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1  PROJECT BACKGROUND 

The project „Detailed modelling Support to the MRC‟ is executed under the 
IKMP/Component 4 (Modelling). It responds to the acute basin 
development issues and the extensive model services needs of the MRC 
Programmes and the member countries.  

The work is based on holistic and cross-cutting approach and team work. 
The general objectives of the work are: 

1. Provision of comprehensive tools and data for hydrological, 
environmental and socio-economic impact assessment of ongoing 
and planned basin developments 

2. Support of riparian countries and MRC programmes capacity in 
modelling and impact assessment 

3. Promotion of cross-programme, cross-disciplinary and cross-
sectoral cooperation, coordination and integration through focused 
group work. 

The project objectives are reached through a sequential process starting 
from (i) tools adjustment and integration, continuing in (ii) clarifying of the 
central Mekong processes and development impact on them and ending 
on (iii) socio-economic consequence analysis. The process analysis is 
based on the use of existing and adjusted tools forming the IWRM-tool and 
offering a platform for the programmes to cooperate in an integrated and 
coordinated way. The process and socio-economic analysis results have 
been integrated in the IWRM modelling framework. 

The project work is organised around “Work Groups” indicating both cross-
cutting themes and cooperative groups participating in the theme work. 
The suggested Work Groups and involved MRC programmes are: 

1. IWRM-tool (EP, BDP, IKMP) 

2. Sediments (EP, BDP, SHI, IKMP) 

3. Forestry and agriculture productivity (AIFP, BDP, IKMP) 

4. Fisheries (FP, EP, BDP) 

5. Socio-economics (EP, BDP, FP (SHI, NP, FMMP, IKMP) 

Basin wide IWRM-tool group consists of three components – (i) IWRM 
watershed-scale tool, (ii) IWRM basin-wide tool and (iii) IBFM integration in 
the model system.  Sediment relates to watershed erosion, agriculture and 
forestry practices, sediment transport, sedimentation and erosion in the 
river channels, river morphology changes, lake sediment balance, 
sedimentation in the floodplains, sediment trapping by small and large 
scale dams, sources and fate of different quality sediments, sediments and 
primary productivity and coastal erosion. Forestry and agriculture 
productivity activities link AIFP activities to other MRC activities such as 
IWRM-tool and sediment studies. Fisheries component starts with primary 
productivity and habitat modelling. Primary productivity have been 
connected to the fisheries productivity in close cooperation with the 



DMS IWRM-tool Report 

 

 9 

Fisheries Programme. Socio-economics activities include inclusion of (i) 
monetary cost and benefits and (ii) livelihoods and well-being dependency 
on natural resources in the modelling framework and support for BDP2 
development scenario impact assessment. Climate changes studies are an 
integral part of the entire group. 

This report is result of the Work Package 2 of the DMS-project. The Work 
Package is divided into five sub-packages: 

1. IWRM-tool 

2. Indicator framework integration and socio-economics 

3. Sediments 

4. Productivity and fisheries 

5. Management, cooperation, liaison, group work and capacity 
building 

These sub-tasks cover the five main project themes except the “Forestry 
and agriculture productivity.” This report presents mainly methodology and 
results of the three first sub-tasks, that is IWRM-tool and Indicator 
framework integration. This is because in Work Package 2 these three 
sub-tasks result in one integrated system and scenario assessment. The 
Productivity and fisheries sub-task and Capacity building are reported 
separately. 
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2  SEDIMENT NUTRIENTS 

2.1  SEDIMENT NUTRIENT MEASUREMENT METHODOLOGY 

Sediment nutrients have been measured in connection with the MRC 
Toolbox productivity model development. Laboratory tests have been used 
to analyse the bioavailable phosphorus (P) amounts. 

Phosphorus is the nutrient that generally controls primary production in 
freshwater ecosystems. The bio-availability of P has been a subject of 
intensive research, especially with regard to particulate phosphorus (PP) in 
agricultural runoff. This chapter is based on the work by Uusitalo and 
Ekholm (2003). The bio-availability tests with Mekong waters, described 
below, have been performed by Dr. Uusitalo at MTT Agrifood Research 
Finland. 

Although P enters lakes and rivers in variety of forms, biological organisms 
take up P typically in the form of dissolved orthophosphate. The biological 
availability of other forms of P, such as PP, depends on the extent to which 
they are transformed into dissolved orthophosphate. Particulate P is 
typically the dominant physical P fraction in turbid runoff from clayey soils 
and other flows that contain eroded sediments. The sediment may contain 
large reserves of P associations, solubility of which varies. Generally, the 
total phosphorus (TP) flux transported from soils to water may be an 
inconsistent proxy for the biologically productive P load: the shares of 
dissolved and sediment-associated P pools vary according to the source of 
the sediment, and bioavailability of sediment-associated P varies according 
to sediment and environmental characteristics (e.g., varying redox 
environment). 

The potential availability of PP in runoff has been estimated by various 
types of algal assays and chemical methods. Algal assays are generally 
considered as methods that are easily interpreted, but are, on the other 
hand expensive and lengthy. Thus, the relative simple chemical extraction 
methods are tempting alternatives, and at least one order of magnitude 
cheaper. The amount of P retained by synthetic P accumulators (ion-
exchangers) has been found to have a good correlation with results 
obtained by algal assays. Also, a simple chemical test to estimate the pool 
of sediment P that responses to low redox potential, common in 
waterlogged sediments and soils, has been developed. The methods used 
in the Mekong and Tonle Sap river tests (Anion Exchange Resin 
Extraction, AER and Buffered Dithionite Extraction, BD) are described in 
details by Uusitalo and Ekholm (2003) and Uusitalo and Turtola (2003), 
respectively. 

2.2  SEDIMENT NUTRIENT TEST RESULTS 

Series of test samples were collected from flood waters of the Mekong 
main stream at Phnom Penh and the Tonle Sap River at Prek Kdam in 
August 2004. Samples were analyzed at the MTT Agrifood Research 
centre in Finland. The samples showed rather constant level of 
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bioavailable P in the bound to the sediment particles, values varying 
between 31 - 42% of the total P. This indicates that the sediment particles 
are carrying an important part of biologically available phosphorus, on top 
of the orthophosphate dissolved in the water. 

It can be estimated that about each kg of suspended sediments can 
release about 130 mg P (Uusitalo, personal communication). Taking the 
average annual sediment load of 165 million tonnes in Kratie, this 
translates to 21'500 tonnes of bioavailable P annually. This translates to 
about 5'400 - 16'500 km2 area of fertilised rise paddies. Here it is assumed 
that low fertiliser use is 13 kg/ha P and 40 kg/ha P corresponds to 
intensive cultivation with 2 - 3 annual crops. 
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3  FLOOD PULSE AND TONLE SAP 

The data, examples and discussion in this report focuses on Tonle Sap. 
This has two main reasons: (i) Tonle Sap system is the single most 
productive sub-system in the Mekong Basin and (ii) there exists monitoring 
data and long-term modelling effort that are suitable for productivity model 
development. Tonle Sap biodiversity importance is reflected in its 
international protection status and its natural resources support at least 
one million livelihoods (Keskinen 2006). Although focus is on Tonle Sap, 
the approach and methodologies presented in this report are applicable to 
the other river, wetland and floodplain systems in the Mekong. 

3.1  FLOOD PULSE SYSTEM AND PRODUCTIVITY 

Junk et. al. (1989) has introduced the concept of a flood pulse system 
(Figure 1): 

 floodplain and river/lake are one inextricably linked ecosystem 

 terrestrial (dry land) and aquatic (flooded) periods follow each other 

 organic matter, nutrients and energy are exchanged between 
aquatic and terrestrial phases 

Junk proposes that "in unalterated large river systems with floodplains in 
the temperate, subtropical, or tropical belt, the overwhelming bulk of the 
riverine animal biomass derives directly or indirectly from production within 
the floodplains." And "the basic fertility of the floodplain depends on the 
nutrient status of the water and on the sediments deriving from the river." 
These principles have been verified quantitatively in the Amazon (Junk 
1997).  

In recent years, the body of evidence in support of the hypothesis that the 
flood pulse is the main driving force of the productivity of the Tonle Sap 
lake and floodplain ecosystem has become solidly established (Junk et. al. 
1989, Lamberts 2001, Lamberts 2006, Sarkkula et. al. 2003).  Most of the 
water involved in this flood pulse originates from the Mekong river, entering 
the ecosystem through the Tonle Sap river (Kummu et. al. submitted).  
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Figure 1. Flood pulsing system - alternation of aquatic (left) and terrestrial 
(right) phases. (Junk 1997) 

 

During the flooding flooded forest conditions are quite calm compared to 
the lake proper (Figure 2). This is because floodplain vegetation decreases 
flow velocities due to increased flow shear stress and decreased wind 
impact. Water is much more clear than in the lake proper because the calm 
conditions and bottom vegetation practically eliminate resuspension. 

 

       

Figure 2. Conditions in the flooded forest. Left inside the forest, middle 
near the open lake and right view from the lake. Observe the calm 
conditions in the forest compared to the open lake. 

 

The suspended sediments end up on the floodplains during flood period or 
are washed out to the sea. In sediments, P bound to particles is mobilized 
into dissolved form in desorption, dissolution, ligand exchange and 
enzymatic hydrolysis. The floodplain conditions are favourable for release 
of sediments (Chacon et. al. 2005). It is not very well known how long the 
bottom sediments can release nutrients, but based on experience from 
dams it can be estimated that the time is not very long. If little nutrients 
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enter to reservoirs from surrounding watershed their production collapses 
approximately after 4 - 6 years after impoundment when easily degradable 
organic material has decayed. Without any better information it can be 
assumed that productivity needs to be maintained with constant sediment 
input to the floodplains and reservoirs. 

Campbell et. al. (2010) argue that dam impacts will not be felt by Tonle 
Sap because "The high nutrient levels in the lake would be maintained for 
decades even if nutrient and sediment inputs from the Tonle Sap River 
ceased. This has been exactly the problem for a number of shallow 
eutrophic lakes in developed countries, where reducing nutrient inputs has 
not necessarily been sufficient to improve nutrient status of the water 
because of internal loading" and "By that distance [more than 1000 km] 
there is unlikely to be any noticeable sediment trapping impact of the 
[China] dams." The internal loading argument requires evidence especially 
in light of the extraordinary yearly flushing of the system from dry season 
1.3 km3 water volume to wet season 60 - 70 km3. The distance argument 
doesn't hold any scrutiny. 

3.2  TONLE SAP NUTRIENT AND SUSPENDED SOLIDS BALANCES 

First attempts to calculate nutrient and TSS balances for the Great Lake 
are based on water balance calculations by Carbonnel & Guiscafré (1963), 
water quality analysis in the Tonle Sap river (Kompong Chhang) by MRC in 
the year 2000 and WUP-FIN quality analysis in the small rivers during May 
– September 2001. No information has yet been available on direct nutrient 
loading to the lake by communities or by atmospheric deposition. 

The TSS-balance shows that the Great Lake annually retains 4.3 
(Eloheimo 2002) to 5.7 (Inkala 2008) million tonnes of suspended solids. 
This means a sediment load of ca. 500 - 660 g/m2 considering the average 
lake area to be 8'500 km2, and a yearly sediment accumulation of ca. 0.25 
- 0.33 mm when considering the density of the packed sediment to be 
close 2 kg/dm3. According to MRC WUP-FIN water quality data, 
sedimentation seems to be facilitated by the vegetation cover of the 
flooded areas. This may indicate that sediment accumulation could be 
higher in the flooded areas compared to the open parts of the Great Lake.  

Using the value 130 mg bioavailable phosphorus for each kg of sediment 
(Sarkkula 2010), the sediment bound net nutrient input to the Tonle Sap 
can be calculated to be 560 - 740 tonnes/y. Dissolved phosphorus balance 
can be calculated both by using the results of PO4-P analysis and the 
analysis of total dissolved phosphorus. In both cases the Great Lake 
seems to retain phosphorus; 850 tonnes of PO4-P and 1 350 tonnes of 
total dissolved phosphorus per year. Both of these values are probably 
clear underestimates, because we lack information on the municipal 
nutrient loading. However, the preliminary values can be compared to the 
fish production of the lake, which is estimated to be 230 000 tonnes/y 
(Baran et al. 2001). If we assume the phosphorus concentration of the fish 
biomass to be 0.5%, the amount of phosphorus removed yearly with the 
fish biomass would be 1'150 tonnes. 

Nitrogen balance was based on combined results of NO3-N and NH4-N 
analysis. It shows that the Great Lake retains 8'500 tonnes/y of dissolved 
inorganic nitrogen. In addition to the municipal loading, the importance of 
atmospheric deposition can be considerable in the case of nitrogen. Thus 
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the preliminary estimate is a clear underestimate. If we assume the 
nitrogen concentration of the fish biomass to be 2.5%, the amount of 
nitrogen removed yearly with the fish biomass would be 5 750 tons. 

Even though the preliminary nutrient balance calculations have serious 
gaps in the loading information and we know that part of the fish catches 
consists of migratory species, it can be already stated that a remarkable 
part of the nutrients retained in the Great Lake ends up to the fish biomass. 
This also indicates that a major part of primary production of the Great 
Lake is channelled to the fish production. 

3.3  WATER QUALITY VARIATIONS 

 

Figure 9 demonstrate measured Tonle Sap water quality variations. The 
figures are based on WUP-FIN project database with 1100 samples from 
various points of the river, the Tonle Sap Lake and the Mekong. Some of 
the main characteristics of the Tonle Sap water quality dynamics are: 

 the Mekong and tributaries flood waters bring nutrient and sediment 
rich waters especially in July and August 

 vertical water quality distributions are homogeneous in the lake 
proper compare to the floodplain 

 floodplains are largely anoxic, but near rivers are lake proper edge 
oxygen conditions improve depending on incoming flood and wind 
flow 

 the low dissolved oxygen values are caused by large amount of 
decaying organic material in the floodplains especially near the 
bottom and the calm conditions that limit reaeration by waves and 
flow. 
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Surface water quality in the middle of the Great Lake (KGL2)
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Figure 3. Evolution of PO4-P, DIN and TSS concentrations in the 
Kompong Loung sampling station (KGL1) and in the middle of the Great 
lake. 
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Figure 4. Evolution of turbidity in the Kompong Loung sampling station 
(KGL1) recorded by unattended YSI6000 multiparameter environment 
sensor. 
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Figure 5. Diurnal pH variation in the Kompong Loung sampling station 
(KGL1)  calculated on the base of data recorded by unattended YSI6000 
multiparameter environment sensor. 
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DO % in the flooded forest (depth 3.5 m) 
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Figure 6. Variations of oxygen concentration in the flooded forest recorded 
by unattended YSI6000 multiparameter environment sensor. 

 

Figure 7. Transect of oxygen saturation profiles from Battambang to Siem 
Reap on October 3 2001. 
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Figure 8. Some additional profiles from the floodplain and the lake. The 
Bakpria site is indicated as BKP1 in the map. The two profiles on the right 
side are from the eastern basin- in the middle part (WP4) and from the 
flooded forest at the northern flood plain boundary.  
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Backprea Oxygen July 2001 - April 2002
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Figure 9. Dissolved oxygen, pH, Chl-a and SS from the Backprea 
sampling station. Beginning of the measurements July 24. 2001. 

 



DMS IWRM-tool Report 

 

 21 

4  PRODUCTIVITY MODELLING APPROACH 

Large complex ecosystems are always data-deficient when it comes to 
informing policy development, decision making and assessing impacts of 
water use.  As a result, many ecosystems and their functions are not 
adequately considered and the outcomes are often sub-optimal, leading to 
avoidable loss of biodiversity and livelihoods. We demonstrate here that it 
is possible in data-poor and complex environments to use general 
ecological principles and tailored modelling to overcome at least part of the 
knowledge shortage. For the Tonle Sap, we will show a quantitative 
modelling approach for ecosystem primary productivity. 

Fish production in the Tonle Sap eventually depends on the import of 
organic matter and the primary production within the ecosystem, and then 
on the degree to which that basic organic matter enters the aquatic food 
webs. Unpublished data collected by the Mekong River Commission on 
organic matter concentrations in inflowing water suggest that the vast 
majority of the primary organic matter in the Tonle Sap is produced locally.  
This means that the secondary production and the fisheries production 
ultimately depend on and are limited by the primary production of the 
ecosystem and the processes of the flood pulse.  Using basic ecological 
principles and hydrodynamic modelling, it is possible to assess the impact 
of flow alterations on this production potential of the ecosystem as a whole. 

The primary producers are divided into terrestrial and aquatic ones. The 
terrestrial ones include trees, grasses etc. The aquatic ones were identified 
as belonging to one of four groups based on their ecological and spatial 
characteristics: periphyton, phytoplankton, rooted macrophytes and floating 
macrophytes. They are believed to account for nearly all of the 
endogenous primary production in the ecosystem. For each group, except 
for the floating macrophytes, an analytical equation was developed 
describing primary production based on intrinsic space- and time-based 
production rates and spatially explicit environmental factors determining 
production in a flood-pulsed system.   

The model is quantitative where possible but uses relative changes where 
the present knowledge and data would not permit quantification, or where 
this would introduce such uncertainties that the modelling would become 
meaningless.   

These equations were then applied to a spatial grid that covers the entire 
ecosystem, allowing local conditions to be taken into account. The spatially 
explicit description of the primary production was linked with the 
hydrodynamic model (7) describing the environmental factors that 
determine primary production.  The factors sourced from the hydrodynamic 
model include the euphotic volume at any given time in the aquatic phase 
of the ecosystem, water depth and flood duration. Together, they constitute 
a model of ecosystem primary production. 

Primary production here is defined as the light-mediated assimilation of 
inorganic carbon in the process of photosynthesis.  Where possible, net 
primary production is used, discounting the amount of carbon fixated that is 
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respired by the primary producers. The fate of the assimilated carbon can 
be increased biomass of the primary producer or it can be released into the 
environment.  These non-biomass photo-assimilates also play an important 
role in the aquatic food webs. 

The steps for fisheries impact assessment are described below. The work 
has been completed for the most part in the project Work Packages: 

1. Simulate 

• hydrology 

• hydrodynamics (flood pulse) 

• sediment/nutrient transport and sedimentation 

• primary production 

• habitat conditions (area, oxygen levels etc.) 

2. Simulate or evaluate other factors 

• barrier effect on migration 

• water flow 

• water quality 

• deep pools  

• larvae drift etc.  

3. Correlate to fish production 

4. Evaluate (BDP) scenario impacts on fish 

5. Conduct environmental and socio-economic evaluation 

• Flood pulse concept 

• National dependence on fish originated protein  

• Biodiversity 

• MRC Fisheries Ecology, Valuation and Mitigation  
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5  PERIPHYTON 

Several definitions are in use for the heterogeneous associations of 
organisms embedded in a mucous matrix of up to 5 mm thick found on 
most submerged substrates. Common in all definitions of periphyton is that 
there is a matrix of polysaccharides which may contain heterotrophic 
bacteria, cyanophyceae, algae, fungi and detritus, attached to a 
substratum. Periphyton of the Tonle Sap ecosystem is either epiphytic 
(using plants as substrate) or epipelic (growing on sediments).  It is unclear 
how well periphyton can become established in the dynamic environment 
of the lake bottom with constantly re-suspended sediments. There is no 
literature on the periphyton of the Tonle Sap ecosystem.  Its presence on 
submerged surfaces, however, is conspicuous (Figure 1).  Colonisation of 
newly submerged surfaces and maturation of a periphyton community 
takes about two weeks (Van Dam et. al. 2002). 

 

  

Figure 10. Left: periphyton on the bamboo bars of a fish cage in Tonle Sap 
lake. Right: phytoplankton blooms in the north-western part of the Tonle 
Sap lake during low water (depth approx. 60 cm) in late April 2005. 

 

Periphyton production depends on the presence of a suitable substrate, 
nutrients, water quality, the exposure time to light and the time since 
colonisation (Putz et. al. 1997, Pizarro 1999, Putz 1997, Romaní et. al. 
1999, Watnick et. al. 2000).  Periphyton biomass tends to be uniformly 
distributed over the depth of the trophic zone (Putz et. al. 1997).  

Productivity rates of periphyton for habitats with conditions similar to those 
of the Tonle Sap were found ranging from 17.5 - 258.1 mg C.m-2.h-1 with 
an average of 86.5 mg C.m-2.h-1 (Putz et. al. 1997). 

Based on mean production rates, mean substrate area and exposure time 
it is possible to calculate net primary production by periphyton for an 
ecosystem (Putz et. al. 1997).  The general equation for annual periphyton 
production in the ecosystem is: 
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  (Eq. 1) 

 

where PPPF is the annual primary production by periphyton in the 
ecosystem (mg C), PPYPF is primary productivity by periphyton (mg C.m-

2.h-1), n is the number of grid cells, SAi is the surface area (m2) of grid cell i, 
ZEi,j is the euphotic depth (m) of cell i on day j, ADi,j is the area density (m-

1) of cell i on day j and ETj is the exposure time (h) to light on day j. The 
impact of other factors such as nutrients, water quality and population 
composition are reflected in the productivity rates PPYPF. The area density 
factor describes the substrate surface area per volume of space in the 
ecosystem.  This area is provided mostly by rooted macrophytes and the 
bottom area. In the permanent lake, if the entire water column is euphotic 
(ZEi,j = zi,j), the area density equals zi,j

-1, with zi,j the water depth of cell i on 
day j. If the euphotic zone does not reach the bottom, the area density is 
zero as there is no substrate in the euphotic volume apart possibly from 
floating aquatic vegetation; there are no rooted aquatic macrophytes in the 
permanent part of the lake. At this stage, floating aquatic vegetation is not 
taken into account.  For the floodplain, the area density was set to be the 
average leaf area density; if the entire water column is euphotic, the area 
of the bottom is included:  

 

jijijijiji LADzADzZE ,

1

,,,, :   (Eq. 2) 

 

with LADi,j the average leaf area density for that day and location. The 
exposure time used is the time between sunrise and sunset,  minus 2 
hours to reflect the lack of light penetration close after sunrise and before 
sunset. Shading by objects above or floating on the water may greatly 
reduce the amount of incident light and hence euphotic depth and 
exposure time. The position of the periphyton in the water column and the 
euphotic depth determine the exposure time. At this stage, the lag time in 
periphyton production of two weeks after submersion is ignored and 
periphyton productivity constant as of the first day of submersion of the 
substrate. 

Euphotic volume (EV) as such is an interesting and comprehensible 
concept for flood-pulsed ecosystems as it is directly affected by flow 
changes. It allows to visualise on a day-by-day basis the volume of water 
where aquatic primary production is possible. The cumulative annual 
euphotic volume of the ecosystem is 
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  (Eq. 3) 

 

Primary production calculations for periphyton were carried out using 
productivity values from a range as found in literature.  All the other factors 
were calculated using the hydrodynamic model (Koponen et. al. 2003). 
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6  PHYTOPLANKTON 

Phytoplankton consists of photo-autotroph or mixotroph prokaryotic 
bacteria and  eukaryotic protists (unicellular organisms) (sensu Adl et al. 
2005) that form part of the seston. A few studies have described the 
species composition of the phytoplankton populations of the Tonle Sap 
ecosystem (e.g., Blacke 1951, Nguyen et. al. 1991) but detailed insights in 
the populations and their dynamics remain elusive. General trends, which 
are also known from other tropical flood-pulsed ecosystems (e.g., Putz et. 
al. 1997), seem to include a succession alternation of low-water 
populations dominated by cyanophyceae and high-water populations 
dominated by diatoms.  

Phytoplankton production and biomass is influenced by six direct, primary 
factors: temperature, mixed water depth, hydraulic exchange, light 
penetration, nutrient concentrations and (zooplankton) feeding (Reynolsd 
1988, Reynolds et. al. 1997, Steel 1995, Gervais et. al. 1997, Fogg 1991, 
Vrede et. al. 2006).  

In many respects, the photosynthetic apparatus of phytoplankton can be 
considered to be dominated by external products instead of internal ones.  
A fraction of the photosynthate is directed to algal growth and biomass 
accumulation, while the loss of organic carbon produced in photosynthesis 
by plankton can be near total (97%) in extreme nutrient constrained 
conditions (Reynolds et. al. 1997).  The extracellular products fuel 
heterotrophic food webs and contribute so to ecosystem secondary 
productivity.  

Little is known about phytoplankton primary production rates in the Tonle 
Sap.  A review of 42 reports on 51 tropical freshwater flood-pulsed lakes 
and reservoirs reported phytoplankton productivities ranging from 0.03 to 
747.4 mg C.m-3.h-1. The WUP-FIN biomass and chlorophyl and Campbell 
(Campbell et. al. 2006) and Say (Campbell et. al. 2010) chlorophyll 
measurements could be used to obtain basic understanding on the 
productivity especially using phytoplankton modeling. 

Based on phytoplankton primary production rates, the volume of the 
euphotic layer and the exposure time it is possible to calculate net primary 
production by phytoplankton for an ecosystem.  

Primary production rates vary on a daily basis in function of environmental 
conditions, on a medium term scale as a result of population composition, 
and throughout the water column in function of currents and turbidity.  This 
means that in the dynamic environment of the flood-pulsed Tonle Sap 
ecosystem a volumetric primary production rate should be used in 
calculating ecosystem primary production by phytoplankton, rather than an 
areal rate or an over time integrated rate such as a daily or annual rate. 
Diurnal stratification has been observed in the Tonle Sap but overnight 
mixing homogenises the entire water column (Lamberts 2006).  

The main sources of variability in phytoplankton production are covered by 
the primary production rate and the euphotic volume, and both are readily 
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measurable (Reynolds 1988, Boyd 1990). The general equation for annual 
phytoplankton production in the ecosystem is  
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  (Eq. 4) 

 

where  PPPP is the annual primary production by phytoplankton in the 
ecosystem (mg C), PPYPP is primary productivity by phytoplankton (mg 
C.m-3.h-1), and the other factors are as described in the periphyton 
equation.  
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7  ROOTED MACROPHYTES 

Rooted macrophytes have been grouped as primary producers because of 
their immobility and overall vertical growth.  Floating vegetation, in 
contrast, is mobile and will expand horizontally rather than vertically, which 
has implications for the modelling of primary production.   

Three main macrophyte vegetation types are distinguished: short-tree and 
shrubland vegetation with grasslands, forest, and aquatic herbaceous 
vegetation, together comprising at least 190 species (McDonald et. al. 
1996 and 1997). The dominating rooted macrophytes include Barringtonia 
acutangula (L.) Gaertn., Croton krabas Gagnep., Diospyros cambodiana H. 
Lec., Phragmites karka Trin. and Utricularia aurea Lour. (McDonald et. al. 
1996 and 1997). Mimosa sp. is quite dominant in some places. The 
phenology of the floodplain vegetation is not well known.  Most woody 
species are deciduous with abscission occurring under water while 
flooded. The plants generally aestivate in a leafless condition while 
submersed or leaves remain attached until replaced by new leaves. Rapid 
leaf growth resumes very shortly after the plants or even just parts of 
branches and stems re-emerge from the receding water. Several trees and 
shrubs, such as Combretum trifoliatum Vent. and Barringtonia acutangula 
(L.) Gaertn., are not always deciduous when flooded and their leaves 
remain capable of photosynthesis.  Their leaves are replaced when the 
waters recede, at the same time as the bud-break of neighbouring 
deciduous shrubs (McDonald et. al. 1997).  

The floodplain vegetation of the Tonle Sap is patchy (Lamberts 2001), with 
large differences in density, height and other aspects. There is no 
knowledge of the standing biomass of the floodplain vegetation of the 
Tonle Sap. In addition to the wild vegetation, several crops (rice, a variety 
of vegetables, lotus, corn etc) are cultivated in the floodplain and cultured 
plants are widespread.  

Where the distribution of phytoplankton and periphyton is determined by 
the flood area of the year and little influenced by historic flood events, that 
of rooted macrophytes vegetation reflects the impact of present and past 
flood events.  The most important factors determining rooted macrophyte 
vegetation productivity are the vegetation type and its characteristics and 
water related stress (flood, drought) (McDonald et. al. 1997).  The flood of 
the year determines the extent to which the vegetation is flooded and 
remains productive.  Flood events of the past years and decades, as well 
as physical stability of the habitats, successional processes in the 
vegetation and human disturbance determine the distribution of the rooted 
vegetation and hence the spatial distribution of the production potential.   

Productivity of the different vegetation types are likely to differ widely.  
Most of the plants of the floodplain endure the alternation of flood stress 
and several months of drought.  The balance between the two has an 
impact on productivity but how changes to the relative duration of both, and 
in particular to the duration and height of the flood, affect primary 
productivity of the rooted macrophytes is unclear and can probably only be 
established through field observations.  
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Because of the complexity of the matter, it is assumed for the primary 
production model at this stage that the altered flood pulse cycles don't 
change the primary productivity of rooted macrophytes. In reality the 
impact is reflected in a gradual shift in species composition and 
geographical distribution of the vegetation. This is a process that takes 
place over many years, except in areas that would become permanently 
flooded or where flood duration exceeds a threshold excluding terrestrial 
plant life. 

Based on primary production rates that are average for a year by rooted 
macrophytes and the area they occupy, it is possible to calculate primary 
production by rooted macrophytes for an ecosystem for a one year 
production time. The general equation for the model of primary production 
by rooted macrophytes in the ecosystem is: 

 

ii

n

i

RMPiRMP tSAPPYPP
1

  (Eq. 5) 

 

where PPRMP is primary production by rooted macrophytes (g C), PPYRMPi 
is the average daily primary productivity by rooted macrophytes for grid cell 
i (g C.m-2.day-1), SAi is surface area (m2) of grid cell i and ti the number of 
non-flooded days of cell i in that year, i.e. for which z = 0. The assumptions 
are that when flooded, primary production stops, and resumes when the 
flooding ends. PPYRMPi is assumed equal to zero in places that are 
permanently flooded: 

 

0: RMPii PPYALWe   (Eq. 6) 

 

with ei the elevation above sea-level of cell i, and ALW the average low 
water level for the ecosystem. 

Nothing is known about primary production rates of rooted macrophyte 
vegetation in the Tonle Sap.  Junk (pers. comm.) estimated the biomass 
production in the Tonle Sap floodplain by dense, well-developed shrubland 
at 8-12 tonnes per ha per year. 
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8  FLOATING MACROPHYTES 

The dynamics of floating macrophytes mean that as a primary producer 
group they are very difficult to be included in a spatially explicit production 
model.  They are mobile and heterogeneously distributed over the water 
surface. Their predominantly horizontal growth results in density 
differences and fragmentation. Primary production rates of floating 
macrophytes vary throughout their aggregations. 

Floating macrophytes – contrary to rooted plants – do not contribute to 
mobilising nutrients associated with the sediments deposited in the 
floodplain except perhaps during dry season when they can carpet the 
bottom.  The root systems of floating macrophytes provide extensive 
substrate to periphyton and perizoon. Wherever floating macrophytes are 
present, shading of the underlying water occurs, in particular when large 
and dense mats are formed.  The dominating species of floating 
macrophytes in the Tonle Sap ecosystem include Eichhornia crassipes 
(Martius) Solms and Lemna minor L. (McDonald et. al. 1996 and 1997). 

Nothing is known about floating macrophytes primary production rates in 
the Tonle Sap.  Their importance is believed to be small. The maximum 
area covered by floating macrophytes at any time is probably less than 1% 
of the total water surface. The model assumes that the primary production 
by floating macrophytes is not affected by changes in the flood pulse, and 
that their impact on the primary production of other the groups is constant.  
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9  ECOSYSTEM PRODUCTIVITY 

The four primary producer groups (periphyton, phytoplankton, rooted and 
floating macrophytes) generate all the primary products present in the 
Tonle Sap ecosystem in addition to the imported organic matter from the 
upper Tonle Sap catchment and the Mekong. All these primary products 
are aquatic in the sense that they are produced, dissolved or suspended in 
water, except for the organic matter produced by the macrophytes of which 
a large part is transferred to the aquatic phase during flooding. An 
important factor is also the use of the non-aquatic primary products in 
terrestrial food webs, including (partial) removal from the ecosystem as is 
the case with most agriculture plants. The portion of the terrestrial primary 
products that is transferred to the aquatic food webs can be described by a 
transferability factor.  

The transferability factor is function of many of the characteristics of the 
flood pulse: timing, height, duration, modality, speed of flooding and 
recession, water quality etc.  Mechanical agents such as fish, insects and 
waves, and accessibility affect the transferability factor, as does the nature 
of the organic matter (woody or soft tissue, dead matter, litter, phenology, 
degree of sclerophylly, flowering and fruit bearing timing, morphology). For 
rooted macrophytes it varies between zero in the case of no flooding, and 
one in case of full transfer of the primary product to the aquatic phase.  For 
floating macrophytes, it is zero in case of desiccation and decay on land or 
entangled and suspended in tree tops as seems most often the case. In 
practice, the transferability factor is difficult to determine, as not all 
submerged primary products are transferred to the aquatic phase. It 
reflects the dry mass balance prior to and after flooding of the terrestrial 
vegetation.  

Ecosystem production is based on and limited by the total endogenous 
production and import of organic matter. The primary products basis for the 
aquatic food webs of the Tonle Sap ecosystem is: 

 

EXOTFMPTRMPPPPF OMfPPfPPPPPPSPB  (Eq. 7) 

 

where SPB is the secondary production basis (g C), PPPF is periphyton 
primary production, PPPP is phytoplankton primary production, PPRMP is 
rooted macrophytes primary production, fT is the transferability factor for 
rooted macrophytes, PPFMP is floating macrophytes primary production, f'T 
is the transferability factor for floating macrophytes and OMEXO is 
exogenous organic matter.  

The hydrodynamic modelling was done based on flow and sediment values 
calculated with a three dimensional hydrodynamic, sediment and water 
quality model (Koponen et. al. 2003). The model calculates both horizontal 
and vertical flows and transports. Sediment processes include 
sedimentation and erosion. Light conditions based on the day of a year are 
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calculated by the model. Light penetration and attenuation in the water 
column has been taken into account to determine the euphotic depth.  

During the dry season before the flood waters enter the Tonle Sap, the 
lake is shallow, turbid and nitrogen limited. Cyanobacteria (blue-green 
algae) can thrive in these conditions. Some cyanobacteria species can 
move towards the surface by oscillating filaments or gas vesicles. In these 
conditions the effective light penetration should be increased or the 
cyanobacteria movement included in the model. 
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10  PRODUCTIVITY MODEL FORMULATION 

The productivity model described above was adapted to the MRC 3D 
model framework, and specifically to the Tonle Sap application. This 
chapter explains the adaptations that have been done to arrive to the final 
version of the productivity model. 

10.1  SEDIMENT CONCENTRATION AND LIGHT PENETRATION 

Model has two options for calculating the productive layer. The first method 
is the above described euphotic depth approach. It doesn‟t distinguish light 
penetration or productivity differences within the productive layer. The 
depth of the euphotic layer can be assumed to be same as Secchi depth. 
The second method applied in the simulation model is to calculate light 
penetration distribution in the water column. The light penetration depends 
on the Secchi depth/ water clarity. 

In both methods one has to estimate Secchi depth. It is assumed that the 
Secchi depth depends on water turbidity, and water turbidity in turn 
depends primarily on Total Suspended Solids (TSS) concentration. In 
reality other factors such as phytoplankton concentration affect turbidity, 
but they are ignored in the current formulation. WUP-FIN project has done 
simultaneous Secchi depth and TSS measurements in 2001 – 2002. Some 
of the measurements and exponential fit are shown in Figure 11. The form 
of the exponential fit is: 

c
d eS  

Sd  = Secchi depth 

α,β = estimated parameters 

c  = TSS concentration 

The values found for α and β in the Tonle Sap case are  250 cm and 0.054 
(mg/l)-1 respectively. 
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Secchi depth versus TSS
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Figure 11. Secchi depth as a function of Total Suspended Solids (TSS) 
concentration. Exponential fit shown. 

 

Light penetration/ attenuation is modelled after short wave radiation 
intensity in the water column: 

zeII 0  

I = light intensity at depth z 

I0 = light intensity on the surface of the water column 

β = 1.65/Sd 

In the model average light intensity for each model layer is estimated from 
the above equation. 

10.2  LAND USE CLASS DEPENDENT PARAMETERISATION 

The land use classes used in the Tonle Sap model are based on recent 
JICA data and classification. Only the main classes are used and the 
original JICA classes are aggregated: 

1) agricultural land (until JICA type 11) 
2) grassland (until JICA type 17) 
3) shrublands (until JICA type 21) 
4) forest (until JICA type 32) 
5) water (until JICA type 37) 
6) soil and rocks (until JICA type 40) 
7) urban areas (until JICA type 59). 
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Productivity model parameters can be given separately for each land use 
class. The most obvious examples are vegetation height and leaf area 
index (area of leaves and branches compared to the corresponding ground 
area). Both impact periphyton production by defining how much area is 
available for periphyton.  

Figure 12 shows the land use classes used in the model and 
corresponding model parameter values. For the productivity model 
following parameters are important: 

 h (vegetation height in m) 

 Pe (periphyton productivity in mgC/m2/hr) 

 LAI (Leaf Area Index) 

 Py (phytoplankton productivity in mgC/m3/hr) 

 Pt (terrestrial vegetation productivity in mgC/m2/hr). 

In testing the model these parameter values except vegetation height have 
been kept constant for all land use classes. 

 

 

Figure 12. Model land use classes (left column) and corresponding parameter 
values. 

 

10.3  PERIPHYTON MODEL FORMULATION 

The equation used for periphyton in the model is: 

E
T

Tt

PFPF fETeLAIPPYPP
w )(

 

PPPF = periphyton primary production per unit area (mgC/m2) 

PPYPF = periphyton primary productivity (mgC/m2/hr) 

LAI = Leaf Area Index 

β = growth exponent coefficient 

tw = wetting time (d); if tw > T, tw is set to T in the equation 

T = growth time scale (d) 

ET = exposure time (hr) 

fE = euphotic factor, ≤ 1. 

The model values for β and T have been tentatively set to 3 and 14 (d) 
respectively (Figure 13). In the model ET is calculated from the sun‟s angle 
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over the horizon. When sun is near or below horizon the exposure time is 
assumed to be zero. Otherwise the exposure time is added. The angle is 
calculated from latitude, longitude and time of the day. 

The euphotic factor can be estimated, as in the previous chapters, to be: 

maxz

z
f E

E  

zE = euphotic depth = Secchi depth (m) 

zmax = maximum water depth (m). 

zmax is calculated in each grid cell separately by subtracting ground 
elevation from Tonle Sap maximal water level 10.5 m. Another possibility 
would be to use each year‟s maximal water depth, but this would enhance 
production in dry years compared to the wet ones. 

Another option is to calculate the euphotic factor for each model layer 
based on light penetration and wetted vegetation height: 

vw
z

E HDef /  

β = 1.65/Sd 

z = characteristic light penetration depth for the layer (m) 

Dw = wetted vegetation height in a layer (m). 

Hv = vegetation height (m) 

The first factor takes into account attenuation of light, the second one 
calculates what proportion of LAI is available in any layer for periphyton.  

 

 

Figure 13. Model values for land use class independent parameters. 

 

It is assumed that there is no periphyton on the lake bottom. Otherwise it is 
assumed that ground is also available for periphyton production in addition 
to vegetation. 

10.4  PHYTOPLANKTON AND TERRESTRIAL VEGETATION MODEL FORMULATION 

Phytoplankton model formulation is: 

EPPPP fETPPYPP  

PPPP = periphyton primary production per unit area (mgC/m2) 
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PPYPF = periphyton primary productivity (mgC/m3/hr) 

ET = exposure time (hr) 

fE = euphotic factor. 

The euphotic factor for each model layer is based on light penetration and 
vegetation height: 

Def z
E  

β = 1.65/Sd 

z = characteristic light penetration depth for the layer (m) 

D = model layer thickness (m). 

 

The formulation for the terrestrial vegetation production is: 

ETPPYPP RMPRMP  

PPRMP = terrestrial vegetation primary production per unit area 
(mgC/m2) 

PPYRMP = terrestrial vegetation primary productivity (mgC/m2/hr) 

ET = exposure time (hr). 

It is assumed that there is no terrestrial vegetation production occurs when 
land is covered by water. Terrestrial vegetation is assumed to decay or 
mobilised to the water phase with the rate obtained from Amazon 
measurements. The value used in Tonle Sap is 5% of the terrestrial growth 
mobilised each day. 

Only part of terrestrial growth will end up as fish food. Part of the 
production remains in the very slowly decaying material like tree trunks, is 
washed out of the system, is collected by humans or is deposited 
permanently in the soils. 

10.5  PRODUCTIVITY DYNAMICS 

In the current model formulation the main factors impacting productivity 
dynamics are time of the day (sun above or below horizon), water depth 
and suspended solids concentration (light penetration or euphotic depth + 
sediment nutrients). In addition there is time lag after substrate wetting 
before periphyton is fully grown. Figure 14 illustrates periphyton growth. 
Comparison can be made to phytoplankton in Figure 15, which illustrates 
that no phytoplankton growth is taken into account. 

 



DMS IWRM-tool Report 

 

 37 

       

Figure 14. Periphyton growth in two depths. 

 

       

Figure 15. Phytoplankton productivity in two depths. Growth is not taken into 
account in the simulation. 
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10.6  SEDIMENT NUTRIENTS 

Sediments contain nutrients that maintain ecosystem productivity. The 
most important nutrients are nitrogen (N) and phosphorus (P). Here it is 
assumed that the system is not nitrogen limited as it is provided by 
nitrogen fixation and decaying plant material. Obviously there is need for 
more detailed nutrient cycle description. For instance the shallow and 
turbid dry season lake seems to be nitrogen limited and nutrient inputs 
from fertilisers should be included in the model. 

Impact of the sediment nutrients on phytoplankton and periphyton is 
described with the equation: 

B

B
SBDSDDP

h

c
PcPc  

KP

P
fprprP

Pc

c
GPPA 1  

AP = nutrient dependent growth coefficient 

cP = bioavailable phosphorus 

c = suspended sediments concentration (g/m3) 

cB = bottom sediment amount (g/m2) 

hB = distance from bottom 

PSSD = fraction of bioavailable phosphorus in suspended sediments 

PSBD = fraction of bioavailable phosphorus in bottom sediments 

Ppr = fraction of production impacted by suspended sediments 

Gf = growth factor = 1+PK/PAV 

PK = half saturation concentration of bioavailable phosphorus 

PAV = bioavailable phosphorus concentration corresponding to 
average production 

Impact on terrestrial vegetation is described with similar equation except 
suspended solids are not considered and hB is replaced with equivalence 
distance from bottom (terrestrial vegetation is assumed to grow only when 
land is dry). The distance formulation assumes that especially in the 
floodplains the impact of the sediment nutrients can be felt more strongly 
near the bottom. 

The nutrient impact is taken into account in the primary production 
equations described before by multiplying them with the coefficients AP and 
APT. 

In addition to recent sedimentation one to two year old bottom sediments 
impact the growth in the model. This reflects the assumption that 
sediments release nutrients relatively fast in the Tonle Sap conditions 
and/or are consolidated after three years. Especially the prevailing 
floodplain anoxia is assumed to play an important role in effective nutrient 
release. If needed the time scales can be changed easily to describe more 
internally loaded conditions. The bottom sediment nutrients are reset in the 
model each year in July.  Figure 16 shows how sediments are represented 
for the phytoplankton and periphyton. Two year or older sediments don't 
impact any more production. 
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Figure 16. Bottom sediment representation for production. Previous year sediment 
impacts the growth. Sediment is reset each July. Time series from Prek Toal (see 
Figure 19). 

 

It is estimated that sediments contain approximately 130 mg phosphorus 
for each kg of sediment (Uusitalo 2009, personal communication). The 
value 130 mg P for each kg of sediment corresponds to 0.013% sediment 
phosphorus content. In the model it is assumed that 0.004% of the 
sediment phosphorus (the total bioavailable phosphorus) is available in 
suspended state to the organisms and 0.0002% in the bottom sediments at 
any given moment. The sensitivity of the production to the phosphorus is 
determined largely by the phosphorus half saturation constant (PK). 2 μg/l 
is currently used in  the model. The range of the half saturation constant in 
the literature is typically 1 – 50 μg/l and 1 μg/l is often used as a default 
value. All model sediment nutrient parameter values are presented in 
Figure 17. 

   

Figure 17. Nutrient parameters used in the Tonle Sap productivity model. 
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11  TONLE SAP PRODUCTIVITY MODELLING 

11.1  MODEL SET-UP 

Model was run for the period 1993 - 2008. The results are presented 
mostly for the period 1997 – 2008 because the earlier period has less 
accurate Tonle Sap River flow data. Scenario impact analysis is presented 
for the period 1.2.2004 - 31.1.2005. Year 2004 was hydrologically average 
year. The period 1.2 – 31.1 is used in the fisheries statistical analysis 
(compare to the Halls et. al. report annexed to this report). 2001 – 2002 
measured wind was used for all the other years. This makes direct 
comparison of for instance simulated sediment values with the measured 
ones difficult because both wind driven erosion and sediment transport 
differ from the real values outside the measurement period. 

Tonle Sap river flows were obtained from a new MRC IKMP flow rating 
curve (Forsius personal communication 2009) for the years 1997 – 2008 
and inflowing sediment concentrations from a sediment rating curve. 1993 
– 1996 Tonle Sap River flows are based on a water balance calculation 
utilising the observed lake water levels. For the period 1997 – 2008 
tributary flows were adjusted with a lake water balance. Tributary sediment 
concentrations were obtained from WUP-FIN water quality measurements, 
but no sediment rating curves have been used for the tributaries. The DEM 
(digital elevation map) has been updated. Land use is based on the JICA 
reconnaissance survey in 1999 which used SPOT satellite images and 
aerial photos. MRC WUP-FIN project has ground-proofed the JICA land 
use data around the Tonle Sap lake. 

Model was re-calibrated for the dry season lake resuspension/erosion 
because earlier calibration maintained too low dry season suspended 
sediment concentrations. The productivity model has been extensively 
tested but has not yet been calibrated with field measurements. 

11.2  SEDIMENT MODELLING 

Figure 18 presents typical sedimentation example. The highest 
sedimentation areas are near the lake edge on the western shore, lake 
Chhma area and near the Tonle Sap river. In general the long-term 
sedimentation in the lake proper is very small, but there may be some 
sedimentation in each moment of time. This is especially true during the 
high water level when the near bottom flow is small and wave action can't 
reach bottom. 
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Figure 18. Simulated two year sedimentation around 2004. 1000 g/m2 
sedimentation represents less than 1 mm sediment depth increase. 

 

 

   

 

Figure 19. Location of the time series points PT1 (Prek Toal), PNK1 (Phnom 
Krom) and WB1 (Western Basin). Colours show land use classes, red is water. 
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Figure 20. Total suspended sediment concentration in Prek Toal point T3. Red 
line near the bottom and black one on the surface. 

 

 

Figure 21. Total suspended sediment concentration in Phnom Krom point PK1. 
Red line near the bottom and black one on the surface. 
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Figure 22. Total suspended sediment concentration in the lake proper in the 
Western Basin point WB1. Red line near the bottom and black one on the surface. 

 

Figure 20 - Figure 22 show total suspended sediments (TSS) 
concentration in three locations. Two are in the flooplain (Prek Toal and 
Phnom Krom) and one in the middle of the lake proper western basin 
(WB1), see Figure 19. The concentrations are drawn from the surface and 
near the bottom. The most striking feature of the figures is that the lake 
concentration are much higher especially near the bottom. This is because 
of the calm conditions and high net sedimentation rates of the floodplains 
compared to the lake proper where resuspension is significant. Prek Toal 
concentrations are much higher than Phnom Krom, and this has clear 
consequences to the production as can be seen in the next chapter about 
productivity. 

11.3  PRODUCTIVITY MODEL CALIBRATION 

Some limited phytoplankton measurement results exist from the Tonle Sap 
Lake (WUP-FIN, Samal 2009). However, there is a lack of spatially and 
temporally comprehensive data that relates to all of the productivity 
categories, that is phytoplankton, periphyton and terrestrial production. On 
the other hand there exists comprehensive quantitative data from the 
Amazon that has been collected over decades. The model has been 
calibrated and compared to the productivity estimates based on the 
Amazon data (annex by Junk). 

 

Production in the lake 

There is a little bit of periphyton production on the lake bottom, but it is 
insignificant (about 3 %) compared to the phytoplankton production (Figure 
24).  
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Figure 23. Simulated daily phytoplankton (upper line) and periphyton (lower line) 
total production in the lake. 

 

 

Figure 24. Simulated yearly phytoplankton (upper line) and periphyton (lower line) 
total production in the lake. 

 

Junk (see annex) estimates the total yearly algal production of the lake to 
1.5 million tonnes of dry matter. This corresponds to about 750‟000 tonnes 
of carbon. The modelled average between 1997 and 2008 is 650‟000 
tonnes of carbon. 
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Algal production in the floodplain 

 

 

Figure 25. Simulated daily phytoplankton (black line) and periphyton (red line) 
total production in the floodplain. 

 

 

Figure 26. Simulated yearly phytoplankton (black line), periphyton (red line line) 
and summed (blue line) total production. 

Figure 25 shows simulated daily phytoplankton and periphyton production 
and Figure 26 corresponding yearly production. The total average algal 
production is 1.48 million tonnes of carbon. The production based on the 
Junk estimate is 1.24 million tonnes of carbon1. 

 

                                                
1
 Junk estimate is 0.6 million tonnes of algal carbon production for a period of 3 months and 

8000 km
2
.  The area is restricted by requirement of sufficiently high oxygen conditions for 

fish. If the average yearly inundation area 4100 km
2
 is used the total algal production is 

twice (12*4124/3*8000=2.06) of the 0.6 million tonnes. 
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Terrestrial production 

The modelled total terrestrial production that enters into the aquatic phase 
is 2.55 million tonnes of carbon (Figure 28). The Junk estimate is 2.4 
million tonnes. 

 

Figure 27. Simulated daily terrrestrial total production in the floodplain. 

 

 

Figure 28. Simulated yearly terrestrial total production. 
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Summary of the estimated and simulated Tonle Sap primary 
production 

The table below summarises the estimated (annex by Junk) and simulated 
Tonle Sap productions. 

 

Table 1. Estimated (Junk) and simulated average annual Tonle Sap 
primary production. 

 

Primary Estimated Simulated Difference 

Production million tnC/y million tnC/y % 

lake 0.75 0.65 -13 

floodplain algae 1.24 1.48 19 

terrestrial 2.55 2.4 -6 

 

The estimated and simulated values are in good agreement considering 
the nature and uncertainties both in the estimates and the simulations. 
Especially the assumption of homogenous conditions in the lake and 
floodplain system for the estimated production doesn‟t hold.
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11.4  PRODUCTIVITY MODEL RESULTS 

 

a) periphyton             b) phytoplankton 

     

c) terrestrial vegetation into aquatic phase      d) total production 

  
  

Figure 29. Cumulative modelled yearly production for the period 1.2.2004 – 
31.1.2005. Total production is the sum of the periphyton, terrestrial and 
phytoplankton productions. 

 

The average yearly periphyton, terrestrial and phytoplankton production 
and their sum are presented in Figure 29. The floodplain areas in 
Battambang, Lake Chhma and few spots on the northern shore and near 
the Tonle Sap river are high production areas both in terms of total and 
algal (periphyton, phytoplankton) production. In the lake proper the 
phytoplankton production is relatively high providing food especially to the 
juveniles. The production distribution and quantities support the 
observation that periphyton and phytoplankton are important source of 
food for the fish (Campell et. al. 2010). 
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Figure 30. Phnom Krom (PK1) phytoplankton, periphyton and terrestrial 
production time series. Values are averaged out for each day to eliminate diurnal 
variation. Values are obtained by summing production over the water column. 
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Figure 31. Prek Toal (PT1) phytoplankton and periphyton production. Observe 
that there is no dry land period in the model. Values are averaged out for each day 
to eliminate diurnal variation. Values are obtained by summing production over the 
water column. 
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Figure 32. Western Basin (WB1) phytoplankton production. Values are averaged 
out for each day to eliminate diurnal variation. Black line 0 - 1 m production, red 
line 1 - 2 m production. 

 

The primary production time series for the three points are presented in Figure 30 
- Figure 32. Phnom Krom production is smaller compared to the Prek Toal for two 
reasons: a) Phnom Krom shore is steeper and it is higher up so flooding period is 
shorter and b) sediment and nutrient input to the area is smaller (see previous 
chapter). Prek Toal point is flooded practically all the time providing constant algal 
growth. The lake proper production is smaller than in Prek Toal. This can be also 
seen from Figure 33 which presents total cumulative production from the three 
points.  

 

 

 

Figure 33. Cumulative production time series from 1993 to 2008 for Prek Toal PT1 
(uppermost line), Phnom Krom PK1 (middle line) and Western Basin WB1 (bottom 
line).  
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12  MEKONG DEVELOPMENT IMPACTS ON 
PRODUCTIVITY 

12.1  SCOPE OF HYDROPOWER IMPACTS 

World Commission of Dams (2000) lists the main hydropower impacts: 

• modifying flows, such as changes in flow volume, timing and 
duration, changes to water chemistry and quality (temperature, 
dissolved gases and nutrient concentrations and sediment load) 

• changing primary production within fish habitats 

• changing habitat availability and quality 

• causing barrier and passage effects, such as obstruction of fish 
migrations, dam passage mortality and trapping or scouring of 
sediments, and temporal and spatial changes to fish fauna 
abundance, biomass and diversity 

In Mekong these impacts have been studied extensively by the Mekong 
River Commission BDP (Basin Development Plan), IKMP (Information and 
Knowledge Management Programme, especially modelling), FP (Fisheries 
Programme), SHP (Sustainable Hydropower Programme) and EP 
(Environment Programme, especially socio-economics). Although quite a 
lot is known, yet great data gaps exist especially in fisheries, nutrients, 
sediments and river and coastal morphology.  

12.2  DEVELOPMENT IMPACTS ON PRODUCTIVITY 

Tonle Sap produtivity model was preliminarily applied for the BDP scenario 
impact assessment. Only two scenarios were considered: baseline and 20 
year dams. The 20 year dams includes most probable hydropower future 
hydropower developments. China dams and 10 downstream mainstream 
dams are included in the 20 year dam scenario. The scenario runs didn‟t 
include diversion, irrigation nor domestic and industrial water use although 
they are included in the original scenarios, but they are assumed to have 
only marginal impact on productivity modelling results. 

Period 1.2.2004 - 31.1.2005 was used for the scenario assessment. Year 
2004 was hydrologically average year and the February - January has 
been used in the statistical fisheries analysis (see the annex by Halls et. 
al.). The 20 year dam scenario was run with 80% sediment load reduction 
from the Mekong. This is based on the estimated combined impact of the 
China, tributary and lower mainstream dams (Sarkkula 2010). The tributary 
loads were not changed. Figure 34 shows how sedimentation changes 
dramatically after the hydropower sediment trapping. 

 

 

 



DMS IWRM-tool Report 

 

 53 

   

Figure 34. Simulated baseline (left) and 20 year dam sedimentation. Simulation 
period is 1.5.2004 - 31.1.2005. 

 

The absolute and relative production changes are shown in Figure 36 and 
Figure 35 respectively. The changes in productivity are significant for all of 
the productivity components (phytoplankton, periphyton and terrestrial 
production). Large areas in the lake proper and in the floodplain suffer 50 – 
60 % productivity loss (red colour in the figures). Those areas that are 
supplied by tributary flow and sediments as well as the upper floodplain 
areas suffer least. It should be noted that the analysis doesn’t take into 
account differences in the sediment nutrient content from the 
tributaries and from the Mekong. It is probable that Mekong sediments 
originating from mountainous areas are more fertile than sediments from 
low lying areas (compare to Amazon) and also impacts larger. 

 

   

Figure 35. Total production (left, compare to Figure 29 d) and absolute change 
(right) in the 20 year dam scenario. Simulation period is 1.2.2004 - 31.1.2005. 
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a) periphyton                 b) phytoplankton 

     

 c) terrestrial vegetation into aquatic phase  d) total production 

     

Figure 36. Relative production changes for the 20 year dam scenario compared to 
the baseline. Simulation period is 1.2.2004 - 31.1.2005. 

12.3  ROLE OF INTERNAL LOADING 

Nutrients can be circulating decades in small eutrophied internally loaded 
lakes. Also in these cases some of the nutrients are flushed out of the 
system, but are replaced from an internal storage that has been 
established in the past, usually by human impact. The Tonle Sap case is 
most probably different because of the large annual flushing from 1.3 km3 
dry season water volume to wet season 60 - 70 km3. Also, as explained in 
previous chapters, the experiences from Mekong reservoirs don't support 
the hypothesis of significant long-term internal loading.  

In any case decrease of sediment input is bound to change the nutrient 
balance in the lake in the long run. Even with large internal nutrient storage 
the lake will eventually respond to the decreased sediment input and the 
results of this study will be valid. 

The modelling results have been based on the assumption that the system 
in general is phosphorus limited. If this would not be true then the role of 
the sediment phosphorus would diminish and the impacts would be less. 
There is evidence that the lake is nitrogen limited during the dry season 
when blue green algae are seen in the lake, but most of this period has not 
been included in the impact simulations. 
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12.4  FERTILIZER USE 

It has been stated that increasing fertiliser use will compensate for the dam 
sediment nutrient dam trapping. Because data and understanding of 
nutrient cycling is poor, this can't be at the moment verified. Some of the 
elements of the nutrient cycling are: 

 fertiliser nutrients are utilised by plants and transferred to the food 
chain 

 part of the sediments are bound to the sediments 

 quite little of soluble nutrients can remain in water because tropical 
system are effective in utilising them 

 sediment bound nutrients are partly transferred downstream 

The amount of nutrients bound by sediments and transferred downstream 
determines largely fertiliser impacts. Also organic material transferred to 
the aquatic can carry the fertiliser nutrients. 

Amazon experience shows that sediments coming from mountainous 
areas (so called white waters originating from the Andes) contain much 
higher amounts of nutrients than those originating from lowlands (black 
waters). In Mekong context this would mean that the mountainous areas 
especially in China could be nutrient rich and can sustain Mekong 
productivity. The impact of fertilisers could be then rather small. Blake 
(2001) measurements in Nam Songkhram support this, although the 
sampling amounts and locations are far from conclusive evidence. He 
observed that soils from villages that are located near Mekong and are 
periodically flooded with Mekong waters (Ban Wang Po and Ban Tan Pak 
Nam, Figure 37) contain order of magnitude more phosphorus than other 
villages upstream. 

 

Figure 37. Case Study Village Locations in Nam Songkhram.(Blake 2001) 
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13  CONCLUSIONS 

13.1  MODELLING SCOPE 

The model presented here deals with the potential for primary production 
and ecosystem production. This means that it is limited in scope but still 
more meaningful than attempts at direct modelling of fisheries production 
for which the data gap is large.  Furthermore, the model principles are 
simple, sound and deterministic. The model results of current primary 
production by periphyton and phytoplankton, as well as that of rooted 
macrophytes, could be used to calculate the secondary production basis for 
the ecosystem, assuming the other terms and factors constant 

The model that has been developed is a tool for impact assessment. Its 
outcomes cannot be considered in isolation of the ecological, biological, 
hydrological and social context in which it is set.  Despite its many 
limitations, it provides the best available forecast of the impact of different 
flow scenarios on the productivity of the Tonle Sap.  This, it is hoped, will 
contribute to making the Tonle Sap an effective consideration in water 
resources management decisions for the Mekong river basin.  

13.2  ECOSYSTEM PRODUCTIVITY MODELLING 

Flood-pulsed ecosystems are characterised by a transfer of organic matter 
from the terrestrial to the aquatic phase.  In this transfer, additional energy 
enters the aquatic food webs, boosting overall aquatic secondary 
productivity and resulting in highly productive ecosystems. This is also the 
case for the Tonle Sap ecosystem and this special feature means that a 
special modelling approach is required for modelling productivity.  

If anything, the model highlights these linkages between the productivity of 
the ecosystem and the flow in the Mekong river, as well as in the other 
tributaries of the Tonle Sap. In addition to forecasting impacts of flow 
alterations, it can be used to monitor the productivity of the ecosystem. 

The model is so designed that newly acquired data can readily be 
incorporated.  They will quickly focus the model on the effective primary 
production in the Tonle Sap, which can be achieved with a small set of 
observations and measurements. Basic measurements of primary 
production rates of phytoplankton, periphyton and macrophytes are routine 
ecological and forestry procedures but they have never been applied to the 
Tonle Sap.  Leaf area measurements have been initiated and will make the 
periphyton calculations specific for the Tonle Sap. 

The main weaknesses of the model at this stage include simplification in 
respect to assuming some parameters to be constant while in reality they 
are likely not, and relying on measured productivity rates to reflect factors 
that are not explicitly included in the model. This modelling approach builds 
on a number of assumptions and thus depends on their solidity.  In any 
case model takes into account the main system productivity components 
and processes including:  
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 vertical and horizontal description of water, sediment and nutrient 
flow fully describing the large differences in the lake proper and the 
floodplain, and surface and near bottom 

 light and nutrient dependent growth 

 impact of vegetation characteristics and land use on production 
(vegetation height, density, leaf area index etc.) 

 taking into account the impact of wetting and drying on the 
periphyton growth through colonization time 

 transfer of terrestrial production to the aquatic phase 

 internal and external sediment and nutrient loads.  

Land use affects the productivity of the ecosystem.  The model allows to 
quantify the productivity loss as a result of replacing natural floodplain 
vegetation by agriculture crops. Cultured crops such as rice are largely 
removed from the floodplain before they are flooded, leaving considerably 
less biomass for transfer to the aquatic phase.  Furthermore, the absence 
of spatial structure limits the substrate area and the growth and production 
of periphyton, in addition to providing less and less developed habitats for 
other organisms such as fish.  

Currently fertilizer use is rather limited in the Tonle Sap but it will increase 
in the future. In Thailand and Vietnam agriculture is practiced much more 
intensively. Understanding of the nutrient fluxes in general and fertilisers in 
particular is required for improved knowledge and modelling tools. 

13.3  BASIN DEVELOPMENT IMPACTS ON PRODUCTIVITY 

Because of lack of verification the model results need to be considered 
tentative and indicative only. However, the model results are based on 
measured Tonle Sap data and upstream verified sediment modelling. The 
model parameter values are either calibrated (sediments), obtained from 
other comparable areas or are estimated based on best available 
knowledge. This way the model provides a synthesis of current knowledge 
estimated impacts. 

If hydropower development will be realised to its fullest potential including 
the mainstream and tributary dams, the impacts to the Tonle Sap primary 
productivity will be significant. Large areas in the lake proper and in the 
floodplains will lose 50% or more of the productivity. It is estimated that 
these changes will happen within a few years when sediment supply is cut. 
The impacts to the fisheries composition and production need to be 
established, but it is clear that the impacts will be eventually significant. 

13.4  FUTURE DATA AND MODEL DEVELOPMENT NEEDS 

The simulation results presented above give an idea about the character of 
the primary production in the Tonle Sap Lake and its floodplains. At this 
stage the model formulation and results must be considered tentative. The 
results should guide further research – field works, literature study, 
modelling and analysis of the processes. At least the following main items 
remain to be clarified: 
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 measurement of bioavailable phosphorus from the tributaries and 
Mekong to understand differences in sediment fertility and impacts 

 measured periphyton productivity values in different phases of the 
flood, different suspended sediment concentrations, different 
depths and different places of the floodplain 

 comparison between simulated phytoplankton biomass and 
measured chlorophyl 

 in-depth comparison with other areas such as Amazon 

 verification of nutrient formulation in the productivity model 

 testing of different model formulations with observations and 
observed system behaviour 

 in-depth analysis of measurement and model results in terms of the 
production cycles 

 sensitivity and scenario runs with the model for identifying critical 
factors productivity 

 model application to other areas and ultimately to the whole 
Mekong Basin 

 improved understanding of Mekong nutrient cycles and human 
impact on them. 
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14  FISHERIES PRODUCTION 

14.1  FISHERIES PRODUCTION BASED ON THE PRIMARY PRODUCTION 

Junk estimates Tonle Sap fisheries production based on the primary 
production and Amazon data (annex).  

The following factors and coefficients are used in the Junk Tonle Sap 
fisheries production estimate: 

 1 kg of primary production in terms of carbon corresponds to about 
2 kg of dry plant or animal matter 

 1 kg of fish dry weight corresponds to 3 kg of fresh weight 

 Conversion Factor (CF) relates production of a higher trophic level 
to a lower one (food uptake in relation to growth rate) 

 CF can be defined (i) from algae to fish, (ii) from algae to 
zooplankton and from zooplankton to fish, and (iii) from fish to 
predatory fish 

 production depends mostly on young and small fish which transfer 
food uptake into growth very efficiently 

 algae with high food value has CF 0.1 – 0.15 (fraction of carbon or 
dry matter fish production in terms of carbon or dry matter 
production in algae) 

 blue-green algae is less valuable as food and has CF 0.001 via 
microbial loop 

 valuable algae consist of 2/3 of the total algal biomass and 1/3 are 
blue-green algae 

 predatory fish have CF 0.1 in relation to lower trophic level fish 

 50% of high food value algae is utilised directly by fish 

 50% of high food value algae is utilised by zooplankton and other 
invertebrates and has CF 0.001 in terms of fish 

 25% of the fish are eaten by predatory fish 

 bulk (99%) of the terrestrial production has low food value and 
passes through microbial loop having CF 0.001 

 1% of the terrestrial production has high food value (young leaves, 
flowers, fruits) and has CF 0.1 

 terrestrial production has CF 0.001 via microbial loop 

 it is assumed that 100% of the terrestrial production ends up 
contributing to the fish production (this is not clear from Junk, but 
this assumption makes modelled and estimated terrestrial 
productions equal) 
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 each fish eating bird (cormoran, pelican, heron etc.) consumes 2 kg 
fish daily; there are total 50‟000 fish eating birds which consume 
annually 36‟500 tn fish 

 only 50% of the floodplain algal production is utilised by the fish 
because of the low oxygen conditions not suitable for fish (this is 
inferred value, compare to the calibration chapter). 

The last assumption is problematic because the primary production is very 
heterogeneous and concentrates near the lake and river edges where also 
oxygen conditions are the best. For an accurate estimate the primary 
production should be weighted with oxygen conditions through the model 
simulations. Before this the coefficient COX is used to take into account the 
habitat oxygen conditions. 

Based on these values and assumptions the coefficients for transfer of 
primary production in carbon into fish biomass fresh weight are 

1. Lake phytoplankton biomass production (phyL) → lake fish dry 
biomass production without predatory fish: fb0L = 
2/3*2*phyL*(0.5*CF + 0.5*CF*CF ) + 1/3*2*phyL*CF*CF 

2. Floodplain algal biomass (phyF + perF) → floodplain fish dry 
biomass production without predatory fish: fb0F = COX*[2/3*2*(phyF + 
perF)*(0.5*CF + 0.5*CF*CF ) + 1/3*2*(phyF + perF)*CF*CF] 

3. Terrestrial biomass production (ter) → fish dry biomass production 
without predatory fish: fb0T = 2*ter*(0.01*CF + 0.99*CF*CF*CF) 

4. Total fresh biomass production taking into account predatory fish: 
fb1 = 3*(fb0L + fb0F + fb0T) * (1 - 0.25 + 0.25*CF) 

5. Annual total fresh fish biomass production taking into account 
predation by birds: fb2 = (1-36‟500 tn)*fb1, where fb1 is a yearly 
value. 

These equations can be used for obtaining yearly fish production values 
from the productivity model. Assuming approximately linear fish growth 
they can be also used for daily fish biomass production for different parts 
and habitats in the Tonle Sap system.  

The distribution of the yearly simulated fish production is shown Figure 38. 
Naturally the fish are mobile and migrate long distances. The production 
distribution doesn‟t show the actual fish biomass in any given location but 
the potential for feeding and growth.  
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Figure 38. Distribution of yearly fish production. Red color over 100, yellow 75 – 
100, green 50 – 75 and blue 0 – 50 kg/m

2
. Fishing lots indicated as well as fish 

consumption near the ring road. 

Some of the main limitations of the simple modelling approach is that it 
doesn‟t take into account migration, juvenile survival and other possible 
important factors that may have major impact on fisheries. Because of this 
an improved fisheries and fish population model should be developed in 
the future. 

For COX = 0.5 and CF 0.1, 0.12 and 0.13 Junk obtains following table for 
the average annual fish production. 
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Table 2. Estimated (Junk) Tonle Sap annual fresh fish production. 

 

 

 

 

 

 

The most striking feature of the table is the prominent role of the algal 
production compared to the terrestrial one. This is because of the high food 
value of the algae compared to the terrestrial production. 

The table below summarises the available fish for spawning for different 
values of CF. Clearly, with the assumptions used, CF = 1 is not a 
sustainable value. Thus CF needs to be between 1.2 – 1.5. Another 
possibility is that COX is higher than assumed in the estimates. For instance 
COX = 0.8 would yield 60‟000 tn more fish annually and the available fish 
for spawning would be 48‟000 tn. 

 

Table 3. Estimated (Junk) Tonle Sap annual total fresh fish production. 

 

Fish CF = 0.1 CF = 0.12 CF = 0.15 

Production tn/y tn/y tn/y 

total fish production 254'478 308'406 391'449 

predation by birds 36'500 36'500 36'500 

fisheries consumption 230'000 230'000 230'000 

remains for spawning -12'022 41'906 124'949 

 

Junk observes that “The last, but most critical assumption is the annual 
recruitment, because food use efficiency depends on the number of young 
fishes.  High numbers of young fishes increase food use efficiency. Many 
species spawn outside the lake upstream in the Mekong River and fry is 
swept in the lake with rising water level. Therefore, varying amounts of 
larvae reaching the lake and its floodplain in different years may explain 
large variations in fish yield despite similar figures in primary production. 
High recruitment rates lead to high numbers of fishes and high use of food 
resources and this is indicated by the CF. I have considered this aspect by 
varying CF. The model reacts very sensitive to this parameter.” The 
importance of recruitment is also highlighted by the “outliers” of the 
statistical analysis (annex, Halls et. al.).  

Another important parameter is the COX. Changing it from 0.5 to 0.8 would 
increase the floodplain algae dependent fish production by 60‟000 tn 
annually for CF = 1. 

 

Fish CF = 0.1 CF = 0.12 CF = 0.15 

Production tn/y tn/y tn/y 

lake algae 129'039 158'418 204'945 

floodplain algae 103'230 127'635 163'959 

floodplain scrubs 22'209 22'353 22'545 

total 254'478 308'406 391'449 



DMS IWRM-tool Report 

 

 63 

 

Figure 39. Lake daily fish production. 

 

 

 

Figure 40. Floodplain daily fish production. 

 

 

 

Figure 41. Total (lake + floodplain) fish production. 
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Figure 42. Fish production over one year. 

 

 

 

Figure 43. Yearly fish production. 

 

Figure 39 - Figure 43 show simulated daily and yearly fish production: The 
lake production varies less than the floodplain production.  The highest 
total production period is around September – November. The yearly lake 
and floodplain algal productions are approximately equal. The total 
production varies between 250‟000 and 350‟000 tonnes of fish. 



DMS IWRM-tool Report 

 

 65 

The results have been obtained using CF = 0.1 and COX = 0.5. The results 
are quite similar to the estimated ones except simulated floodplain algal 
production is 33 % higher than the estimated one (see table below). 

 

Table 4. Estimated (Junk) and simulated average Tonle Sap annual fish 
production. 

 

Fish Estimated Simulated Difference 

Production tn/y tn/y % 

lake 129000 127000 -2 

floodplain algae 103000 137000 33 

terrestrial 22000 23600 7 

 

Figure 44 presents comparison between the modelled yearly total fish 
production and Dai fishery catch. The correlation coefficient is 0.7. It 
should be noted that the real relation between the total Tonle Sap fish 
production and Dai fishery catch is unknown because the total production 
is not well known. The Dai fishery catch obviously reflects total production 
but additional factors such as hydrology may have strong impact on the 
fishing efficiency. 

The Figure 44 eliminates two anomalous years, 2004 and 2005. These 
can‟t be explained by the lake conditions. The issue is discussed in more 
detail in the Halls et. al. annex. In these years Dai fishery catch exceeds 
the modelled total production: 2004 386‟000 tn / 258‟000 tn and 2005 
529‟000 tn / 282‟000 tn. 

 

Figure 44. Comparison between the Dai fishery catch and modelled primary 
procudction. Correlation coefficient = 0.7.  
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The two year anomaly in the fish production indicates a tremendous 
productivity potential in the Tonle Sap system: given right conditions only 
the Dai fishery catch can be double of the estimated average total 
production of the whole lake system. The natural conditions were quite 
similar in the anomalous years 2004 and 2005 to other average years. The 
only difference that has been indicated by the available data is the higher 
juvenile density in the Mekong water flow into the lake. This highlights the 
importance of migratory fish in sustaining the Tonle Sap productivity 
and emphasizes further the importance of longitudinal migration in the 
Mekong system and threats to it by dam construction (barrier impact). 

The anomalous years also highlight the importance of developing the 
fisheries modelling from simple primary based approach to a population 
simulation taking into account recruitment, survival, more detailed growth, 
fishing pressure etc. 

14.2  INDICATOR ANALYSIS 

Productivity of the Tonle Sap ecosystem has different meanings to the 
many stakeholders. It is most often seen as the annual harvest of fish, 
which is the basis of most of the livelihoods and food security in the area. 
Despite half a century of concerted efforts in data collection on the Tonle 
Sap fisheries, no realistic comprehensive data on fish catches in the Tonle 
Sap exist (Lamberts 2006). Direct assessments of the impact of flow 
alterations on the fisheries production are hence not possible, even if the 
biology of the over 100 mostly migratory fish species involved were 
sufficiently well known to allow this. In order to obtain some kind of 
fisheries impact assessment with the current state of information, the best 
option is to use the Dai fish catch data lately recompiled, reprocessed and 
re-analysed by the MRC Fisheries Programme (Halls 2009).  

Obviously one of the main uses of the primary productivity model is in 
understanding fisheries and fisheries impact assessment. Primary 
productivity integrates impacts from hydrology (flooding), hydrodynamics 
(sediment transport) and sediment nutrients. The work for correlating 
flooding, primary production and habitat factors to fish catches needs to be 
established. The indicators that are considered include: 

• flooding 

• phytoplankton 

• periphyton 

• terrestrial vegetation transferred to the aquatic phase 

• sedimentation 

• habitat conditions (oxygen, flow speed etc). 

One of the ways for improved understanding is comparison of different 
indicators and indexes with fish catch. Figure 45 shows Tonle Sap Dai 
fishery yearly catch in comparison to measured influx of Mekong 
Sediments to the Tonle Sap. Similarly for instance flooding index and the 
different model-derived indicator values can be compared with the fish 
catch. 

 



DMS IWRM-tool Report 

 

 67 

 

 

Figure 45. Measured yearly Mekong sediment influx and Dai fishery catch (Dai 
catch data provided by the MRC Fisheries Programme/ Halls 2009). 

Examples of the yearly variation of the modelled indicators is presented 
below in the time series figures. These can be compared to the Dai fishery 
cath. The first figures present physical factors (lake water volume and 
floodplain average water depth, flooded area, and water volume). Naturally 
these are correlated strongly with each other and their utility compared to a 
general flooding index is limited. Productivity time series include lake 
yearly phytoplankton production and floodplain productions.  The last figure 
presents examples of habitat indexes, that is yearly floodplain area that is 
considered critical or better (> 2 mg/l dissolved oxygen) or good (> 4 mg/l) 
in terms of oxygen concentrations. One way to develop the indexes is to 
calculate them for habitats such as near lake edge flooded forest or the 
most important fisheries areas. 

 

 

 

Figure 46. Modelled physical indicators: lake water volume. 
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Figure 47. Modelled physical indicators: floodplain average depth, flooded area 
and water volume.  
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Figure 48. Modelled productivity indicators: lake phytoplankton productivity 
(top) and floodplain productivity (bottom). In the floodplain productivity figure 
black line is periphyton and green one phytoplankton.  
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Figure 49. Modelled habitat indicators: floodplain area with critical (2 mg/l) or 
better dissolved oxygen concentration (red line) and area with good (>4 mg/l) 
concentration. 

 

Model index statistical analysis is represented in detail in Halls et. al. 
annex. Summary of the model index analysis is presented in the table 
below. The anomalous 2004 and 2005 years have been eliminated from 
the analysis because lake conditions don‟t explain the very high fish catch 
in either year (see also the annex). The table shows R2 values 
corresponding to the model (rows) and Dai fishery (columns) indicators. 
The Dai fishery indicators are biomass, fish abundance (CPUE = number 
of fish/Dai/season) and average fish weight (Wbar). The indicators that 
explain best the Dai fishery seasonal biomass are highlighted with orange 
colour (R2 at least 0.8). These are highly significant indicators. The two 
most significant indicators are floodplain sedimentation and floodplain 
phytoplankton production.  
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Table 4. Model indexes and correlation to Dai fishery biomass, fish 
abundance index (CPUE = number of fish/Dai/season) and average fish 
weight (Wbar). Highlighted indicators have 0.8 or better R2-value. 

 

R2 biomass CPUE Wbar 

flood days 0.811 -0.269 0.755 
inflow days 0.222 -0.687 0.696 
av inflow june-sept 0.521 -0.621 0.780 
av net inflow june-sept 0.453 -0.594 0.709 
flooded area 0.871 -0.115 0.649 
flood index 0.897 -0.220 0.760 
phytoplankton lake 0.878 -0.156 0.724 
phytoplankton floodplain 0.920 -0.170 0.759 
periphyton floodplain 0.894 -0.169 0.766 
terrestrial production 0.628 -0.323 0.679 
total primary production 0.844 -0.251 0.776 
oxyg km2 > 4 mg/l 0.794 -0.145 0.632 
sedimentation 0.975 0.087 0.573 
sediment influx 0.870 0.121 0.537 
inflow 0.787 0.103 0.499 

 

14.3  PRIMARY PRODUCTIVITY AND FISHING LOT CATCHES 

The most productive Tonle Sap fishing lots are Battambang lots 1 and 2, 
Pursat lot 1 and Kampong Chhnang lot 2 (personal communication, MRC 
Fisheries Programme, 2009). The fishing lot map is presented in Figure 50. 
The location of the fishing lots can be compared to the modeled 
productivity in Figure 29. The comparison shows that the most productive 
lot, Battambang lot 2, is also highly productive in the model. Battambang 
lot 1 area is even higher productive per unit area in the model. Kampong 
Chhnang lot 2 productivity is probably based on migratory fish catch from 
rest of the lake and it is not meaningful to compare local primary 
productivity with it.  

Lake Chma area is high in productivity in the model and there is at least 
anecdotal indication that also the fisheries there are highly productive, but 
this needs to be verified. 

When considering the relation with fish and primary production one needs 
to take into account at least the following factors: 

 phytoplankton and periphyton play an important role as fish food 
(Campbell et. al. 2010) 

 related to the previous point, not only quantity but the quality of fish 
food plays an important role; for instance dry season lake 
phytoplankton may be a crucial nutrition source for juveniles in the 
beginning of the flood 
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 fish are highly mobile and fish caught somewhere may have utilised 
production in totally different area 

 nature of the habitats plays an important role in fisheries 
production, not only primary production 

 fishing effort may distort natural fisheries production, for instance 
areas more difficult to access with low primary production may 
anyway provide more fish because of low fishing pressure and 
more efficient recruitment. 



DMS IWRM-tool Report 

 

 73 

 

 

Figure 50. Tonle Sap fishing lots (provided by the MRC Fisheries Programme). 
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15  DAM TRAPPING IMPACTS ON FISHERIES 

15.1  SCENARIO IMPACTS ON TONLE SAP FISHERIES 

Because lack of verification and data the fisheries impact analysis should 
be taken indicative only. 

Halls et. al. (annex) estimate based on statistical analysis that the Tonle 
Sap fisheries decline due to sediment trapping in the BDP 20 year dams 
scenario could be 20% - 30% and probably higher. Application of the 
primary productivity based fisheries model gives 36% decline in total fish 
biomass production for year 2004 conditions when Mekong sediment input 
is reduced by 80%. The decline is more pronounced for the lake algae fed 
production, 43% (Figure 51). The reduction varies also quite a lot during 
any year being most pronounced in the dry and early flood season. The 
early flood season is naturally important for the juvenile survival, but the 
productivity model doesn‟t take into account recruitment or fish survival 
history: the fish production in any one moment depends only on the 
available food. 

 

 

Figure 51. Tonle Sap lake fish production with the baseline sediment input (upper 
line) compared to the 20 year dam scenario sediment input. 

 

Figure 52 shows modelled relative fisheries decrease in different parts of 
the basin. Most of the fisheries will be impacted by 40 - 60 % decrease. 
The figure shows also the fishing lots and village access to fishing 
grounds. 
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Figure 52. Fish production change in the 20 year dam scenario. Red color over 
50, yellow 40 – 50, green 20 – 40 and blue 0 – 20 %. Accessed fisheries areas 
from villages indicated with circles. 

 

The main impacts of sediment trapping will be felt in the Mekong Delta and 
sea area because only a very small fraction (5/165 million tonnes annually) 
of Mekong sediment load goes into Tonle Sap. It would be important to 
analyse the Delta impacts with modelling techniques, currently very little is 
known of them. 

15.2  IMPACTS ON INLAND AND COASTAL FISHERIES 

Quantitative and analytical experiences on hydropower impacts on 
fisheries have been collected by Welcomme (River fisheries. FAO 
Fisheries Technical Paper 262. 1985). Welcomme writes about the 
importance of sediments on coastal and pelagic fisheries productivity: 

"The importance of changes in silt and nutrient discharge from rivers on 
larger aquatic systems following damming has been noted from several 
areas. Ryder (1978) traces the decline of the East Mediterranean pelagic 
fishery to the withholding of nutrients in the Nile within Lake Nasser which 
in turn has led to some increase in the yield of the lake (Figure 53).  A 
disastrous decline has been noted in fish production in the Black Sea and 
Sea of Azov since the main inflowing rivers, the Danube, Dnieper and 
Dniester have been subject to increasing control in the form of cascade 
systems (Tolmazin, 1979). This has led to a reduction in the inflow of 
nutrients which used to support large stocks of fish and shellfish in the 
estuarine seas. It has also prevented the discharge of freshwater which 
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formed a well oxygenated layer over the deeper, saline and largely anoxic 
waters." 

"The importance of river inputs into larger aquatic systems is also 
demonstrated by the influence of river flow on pelagic fish catches in Lake 
Kariba. Here highly significant relationships between the wet season flow 
of the nutrient rich tributaries (Gwaai and Sanyati rivers) and the catch in 
the subsequent year were established by Marshall (1982). Variations in the 
flow of the larger but nutrient poor Zambezi did not affect catches to the 
same extent. Although these relationships originated in a reservoir, the 
great flow to volume ratio makes nutrient conditions more closely resemble 
a river. Thus by extension fluctuations in discharge of nutrient rich 
tributaries are also liable to influence the productivity of larger but nutrient 
poor major rivers. This indicates the possible dangers of even 
comparatively small tributary dams for lowering the overall productivity of 
river, lake or even marine ecosystems." 

   

 

Figure 53. Regression of the annual fish catch from Lake Nasser on the annual 
yield of the Eastern Mediterranean fishery four years earlier. (In Welcomme 1985, 
after Ryder and Henderson, 1975) 

15.3  SUMMARY ON HYDROPOWER DEVELOPMENT IMPACTS ON NUTRIENTS, 
PRODUCTIVITY AND FISHERIES 

 Habitats, biodiversity and native species will suffer from changing 
flow and sediment regimes. 

 The sediment trapping will decreased bioavailable phosphorus 
input to the Cambodian floodplains and Delta by 10'000 - 18'000 
tonnes/y. 

 Tonle Sap primary productivity will decrease 50% or more in large 
areas in the lake proper and in the floodplains; this will have 
significant impact on the Tonle Sap fisheries. 
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 Soil fertility and primary productivity will decrease in the Delta 
resulting in significant agricultural losses. 

 Freshwater fisheries will decline significantly due to decreasing 
primary productivity and dam barrier effects on migratory fish. 

 Depending on their location the possible mainstream dams can 
destroy migratory fisheries (Halls et. al. 2009); the barrier impacts 
can't be mitigated with current technologies. 

 Coastal fisheries will decrease significantly due to reduced 
sediment and nutrient input to the sea. 

 Increased fertiliser use in the basin will not necessarily compensate 
for the loss of trapped nutrients; increased chemical fertiliser use is 
not sustainable in the long run and fertiliser prices have 
experienced sharp increase lately. 
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16  KNOWLEDGE GAPS AND ADDITIONAL CONSIDERATIONS 

Current knowledge on Mekong nutrients and productivity have following 
gaps: 

 Delta flood flow, water quality, salinity intrusion, sediment, 
productivity, morphological etc. processes are poorly understood; 
there is need for systematic and comprehensive modelling and 
monitoring effort. 

 Tonle Sap productivity modelling needs to be verified and 
developed. 

 Basin-wide productivity needs to be assessed and modelling 
initiated. 

 Coastal areas need to modelled for erosion, water quality and 
productivity. 

 Detailed reservoir modelling is required for impact analysis, 
economic evaluation, fisheries production, guidance for sediment 
management, multi-purpose optimal operation etc. 

 Sediment sources, especially the 3S, need to be verified. 

 Sediment nutrient sources and fates need to be clarified with field 
studies and modelling. 

 Nutrient cycles need to be understood. 

 Systematic research effort is needed to clarify fisheries functioning 
and improve impact analysis. 

 MRC fisheries valuation work should be continued. 

 Linkage between socio-economic analysis and modelling need to 
be strengthened. 

 Economics of hydropower development require comprehensive and 
critical approach. 

 

In addition to the above list, some of the issues and considerations not 
directly linked to sediments but relevant for the BDP2 process can be listed 
as: 

 Combined impact of climate change, land use change and 
hydropower development need to be analysed. 

 Assumed diversion and irrigation water use decrease dry season 
flows in the hydropower scenarios and produce too low water 
levels; this has consequences on for instance habitat destruction 
analysis. 

 In the hydrological analysis extreme years are more important than 
analysis of averages; especially in dry years hydropower impacts 
are more pronounced and the Mekong system is stressed. 
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 Related to critical conditions, changes in variability and tipping 
points should be analysed instead of focusing on average changes 
only. 

 Short and medium term flow fluctuations are missing from the 
analysis. 

 Salinity intrusion needs to be checked with 3D model which is able 
to describe the saline intrusion process (density, turbulence, 
stratified flow, channel morphology impacts). 
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ANNEX A: ESTIMATION OF THE FISH-PRODUCTION AND 
FISHERY PRODUCTION OF TONLE SAP SYSTEM. 

By 

Wolfgang J. Junk 

Max-Planck-Institute for Limnology, Working Group of Tropical Ecology,  

24306 Plön, Germany 

 

This estimate is a simplified desk-top exercise that bases on a series of 
assumptions about productivity and conversion between trophic levels.  

I assume a mean algal production in the lake: 6 t ha-1 yr-1 dry matter. This 
number corresponds to phytoplankton production given by Schmidt (19??) 
for Castanho Lake in the Amazon River floodplain with similar nutrient 
conditions. 

I assume 75% of algae with a high food value, and 25% of blue-green 
algae with a low food value.  

I assume a Conversion Factor (CF) = 0.1, 0.12 and 0.15 for algae with a 
high food value from one trophic level to the next (directly to fish, to 
zooplankton and fish and from fish to predatory fish, and a CF of 0.001 for 
blue-green algae through the microbial loop. High CF can be expected for 
the “valuable algae path way”, because fish production depends mostly on 
small and young fishes which transfer food uptake very efficiently in growth 
rates.  

Algal production is influenced by light and nutrients, and in the floodplain 
by length and extend of flooding. Nutrient input can be correlated with 
sediment input, but productivity can become limited by light, when 
sediment input is to large. Because of lack of data, I considered a stable 
algal production.  

High and long floods increase productivity of the floodplain because of 
longer aquatic productivity in the floodplain without changing lake 
productivity, because lake area does not change between long and short 
floods.  

I assume an algae production (phytoplankton and periphyton) of 6 t ha-1 yr-

1 dry matter in the flooded scrubland. Data correspond to the data given by 
Putz & Junk (2000) for floodplain scublands in the Amazon River floodplain 
with similar nutrient conditions. 

There are no data on the conversion of leaf material to fish. According to 
data from Amazonian black water forests, I assume a total production of 
leafs, flowers and fruits and herbaceous plants on the floor of 6t ha-1 yr-1  
and a CF of 0.001 for 99% of the leafs, considering a low food value, and a 
CF of 0.1 for 1% of the biomass, belonging to young leafs, flowers, fruits 
and terrestrial invertebrates. This is a conservative estimate.  
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This calculation does not consider lateral exchange between Tonle Sap 
and its floodplain e.g., small scale lateral fish migrations, carbon exchange, 
exchange of dissolved nutrients, etc.. Stable isotope studies may in future 
quantify these fluxes. I assume that destruction of the floodplain will not 
only negatively impact total fish productivity of the entire system but it may 
also reduce lake productivity by cutting of these fluxes.   

There are no data on predation rate by predatory species in Tonle Sap, but 
I assume a low predation rate (25% of the fish production) because 
predatory fish species are kept at a very low level by the fishery (CF = 0.1, 
0.12 and 0.15. This is very conservative, because most of the predators a 
young and quickly growing, and CF of 0.25 – 0.3 can be expected. 

  The last, but most critical assumption is the annual recruitment, because 
food use efficiency depends on the number of young fishes.  High numbers 
of young fishes increase food use efficiency. Many species spawn outside 
the lake upstream in the Mekong River and fry is swept in the lake with 
rising water level. Therefore, varying amounts of larvae reaching the lake 
and its floodplain in different years may explain large variations in fish yield 
despite similar figures in primary production. High recruitment rates lead to 
high numbers of fishes and high use of food resources and this is indicated 
by the CF. I have considered this aspect by varying CF. The model reacts 
very sensitive to this parameter. 

Data on fishery indicate a yield of 230,000 t yr-1. 

Other assumptions: 

Lake area: 2,500 km2 

Floodplain area 12,500 km2 

I assume a mean annual flood period of the entire floodplain of three 
months (few days or weeks in the upper floodplain to 6 months in the 
lowest parts), and strongly hypoxic conditions in one third of the floodplain 
that does little contribute to commercial fish production.”Productive” 
floodplain area 8,000 km2. 

 

A. Productivity in the lake: 

 

Assumption: Mean algal production in the lake: 6 t ha-1 yr-1 dry matter 

(The data on phytoplankton in the lake correspond to the data given by 
Schmidt (19??) for Castanho Lake in the Amazon River floodplain with 
similar nutrient conditions). 

Total algal production in the lake: 250,000ha x 6t = 1,500,000 t  

 

Assumption:  

 2/3 « valuable » algae = 1,000,000 t, rest low value blue greens 

 50% direct transfer into fish, (CF =  0.1) = 50,000 t dry matter (DM) 
fish 

 50% indirect transfer via zooplankton and other invertebrates  = 
5,000 t.DM fish  
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 1/3 blue-green algae of low food value = 500,000 t going through 
microbial loop (CF = 0.001) = 500 t DM fish 

Total fish production in the lake not including predators: 50,000 t + 5,000 t 
+ 500 t DM fish = 55,500 t DM yr-1  

 

Assumption: 25% of the fish are eaten by carnivorous fish species: 13,875 
x 0.1 = 1,388 t carnivorous fish biomass 

 

CF = 0.1 

50,000 + 5,000 + 500 = 55,500 – 13,875 + 1,388 = 43,013 t DM yr-1 fish 
production in Tonle Sap lake with carnivores 

 

Same calculation for CF = 0.12 

60,000 + 7,200 + 500 = 67,700 – 16,925 + 2,031 =  52,806t yr-1 fish 
production in Tonle Sap lake with carnivores 

 

Same calculation for CF = 0.15: 

75,000 + 11,250 + 500 = 86,750 – 21,688 + 3,253 = 68,315 t DM yr-1 fish 
production in Tonle Sap lake with carnivores 

 

 

B. Productivity in the floodplain: 

 

Assumption: Phytoplankton and periphyton production = 6 t ha-1 yr-1 dry 
matter 

(Data on phytoplankton + periphyton in the floodplain correspond to the 
data given by Putz & Junk (2000) for floodplain forests in the Amazon 
River floodplain with similar nutrient conditions). Algae productivity 
depends also on light penetration. Transparency in the floodplain increases 
because of precipitation of inorganic suspended matter, but is 
counteracted by light absorption by leafs and twigs in the floodplain forest.  

The inundation period of the floodplain area of 12,500 km2 varies 
according to the position on the flood gradient and height and length of the 
individual flood. Part of the floodplain is strongly hypoxic. I assume a mean 
flood period of 3 months for 8,000 km2 of the “productive” floodplain with 
suitable oxygen conditions.  

Total algal production in the floodplain: 8,000 x 600 : 4 = 1,200,000 t algae 
yr-1  

 2/3 valuable algae = 800, 000 

 50% direct transfer into fish, (CF = 0.1) = 40,000 DM fish 

 50% indirect transfer via zooplankton (CF = 0.1 x 0.1) = 4,000 DM 
fish  
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 1/3 blue-green algae of low food value 400,000 t going through 
microbial loop (CF = 0.001) = 400 t DM fish 

 

40,000 + 4,000 + 400 = 44,400 t DM fish in Tonle Sap floodplain by algae 
without predators 

 

Assumption: 25% of the fish are eaten by carnivorous fish species  

 

CF = 0.1 

44,400 – 11,100 + 1,110 = 34,410 t DM fish production in the floodplain by 
algae with predators 

 

Same calculation for CF = 0,12 

48,000 + 5,760 + 400 = 54,160 – 13,540 + 1,625 = 42,545 t DM fish 
production in the floodplain by algae with predators 

 

Same calculation for CF = 0,15 

60,000 + 9,000 + 400 = 69,400 – 17,350 + 2,603 = 54,653 t DM fish 
production in the floodplain by algae with predators 

 

 

C. Terrestrial material in the floodplain: 

 

Assumption: 6t ha-1 yr-1 leaf production in the floodplain forest and 
scrubland plus  

herbaceous plants. This is the lower value of leaf litter in Amazonian 
floodplain forests, found in the nutrient poor Negro River floodplain. 
Because of lack of information, I consider the same amount of organic 
material produced in the managed area. Wood is of low food value and is 
not considered in this analysis. 

Total leaf litter and herbaceous plant production in the 8,000 km2  
floodplain: 600 x 8,000 = 4,800,000 t yr-1 dry matter 

Assumption: Because of low food value, most of the material passes 
through the microbial loop. Only 1% is consumed directly (young leafs, 
flowers, fruits and terrestrial invertebrates). I assume a CF of 0.001 for the 
99% and a CF of 0,1 for the remaining 1%, corresponding to 4,752 t and 
4,800 t yr-1 DM fish = 9,552 t yr-1 

Assumption: 25% of the fish are eaten by carnivorous fish species: 9,552 –
2,388 + 239 = 7,403 t  (CF 0,1) 

 

Total fish production by the scrubland CF = 0.1: 7,403 t 
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Same calculation for CF = 0,12: 9,552 – 2,388  + 287 = 7,451 

 

Same calculation for CF = 0,15: 9,552 – 2,388  + 351 = 7,515 

___________________________________________________________
___________________________________________________________ 

 

 

Total fish production in Tonle Sap lake floodplain system  

CF = 0.1 

Lake from algae:     43,013 t yr-1 DM fish x 3 = 129,039 t FM = 
50.7% 

Floodplain from algae:   34,410 t yr-1 DM fish x 3 = 103,230 t FM = 
40.6% 

Floodplain from scrubland:     7,403 t yr-1 DM fish x 3 =   22,209 t FM =  
8.7% 

 

Total:       84,826 t yr-1 DM fish x 3 = 254,478 t 
FM 

84,826 t yr-1 dry matter fish correspond to 254,478 t fresh fish (FM) 
per year.  

 

The estimated total fish production in 250,000 ha lake area + 800,000 ha 
“productive” floodplain area would be 254,478 t fresh weight. 

Mean value fish production of 2,500 km2 lake area plus 8,000 km2 “active” 
floodplain area per hectare: 

254,478,000 kg : 1,050,000 ha  = 242 kg ha-1 FM 

 

Productivity per habitat and food category: 

Lake algae:         129,039,000 kg FM: 250,000 ha (12 month yr-1) = 516 kg 
FM ha-1 yr-1 

Floodplain algae:  103,230,000 kg FM: 800,000 ha (3 month yr-1) = 129 kg 
FM ha-1 yr-1 

Floodplain scrubs: 22,209,000 kg FM: 800,000 ha (3 month yr-1) = 28 kg 
FM ha–1 yr-1 
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Consumption:  

Assumption: There are 50,000 fish feeding birds (cormorants, pelicans, 
herons etc.) with a mean consumption of 2kg fish per day in the entire 
area: 50,000 x 2 x 365 = 36,500,000 kg = 36,500 t 

Total fish production:        254,478 t 

Consumption by birds:        36,500 t 

Consumption by fisheries: 230,000 t 

                                         ___________ 

For spawning      -12,022 t  (migrating and stationary) 

___________________________________________________________
___________________________________________________________ 

 

Total fish production in Tonle Sap lake floodplain system  

CF = 0.12 

Lake from algae:     52,806 t yr-1 DM fish x 3 = 158,418 t FM  = 
51.4% 

Floodplain from algae:   42,545 t yr-1 DM fish x 3 = 127,635 t FM  = 
41.4% 

Floodplain from scrubland:     7,451 t yr-1 DM fish x 3 =   22,353 t FM  =   
7.2% 

 

Total:    102,802 t yr-1 DM fish x3 = 308,406 t 
FM 

 

308,406,000 kg : 1,050,000 ha  = 294 kg ha-1 FM 

 

Productivity per habitat and food category: 

Lake algae:  158,418,000 kg FM : 250,000 ha (12 month yr-1)  = 634 
kg FM ha-1 yr-1 

Floodplain algae:   127,635,000 kg FM : 800,000 ha (3 month yr-1)   =   160 
kg FM ha-1 yr-1 

Floodplain  scrubs:  22,353,000 kg FM : 800,000 ha (3 month yr-1)  =      28 
kg FM ha–1 yr-1 

 

Consumption:  

Total fish production:        308,406 t 

Consumption by birds:        36,500 t 

Consumption by fisheries: 230,000 t 

                                         ___________ 

For spawning        41,906 t (migrating and stationary) 



DMS IWRM-tool Report 

 

 89 

___________________________________________________________
___________________________________________________________ 

 

Total fish production in Tonle Sap lake floodplain system  

Calculation for CF  = 0.15 

 

Lake from algae:     68,315 t yr-1 DM fish x 3 = 204,945 t FM  = 
53.4% 

Floodplain from algae:   54,653 t yr-1 DM fish x 3 = 163,959 t FM  =  
41.9% 

Floodplain from scrubland:     7, 515 t yr-1 DM fish x 3 =  22,545 t FM  =    
5.8% 

 

Total:    130,483 t yr-1 DM fish x3 = 391,449 t 
FM 

 

391,449,000 kg : 1,050,000 ha  = 373 kg ha-1 FM 

 

Productivity per habitat and food category: 

Lake algae:  204,945,000 kg FM : 250,000 ha (12 month yr-1)  = 820 
kg FM ha-1 yr-1 

Floodplain algae:   163,959,000 kg FM : 800,000 ha (3 month yr-1)   =   205 
kg FM ha-1 yr-1 

Floodplain  scrubs:  22,545,000 kg FM : 800,000 ha (3 month yr-1)  =      28 
kg FM ha–1 yr-1 

 

 

Total fish production:        391,449 t 

Consumption by birds:        36,500 t 

Consumption by fisheries: 230,000 t 

                                         ___________ 

For spawning      124,949 t  (migrating and stationary) 
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ANNEX B: FISHERIES ECOLOGY, VALUATION AND 
MITIGATION 

 

 

 

 

 

Sediment effects on fish biomass in 
the Tonle Sap-Great Lake System  

 
Data Analysis Workshop Report  

 

Fisheries Ecology, 
Valuation and 
Mitigation (FEVM) 
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EXECUTIVE SUMMARY 

Studies are currently being undertaken by the MRC (Mekong River 
Commission) Information and Knowledge Management Programme 
(IKMP) and the Detailed Modelling Support (DMS) Project to examine the 
potential effects of dam development in the Mekong Basin on sediment 
transport in the system and the subsequent impacts on primary and 
secondary production.  This report describes the activities, outcomes and 
conclusions of a five-day workshop to examine the effects of sediment 
loading on fish biomass.   These effects are examined using a time series 
(1997-2009) of the annual index of fish biomass for the Cambodian dai 
fishery, hydrological observations for the Tonle-Sap Great Lake (TS-GL) 
System and modeled biotic and abiotic indicators such as sediment load, 
sedimentation, habitat oxygen concentration and primary production. The 
results will be compared in a separate paper with a simple primary and 
secondary productivity model that is based on measured values in the 
Amazon basin and the DMS 3D hydrodynamic, sediment and primary 
productivity model with correlated fisheries production. 

Scatter plot and correlation matrices were used to identify significant 
dependent variables.  Univariate and backward stepwise multivariate 
regression methods were used to estimate linear models that best 
described the response between significant covariates.   

The biomass of fish in the TS-GL appears to be partly dependent upon the 
quantity of larvae drifting into the lake from external (upstream) sources 
and partly dependent upon their growth and survival in the system during 
the flood season.  Whilst factors affecting reproductive success and larvae 
survival in the system remain poorly understood, very high levels of 
recruitment during the 2004/05 and 2005/06 fishing seasons could not be 
readily explained in terms of spawning stock size.  The strong recruitment 
in these two years is therefore likely to reflect favourable environmental 
conditions outside the TS-GL system.  Fish abundance with and without 
these outliers was found not to be significantly correlated with any of the 
explanatory variables examined. This result is consistent with the 
hypothesis that recruitment is determined by spawning stock size in the 
previous year and environmental factors external to the TS-GL system. 
However, mean fish weight, an index of growth performance was strongly 
correlated with the flood index (FI) and model-predicted total primary 
production in the system, although the two variables are correlated (r = 
0.75) since the latter is partly determined by flood extent and duration. 

Omitting the two years when recruitment was very high, the best single 
predictor of fish biomass in the TS-GL system was rate of sedimentation, 
explaining 95 % of the variation in biomass.  However these rates of 
sedimentation are inextricably linked to the extent and duration of flows 
described here by the flood index (FI) and therefore also highly correlated 
(r = 0.92).  The relative importance of these covariates for determining 
inter-annual variability in fish biomass cannot be determined statistically 
with the available data. Determining their relative importance would require 
a wide range of observed sedimentation rates corresponding to flow 
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observations across their expected range including paired observations 
from high flows with low rates of sedimentation, and low flows with high 
rates of sedimentation.  

It is unlikely that such observations are obtainable from natural 
(unmodified) systems. Therefore it may be necessary to design 
experiments to generate the required data, study modified systems where 
such contrast in observations may exist, or simulate a modified system to 
generate the required contrast.  

The basin-wide DMS hydrological and sediment model shows that Mekong 
sediment input to the Tonle Sap will diminish by about 50% when the 
China and tributary dams plans are realized and even 90% when the 
mainstream dams are realized (Sarkkula et. al. b2010). This would mean 
35% – 60% reduction in Tonle Sap sediment input and sedimentation. 
Depending upon the relative importance of the FI and sediment input, fish 
biomass in the TS-GL system available for exploitation could decline by up 
to 20% - 30%. The real reduction would probably be higher because of the 
cumulative reduction of sediments since the statistical model accounts only 
for the effects of sedimentation in a single year. 
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1. INTRODUCTION 

BACKGROUND AND WORKSHOP GOAL  

Many reviews have highlighted the exceptional importance of fish 
resources in the Lower Mekong Basin (LMB).  Compared to other river 
basins, the LMB currently remains relatively undeveloped from a 
hydropower perspective.  However, during the next twenty years, there are 
plans to construct as many as 60 tributary and 11 mainstream dams, and 
expand irrigation projects by some 2 million hectares.   

 The construction of dams for hydropower, irrigation and navigation has 
been a major cause of change to freshwater ecosystems altering flows, 
interrupting ecological connectivity of river systems and fragmenting 
habitats. The impacts of dams on river fisheries resources are varied, often 
profound and typically mediated through the following pathways (World 
Commission of Dams 2000): 

 Interruption of fish migrations and dam passage mortality (barrier 
and passage effects); 

 Modification of flows causing changes to flow volume, timing and 
duration, water chemistry and quality (temperature, dissolved 
gases, sediment load and nutrient concentrations) leading to: 

 Changing habitat availability and quality; 

 Changing primary and secondary production within fish habitats 

The potential barrier and passage effects on fish resources arising from 
proposed mainstream dam development in the basin has been explored in 
detail.  Impacts are likely to be significant affecting more than 30% of the 
exploitable biomass and technically difficult to mitigate (Halls & Kshatriya 
2010).  The effects of flow modification on fish biomass have also been 
explored based upon an analysis of the response of the catch rates of the 
Cambodian dai fishery to inter-annual variation in hydrological conditions in 
the Tonle Sap Great Lake (TS-GL) System.  The results indicate an almost 
linear relationship between flooding extent and duration described by a 
flood index (FI) and annual dai catch rates – an index of fish biomass 
(Halls et al in press). A 10% reduction to the FI is predicted to cause am 
approximately 10% reduction in fish biomass. Research is also currently 
underway to examine the potential impacts of hydropower dam 
development on deep pool refuge habitat (Halls et al in prep).  

Studies are currently being undertaken by the Mekong River Commission 
(MRC) Information and Knowledge Management Programme (IKMP) 
Detailed Modelling Support (DMS) Project to examine the potential effects 
of dam development in the Mekong Basin on sediment loading and 
sediment transport in the system and the subsequent impacts on primary 
production.  Arguably, these studies should form an integral part of 
hydropower dam impact assessment but are currently omitted from the 
existing BDP2 Assessment. Draft reports on the Origin, Fate and Impacts 
of Mekong Sediments and Productivity Modelling (IKMP/DMS Project 
2010) have demonstrated the dramatic effects that dams and reservoirs 
can have on sediment transport and nutrient input to downstream 
ecosystems diminishing both primary and secondary production.  

This report describes the activities, outcomes and conclusions of a five-day 
workshop to examine the effects of sediment loading on fish biomass.   
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These effects are examined using the time series (1997-2009) of the 
annual index of fish biomass for the Cambodian dai fishery described 
above, hydrological observations for the TS-GL System and corresponding 
simulated biotic and abiotic indicators such as sediment load, 
sedimentation, habitat oxygen concentration and primary production 
(Sarkkula et. al  a2010, Sarkkula et. al. b2010, Koponen et. al. 2010).  

PARTICIPANTS 

 

Name Position 

Juha 
Sarkkula 

Team Leader, DMS, MRC 

Jorma 
Koponen 

Senior Modeller, DMS, MRC 

Ashley 
Halls 

ASL, formerly MRC 

Mrigesh 
Kshatriya 

Modelling Expert, formerly WorldFish Center 

Wolfgang 
Junk 

Professor of Limnology, Max Plank Institute 

 

VENUE 

Ischia di Castro, Italy,7th -11th April 2010. 

 

 

MATERIALS AND METHODS 

The effects of rates of sediment input and corresponding primary 
production on fish biomass and related variables were examined using the 
following set of dependent and independent variables: 

 

 

 Variable Units Description / hypothesised effect 

D
e
p
e
n
d
e
n
t 

CPUE 
tonnes/dai/se
ason Index of fish biomass 

CPUE 
number/dai/se
ason Index of fish abundance 

Mean weight kg 

Index of growth performance 

I
n
d
e
p
e
n

Recruitment, Rt number 

Annual estimate of recruits entering TS-GL 
based upon larvae density estimates in the 
TS river and in-flow rates to the Lake.  
Effects fish abundance and biomass. Note: 
only six years of estimates available 
(2004-2009). 

Flood Index, FI km
2
 days Measure of the extent and duration of 
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d
e
n
t 

(
E
x
p
l
a
n
a
t
o
r
y
) 

flooding – sum of daily flooded areas when 
flood is above the average flooded area. 
Potentially influences growth, survival and 
recruitment and therefore biomass. 

Dry Season 
Index, DSI 

km
2
 days 

Measure of the severity and duration of the 
dry season – sum of the flooded area 
below the average flooded area. 
Potentially influences fish survival and 
therefore spawning stock biomass and 
recruitment. 

Flood Start, FS Days 

Relative start time of flood. Number of 
days since Jan 01 to start of flood. 
Potentially effects survival of drifting larvae 
and feeding. 

Flood End, FE Days 

Relative end time of flood. Number of days 
before or after Jan 01 corresponding to 
end of flood. Determines flood duration 
and therefore feeding opportunities. 

Flood Duration, D Days 

Duration of the flood. Number of days 
between flood start and flood end date. 
Potentially effects feeding and growth 
opportunities.  Growth effects may also 
influence size-dependent mortality and 
subsequent recruitment. 

Flood Rise Rate, 
FRR 

m/day 
Rate of flooding. Influences recruitment 
success and colonisable area of floodplain. 

Drawdown Rate, 
DDR 

m/day 
Rate at which waters recede. Influences 
survival rates and therefore subsequent 
recruitment. 

Sedimentation 
rate, SED1 

tonnes/year 

Cumulative input May-January.  Effects 
primary and secondary production via 
biolimiting  nutrient (phosphorus) 
availability and light attenuation through 
the water column. 

Phytoplankton 
Production_Lake, 
PHYTL1 

tonnes/carbon
/year 

Phytoplankton production in the lake.  
Affects secondary production and 
ultimately fish biomass. 

Phytoplankton 
Production_FP, 
PHYTFP1 

tonnes/carbon
/year 

Phytoplankton production on the 
floodplain.  Affects secondary production 
and ultimately fish biomass. 

Periphyton 
production_FP, 
PERIFP1 

 

tonnes/carbon
/year 

Periphyton production on the floodplain.  
Affects secondary production and 
ultimately fish biomass. 

Terrestrial 
primary 
production, 
TERR1 

tonnes/carbon
/year Affects allocthonous input and growth 

performance and fish biomass.   

Total primary 
production, 
TOTAL1 

tonnes/carbon
/year 

Sum of primary production from all 
sources. Affects secondary production and 
ultimately fish biomass. 

Oxic flooded 
area, OXY41  

km
2
 

Sum of daily flooded areas containing 
water having a dissolved oxygen 
concentration exceeding 4 mg/l.  
Determines available habitat for fish 
species unable to tolerate low dissolved 
oxygen concentrations i.e. whitefish and 
greyfish species.  
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Using SPSS (Statistical Package for the Social Sciences) v 11, scatter plot 
and correlation matrices were used to identify significant dependent 
variables.  Univariate and backward stepwise multivariate regression 
methods were used to estimate linear models that best described the 
response between significant covariates.  Exponential functions were also 
fitted in some cases using non-linear least squares.  

 

RESULTS 

All the indices of primary production except the terrestrial component were 
significantly correlated (p < 0.05) with rates of sedimentation in the system 
(SED1) (Table 1).  This is expected given that these rates of production 
depend on sediment nutrients and sedimentation reflects the sediment 
nutrient status of the system (see Koponen et. al. 2010).  

The index of fish biomass (catch per dai per season) was found to be 
significantly correlated only with rates of sedimentation in the system 
(SED1) and annual recruitment to the Lake (Rt Tonle Sap) at the 5 % level, 
but for the latter only for a sub-set of the data (2004-2009) corresponding 
to the available estimates of larvae density (Table 1). At a 10 % 
significance level, fish biomass was also found to be positively correlated 
with the phytoplankton production in the lake (PHYTL1) and the flood rise 
rate (FRR).   

No significant correlations were found between the index of fish abundance 
and any independent variables (Table 1).  

Mean fish weight was significantly correlated with several indices 
describing the hydrology and productivity of the system.  The strongest 
correlations were with the indices of flood extent and duration (FI) and total 
production in the system.  However, these indices are themselves also 
highly correlated (Table 1) with total production predicted to be some 
function of the FI.  The two flood indices in the table (FI_1 and FI_2) are 
derived from two alternative hydrological models of the system. 

The time of indices of fish biomass (and catch) contain two outlying 
observations corresponding to the 2004/05 and 2005/06 fishing seasons 
(Figure 54).  These appear to correspond to very high levels of recruitment 
during these two years.  
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Figure 54 Time series of indices of fish biomass (CPUE) and recruitment (Rt TS) 
in the TS-GL system.    

 

Given the strong correlation between the fish biomass index and the 
estimate of annual recruitment to the fishery each year illustrated in Figure 
1, the biomass of fish in the Lake appears to be largely dependent upon 
the quantity of larvae drifting into the lake from external (upstream) 
sources.  Furthermore, the quantity of larvae in the drift will be dependent 
upon the spawning success at these external upstream locations each 
year.  Spawning success at these locations is likely to be a function of 
spawning stock size, but also environmental conditions that affect 
reproductive success and subsequent larvae survival.  There is evidence 
that spawning stock size is an important factor affecting stock size in 
subsequent years (Figure 55) but other factors affecting reproductive 
success and larvae survival in the system remain poorly understood.  It 
appears that the very high levels of recruitment corresponding to the 
2004/05 and 2005/06 fishing seasons cannot be readily explained in terms 
of spawning stock size.  That is, fish abundance in these years 
(determined by recruitment) appears dis-proportionally high given the 
previous years‟ stock size and deviate significantly from rates predicted by 
the fitted Beverton & Holt stock-recruitment relationship.  It is therefore 
hypothesized that the high levels of recruitment in these two years is likely 
to be the result of environmental factors outside the Lake that favour 
reproductive success and larvae survival.  
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Figure 55 The index of fish abundance in year y plotted as a function of the index 
in the previous year (y-1) with a best fitting Beverton & Holt stock-recruitment 
model: α = 34.96; β = 16.27 (solid line). The broken line shows X = Y i.e. stock 
replacement.  

Because we are principally concerned with processes in the TS-GL system 
that affect fish biomass, it would appear reasonable to omit these two 
outliers from the time series for the purposes of exploring the effects of 
sediment inputs on fish already recruited to the Lake.   

Omitting these two outlying observations from the dataset, the fish 
abundance index remains uncorrelated with any independent variables. 
This result is consistent with the hypothesis that recruitment is determined 
by spawning stock size in the previous year and environmental factors 
external to the TS-GL system (Table 2). Mean fish weight, an index of 
growth performance remained most strongly correlated with the flood index 
(FI) and the predicted total primary production in the system (Table 2). 

The index of fish biomass was most strongly correlated (in descending 
order) with rates of sedimentation (SED1), phytoplankton production in the 
floodplain (PHYTFP1) and the flood index (FI) (Table 2 and Figures 3 & 4).  
However, these three explanatory variables are all highly correlated (Table 
2).  Phytoplankton production is modeled to be a function of light 
penetration limited by sediment concentration and sediment bound nutrient 
availability.  This production together with the FI are functions of the extent 
and duration of flow. The single best predictor of fish biomass in the TS-GL 
system is therefore rate of sedimentation.  The challenge is to determine 
the relative importance of flow (which effectively determines the extent and 
duration of available floodplain habitat) and the nutrient effects of the 
sediment on this habitat. The two variables, flow and sedimentation, are 
strongly correlated because more flow brings more sediment into the 
system. Their statistical separation is not possible with the available data.  
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Figure 56 Fish biomass index plotted as a linear function of (left) rate of 
sedimentation and (right) the flood index (right) with fitted regression models.  
CPUE = 98.65 + 7.929E-05 x Sediment rate (d.f =10; R

2
 = 0.95; p < 0.001) and 

CPUE = - 59431 + 2.742 x FI (d.f =10; R
2
 = 0.80; p < 0.001), respectively. 
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Figure 57 Rates of sedimentation plotted as a function of the flood index with 
fitted regression model, R

2
 = 0.84, p < 0.001. 

 

CONCLUSIONS 

The biomass of fish in the TS-GL is partly dependent upon the quantity of 
larvae drifting into the lake from external (upstream) sources and partly 
dependent upon their growth and survival in the system during the flood 
season.  The number of larvae or recruits entering the system is likely to 
be dependent upon the size of the spawning stock.  Other factors affecting 
reproductive success and larvae survival in the system remain poorly 
understood but the very high levels of recruitment corresponding to the 
2004/05 and 2005/06 fishing seasons cannot be readily explained in terms 
of spawning stock size.  Therefore, strong recruitment in these two years is 
likely to reflect environmental factors outside the TS-GL system that favour 
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reproductive success and larvae survival. A planned analysis of all MRC 
fisheries monitoring programme data in June/July 2010 may provide further 
insights into the scale of these environmental effects on recruitment/year 
class strength in the basin.  

Fish abundance with and without these outliers was found not to be 
significantly correlated with any of the explanatory variables examined. 
This result is consistent with the hypothesis that recruitment is determined 
by spawning stock size in the previous year and environmental factors 
external to the TS-GL system. However, mean fish weight, an index of 
growth performance was strongly correlated with the flood index (FI) and 
model predicted total primary production in the system, although the two 
variables are correlated (r = 0.75) since the latter is partly determined by 
flood extent and duration. Primary production is also dependent on nutrient 
input to the system which correlates strongly with the flood volume. 

Omitting the outlying years from the dataset, the best single predictor of 
fish biomass in the TS-GL system is rate of sedimentation, explaining 95 % 
of the variation.  However these rates are inextricably linked to the extent 
and duration of flows which are described here by the flood index (FI) and 
therefore also highly correlated (r = 0.92).  The relative importance of these 
covariates for determining inter-annual variability in fish biomass cannot be 
determined with the available data.   Determining their relative importance 
would require a wide range of observed sedimentation rates corresponding 
to flow observations across their expected range including paired 
observations from high flows with low rates of sedimentation, and low flows 
with high rates of sedimentation. 

It is unlikely that such observations are obtainable from natural 
(unmodified) systems. Therefore it may be necessary to design 
experiments to generate the required data, study modified systems where 
such contrast in observations may exist, or conduct meta analyses or case 
studies of modified fisheries in other systems. In general it is necessary to 
understand better the system functioning based on primary data, 
modelling, results from other comparable systems and analysis. For 
instance varying flow and sediment input independently in the model would 
provide improved understanding of how primary productivity changes in 
respect to these two factors.  

The basin-wide DMS hydrological and sediment model shows that Mekong 
sediment input to the Tonle Sap will diminish about 50% when the China 
and tributary dams plans are realized and even 90% when the mainstream 
dams are realized (Sarkkula et. al. b2010). This would mean 35% – 60% 
reduction in Tonle Sap sediment input and sedimentation. Depending upon 
the relative importance of the FI and sediment input fish biomass in the TS-
GL system available for exploitation could decline by up to 20% - 30%. The 
real reduction would probably be higher because of the cumulative 
reduction of sediments since the statistical model accounts only for the 
effects of sedimentation in a single year. 
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Table 1 Correlation matrix 

Correlations

1 .803** .163 .919* .237 .401 -.052 -.052 .143 .097 .593 -.440 .626* .518 .266 .288 .044 .221 .117

. .002 .613 .028 .458 .197 .873 .872 .657 .764 .055 .176 .030 .085 .403 .365 .892 .489 .717

12 12 12 5 12 12 12 12 12 12 11 11 12 12 12 12 12 12 12

.803** 1 -.436 .776 -.217 -.056 .344 .389 -.290 -.356 .308 -.511 .329 .314 -.081 .084 -.316 -.203 -.242

.002 . .156 .123 .497 .862 .274 .212 .360 .257 .357 .108 .297 .320 .802 .796 .317 .527 .449

12 12 12 5 12 12 12 12 12 12 11 11 12 12 12 12 12 12 12

.163 -.436 1 .783 .746** .731** -.611* -.719** .716** .742** .448 .258 .458 .363 .667* .444 .600* .774** .603*

.613 .156 . .117 .005 .007 .035 .008 .009 .006 .167 .444 .134 .246 .018 .148 .039 .003 .038

12 12 12 5 12 12 12 12 12 12 11 11 12 12 12 12 12 12 12

.919* .776 .783 1 -.144 .554 .001 .013 -.210 -.102 .546 -.675 .566 .524 .021 .262 -.180 -.094 -.512

.028 .123 .117 . .817 .332 .999 .983 .734 .870 .341 .211 .320 .365 .973 .670 .772 .881 .378

5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5

.237 -.217 .746** -.144 1 .980** -.809** -.906** .864** .917** .432 .231 .798** .595* .764** .462 .445 .712** .894**

.458 .497 .005 .817 . .000 .001 .000 .000 .000 .184 .495 .002 .041 .004 .131 .148 .009 .000

12 12 12 5 12 12 12 12 12 12 11 11 12 12 12 12 12 12 12

.401 -.056 .731** .554 .980** 1 -.731** -.824** .809** .846** .557 .186 .883** .696* .813** .552 .425 .748** .853**

.197 .862 .007 .332 .000 . .007 .001 .001 .001 .075 .584 .000 .012 .001 .063 .168 .005 .000

12 12 12 5 12 12 12 12 12 12 11 11 12 12 12 12 12 12 12

-.052 .344 -.611* .001 -.809** -.731** 1 .880** -.907** -.923** -.140 -.213 -.413 -.149 -.373 -.007 -.256 -.288 -.726**

.873 .274 .035 .999 .001 .007 . .000 .000 .000 .681 .529 .182 .644 .232 .983 .422 .364 .007

12 12 12 5 12 12 12 12 12 12 11 11 12 12 12 12 12 12 12

-.052 .389 -.719** .013 -.906** -.824** .880** 1 -.867** -.972** -.154 -.076 -.563 -.347 -.505 -.166 -.444 -.519 -.826**

.872 .212 .008 .983 .000 .001 .000 . .000 .000 .652 .823 .056 .269 .094 .606 .148 .084 .001

12 12 12 5 12 12 12 12 12 12 11 11 12 12 12 12 12 12 12

.143 -.290 .716** -.210 .864** .809** -.907** -.867** 1 .960** .304 .152 .497 .294 .498 .147 .540 .569 .787**

.657 .360 .009 .734 .000 .001 .000 .000 . .000 .363 .655 .100 .354 .100 .648 .070 .054 .002

12 12 12 5 12 12 12 12 12 12 11 11 12 12 12 12 12 12 12

.097 -.356 .742** -.102 .917** .846** -.923** -.972** .960** 1 .228 .114 .552 .334 .519 .163 .505 .561 .836**

.764 .257 .006 .870 .000 .001 .000 .000 .000 . .499 .738 .063 .289 .084 .613 .094 .058 .001

12 12 12 5 12 12 12 12 12 12 11 11 12 12 12 12 12 12 12

.593 .308 .448 .546 .432 .557 -.140 -.154 .304 .228 1 -.127 .646* .864** .676* .749** .148 .540 .450

.055 .357 .167 .341 .184 .075 .681 .652 .363 .499 . .710 .032 .001 .022 .008 .665 .086 .164

11 11 11 5 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11

-.440 -.511 .258 -.675 .231 .186 -.213 -.076 .152 .114 -.127 1 .040 -.028 .445 .404 -.036 .242 .097

.176 .108 .444 .211 .495 .584 .529 .823 .655 .738 .710 . .907 .934 .170 .218 .917 .473 .777

11 11 11 5 11 11 11 11 11 11 11 11 11 11 11 11 11 11 11

.626* .329 .458 .566 .798** .883** -.413 -.563 .497 .552 .646* .040 1 .866** .809** .688* .175 .634* .667*

.030 .297 .134 .320 .002 .000 .182 .056 .100 .063 .032 .907 . .000 .001 .013 .587 .027 .018

12 12 12 5 12 12 12 12 12 12 11 11 12 12 12 12 12 12 12

.518 .314 .363 .524 .595* .696* -.149 -.347 .294 .334 .864** -.028 .866** 1 .823** .861** .104 .657* .502

.085 .320 .246 .365 .041 .012 .644 .269 .354 .289 .001 .934 .000 . .001 .000 .747 .020 .097

12 12 12 5 12 12 12 12 12 12 11 11 12 12 12 12 12 12 12

.266 -.081 .667* .021 .764** .813** -.373 -.505 .498 .519 .676* .445 .809** .823** 1 .914** .206 .796** .654*

.403 .802 .018 .973 .004 .001 .232 .094 .100 .084 .022 .170 .001 .001 . .000 .521 .002 .021

12 12 12 5 12 12 12 12 12 12 11 11 12 12 12 12 12 12 12

.288 .084 .444 .262 .462 .552 -.007 -.166 .147 .163 .749** .404 .688* .861** .914** 1 .023 .681* .361

.365 .796 .148 .670 .131 .063 .983 .606 .648 .613 .008 .218 .013 .000 .000 . .943 .015 .249

12 12 12 5 12 12 12 12 12 12 11 11 12 12 12 12 12 12 12

.044 -.316 .600* -.180 .445 .425 -.256 -.444 .540 .505 .148 -.036 .175 .104 .206 .023 1 .739** .364

.892 .317 .039 .772 .148 .168 .422 .148 .070 .094 .665 .917 .587 .747 .521 .943 . .006 .244

12 12 12 5 12 12 12 12 12 12 11 11 12 12 12 12 12 12 12

.221 -.203 .774** -.094 .712** .748** -.288 -.519 .569 .561 .540 .242 .634* .657* .796** .681* .739** 1 .584*

.489 .527 .003 .881 .009 .005 .364 .084 .054 .058 .086 .473 .027 .020 .002 .015 .006 . .046

12 12 12 5 12 12 12 12 12 12 11 11 12 12 12 12 12 12 12

.117 -.242 .603* -.512 .894** .853** -.726** -.826** .787** .836** .450 .097 .667* .502 .654* .361 .364 .584* 1

.717 .449 .038 .378 .000 .000 .007 .001 .002 .001 .164 .777 .018 .097 .021 .249 .244 .046 .

12 12 12 5 12 12 12 12 12 12 11 11 12 12 12 12 12 12 12

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

CPUE

(tonnes/dai/season)

CPUE (n/dai/season)

Mean w eight (g)

Rt Tonle Sap

FI_1

FI_2

DSI (km2 days)

Flood Start

Flood End

DURAT1

FRR

DDR

SED1

PHYTL1

PHYTFP1

PERIFP1

TERR1

TOTAL1

OXY41

CPUE

(tonnes/da

i/season)

CPUE

(n/dai/sea

son)

Mean

w eight (g) Rt Tonle Sap FI_1 FI_2

DSI (km2

days) Flood Start Flood End DURAT1 FRR DDR SED1 PHYTL1 PHYTFP1 PERIFP1 TERR1 TOTAL1 OXY41

Correlation is  significant at the 0.01 level (2-tailed).**. 

Correlation is  significant at the 0.05 level (2-tailed).*.  
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Table 2 Correlation matrix without data for 2004/05 and 2005/06 

Correlations

1 .109 .596 -.608 .859** .897** -.456 -.640* .591 .638* .590 .281 .974** .847** .893** .737* .343 .773** .770**

. .764 .069 .584 .001 .000 .186 .046 .072 .047 .094 .464 .000 .002 .000 .015 .331 .009 .009

10 10 10 3 10 10 10 10 10 10 9 9 10 10 10 10 10 10 10

.109 1 -.711* -.985 -.268 -.221 .442 .426 -.411 -.433 -.255 -.036 .102 .248 -.091 .114 -.412 -.249 -.152

.764 . .021 .111 .453 .540 .201 .220 .238 .211 .509 .926 .780 .489 .802 .755 .237 .488 .675

10 10 10 3 10 10 10 10 10 10 9 9 10 10 10 10 10 10 10

.596 -.711* 1 .671 .764* .760* -.608 -.729* .719* .749* .575 .251 .559 .417 .723* .486 .591 .782** .614

.069 .021 . .532 .010 .011 .062 .017 .019 .013 .105 .514 .093 .230 .018 .155 .072 .007 .059

10 10 10 3 10 10 10 10 10 10 9 9 10 10 10 10 10 10 10

-.608 -.985 .671 1 .835 .616 -.967 -.936 .841 1.000** -.239 .216 -.272 -.534 -.233 -.618 -.977 -.999* .236

.584 .111 .532 . .371 .578 .163 .229 .364 .005 .846 .862 .824 .641 .850 .576 .136 .028 .849

3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

.859** -.268 .764* .835 1 .992** -.814** -.910** .866** .920** .530 .176 .883** .631 .764* .453 .469 .708* .895**

.001 .453 .010 .371 . .000 .004 .000 .001 .000 .142 .650 .001 .051 .010 .189 .171 .022 .000

10 10 10 3 10 10 10 10 10 10 9 9 10 10 10 10 10 10 10

.897** -.221 .760* .616 .992** 1 -.754* -.857** .823** .870** .588 .238 .919** .697* .825** .543 .465 .757* .880**

.000 .540 .011 .578 .000 . .012 .002 .003 .001 .096 .537 .000 .025 .003 .105 .176 .011 .001

10 10 10 3 10 10 10 10 10 10 9 9 10 10 10 10 10 10 10

-.456 .442 -.608 -.967 -.814** -.754* 1 .881** -.907** -.923** -.247 -.137 -.505 -.191 -.385 -.011 -.245 -.278 -.723*

.186 .201 .062 .163 .004 .012 . .001 .000 .000 .522 .725 .136 .598 .272 .977 .496 .436 .018

10 10 10 3 10 10 10 10 10 10 9 9 10 10 10 10 10 10 10

-.640* .426 -.729* -.936 -.910** -.857** .881** 1 -.870** -.972** -.282 .089 -.685* -.409 -.506 -.162 -.450 -.510 -.817**

.046 .220 .017 .229 .000 .002 .001 . .001 .000 .462 .820 .029 .241 .136 .655 .192 .133 .004

10 10 10 3 10 10 10 10 10 10 9 9 10 10 10 10 10 10 10

.591 -.411 .719* .841 .866** .823** -.907** -.870** 1 .962** .407 .078 .571 .326 .506 .147 .547 .564 .787**

.072 .238 .019 .364 .001 .003 .000 .001 . .000 .277 .842 .085 .359 .135 .686 .102 .090 .007

10 10 10 3 10 10 10 10 10 10 9 9 10 10 10 10 10 10 10

.638* -.433 .749* 1.000** .920** .870** -.923** -.972** .962** 1 .349 -.013 .654* .383 .523 .160 .512 .553 .831**

.047 .211 .013 .005 .000 .001 .000 .000 .000 . .357 .973 .040 .275 .121 .659 .131 .098 .003

10 10 10 3 10 10 10 10 10 10 9 9 10 10 10 10 10 10 10

.590 -.255 .575 -.239 .530 .588 -.247 -.282 .407 .349 1 .130 .584 .842** .775* .796* .267 .642 .609

.094 .509 .105 .846 .142 .096 .522 .462 .277 .357 . .740 .099 .004 .014 .010 .487 .062 .081

9 9 9 3 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9

.281 -.036 .251 .216 .176 .238 -.137 .089 .078 -.013 .130 1 .258 .191 .473 .516 -.126 .221 -.060

.464 .926 .514 .862 .650 .537 .725 .820 .842 .973 .740 . .503 .622 .199 .155 .747 .568 .879

9 9 9 3 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9

.974** .102 .559 -.272 .883** .919** -.505 -.685* .571 .654* .584 .258 1 .859** .865** .700* .280 .709* .784**

.000 .780 .093 .824 .001 .000 .136 .029 .085 .040 .099 .503 . .001 .001 .024 .433 .022 .007

10 10 10 3 10 10 10 10 10 10 9 9 10 10 10 10 10 10 10

.847** .248 .417 -.534 .631 .697* -.191 -.409 .326 .383 .842** .191 .859** 1 .860** .877** .166 .698* .564

.002 .489 .230 .641 .051 .025 .598 .241 .359 .275 .004 .622 .001 . .001 .001 .646 .025 .090

10 10 10 3 10 10 10 10 10 10 9 9 10 10 10 10 10 10 10

.893** -.091 .723* -.233 .764* .825** -.385 -.506 .506 .523 .775* .473 .865** .860** 1 .912** .262 .811** .656*

.000 .802 .018 .850 .010 .003 .272 .136 .135 .121 .014 .199 .001 .001 . .000 .465 .004 .039

10 10 10 3 10 10 10 10 10 10 9 9 10 10 10 10 10 10 10

.737* .114 .486 -.618 .453 .543 -.011 -.162 .147 .160 .796* .516 .700* .877** .912** 1 .069 .691* .359

.015 .755 .155 .576 .189 .105 .977 .655 .686 .659 .010 .155 .024 .001 .000 . .851 .027 .308

10 10 10 3 10 10 10 10 10 10 9 9 10 10 10 10 10 10 10

.343 -.412 .591 -.977 .469 .465 -.245 -.450 .547 .512 .267 -.126 .280 .166 .262 .069 1 .760* .374

.331 .237 .072 .136 .171 .176 .496 .192 .102 .131 .487 .747 .433 .646 .465 .851 . .011 .286

10 10 10 3 10 10 10 10 10 10 9 9 10 10 10 10 10 10 10

.773** -.249 .782** -.999* .708* .757* -.278 -.510 .564 .553 .642 .221 .709* .698* .811** .691* .760* 1 .576

.009 .488 .007 .028 .022 .011 .436 .133 .090 .098 .062 .568 .022 .025 .004 .027 .011 . .081

10 10 10 3 10 10 10 10 10 10 9 9 10 10 10 10 10 10 10

.770** -.152 .614 .236 .895** .880** -.723* -.817** .787** .831** .609 -.060 .784** .564 .656* .359 .374 .576 1

.009 .675 .059 .849 .000 .001 .018 .004 .007 .003 .081 .879 .007 .090 .039 .308 .286 .081 .

10 10 10 3 10 10 10 10 10 10 9 9 10 10 10 10 10 10 10

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

CPUE

(tonnes/dai/season)

CPUE (n/dai/season)

Mean w eight (g)

Rt Tonle Sap

FI_1

FI_2

DSI (km2 days)

Flood Start

Flood End

DURAT1

FRR

DDR

SED1

PHYTL1

PHYTFP1

PERIFP1

TERR1

TOTAL1

OXY41

CPUE

(tonnes/da

i/season)

CPUE

(n/dai/sea

son)

Mean

w eight (g) Rt Tonle Sap FI_1 FI_2

DSI (km2

days) Flood Start Flood End DURAT1 FRR DDR SED1 PHYTL1 PHYTFP1 PERIFP1 TERR1 TOTAL1 OXY41

Correlation is  significant at the 0.01 level (2-tailed).**. 

Correlation is  significant at the 0.05 level (2-tailed).*. 
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