles,
irrigation, fertilizer)

Government publications and scientific
literature

MRC, (2003); Vibol and Towprayoon,
(2010) [58,59]

The (Shuttle Radar Topography Mission) SRTM DEM was used to delineate the Mekong watershed
below the town of Pakse, located a few hundred kilometers above the Cambodia border in Laos
(Figure 2). The Pakse gauge (a hydrological gauging station maintained by the Mekong River
Commission in the town of Pakse) was used to input actual discharge, sediment and nutrient loading
parameters into the SWAT model, and therefore enabled modeling below that point in the Mekong
River. SWAT performed a watershed segmentation, dividing the larger LMB into sub-watersheds
and river segments, or “reaches” to be modeled individually before routing upstream segments into
downstream segments. These segments, both watersheds and reaches were assigned an ID, allowing
for results to be viewed at different locations throughout the LMB.

SWAT output discharge was calibrated against Mekong River Commission (MRC) stream gauges
within Cambodia. This was a process of comparing actual gauging station data for discharge (flow)
and sediment concentration (mg L−1) to the SWAT results, then checking and editing the SWAT model
to fit the SWAT results as best as possible to the actual discharge and sediment. The calibration period
was 1993–2002 which was selected because it was the period with the most consistent and accurate data
available from the most number of MRC gauges. Discharge between the SWAT and MRC data was
compared at four stations (Chantangoy, Ban Kamphun, Kompong Thom, and Kompong Putra) using

http://swat.tamu.edu/software/arcswat/
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two statistical measures: the Nash–Sutcliffe efficiency (NSE) for daily discharge, and a goodness-of-fit
R2 statistic for monthly averages. The NSE was developed to assess the accuracy of modeled river
discharge by comparing the relative magnitude of the residual variance of the observed data versus
the simulated data [59]. The intervals are generally interpreted as follows; 0.75 < NSE < 1 is a “very
good” performance rating, 0.65 < NSE < 0.75 is a “good” performance rating, 0.50 < NSE < 0.65 is
a “satisfactory” performance rating, and NSE < 0.50 is an “unsatisfactory” performance rating [59].
The monthly R2 statistic was used to show where the model was performing well simulating the
monthly trends [59,60]. This helps show that even when the model’s daily NSE was performing poorly
it was still representative of the more general monthly trend. The R2 statistic gives the variance of the
data and assesses a goodness of fit with 1 indicating perfect fit.Forests 2019, 10, x FOR PEER REVIEW 6 of 20 
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For sediment concentration the MRC data was less consistent therefore the available gauge data
was summarized (average, min and max) by month over the same period. Also, not all the stations
where there was good discharge data had good sediment data, therefore sediment was calibrated at
Kompong Thom, Lumphat, Backprea, and Kompong Thmar (Figure 2). Sediment was assessed using
the R2 statistic.

The SWAT model was run twice with the developed LULCC maps from both 2001 and 2013.
Other than the LULCC maps, all other parameters in the model remained the same between the two
runs so that any changes in results could be directly associated with land cover change and not other
variables such as rainfall or development of river infrastructure such as dams. All results are therefore
representative of the land uses present in 2001 and 2013.

The effect of forest loss between 2001–2013 on the hydrological cycle and the associated water-based
ES was evaluated using SWAT outputs as indicators of these ES. Change was evaluated using surface
runoff as an indicator of flood mitigation and sediment yield as an indicator for erosion prevention.
In both cases, an increase in these indicators was considered a loss of ES provision, assuming that
higher surface runoff leads to more flooding and higher sediment yield is the result of increased erosion.
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Given that only limited gauges were available for model calibration, results were only measured in
percent change rather than absolute values.

Multiple regression analysis was performed to attempt to find variables in the SWAT model
that were driving percent change in water-based ES indicators besides general percent forest loss.
The percent change in runoff, discharge and sediment indicators were used to estimate which areas of
the LMB were most impacted by forest loss from the standpoint of hydrological ES. Percent change
indicators have been shown to consistently identify the same areas as high change even in uncalibrated
watersheds [61].

3. Results

3.1. Calibration of Hydrological Model

The hydrological model was validated at four locations for river flow and four locations for
sediment. On average the SWAT model predicted lower flows than the gauges, with some exceptions
during high flow periods (Figure 3). The model did better during lower flow events, and in most
cases showed a strong correlation with the seasonal fluctuations. While significant improvements
could be made on individual watersheds, the goal was to make the model run well across all
subwatersheds—mimicking flows—within the lower Mekong without adjusting too many parameters
so that the uncertainty and bias of model parameters affected the overall performance. Furthermore,
there are a number of dams and other types of hydrological infrastructure that are affecting flows that
were not accounted for in the model. This made it unfeasible for a tight calibration of the model without
parameterizing the model to account for the dams, which was not a focus of this study. However,
improvements could be made with more gauge data, better information on hydrological infrastructure,
and improving the model’s distribution of rainfall (e.g., some models are using NEXRAD radar for
more accurate spatial distribution of rainfall) [62].
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Sediment concentrations were also calibrated at four MRC locations. Despite a few relatively low
R2 values, general seasonal fluctuations were well correlated, and most results from MRC gauges fell
within the range that was predicted in the SWAT (Figure 4).
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3.2. Land Cover Change due to Forest Loss

Between 2001 and 2013 the LMB lost 13% of its forest area (18,953 km2), with an average annual loss
of 1.08% per year (1579 km2) (Figure 5 and Table 2). The majority of forest loss (82%) was conversion
to cropland (predominantly rice), which is divided into rainfed mosaic crop land (assumes a mix of
crop and fallow/forest land), rainfed crop land, and irrigated crop land. Tree plantations made up
11% of the forest loss, with the remaining 7% pasture and urban development. The major watersheds
with the most tree loss were the Tonle Se San and Tonle Srepok (each with about 2000 km2 loss) in the
eastern portion of the basin. However, these watersheds were among the largest in size and didn’t lose
the most forest in terms of percentage—only 15% and 11% respectively. The watersheds that lost the
greatest percentage of their forest area were the Prek Chklong in the south (35%) and the St. M. Boery
in the northwest of the basin (34%). The Prek Chklong and St. M. Boery saw their forest replaced
almost entirely by agricultural land uses, while the eastern watersheds of Tonle Se Kong, Se San and
Srepok also saw a majority of conversion to agriculture but had higher portions of conversion to tree
plantations and pasture.
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Table 2. Areas and percentages of forest loss and major drivers for select watersheds in the LMB.

Total LMB
Select Watersheds

Prek Chklong St. M. Borey Stung Sen Tonle Se Kong Tonle Se San

Total forest loss (km2) 18,953 1904 1125 1665 1723 2206
% forest loss 13% 35% 34% 13% 6% 15%

Forest to mosaic cropland 13,106 1405 510 1286 1136 1324
% of total forest loss 69% 74% 45% 77% 66% 60%

Forest to irrigated cropland 805 65 32 35 32 55
% of total forest loss 4% 3% 3% 2% 2% 3%

Forest to rainfed cropland 1784 269 582 60 66 120
% of total forest loss 9% 14% 52% 4% 4% 5%

Forest to urban 6 - 0 0 1 1
% of total forest loss 0% 0% 0% 0% 0% 0%

Forest to tree plantation 2001 162 - 275 61 335
% of total forest loss 11% 9% 0% 16% 4% 15%

Forest to pasture 1223 1 1 8 425 362
% of total forest loss 6% 0% 0% 0% 25% 16%

3.3. Correlation between Forest Loss and Hydrological Ecosystem Services

The effect of forest loss between 2001–2013 on water-based ES is presented in Figure 6 as percent
change in surface runoff and sediment yield. Increase in these indicators was considered a loss of ES
provision, assuming that higher surface runoff leads to more flooding and higher sediment yield is the
result of increased erosion.

For both indicators, there was a positive trend between percent of watershed deforested and
percent change in surface runoff and sediment yield. However, the correlation for surface runoff was
much stronger with an R2 of 0.58 compared to 0.14 for sediment yield (Figure 6). The R2 of the sediment
yield relationship appears to be heavily affected by sub-basins with small amounts of absolute yield
that experienced large percent changes.
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Figure 6. Linear correlations between percent forest loss and percent change in indicators of water-based
ES. Each circle represents one sub-watershed within the Lower Mekong Basin, scaled by size of absolute
value (mm for surface runoff (a) and t/ha for sediment yield (b)).

Results from the multiple regression analysis showed that for surface runoff, the highest adjusted
R2 achieved was 0.79 by adding three variables: percent change in runoff curve number, rainfall and
slope (Table 3). For sediment yield, the highest R2 relationship observed was 0.16 using two variables:
percent change in Manning’s “n” for overland flow and absolute sediment yield (t/ha) from 2001.
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Table 3. Results of multiple regression analysis for surface runoff and sediment yield. Variables for the regressions with the highest four R2 values are shown.
The number of observations was 268 (equal to the number of SWAT-created sub-basins) for all regressions. The *** for significance F implies values are <0.001.

ES Indicator x1 x2 x3 x4 R2 Rank Equation R2 Adjusted R2 Significance F

Surface runoff

% of watershed with forest loss % change in Curve Number Average annual rainfall % slope 1 y = 0.025 + 0.437x1 + 1.540x2 + 0.000x3 − 0.037x4 0.793 0.790 ***
% of watershed with forest loss % change in Curve Number Average annual rainfall 2 y = 0.024 + 0.438x1 + 1.529x2 + 0.000x3 0.792 0.790 ***
% of watershed with forest loss % change in Curve Number 3 y = -0.002 + 0.447x1 + 1.365x2 0.758 0.756 ***
% of watershed with forest loss Average annual rainfall 4 y = 0.027 + 0.580x1 + 0.000x2 0.587 0.584 ***

Sediment yield

% change in Manning’s n Sediment yield in 2001 1 y = 0.187 - 0.074x1 + 30.372x2 0.168 0.162 ***
% of watershed with forest loss % change in Manning’s n 2 y = −0.045 + 4.189x1 + 25.207x2 0.165 0.159 ***

% change in Manning’s n 3 y = 0.036 + 30.636x1 0.164 0.161 ***
% of watershed with forest loss % change in Curve Number 4 y = −0.382 + 16.626x1 + 21.840x2 0.148 0.141 ***
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These results can be seen spatially across the SWAT derived sub-basins (Figure 7). The results
show that forest loss is highly correlated with increases in runoff and sediment yield, with 85% of
sub-basins with forest loss experiencing an increase in both runoff and sediment yield. However, as the
results in Figure 6 show this upward trend is highly variable between sub-basins depending on and
the biophysical characteristics mentioned above like runoff curve number, rainfall and slope. Figure 7
highlights ‘hot-spots’ where deforestation results in higher loss to water-based ES.
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Figure 7 also shows that increased runoff and sediment yield results in increased river discharge
and sediment flow that accumulates downstream.

If we scale up the results to the larger watershed we eliminate the influence of sub-basin size,
and because the watersheds are an aggregation across many sub-basins the results are more muted,
reducing the extreme highs and lows; however the same trend remains—as deforestation increase so
does runoff and sediment yield, which impacts river discharge rates and sediment flows (Table 4).

Table 4. Results for 7 different watersheds in Cambodia showing the area of forest in 2001, percent
deforestation, and the resulting change in discharge and sediment between 2001 and 2013.

Watershed Area of Forest in 2001 (km2)
Deforested Change in Discharge Change in Sediment Yield

2001–2013

Prek Chklong 5478 35% 17% 135%
St. M. Borey 3481 34% 3% 29%

St. Chinit 5173 27% 15% 84%
Tonle Se San 16,277 15% 13% 59%

St. Sen 12,728 13% 5% 60%
Tonle Srepok 22,079 11% 14% 58%

Tonle Se Kong 29,450 6% 14% 71%

Across the LMB all watersheds experienced increases in sediment, and 17 of the 22 watersheds
had increased discharge. However, the results between watersheds are highly variable depending on
the biophysical factors of the watershed (Figure 8). For example, Table 4 shows the Prek Chklong and
St. M. Borey watersheds both lost more than 30% of their forest area, but St. M. Borey only had a 3%
increase in discharge and 29% increase in sediment yield, compared to Prek Chklok’s 17% increase in
discharge and 135% increase in sediment. These differences are the results of M. Borey having lower
overall forest area to start with, but also due to biophysical conditions in the watershed, predominantly
very low slopes. While variability is high between watersheds, it may be these differences that are
important for understanding which watershed are more or less sensitive to the impacts of deforestation
on water-based ES. It is also important to understand that percent change is relative to each watershed.
Some watersheds may have a small sediment yield to start with and a 100% increase is not going to be
extremely impactful. However, percent change does help us understand the magnitude and direction
of change, and therefore again highlights watersheds that maybe be more or less sensitive to forest loss.
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4. Discussion

The results from the hydrological modeling show that as forest is converted to other land uses
there is generally an increase in surface runoff and sediment into the river, however the increases
vary greatly by location. These rates of erosion were roughly validated against published reports
for Southeast Asia from Douglas (1999) [63] and Sidle et al. (2006) [64]. These results follow general
hydrological theory that forests reduce surface runoff and erosion, slowing the flow of water across
the ground, promoting infiltration into the soil which is either captured by plants or allowed to filter
through the soil to ground water reservoirs or slowly returning to the stream [5,13,65]. The results from
this analysis show that existing remote sensing products combined with hydrological modeling can be
used across broad spatial scales to improve our understanding of the impacts deforestation has on
water-based ES. While the modeling could be improved with better data and more ground calibration,
the results are helpful for understanding the direction and magnitude of change of water-based ES for
different sub-basins and watersheds.

4.1. Correlation of Forest Loss and Change with Water-Based ES Provision

Modeling results point to a clear relationship between forest loss and surface runoff with a high
correlation. This shows that runoff is highly impacted by loss of vegetation, with forest being replaced
mostly by agricultural land uses and to a lesser extent tree plantations and urban development, which
will likely have detrimental impacts on flood mitigation, and could impede the ability of efficient
hydrological management, for example for year-round irrigation. Slope clearly played a role in the
impact that forest loss had on surface runoff, with the hilly eastern portion of the LMB showing larger
percent change in surface runoff and especially higher river discharge than average. This points to the
need for greater efforts to protect forested areas with high slopes.

While there was a correlation between an increase in forest loss and an increase in sediment
yield, it was very weak even with multivariable regression. This points to the need for further model
calibration with sediment variables, which are often scarcely monitored in the field. Clearly the range
of absolute values in sediment yield affected the percent change correlation as well, with many small
watersheds with very low sediment yield showing massive increases in percent change with relatively
low absolute change in tonnes per hectare. These results may also point to the importance of soil type
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on sediment yield and erosion, something that is not altered with land use change. Some soils may
mitigate the impact of land use change, while others exacerbate it.

4.2. Hotspots of Water-Based ES Deterioration

The results point to certain watersheds within the LMB that experienced very high changes in
surface runoff and sediment yield, pointing to land use change having a large detrimental effect on
water-based ES provision. These locations were mostly in areas in upper watersheds along agricultural
frontiers. In these areas forest loss from agricultural development (including plantations) is a mix of
small farmers and development of large Economic Land Concessions (ELCs).

The ‘Three S’ rivers in the northeast of Cambodia, that include the Se San, Sre Pok, and Sekong
rivers, constitute a significant part of the LMB (Figure 5). These rivers come together just before
merging with the Mekong river near the town of Stung Treng a region described as a “rural agricultural
frontier” where livelihoods center on fish production, rice, vegetable and cash crop farming, livestock,
and a number of non-timber forest products [66]. A recent major development in the area is the
400 megawatt Sesan II Dam located at the confluence of the Se San and Sekong rivers. Results from this
analysis show that Between 2001 and 2013 the Se San lost 15% of its forest area, the Srepok 11%, and the
Sekong 6%. As a result, the model shows increases in river discharge of between 13–14% and sediment
flow increase of 59% for the Se San, 58% for the Srepok and 71% for the Se Kong. The loss of these
water-based ES was primarily due to forest loss in sub-basins in the mountainous upper watersheds
where slopes were steeper, and rainfall is some of the highest in the region.

South of the Three S rivers is the Prek Chklong watershed, dominated by the agriculture crops of
cassava, rubber, maize, and rice. The agriculture land includes local farmers, but also a large portion of
the watershed (16% of the watershed—113,000ha) was granted to large agricultural and plantation
ELCs (Results from the WESTool https://www.winrock.org/westool/). The agricultural development in
the Prek Chklong watershed resulted in the loss of 35% of its forest between 2001 and 2013 (the highest
of any watershed in Cambodia). Results indicate that this development increased river discharge by
17% on average, and sediment flow by 135%. These results do not tell us what the actual impact is on
the ground (e.g., impacts on infrastructure or fish populations), however they do highlight substantial
increases in both discharge and sediment that could help land manages identify this as a priority
watershed for further studies on.

The upper watersheds of the Tonle Sap are also where a large amount of agricultural expansion
is occurring. Between 2001 and 2013 the Tonle Sap lost 17% of its forest area (Results from the
WESTool https://www.winrock.org/westool/). Two examples of this are the St. Sen and St. Chinit
watersheds. Important infrastructure in the watersheds includes the Chinit Reservoir which feeds the
largest irrigation program in Cambodia [67]. Between 2001 and 2013 the upper Sen watershed lost
approximately 13% of its forest and the Chinit 27%. This resulted in a 60% increase in sediment in
the Sen and an 84% increase in the Chinit, with average flows increasing by 5% and 15% respectively.
These changes can have serious detrimental impacts to reservoir and irrigation systems on the lower
reaches of the river.

Many of the hotspots are located in or around protected areas. This included the newly established
Snuol and Keo Seima Wildlife Sanctuary, and the Prey Long Wildlife Sanctuary. This points to two
important observations: (1) that recent efforts at establishing wildlife sanctuary are timely, well placed,
and if effective could have substantial hydrological ES benefits; and (2) that Cambodia’s protected
areas are under considerable threat. Results from this analysis indicate that between 2001 and 2013
there was a 12% loss of forests across Cambodia’s 20 Wildlife Sanctuary’s (covering approximately
20% of the total area of Cambodia) (Results from the WESTool https://www.winrock.org/westool/).
This supports results from Collins and Mitchard (2017) [68] that Cambodia had one of the highest
deforestation rates in protected areas in the world.

https://www.winrock.org/westool/
https://www.winrock.org/westool/
https://www.winrock.org/westool/
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These ‘hot spot’ areas may be priority locations for reforestation efforts or forest conservation,
given that the forests that have been lost not only have contributed to climate change through CO2

emissions but also clearly held great value for local hydrological ES.

4.3. Not All Forest Loss or Hydrological Impacts Are Significant or Detrimental

Not all watersheds with deforestation experienced high rates of water-based ES loss. This is
primarily a result of low slopes; however soil and rainfall also are important factors. These areas,
in contrast to the ‘hot-spots,’ may be areas where development could be more sustainable and therefore
prioritized over more sensitive areas. Also, the larger rivers with bigger watersheds saw muted
impacts, as the drastic impacts in upper watersheds were diluted as the runoff and sediment traveled
downstream, mixing with runoff and sediment from less impacted areas. The main stem of the Mekong
river especially showed very little change. This is largely due to the unmodeled impact of the upper
Mekong Basin. Further basin-wide analysis could be completed to better understand the impact of
land use change on cities and population centers that are located on the banks of the Mekong. Despite
the muted impacts of larger rivers there were still substantial impacts. The Tonle Sap River experienced
a 4% increase in river discharge and a 42% increase in sediment yield. These increases near Phnom
Penh could lead to loss of ES provision, for example in the form of higher costs for water treatment at
the Phnom Penh treatment plant.

Despite the utility of percent change indicators in showing the impact of land use change on
hydrological indicators, it is important to point out that high percent changes in modeling cannot be
directly interpreted as increases in flooding and erosion—the reality of hydrology is dependent on the
specific rainfall events that occur. Therefore, future flooding or drought will in large part be regulated
by increases or decreases in precipitation. These potential changes in climate were not considered in
this study. However, the results do point to the fact that extreme rainfall events in the wet season
will be exacerbated by forest loss and therefore could cause greater flooding and erosion in some
areas. Therefore, the modeling performed in this study provides an important unbiased indication of
the effect of only one variable (land use change) on hydrological ES provision that could be used for
prioritization in forest protection and reforestation efforts, rather than a prediction of future flooding
or erosion events.

Furthermore, flooding and sedimentation in the LMB is not always considered a bad thing.
Normal flooding and sediment, especially in the Tonle Sap River and Lake area, provide vital waters
for flooding rice crops and nutrients for fisheries. Therefore, it is possible that many areas of the LMB
could welcome a small increase in surface runoff or sediment flow in their rivers, given the changes are
gradual and within historical boundaries.

4.4. The WESTool: An Online Platform for Disbursement of Data and Results

In order to share the results of this study with those in the LMB that could most benefit from the
associated data, the Watershed Ecosystem Service Tool (WESTool) https://www.winrock.org/westool/,
was built. WESTool is a platform that compiles the hydrological outputs of the SWAT analyses, land
cover maps along with supplemental local field data, remote sensing products, and climate change
data for Cambodia into an easy to use web-based interface. The WESTool attempts to bridge the gap
between technological advancements, and the non-technical users that need tools to make responsible
land use decisions. The Tool is at the national and watershed scale, allowing decision-makers in
Cambodia to zoom into a small watershed or perform a more macro national study. The benefit of this
is that the results can be used for detailed land use planning in Cambodia. Users can see the impacts
that deforestation have had on watersheds, sub-basins or even other areas of interest that do not align
with SWAT-delineated watersheds like protected areas or provinces. The WESTool helps them answer
questions about land use changes and their impacts on the major ES related to water.

https://www.winrock.org/westool/
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5. Conclusions

This study shows a novel way of combining big datasets that use remote sensing for forest
monitoring purposes—primarily Hansen et al. 2013 and Globe Land Cover [50]—with hydrological
modeling to show the impacts that forest loss has on water-based ES across large landscapes.
The methodology, applied to the lower Mekong Basin, gave results showing that the impacts are highly
variable across space and depend on many factors such as percent of forest lost, slope, rainfall and the
post-conversion land use. Such a combination of remote sensing products and hydrological modeling
could be used to understand and quantify ES for many other locations besides Cambodia and the LMB,
given many of the data sources are global or readily available at a national scale in many countries.
Such results could help national, regional and local stakeholders prioritize areas of intervention,
from REDD+ (Reduces Emissions from Deforestation and Degradation) strategies to watershed plans.
The results also give further quantitative value to certain forests, helping decision-makers make
difficult choices about which forests to focus on for protection or where to prioritize limited resources
for reforestation efforts.

Further research is suggested for the LMB, including more rigorous SWAT model calibration using
sediment, nutrient and groundwater variables that may allow for a more comprehensive analysis of
more hydrological ES including nutrient runoff and groundwater recharge.

To further engage stakeholders within the LMB, the results of this study for Cambodia are
presented in WESTool (https://www.winrock.org/westool/), a platform that compiles local field data,
remote sensing products, and large-scale hydrological modeling for Cambodia into an easy to use
web-based interface. As such, this methodology along with the WESTool seek to fill a niche that
numerous scientists and policy makers have called for, to provide an integrated assessment tool for
decision-making on climate change adaptation, mitigation, land use and water management [5,31].
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