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ABSTRACT

Access  to water is crucial for a sustainable society, but in many developing countries
this unique resource is declining due to too fast development and rapid urbanisation.
Mainly due to this, the natural urban channels of Vientiane, Lao PDR,  are reconstructed
and thus the urban water quality degrades facing a disastrous development. 

The objectives of this study is to get applicable findings that could enhance degraded
important water quality parameters (nutrient concentrations and oxygen level) in the
reconstructed channels in the city of Vientiane, Lao PDR.  

In order to achieve this, two extreme channel conditions in Vientiane (one reconstructed
and one natural) were compared regarding the influence of some present factors (i. e.
Eichhornia crassipes (Mart.) Solms; and/or sediment) that could affect water quality.

Subsequently, an assessment of  feasible management solutions regarding introduction
of different macrophytes (Eichhornia crassipes (Mart.) Solms, Ipomoea aquatica Forsk.,
Lemna minor L., and Hydrilla verticillata L.f. (Royle)) to the most extreme condition
were accomplished in order to increase nitrogen removal and oxygen concentration in
the reconstructed urban evacuation channels of Vientiane.

The overall conclusions from this study are that aquatic macrophytes significantly
remove nutrients from the watermass, that presence of oxygen is crucial for water quality
in the channels, and that submerged macrophyte H. verticillata is superior in increasing
oxygen concentration in the water mass and thus increase water quality in the city of
Vientiane.

SAMMANFATTNING

Tillgång till vatten är en avgörande faktor för ett hållbart samhälle, men i flertalet
utvecklingsländer är denna tillgång minskande på grund av alltför snabb
samhällsutveckling och urbanisering. Framförallt på grund av detta  kanaliseras de
naturliga vattendragen i staden Vientiane, Laos, och därav försämras vattenkvaliteten
som nu står inför en katastrofal utveckling.

Syftet med denna undersökning är att finna tillämpbara resultat som skulle kunna
förbättra den försämrade vattenkvaliteten (hög näringsbelastning och låg syrehalt) i de
kanaliserade vattendragen i Vientiane, Laos.

För att kunna göra detta undersöktes och jämfördes två extrema kanallösningar i
Vientiane (en kanaliserad och en naturligt orörd) gällande olika faktorers (förekomsten av
vattenhyacint, Eichhornia crassipes (Mart.) Solms; och/eller förekomsten av sediment)
påverkan på vattenkvaliteten.

Efter detta bedömdes möjligheten att introducera olika makrofyter (Eichhornia crassipes
(Mart.) Solms, Ipomoea aquatica Forsk., Lemna minor L. och Hydrilla verticillata L.f.
(Royle)) för att kunna höja syrgaskoncentrationen och kvävebortförseln i dessa
kanaliserade vattendrag.

De samlade slutsatserna från denna undersökning är att akvatiska makrofyter till stor del
tar upp näringsämnen ur vattenmassan, att syre är avgörande för vattenkvaliteten i
dessa kanaler samt att den submersa makrofyten H. verticillata är överlägsen gällande
att öka syrgaskoncentrationen i vattenmassan och därav förbättra vattenkvaliteten i
Ventianes kanaler och våtmarker.

3 (33)



Olsson AE. 2004.  Fate of Nutrients in Two Different Urban Channel Designs in Vientiane, Lao PDR.

TABLE OF CONTENTS

1  INTRODUCTION  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  6

1.1  Background .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   6

1.2  Principal roles of aquatic macrophytes.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . .  .  .  . 6

Direct water quality influences by macrophytes

Other effects by macrophytes on watermass and aquatic ecosystems 

Nutrient assimilation and growth of macrophytes

1.3  The role of oxygen.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .8

1.4  Nitrogen and phosphorous in limnic ecosystems.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  8

1.4.1  Nitrogen fractions and transformations

1.4.2  Phosphorous fractions and transformations

1.5  Enhancing water quality and nutrient removal in the 

reconstructed channels of Vientiane .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 12

1.6  Objectives and hypotheses. .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 13

2  MATERIALS AND METHODS.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  ..  .  .  .  .  .  .  .  .  .  .  .  . 14

2.1  Study location  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  ..  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 14

Lao PDR and Vientiane

Climate and hydrology

2.2  Study objects .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  ..  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 15

Sihom channel

Nam Pasak 2 stream

2.3  Studied macrophytes  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  ..  .  .  .  .  .  .  .  .  .  . 16

Eichhornia crassipes

Ipomoea aquatica

Lemna minor

Hydrilla verticillata

2.4  Experimental set-up  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  ..  .  .  .  .  .  .  .  .  .  .  .  .  .  . 17

2.4.1  Channel experiment  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  17

Objectives

Set-up

Sampling

Data preparation

2.4.2  Macrophyte feasibility experiment .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 19

Objectives 

Set-up

Sampling

Data preparation

4 (33)



Olsson AE. 2004.  Fate of Nutrients in Two Different Urban Channel Designs in Vientiane, Lao PDR.

2.5  Overall methodology .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 20

Data preparation

Chemical analyses 

Additional methods

Statistical analyses

2.6  Limitations and assumptions  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  21

3  RESULTS   .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 22

3.1  Channel experiment – prevailing conditions.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 22

Oxygen

3.2  Channel experiment .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 23

Nutrient removal

Oxygen

Growth rate

3.3  Macrophyte feasibility experiment .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  24

Nutrient removal

Oxygen

3.4  Additional findings.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 25

Oxygen

Temperature

Growth rates

4  DISCUSSION  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 26

4.1  Nutrient retention  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 26

4.2  The role of oxygen .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 27

4.3  Growth and assimilation .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 27

4.4  Temperature.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 27

4.5  Suggestions for further research.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .   28

5  CONCLUSIONS.  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 29

ACKNOWLEDGEMENTS .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 30

REFERENCES .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  31

Publications and unpublished reports

Personal communication

5 (33)



Olsson AE. 2004.  Fate of Nutrients in Two Different Urban Channel Designs in Vientiane, Lao PDR.

1 INTRODUCTION

1.1 Background

Wetlands and natural channels in tropical and subtropical areas are generally proven exceptionally efficient in

sewage and wastewater treatment, due to long retention time and large contact area between water and substrate

that favor microbiologically mediated nutrient retention (Gambrell, quoted from David et al., 1997; Brix, 1997);

and high temperature and light conditions that increase assimilation and microbial activity, all giving an

efficiency and economical feasibility for application in small communities (Aoyama and Nishizaki, 1994; Reddy et

al., 1989, Tripathi et al., 1991). Brix (1997) claims that macrophyte primary productivity is globally among the

highest in aquatic ecosystems, and high biodiversity, groundwater recharge, water supply, and sedimentation of

silt are other important benefits from such areas (Hollis et al., 1993). 

Urban channels and associated wetlands of Vientiane, capital of Laos Peoples' Democratic Republic, have  for

centuries served as important multi-purpose areas. These dense vegetated areas have functioned as sewage and

wastewater treatment areas, flood protective hydrological buffers, and important food sources as well as a

nutrient sink due to local small-scale harvesting (Claridge, 1996; J. Lacorsière, pers. comm.). 

However, Vientiane’s wetlands and natural channels are in the traits of urbanization and development being

reconstructed (i. e. rectified, channelized, lined with concrete, and emptied from vegetation), mainly in order to

mitigate flooding problems during the rainy season and reduce health risks during the dry seasons  (Downey,

1996), and to reduce pollution by human and domestic waste (UNCDF, 1997). In 1991 an urban reconstruction

project, “Rehabilitation of Sihom Area”, was initiated in Vientiane in order to improve the living conditions for

some 9000 people living in the 52 ha Sihom area (UNCDF, 1997 ; E. Roy, pers. comm.). 

Nevertheless, when these evacuation channels were designed, neither the wastewater treatment aspects nor

many of the ecological impacts were taken into major consideration. Flooding within the city has partially been

reduced, but the reconstruction have caused secondary and tertiary effects: water quality, biodiversity and food

production capacity in these aquatic systems steadily decline (J. Lacoursière, pers. comm; pers. obs.). For the

Laotians this may become a severe problem, which could become even worse considering the degrading multi-

purposes of their urban channels and wetlands. With lesser or no vegetation, and decreased inundated area, the

concomitant decrease in water quality could be devastating for the aquatic ecosystem and the livelihood of the

Laotians.

Findings from the Sihom rehabilitation project have been utilized in planning urban development programmes in

Laos (UNCDF, 1997), and urban channels throughout Vientiane and other major cities in the Lower Mekong

Valley may and will be reconstructed in similar ways (Lao Embassy, 1998; E. Roy, pers. comm.).

1.2 Principal roles of aquatic macrophytes

The vegetation cover of a wetland could be regarded as a thick, active biofilm between the atmosphere and the

hydrosphere (Brix, 1997). Macrophytes (defined as larger aquatic plants including aquatic vascular plants,
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aquatic mosses, and some macroalgae) have, more or less deliberately, been used world wide in energy and cost

efficient (yet area consuming) sewage treatment plants throughout the entire treatment process (Westlake, 1963).

Direct water quality influences by macrophytes

Macrophytes will increase nitrification due to increased oxygen concentration in water mass and sediment

(Gumbricht, 1993; Reddy et al., 1989; Rysgaard et al., 1994), and induced coupled (i.e. sequential) nitrification-

denitrification by providing substrate for nitrogen removing epiphytic microorganisms on their submerged parts

(Eriksson and Weisner, 1997), since microbial processes  in wetlands to a great extent take place in biofilms (Brix,

1997). Other processes  that are promoted by macrophytes are assimilation of ammonium, nitrate, and phosphate

(Aoi and Hayashi, 1996; Brix, 1997; Ho and Wong, 1994; Reddy et al., 1989; and others), subsequently

producing organic material, which provides detritus as an energy source (i.e. electron donor) for denitrifying

bacteria (David et al., 1997; Hoffman, 1997). Macrophytes will also increase sedimentation and reduce re-

suspension of suspended solids by reducing wind- and water velocity (Brix, 1997; Gumbricht, 1993).

Simultaneously the retention time is increased which increases the microbiologically mediated nutrient retention

even more (Leonardsson, 1994). However, macrophytes can decrease nutrient removal through decreased

oxygen diffusion due to reduced wind-induced aeration (Brix, 1997)  or formation of a physical gas diffusion

barrier (Sooknah, 2000).

Other effects by macrophytes on watermass and aquatic ecosystems 

Presence of macrophytes can increase biodiversity, i. e. improve habitats for fish, bird, and other fauna (Brix,

1997), which may decrease abundance of e. g. mosquito larvae and snails, and therefore some aquatic vector

borne diseases (Reddy et al., 1989). Macrophytes can also decrease water temperature by shading from the

canopy (which increases the solubility of oxygen), and decrease growth of phytoplankton by competition for

light and nutrients (Scheffer et al., 1993). Furthermore, macrophytes can decrease total coliforms (Ho and Wong,

1994), absorbs organic pollutants such as phenols (Reimer, 1984) or some pesticides (Sooknah, 2000), reduce

odor (Reddy et al., 1989) and increase aesthetic pleasure (pers. obs.).

Nutrient assimilation and growth of macrophytes

The growth rate of the macrophytes, and thus the assimilation of nutrients, is dependent on temperature, light,

plant density, and nutrient concentration (Aoyama and Nishizaki, 1993; Imaoka and Teranishi, 1988). However,

there is a big difference between different macrophytes in their ability to and efficiency in produce oxygen and

assimilate nutrients (Reddy et al., 1989), as well as to provide substrate for periphyton (Eriksson and Weisner,

1997). 

Traditionally have tropical floating macrophytes been used efficiently in sewage treatment, and for optimal use

plant removal processes  are demanded, including transportation and processing (Reddy et al, 1990). This,

however, is expensive, and practical use of commonly used Eichhornia crassipes (Mart.) Solms for fodder has

often been shown to be impractical because of  low palatability and nutritional value (Reimer, 1984).

Fermentation of plants for production of biogas and fertilizer has giving varying results (Aoyama and Nishizaki,

1993; NAS, 1976).
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1.3 The role of oxygen

Dissolved oxygen is essential for metabolic respiration of heterotrophic aquatic organisms, and presence or

absence of oxygen affects transformations of nutrients (Gumbricht, 1993). Solubility of oxygen in water depends

predominantly upon temperature but also ambient pressure and salinity. Oxygen is added to and removed from

the watermass in several ways.

Diffusion from the atmosphere has been shown to be very slow in standing and slow or homogeneous flowing

water since mixing, and thereby increased contact area, is crucial for exchange of gases between the atmosphere

and the water mass (Reimer, 1984). Oxygen transport via macrophytes through the lacunae system and

aerenchyma tissue has been estimated to different rates. Hoffmann (1997) and Brix (1997) suggested that this

transport is mainly to maintain oxic conditions in the roots and rhizomes, and that only a lesser amount of

oxygen is released to the surrounding water mass and sediment. Reddy et al. (1988) found that presence of E.

crassipes decreases oxygen concentration in the water, but on the contrary Reddy et al. (1989) and Sooknah

(2000) found net positive oxygen transport through E. crassipes in wastewater ponds resulting in induced

nitrification. 

Armstrong and Armstrong (quoted from Brix, 1997) found that aquatic macrophytes with convective flow-

through mechanism (e. g. emergent, rooted plants like reed) have a higher oxygen concentration in their roots

and rhizomes than other species, and should therefore be potentially more efficient in transporting oxygen.

Similar observations have been made by Farahbakhshazad and Morrison (1997) and others, who found excess

oxygen transport through emergent macrophytes to be accompanied by increased sediment nitrification. 

Photosynthesis  produces oxygen when autotrophes use solar energy to incorporate inorganic carbon. Since this

process is light-dependent, it only occurs in the photic zone at daytime. When abundant, submerged

macrophytes as well as phytoplankton and epiphyton may be of significant importance regarding oxygen levels

in the water (Reimer, 1984). 

Oxygen is consumed when animals, plants, and some kinds of bacteria respire (Reddy et al., 1989), or when

chemical or biological matter is decomposed in the sediment or water mass. Sediments can be anaerobic or

aerobic at various depths or in microzones, depending on e. g. oxygen demand from decomposing matter

(Wetzel, 1983), bioturbation by benthic invertebrates or presence of roots (Svensson, 1998).

1.4 Nitrogen and phosphorous in limnic ecosystems

Nitrogen and phosphorous may both be limiting nutrients for primary production in limnic ecosystems,

depending on the least abundant substance according to the Redfield ratio (Redfield, quoted from Falkowski,

2000). Thus, increase of a limiting nutrient (e. g. by wastewater input), may increase productivity that eventually

may reduce water quality as a result of oxygen depletion caused by oxygen demand from decaying dead matter

in the sediment. 

In aquatic channels and wetlands there are several major and minor processes  involved in retention of nitrogen

and phosphorous fractions from the water mass. Briefly, these processes  are primarily depending upon physical
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parameters like oxygen concentrations and redox conditions; microbial activity in the sediment and water mass;

and primary production and frequent harvesting (Ho and Wong, 1994; Reddy and D'Angelo, 1990). As a

concequence, in unharvested areas microbiologically mediated nitrogen removal and accumulative phosphorous

removal processes  will dominate (Gumbricht, 1993). In harvested areas, the relative importance of nutrient

removal by assimilation and concomitant harvesting can proceed at approximately equal rates (Gumbricht, 1993).

1.4.1 Nitrogen fractions and transformations

Ammonium (NH4
+); nitrate (NO3

-); and organic nitrogen (Norg) are dominating limnic fractions of nitrogen. Major

processes  (indicated by bold fonts in the text) and vital fractions are schematically illustrated in Fig. 1.

Ammonium is produced through several processes, e.g. from bacterial decomposition of organic nitrogen, or as

an excretory product from animals (including humans). During anoxic conditions ammonium is the dominating

fraction of the inorganic nitrogen pool. Ammonium ions and ammonia are in equilibrium at pH=9.23 (pKa=9.23),

i.e. the higher pH the more ammonia is formed and eventually evaporated (volatilization).

Ammonium assimilation is uptake of ammonium by macrophytes, phytoplankton, and bacteria to biomass.

Ammonium is the most energy efficient and therefore preferred nitrogen source for macrophytes and

phytoplankton (Aoi and Hayashi, 1996; Reddy et al., 1988; Sooknah, 2000). Nitrification is a sequential two-step

microbiological oxidation of ammonium, via nitrite (by Nitrosomonas spp.), to nitrate (by Nitrobacter spp.). This

oxidation releases energy for incorporation of inorganic carbon into biomass of the nitrifying chemoautotrophic

bacteria, and this is the predominant source of nitrate in most ecosystems (DeLaune et al., quoted from Kemp

and Dodds, 2001). Nitrification is strictly aerobic and inhibited at oxygen concentrations below 2-6 mg/l (21-57 %

saturation, recalculated from Kemp and Dodds, 2001). Rysgaard et al.(1994) found potential nitrification maxima

between 4,8 and 12,8 mg l-1 (54-143 % saturation) and pointed out limitations by temperature, ammonium

concentration, and abundance of nitrifying bacteria. Strauss (quoted from Kemp and Dodds, 2001) found that

nitrification is also limited by ammonium and pH. Furthermore, ammonium can be accumulated to, or released

from, soil particles by cation exchange processes  (Hoffman, 1997).

Nitrate assimilation is not favored compared to ammonium assimilation (Aoi and Hayashi, 1996; Reddy et al.

1988; Sooknah, 2000), because it is less energy-efficient because nitrate- and nitrite reductase has to be

produced by the organism in order to reduce nitrate via nitrite to ammonium (Brönmark and Hansson, 1998).

Dissimilative reduction of nitrate to ammonium (DRNA) is an anaerobic process that could take place in

environments with very low redox potentials (Davidsson, 1997; Eriksson and Weisner, 1997), performed by e.g.

facultative, anaerobic sulphate-reducing bacteria (Binnerup et al., 1992; L. Leonardsson, pers. comm.).

Nitrite is an intermediate radical product formed during nitrification. The concentration of nitrite is normally low

in water and it is rarely accumulated, because it is rapidly oxidized (Hoffman, 1997; Wetzel, 1983).

Organic nitrogen (Norg) originates from assimilation of ammonium or nitrate by macrophytes, phytoplankton, or

bacteria. Fixation of dissolved molecular nitrogen gas (N2) is a highly energy intensive process which can be

performed by cyanobacteria (Fogg et al., quoted in Wetzel, 1983), actinomycetes, or nitrogen fixing crops,

primarily during nitrogen-limiting conditions.
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Figure  1. Schematic  nitrogen  cycling  in  sediment,  water,  and atmospheric  phases  of limnic  environments.
Gray boxes are processes, white rounded boxes are fractions of the nitrogen pool. Double arrows indicate reversible
processes, fat  dotted lines are coupled nitrification-denitrification  processes, thin dotted lines are minor processes. Fat dot
is accumulation (by cation exchange) to  PM = particulate matter.  See text  for further details.

Sedimentation brings dead organic matter to the sediment surface where it is consumed by benthic or bottom-

feeding animals, or bacterially decomposed. Subsequently, ammonium is released to either water mass or

sediment interstitial water during ammonification.

1.4.2 Phosphorous fractions and transformations

Phosphorous in water originates from runoff, excretion, internal loading, and decomposition of organic matter.

Phosphorous is normally the limiting nutrient in limnic ecosystems (Schindler, 1974), and it is to a major extent

bound to particles (Hoffman, 1997). Major processes  (indicated by bold fonts in the text below) and vital

fractions are schematically illustrated in Figure 2.
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Figure  2. Schematic  phosphorous  cycling  in  sediment  and water phases  of limnic  environments. Gray 

boxes are major processes, white rounded boxes are major fractions of the phosphorous pool. Double arrows indicate

reversible processes. Fat dots are accumulation to: Carb = carbonates; PM= particulate matter; ME = metal ions. See 

text  for further details.

Phosphate here refers here to dissolved orthophosphate (anions of H2PO4), also labelled SRP (soluble reactive

phosphorous), which is available for phosphate assimilation by primary producers. Generally, phosphate is the

limiting nutrient for primary production in limnic ecosystems. The concentration of phosphate in the water is in

equilibrium through diffusion with the concentration of phosphate in the sediment interstitial water. Phosphate

could form more or less insoluble compounds (accumulation, i. e. precipitation or sorption) with hydrous metal

ions (primarily from iron, manganese, and aluminium), carbonates, or particulate matter. Specific conditions are,

however, required regarding high redox potential and oxygen concentration (lower threshold of DO, dissolved

oxygen, is approximately 1 mg l-1; NRRI 1999). This will also increase sorption to metal ions, and high pH induces

formation of precipitated CaCO3 from dissolved CO2, HCO3
-, CO3

2- and Ca2+ (Hoffman, 1997). Accumulation to

organic colloids and mineral particles (such as clays) can occur in the sediment under similar conditions

(Hoffman, 1997). These accumulation processes  are all reversible, and if the environment changes to more

reducing or acidic conditions internal loading (release) of phosphate from the sediment to the water mass can
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occur (Hoffman, 1997), which also could leak phosphate by diffusion when equilibria of phosphate between the

sediment interstitial water and the water mass is changed in any way (Reddy et al., 1990; Reimer, 1984). Internal

loading could be permanently prevented by removal of sediment, e.g. by dredging (Björk, 1988).

Organic phosphorous (Porg) is the most common fraction of phosphorous in freshwater (APHA, 1998), and

formed by assimilation. Sedimentation is sedimentation of organic matter, which is decomposed, and phosphate

is released to the watermass and/or the sediment interstitial water during mineralization.

1.5 Enhancing water quality and nutrient removal in the reconstructed channels of Vientiane

When optimizing channels and wetlands for nitrogen and phosphorous removal, two problems are faced. One is

the important role of oxygen. Briefly, nitrification of ammonium and accumulation of phosphate and ammonium

cannot occur under anaerobic conditions. However, for true nitrogen removal nitrification should be followed by

denitrification which is a strictly anaerobic process. This dilemma could partially be solved by co-presence of

aerobic and anaerobic areas; either as macrozones with spatial separation of shallow, aerobic areas from deeper,

anaerobic areas, or micro-zones in sediment or epiphyton (Eriksson and Weisner, 1997; Reddy et al., 1989; Duff

et al. ,quoted from Gumbricht, 1993). High nitrification-denitrification rates in periphyton at diurnal aerobic-

anaerobic shifts is another possibility. Moreover, when organic carbon is utilized as an electron donor in the

denitrification process (which is the most usual case) this, of course, results in less organic matter and perhaps a

concomitant release of accumulated phosphate and ammonium.

Another problem is assimilation as only a temporary storage. Due to the rapid turnover of macrophytes,

assimilation does not actually remove the nutrients from the water mass. Hoffman (1997) found that 35-75% of

nutrients recovered annually to the water come from mineralization, and Reddy and D'Angelo (1989) found that

66% of nitrogen and 47% of phosphorous is recycled into the water mass annually in unharvested E. crassipes

ponds. This could only be prevented by applying removal procedures such as harvesting or grazing (the latter

only if nutrients are not again recycled into water).

Water in the devegetated concrete channels of Vientiane is anoxic and rich in organic nutrients and reduced

inorganic nitrogen fractions. Primary production is probably limited by phosphorous (see Table 1). Moreover,

the waterflow is laminar and homogeneous (pers. obs.), which decreases mixing of air and water. The underlaying

alluvial clays (Michelson, 1991; pers. obs.) have an extremely low hydraulic conductivity (<5 mm day-1;

Michelson, 1991) which reduces hyporheic flows and processes  to a minimum (Hoffman, 1998).

In these channels, coupled nitrification-denitrification (Eriksson and Weisner, 1997) should be the most

important processes  for permanently removing nitrogen; and accumulation (precipitation and sorption) should

be a possible major permanent  phosphorous removal processes. As stated, plant removal could increase

removal of both nitrogen and phosphorous, but still the before-mentioned processes  would be of  major

significance (Gumbricht, 1993). 

This indicates that increased oxygen levels due to e. g. presence of macrophytes, which will increase both

coupled nitrification-denitrification and phosphate sedimentation processes, could be a key factor when

managing the reconstructed channels for permanent nutrient removal and thus enhancing overall water quality.
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1.6 Objectives and hypotheses

Objectives 

The main objectives of this study were to present applicable results that could promote a few key water quality

parameters (nutrient concentrations and oxygen concentration) in the reconstructed evacuation channels of

Vientiane. This was accomplished with the two following experiments:

1. Channel experiment. A comparison and quantification of  some of the factors that affect water quality in two

prevailing extreme urban channel conditions in Vientiane (one natural and one reconstructed).

2. Macrophyte feasibility experiment. An assessment of the possibilities of using selected macrophytes in order

to enhance water quality in the reconstructed urban channels of Lao PDR.  

Hypotheses

Ammonium- and phosphate removal is higher in the natural stream condition than in the reconstructed 

channel condition due to higher oxygen concentration (nitrification and accumulation) and presence of 

macrophytes (assimilation).

Sediment reduces nitrification due to oxygen consumption, and increases macrophyte growth due to 

internal loading of  phosphate.

Submerged macrophytes are superior to floating macrophytes in increasing nitrification (due to 

increased oxygen concentration) and thus enhance water quality in the reconstructed channel 

condition.
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2 MATERIAL AND METHODS

2.1 Study location

Lao PDR and Vientiane

Lao PDR (Fig. 3) is a small (236800 km2) landlocked country situated in Southeast Asia at 14° to 23° N. and 100°

to 108° E. It is surrounded by the Kingdom of Thailand, the Union of Myanmar, the People’s Republic of China,

the Socialist Republic of Vietnam, and the Kingdom of Cambodia. In 1997, there were approximately 5.12 millions

people living in Lao PDR . Annual growth in 1992-1998 was approximately 2.6%, of which 88% inhabited the

Mekong valley and 22% of the Laotians were living in urban areas. The capital Vientiane (18° 01' N., 102° 48' E.),

situated at the northern banks of the Mekong River, had in 1990 approximately some 442000  inhabitants in 3300

km2 (all data from Encyclopædia Britannica Online, 1999).

Figure 3. Map of Asia, Laos and parts of the Mekong River.

Climate and hydrology

The Vientiane area has a tropical monsoon climate with three seasons. The wet summer monsoon (from the

southwest) starts in June and ends in October (with a precipitation maxima in August and September), followed

by the cold (November to January) and then the warm (February to May) winter seasons coming from the

northeast and thus drier due to orographic precipitation in the northeastern highlands of Lao PDR and Vietnam.
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Average annual precipitation in Laos is between 1100 - 3000 mm (in Vientiane 1600 mm), and average annual

evaporation in Laos is 2000 mm. Annual mean daily temperature averages 26ºC, with a mean annual maximum of

32ºC and a mean annual minimum of 19ºC (all data from JICA, 1999).

2.2 Study objects 

All sewage and storm water from Vientiane City end up mixed in the urban channels and wetlands. During the

dry season, major parts of  the water from the city is drained eastwards to the That Luang-Salakham Wetland,

and then to the Mekong River. During the annual flooding of the Mekong, the water occasionally flows

backward via this wetland into the city.

Two different urban channel conditions of Vientiane were investigated, the reconstructed Sihom channel and the

natural Nam Pasak 2 stream. Data from the two channels are summarized in Table 1.

Sihom channel

This is a non-shaded, fully rectified, concrete-lined channel almost emptied from vegetation, representing the

new reconstructed channel design that will be implemented in the cities of Lao PDR (E. Roy, pers. comm.).

It is not shaded, and the water is blackish. The concrete bottom is covered with approximately 20 cm of organic

sediment, which releases CH4 when disturbed. The concrete bricks have seepage holes (“weeping holes”) in

order to increase diffuse lateral discharge (M. Barrett, pers. comm.). None of the lateral inputs to the channel

(including the weeping holes) have any discharge (at the present) and there are no obstructions but some solid

waste disposed into the channel. Macrophytes or periphyton are not visually present, and mosquito larvae

(Culex spp.) and snails (Pomacea sp.) are the only fauna observed. 
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n.d. 4.3 ± 1.0

0.22 ± 0.071 0.12 ± 0.031

4.2 ± 0.41 1.2 ± 0.36
-----------------------------------------------------------------------------------------------------------------------------------

5.2 10.0

21.0 : 1 18.5 : 1

Table 1. Characteristics of Sihom  channel and Nam Pasak 2  stream. Data from personal 
observations, surface water collected at daytime from Oct. 30 to Nov. 4, 1998 (means ± S.D., 
n=3; when applicable), n.d.=not detectable. Data below the dotted line are calculated values.
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Nam Pasak 2 stream

This is a shaded, soft-banked, and naturally meandering stream, which is the natural end of Sihom channel. It is

partially shaded, the water is clearer than in the Sihom channel and the clayish stream bed is partially covered

with benthic algae down to approximately 15 cm depth. Small tributaries are flowing into the stream, and some

large woody debris, small rocks, and small amounts of solid waste are partially obstructing it. Macrophyte cover

is dominated by Eichhornia sp., Ipomoea sp., Lemna spp., and some emergent species. There are waterfowl,

fish, turtles, several invertebrate species, and some tadpoles in the stream. 

2.3 Studied macrophytes

The following species were used in the study due to their abundance in and around Vientiane prefecture, and

their somewhat documented (but contradictory) use and efficiency in wastewater treatment.

Eichhornia crassipes (Mart.) Solms. 

The water hyacinth is a floating macrophyte native to tropical and sub-tropical South America but introduced to

most tropical regions of the world. In the end of the 19th century it was brought to Southeast Asia as an

ornamental, but has spread and is now considered a nuisance, clogging waterbodies in many parts of the world

(Ho and Wong, 1994; and others). E. crassipes can grow to more than 1 meter above the water surface, and it is

very buoyant since the stalks have inflated bulbs. It can form very dense beds (in Nong Chanh wetland,

Vientiane City, Hargeby (1991) found on average 23 kg w.w. m-2). It develops a large canopy that gives it a

competitive advantage over other macrophytes, inhibiting submerged macrophytes and phytoplankton to grow

(Billore et al., 1998; Sooknah, 2000). Some domestic animals eat this macrophyte, but only to a lesser extent. It

has been reported to be useful as a mulch fertilizer, in biogas production, and as raw material for paper pulp

(NAS, 1976). 

Ipomoea aquatica Forsk.

Morning glory (or water spinach) is an indigenous floating macrophyte, which does not form as dense beds as

the water hyacinth. Its viney stems can grow up to 10 cm day-1 to more than 21 m in length (McCann et al., 1996),

and can climb and cover emergent vegetation. I. aquatica can grow on dry land (pers. obs.), germinate on moist

land (Reimer, 1984)  and could therefore be suitable for areas with periodic droughts and floods (e. g. evacuation

channels). This delicious vegetable is mainly used for human consumption.

Lemna minor L.

Lesser duckweed is a small (up to 10 mm) floating macrophyte. It can form dense mats, preventing mosquito

larvae from breathing (Reimer, 1984). Furthermore, it can heavily shade the water mass and prevent

photosynthesis in submerged macrophytes and phytoplankton. This could, in combination with respiration,

result in oxygen depletion in the water mass. Duckweeds are very palatable since they contain very little woody

tissue, which makes them suitable as untreated fodder (NAS, 1976). 

Hydrilla verticillata (L.f.) Royle

Hydrilla is a submerged, indigenous macrophyte with branched stems that can grow up to 8 m in length. It has a

low light requirement, which allows it to colonize deeper water than many other submerged macrophytes
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(Langeland, 1996). It is used as cattle fodder (NAS, 1976), and grazed by plantivorous fish like the grass carp

(Ctenopharyngodon idella), and many waterfowl species (Leslie et al., 1987; Montegut et al., quoted from

McCann et al., 1996). 

2.4 Experimental set-up

In order to test my hypotheses  and attain my objectives, an initial and two subsequent main experiments were

conducted from October to December, 1998. In the initial experiment, optimal incubation time (long enough to be

detectable but short enough not to be inhibited by nutrient depletion) was found to be from two, to five or more

days. In other experiments, retention time has been set to 2-2.5 days (Ho and Wong, 1994) or 2.75 days (Aoyama

and Nishizaki, 1993). Aoi and Hayashi (1996) found linear 75% depletion of ammonium within five days, and

Reddy et al. (1989) found complete loss of ammonium within twelve days. Findings from the first main experiment

(”Channel experiment”) subsequently resulted in the set-up of the second main experiment (”Macrophyte

feasibility experiment”).

2.4.1 Channel experiment

Objectives

This experiment was conducted to find any differences between the two extreme channel conditions regarding

nutrient retention. Furthermore, effects of the presence of E. crassipes and/or sediment were investigated.

Set-up

48 mesocosms were constructed from PVC pipes (inner diameter 108 mm, total length 500 mm) with bottom ends

sealable with plastic covers. Total surface area was 0.916 dm2.

Water and sediment were taken from the lower ends of the Sihom channel and the Nam Pasak 2 stream.

In order not to change oxygen concentrations or redox potentials, sediment and water were collected by carefully

submerging the pipe in the middle of the channel, pressing it down 5 cm into the sediment (when required), then

cover the top with a lid (without any air-phase), and lift the pipe carefully so that the bottom-cover could be put

in place. When all the mesocosms had been filled, they were lifted and slowly transported (with the lids on) to an

incubation pond. The sediment layer was approximately 5 cm thick, since the major part (>99%) of denitrification

has been shown to take place in the two uppermost centimeters (Hoffmann, 1997), and exchange of phosphorous

is limited to the upper few millimeters (Wetzel, 1983). 

Water depth was adjusted to 40 and 45 cm (this level was marked individually on each mesocosm), giving total

water volumes 3.66 dm3 and 4.12 dm3 for mesocosms with and without sediment, respectively (before any water

sampling).

Seedlings of E. crassipes were collected from the Nam Pasak 2 stream. Half of the seedlings were adapted to the 

Sihom water, while the other half were kept in Nam Pasak 2 water at the incubation site for one week prior to the

introduction (Reddy and DeBusk, 1985). The plants were randomly introduced to half of the mesocosms (see

Table 2).
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The mesocosms were incubated immersed in the Nong Douang wetland (Vientiane City, 50 % tree canopy) to

maintain similar, constant, calm, and realistic conditions. They were randomly arranged in two sets, six times four

rows each, and protected from precipitation by a transparent plastic roof 1 m above them. The mesocosms were

put in place and let to rest for twelve hours so that resuspended solids could settle and temperature could reach

equilibrium.

For each channel condition, there were three treatments and one control: E. crassipes and sediment; sediment

only; E. crassipes only; and control (no treatment) (Table 2).  Average seedling biomass (means ±S.D., n=24)

were initially: 10370 (±2096) g (w.w.) m-2, which equals 540 (±109) g (d.w.) m-2. This density is, according to Reddy

and D’Angelo (1990) and Reddy et al. (1990), low enough not to inhibit growth due to intraspecific space

competition. Reddy et al. (1989) report densities of 500-2000 g (d.w.) m-2  of E. crassipes in constructed, fully

operating, wetlands.

Sampling

The mesocosms were initially and after 101 hours of incubation sampled (each 150 ml) for determination of 

NH4-N, (NO3+NO2)-N, PO4-P and Ptot-P. Water sampled initially was not replaced. Oxygen concentration and

temperature were monitored in each mesocosm twice a day (at 6 a.m. and 6 p.m.) throughout the experiment. 

Data preparation

Differences in nitrogen and phosphorous retention between the two investigated channel conditions were

calculated by comparing treatments most similar to prevailing conditions, i. e. treatment A and treatment F

representing Nam Pasak 2 stream and Sihom channel, respectively (see Table 2). 

Treatment and control effects on temperature were examined. Results from control mesocosms were then

subtracted from treatment results.

Effect of presence of sediment on oxygen concentration and plant growth was estimated by comparison of

treatments with and without sediment (i. e. for Nam Pasak 2: A and B, to C; for Sihom: E and F, to G) regarding

these two parameters. See section 2.5 “Overall methodology –  data preparation” for  further details.
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Treatment Channel condition E. crassipes Sediment (note)

A Nam Pasak 2 + +
B Nam Pasak 2 0 +
C Nam Pasak 2 + 0
D Nam Pasak 2 0 0 (control)

E Sihom + +
F Sihom 0 +
G Sihom + 0
H Sihom 0 0 (control)

Table 2. Channel experiment treatment.  “+” denotes presence and “0” denotes absence of 
E.crassipes, and/or channel-specific sediment (means ±S.D.), n=6. 

(prevailing - Nam Pasak II)

(prevailing – Sihom)
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2.4.2 Macrophyte feasibility experiment

Objectives 

This experiment was set up in order to assess  the feasibility of introducing different species of selected

macrophytes into the rectified channels and thus increase oxygen level and nitrogen removal.

Set-up

Surface water from the Sihom channel was carefully collected and placed into plastic cylindrical mesocosms

(surface area 3.62 dm2). In order not to aerate the water, the mesocosms were covered with a lid when

transported to the experimental area where they were placed in two rows on the ground in a non-shaded area.

The water level was adjusted to approximately 1 cm below the rim. This level was marked individually on each

mesocosm, giving a volume of 5.9 dm3, and mesocosms were left to rest for 12 hours before starting the

experiment. 

Macrophytes were collected at Nong Seuam irrigation lake (Vientiane Prefecture; H. verticillata and L. minor),

and the Nam Pasak 2 stream (I. aquatica and E. crassipes). Prior to the experiment, plants were adapted to water

from Sihom channel for one week at the experimental site (Reddy and DeBusk, 1985).

The plants were randomly introduced to the mesocosms at densities similar to densities found at the collecting

sites and thus reflecting natural conditions. The control contained only water from the Sihom channel (see Table

3 for details).

Sampling

The water was sampled (150 ml per mesocosm) initially and after 65 hours of incubation for determination of 

NH4-N, (NO2+NO3)-N, oxygen concentration, and temperature. Initially sampled water was not replaced.

Data preparation

First, treatment and control effects on temperature were examined. Results were then corrected for different

volumes in mesocosms due to water sampling, and presence or absence of sediment. For subsequent analyses,

controls were subtracted from treatment results. See section 2.5 for further details.
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Treatment

Wet weight Dry weight

E. crassipes 460 ± 29.1 23.9 ± 1.51

I. aquatica 171 ± 15.5 11.1 ± 1.00

L. minor 115 ± 7.28 8.26 ± 0.524

H. verticillata 289 ± 95.1 30.0 ± 9.89

Table 3. Macrophyte feasibility experiment. Treatments of 
microcosms, initial plant density (means±S.D.), n=4.

Initial density, g m-2
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2.5 Overall methodology

Data preparation

Growth was calculated as the difference in plant biomass before and after incubation divided by time (Ho and

Wong, 1994), then recalculated to fresh growth per m2 and day (g m-2 day-1), and potential fresh growth per

hectare and year (tonne ha-1 year-1). Since the different macrophyte densities used in the experiments represented

natural conditions, data were not intra-experimentally compensated for these differences. 

All nutrient retention data was recalculated to amount per m2 and day (g m-2 day-1). Nutrient removal was

calculated as difference between initial and final concentrations divided by time (Tripathi et al., 1991; Hoffman,

1997), and expressed as g m-2 day-1 and kg ha-1 year-1.

Macrophyte ammonium and phosphate assimilation was calculated by measured growth and dry weight, and

expected nitrogen content of 2.56 % of d.w. and phosphorous content of 0.57 % of d.w. from literature data

(Aoyama and Nishizaki, 1993).

Total nitrogen removal was calculated as assimilated ammonium, plus nitrified ammonium and subsequently

denitrified nitrate. Any nitrified ammonium was regarded as immediately denitrified (Gumbricht, 1993).

Nitrification was calculated as macrophyte ammonium assimilation subtracted from total ammonium removal

(Kemp and Dodds, 2001), and denitrification was estimated to be equal to loss of original nitrate (including

possibly nitrified ammonium; David et al., 1997). Nitrate assimilation was assumed to be zero, because ammonium

was abundant (Reddy et al., 1988; Aoi and Hayashi, 1996).

The residual nitrogen pool, calculated as ammonium assimilation subtracted from total nitrogen removal,  was

regarded due to internal loading or mineralization (if positive), or accumulation (if negative). The phosphorous

residual pool was calculated as macrophyte phosphate assimilation subtracted from total phosphate removal and

in the same way assumed to be due to internal loading or mineralization, or accumulation processes

(precipitation, sorption, adsorption, and sedimentation).

Differences in oxygen concentration were calculated according to Reddy et al. (1989) as difference in dissolved

oxygen before and after incubations, and temperature differences were calculated in the same way.  No

recalculations for time or area were done regarding changes in dissolved oxygen or temperature.

Chemical analyses 

Nutrients were analyzed colometrically according to Wilander (1986), on a Shimadzu UV-VIS spectrophotometer

as follows: NH4-N and PO4-P were analyzed immediately, and the remaining sample was then preserved with 1 ml

concentrated H2SO4 and stored cold (+5 ºC) and dark until analysis of (NO3 + NO2)-N and Ptot-P. NH4-N was

analyzed on filtered (Whatman GF/C) samples with the Cd-reduction method and PO4-P was analyzed after similar

filtration with the Molybdate method. (NO3 + NO2)-N was analyzed after filtration according to the Indophenol

method, and Ptot-P  was analyzed on unfiltered samples with the Molybdate method after persulfate block

digestion. Detection limits for all spectrophotometric methods were 0.005 mg l-1. To determine any possible

contamination from the sample bottles or sampling procedure, one sampling bottle from every sampling was filled
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with distilled water and treated and analyzed in the same way as the other samples. All laboratory analyses were

conducted with assistance from the staff at the Laboratory for Water Quality Analyses (WQL), Dept. of

Irrigation, Vientiane.

Oxygen concentration and temperature were analyzed in situ with a Yellow Springs Instruments (YSI) model 52

DO instrument with a YSI 5239 field probe (accuracy  ±0.3 mg l-1 DO, and ±0.1°C), and pH was analyzed with a

conventional Metrohm glass electrode pH-meter. Comparisons of initial and final oxygen concentrations were

carried out using analyses from the same time of the day (dawn).

Additional methods

All water samples (150 ml) were taken from the whole watermass (but not the sediment phase) using a tube (35

cm length, 1 cm diameter).

Macrophytes were weighed with an ALSEP 3000A electronic balance. Before weighing seedlings were rinsed in

tap water (L. minor was rinsed in a 1 mm2-meshed handnet) and shaken five times in order to remove

allochtonous material (method modified from Reddy et al., 1990). All seedlings were weighed initially and after

the experiments in order to determine fresh growth, and dry weight (d.w.) of the plants was calculated by drying

50 grams (n=3) of homogenized plant at 70ºC for 48 hrs (Reddy et al., 1990).

Flora and fauna, macrophyte density and tree canopy in and around the channels were visually appraised by

Nils Carlsson and myself, while descriptive basin and channel parameters were supplied by Mr. E. Roy at SNC-

Lavalin (pers. comm.).

Statistical analyses

Means and standard deviation (S.D.) were calculated for all data. One-way ANOVA followed by Tukey HSD

post-hoc test were used for separation of several means and distinction of homogeneous subgroups (α=0.05).

Unpaired or paired t-test (Barnard et al., 1993) was performed when analysing differences between two

independent or dependent sample means, respectively.

Normal distribution of data and equal variances among data groups were assumed. 

Significance levels α<0.05, α<0.01, and α<0.001 (in tables denoted as: *, **, and ***, respectively) were used

for all predictions.

SPSS v.11.01 (SPSS Inc., Chicago, USA) was used for all statistical analyses.

2.6 Limitations and assumptions

This study focuses on the effects on some water quality parameters (nutrient concentrations and oxygen levels)

and any other direct or indirect effects of introducing macrophytes are omitted.

The experimental set-ups reflect channel conditions, not the channels themselves. Therefore factors like

turbidity, grazing on macrophytes, inter-specific competition, or allelopathic substances could not be taken into

consideration. 
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All ammonium retention is considered due to assimilation or nitrification, and all nitrate is assumed to originate

from nitrification and will denitrify in anaerobic conditions (Reddy et al., 1989).

Minor and undetectable processes, like DRNA and fixation of N2, are  not taken into consideration  (Reddy et al.,

1988, found approx. 1-2 % of total nitrogen pool to origin from fixation).

Moreover, linear growth and linear nutrient retention are assumed during the experiments (Ho and Wong, 1994;

Imaoka and Teranishi, 1988). When extrapolating and applying short-term experimental results to full-scale field

systems, this assumption could cause misinterpretation of potential results.

3 RESULTS

3.1 Channel experiment – prevailing conditions

The prevailing conditions in the channel experiment are presented in Table 4 (nitrogen) and Table 5

(phosphorous). 

Oxygen

Comparing the two prevailing channel conditions, diurnal oxygen concentration was significantly higher in Nam

Pasak 2 (2.1 ± 0.42 mg l-1 ) compared to Sihom (1.2 ± 0.60 mg l-1) conditions (independent t-test: t=3.019, df=10,

P=0.013, n=48).
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Prevailing Measured change Calculated processes

 channel condition Nitrification Denitrification Tot N removal Residual pool

-1.34 ± 1.18

-

-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Indep. t-test *** P<0.001 *** P<0.001

(t=2.439) (t=0.663)

Table 4. Channel experiment. Fate of nitrogen  in the two prevailing channel conditions, mg m-2 day-1 (means ±S.D.).

NH
4
-N NO

3
-N NH

4
-N assimil.

 NP 2 - A -449 ± 36.0 -1.34 ± 1.18 1040 ± 247 -591 ± 256 1040 ± 247 592 ± 255

Sihom - F -547 ± 92.8 -0.964 ± 0.715 547 ± 92.8 548 ± 92.9 548 ± 92.9 -547 ± 92.9

*  P=0.035 P=0.522 *** P<0.001 ***  P=0.001
(t

10
=10.245) (t

10
=14.46) (t

10
=10.27) (t

10
=10.272)
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3.2 Channel experiment

Nutrient removal

The results from the channel experiment are presented in Table 6 (nitrogen) and Table 7 (phosphorous).

Treatments A, B, C, and E, F, G  are corrected for control treatments (D and H, respectively). See Table 2 for

treatment details.

Table 6. Channel  experiment.  Differences in nitrogen retention  between the different  treatments,  mg m-2 day-1 (means ±S.D.), n=6.
Results corrected for control  treatments.  Means in the same column with the same letter  (a, b, c) are not  significantly different  at 
P abc values below in each column (Tukey HSD homogeneous subgroups test,  α=0.05,  n=6). 
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Prevailing Measured change Calculated

 channel condition Residual pool

228 ± 56.2

-

-----------------------------------------------------------------------------------------------------------------------------------------------

Independent t-test

Table 5. Channel experiment. Fate of phosphorous in the two prevailing channel conditions, mg m-2  day-1 
(means ±S.D.)

PO
4
-P P

tot
-P PO

4
-P assimilation

Nam Pasak 2 - A 3.89 ± 4.82 86.8 ± 43.4 232 ± 55.0

Sihom - F 17.8 ± 2.84 353 ± 70.3 - 17.8 ± 2.84

*** P<0.001 *** P<0.001 *** P<0.001
(t

10
=6.099) (t

10
=7.882) (t

10
=9.828)

Treatment Measured change Calculated processes

 
Nitrification Denitrification Tot N removal Residual pool

A

B -

C

E

F -

G

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Tukey HSD

NH
4
-N NO

3
-N NH

4
-N assimil.

-50.9 ± 36.0 bc -2.74 ± 1.18 c  1020 ± 241 a -965 ± 250 a 2.74 ± 0.18 c  1015 ± 241 bc 968 ± 250 a

-96.5 ± 51.6 ab -0.00 ± 1.76 bc 96.5 ± 51.6 b -96.5 ± 51.6 b  96.5 ± 51.6 ab -96.5 ± 53.0 b

13.8 ± 44.9 c  4.64 ± 2.46 a  792 ± 386 a -805 ± 417 a -4.64 ± 2.46 a  792 ± 44.9 c  804 ± 416 a

-161 ± 35.2 a  3.72 ± 2.70 a  943 ± 271 a -782 ± 294 a -3.72 ± 2.70 a  943 ± 271 a  -1107 ± 294 a

-182 ± 92.8 a  0.505 ± 0.660 ab 182 ± 92.8 b 182 ± 92.8 c  182 ± 92.8 a  -182 ± 93.0 b

-16.4 ± 60.4 bc 2.03 ± 0.560 b  719 ± 245 a -703 ± 263 a -2.03 ± 0.560 ab 719 ± 268 bc -737 ± 263 a

P
a
=0.13 P

a
=0.14 P

a
=0.32 P

a
=0.17 P

a
=0.14 P

a
=0.13 P

a
=0.16

P
b
=0.18 P

b
=0.36 P

b
=0.99 P

b
=0.36 P

b
=0.18 P

b
=0.99

P
c
=0.39 P

c
=0.11 P

c
=0.11 P

c
=0.39
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Oxygen

In the channel experiment, initial oxygen concentration (grand means) did not differ significantly from the final

concentration (paired t-test: t=0.678, df=47, P=0.501). Between treatments with and without sediment no

significant overall differences were found (independent t-test: t=1.265, df=34, P=0.214), but in prevailing Sihom

channel condition presence of sediment significantly reduced oxygen concentration (independent t-test: t=3.358,

df=16, P=0.004).

Growth rate

Presence of sediment had a tendency to increase overall growth (independent t-test: t=1.955, df=22, P=0.063).

3.3 Macrophyte feasibility experiment

Nutrient removal

The results from the macrophyte feasibility experiment are presented in Table 8.

Oxygen

In the macrophyte feasibility experiment, oxygen concentrations (grand means ± S.D) increased significantly

from initially 3.1 ± 0.26 mg l-1 to finally 4.1 ± 1.6 mg l-1, (paired t-test: t=2.693, df=19, P=0.014). In between

macrophyte treatments, the submerged macrophyte treatment gave significantly higher final oxygen

concentrations (6.4 ± 0.72 mg l-1 ) than the floating macrophyte treatments (3.0 ± 0.69 mg l-1 ; independent t-test:

t=8.499, df=14, P<0.001). Within the floating macrophyte treatments, no significant differences were found

(Tukey HSD: P=0.219).
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Treatment Measured change Calculated

 
Residual pool

A

B -

C

E

F -

G

----------------------------------------------------------------------------------------------------------------------------------------------------

Tukey HSD

Table 7. Channel experiment. Differences in  phosphorous transformations between the different 
treatments, mg m-2 day-1 (means ±S.D.), n=6. Results corrected for control treatments. Means in the same 
column with the same letter (a, b, c) are not significantly different at P

abc 
values below in each column 

(Tukey HSD  homogeneous subgroups test, α=0.05, n=6). 

PO
4
-P P

tot
-P PO

4
-P assimilation

2.02 ± 4.82 a 232 ± 55.0 a -17.5 ± 43.4 bc 230 ± 56.2 a

-0.129 ± 3.18 a -24.1 ± 22.7 bc -0.129 ± 3.18 b

-0.803 ± 3.58 a 180 ± 87.9 a -5.56 ± 19.2 c  179 ± 87.0 a

3.22 ± 2.40 a 215 ± 61.9 a -108 ± 46.0 a  218 ± 61.2 a

-0.992 ± 2.84 a -86.1 ± 70.4 ab -0.992 ± 2.84 b

2.80 ± 3.53 a 164 ± 55.9 a -27.7 ± 38.1 bc 167 ± 58.5 a

P
a
=0.32 P

a
=0.29 P

a
=0.95 P

a
=0.30

P
b
=0.10 P

b
=1.00

P
c
=0.95
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3.4 Additional findings

Evapotranspiration from mesocosms was undetectable, and distilled water blanks did not show any

contamination (data not shown).

Growth rates

Growth rates from both main experiments are presented in Table 9. 

Temperature 

In the channel experiment, temperature (°C, mean ± S.D) increased significantly (paired t-test: t=11.373, df=47,

P<0.001) from initially 24.2 (± 0.261, to 26.6 (± 0.139) at the end. Comparing treatments with and without

macrophytes, no significant differences in final temperature were found (independent t-test: t=0.247, df= 46,

P=0.480). 

In the macrophyte feasibility experiment, temperature (°C, grand mean ± S.D)  increased significantly (paired t-

test: t=16.659, df=19, P<0.001) from initially 32.5 (± 0.953), to 28.5 (± 0.112) at the end. In between floating

macrophyte treatments no difference (Tukey HSD: P=0.393) was found, but final temperatures were significantly

lower (independent t-test: t=5.339, df= 14, P<0.001) compared to the submerged macrophyte treatment.
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Treatment Measured change Calculated processes

 
Nitrification Denitrification Tot N removal Residual pool

 E. crassipes

 I. aquatica

 L. minor

 H. verticillata

-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Tukey HSD

Table 8. Macrophyte feasibility experiment. Differences in  nitrogen transformations between the different treatments, mg m-2  day-1 
(means ±S.D.), n=4. Results corrected for control treatments. Means in the same column with the same letter (a, b, c) are not significantly 
different at P

abc 
values below in each column (Tukey HSD homogeneous subgroups test, α=0.05, n=4).

NH
4
-N NO

3
-N NH

4
-N assimil.

-193 ± 11.8 a  -6.88 ± 0.284 a  452 ± 73.6 a  -645 ± 62.7 a  6.88 ± 0.284 a  452 ± 73.6 a  645 ± 62.7 a  

-195 ± 25.9 a  -6.63 ± 0.658 a  202 ± 19.9 b  -398 ± 40.7 b  6.63 ± 0.658 a  202 ± 19.9 a  398 ± 41.0 b  

-236 ± 27.7 a  -3.68 ± 0.333 b  118 ± 18.6 b  -354 ± 25.8 b  3.68 ± 0.333 b  118 ± 18.6 a  354 ±25.8 b  

-211 ± 18.6 a  -11.3 ± 0.699 c  155 ± 24.4 b  -367 ± 42.2 b  11.3 ± 0.699 c  155 ± 24.4 a  367 ± 42.2 b  

P
a
=0.069 P

a
=0.909 P

a
=1.000 P

a
=1.000 P

a
=0.909 P

a
=0.069 P

a
=1.000

P
b
=1.000 P

b
=0.054 P

b
=0.535 P

b
=1.000 P

b
=0.535

P
c
=1.000 P

c
=1.000
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4 DISCUSSION

4.1 Nutrient retention

Results from this study suggest  that ammonium removal is significantly higher when macrophytes are present.

This could not be covered for by loss by nitrification, because oxygen concentrations do not increase enough.

The difference in nutrient retention between Nam Pasak 2 and Sihom prevailing conditions are mainly due to

assimilation. However, there is higher microbial retention in Sihom, probably due to higher input of nutrients

(Kemp and Dodds, 2001). Numerous other studies have evaluated the potential nutrient removal by floating

macrophytes (mainly E. crassipes and Lemna spp.) and assimilation of nutrients from primary and secondary

sewage (Aoi and Hayashi, 1996; Brix, 1997; Ho and Wong, 1994; Reddy et al., 1989), who all found assimilation

to be an important factor. 

In this investigation, misassesment of nutrient removal due to internal loading or sedimentation could be

mitigated by comparing changes in the pool of organic phosphorous. It is significantly higher increase of

organic phosphorous in prevailing Sihom condition, suggesting that all microbial ammonium and phosphate

retentions are overestimated compared with prevailing Nam Pasak 2 condition. Reddy et al. (1988) found E.

crassipes to assimilate only 55% of the nutrients from the water mass. Sedimentation rates are, however, not

comparable with in situ lotic conditions.

E. crassipes has been proved to have an efficient retention of nutrients. Reddy et al. (1989) found nitrogen

removal up to 99 %, which could partially depend on nitrification due to increased oxygen levels 

(up to 6.1 mg l-1). Phosphorous retention between 26% (Delgado et al., 1995), and 70 % (Tripathi et al., 1991) has

been recorded in highly polluted waters.

L. minor has been intensively studied, e. g. by Tripathi et al. (1991) who found 59 % and 51% removal of nitrate

and phosphate, respectively.

H. verticillata and I. aquatica has not been much studied for this purpose before, but Eriksson and Weisner

(1997) used the submerged species Potamogeton pectinatus L. in temperate waters (Swedish summer), and
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Macrophyte Channel condition    growth rate (w.w.)  Dry matter

    %
  

Nam Pasak 2   695 ± 252 2537 ± 921  5.2 ± 0.033

Sihom   639 ± 210 2332 ± 766  5.2 ± 0.033

Sihom   340 ± 55.3 1240 ± 202  5.2 ± 0.033

Sihom   122 ± 12.0 444 ± 43.6  6.5 ± 0.033

Sihom   63.8 ± 10.1 233 ± 36.8  7.2 ± 0.033

Sihom   58.4 ± 9.18 213 ± 33.5 10.4 ± 0.033

Table 9. General macrophyte data. Calculated growth rates from 1first experiment (n=6), and 2second 
experiment (n=4); and calculated macrophyte dry matter (n=3). Means ± S.D.

g  m-2 day-1  tonne ha-1 yr-1

1 E. crassipes
1 E. crassipes

2 E. crassipes
2 I. aquatica
2 L. minor
2 H. verticillata
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found short-time total nitrogen retention at 190 mg m-2 h-1 , mainly due to coupled nitrification-denitrification due

to the high submerged surface-to-volume ratio with high amounts of epiphyton.

4.2  The role of oxygen

In the present study, presence of floating macrophytes did not cause an increase in the oxygen level in the water

mass, and nitrification did not occur in those treatments. Earlier studies give contradicting information, whether

E. crassipes increases (Billore et al., 1998; Reddy et al., 1988; Reddy et al., 1989) or decreases (Ho and Wong,

1994; McDonald and Wolverton, 1979) the oxygen level in the watermass. 

Presence of L. minor significantly reduces oxygen levels, maybe due to inhibited diffusion and decomposition of

organic matter in the water mass, and/or shading of phytoplankton (Sooknah, 2000).  Regarding aeration, Reddy

et al. (1989) compared mechanical and biological aeration with and without diffusion barriers (plastic lids), and

found all aeration methods to be equally efficient but more importantly the diffusion barrier to be crucial for

oxygen concentration, which could explain the lower oxygen concentration in the L. minor treatment in this

study. This phenomena may be compared to “winter kill” (oxygen depletion caused by an extensive ice layer in

combination with high decomposition in the sediment and watermass). 

4.3 Growth and assimilation

E. crassipes is the fastest growing macrophyte in this study, and therefore the most efficient in assimilating

nutrients. Due to shading, all floating macrophytes could more or less limit algal growth but submerged

macrophytes do not have this competitive advantage to the same extent. However, submerged macrophytes

grow fast and increase their surface area when the nutrient concentration increases, but floating macrophytes

such as E. crassipes develop smaller root systems (and consequently less substrate surface for epiphyton) in

highly polluted waters (Ho and Wong, 1994).

For E. crassipes different growth rates have been found, with averages from 58 g (w. w.) m-2 day-1 (Ho and

Wong, 1994), to 770 g (w. w.) m-2 day-1 in optimal batch cultures (Reddy and D’Angelo, 1990). The latter study

also shows (as well as others) positive linear regression between harvesting frequency and growth.

Phitayaphone (1992) found growth rate of L. minor in natural waters (Vientiane prefecture) up to 17 g (w. w.) m-2

day-1 at initial densities of 513 g (w.w) m-2.

I. aquatica has not been studied as intensively as E. crassipes, but Phitayaphone (1992) found natural growth

rates of 20 g (w.w) m-2 day-1 at initial densities of 25 g w.w. m-2.

4.4 Temperature

No differences were found in temperature between the treatments in the channel experiment, which probably

depends on the fact that mesocosms were incubated in a medium (water) with constant temperature. In the

macrophyte feasibility experiment, mesocosms were not immersed in water (partly in order to distinguish effects

of shading of the water mass), and subsequently the floating macrophyte treatment had a significantly lower
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temperature than submerged macrophyte treatments. In a full-scale system, shading by floating macrophytes

probably is an important factor for decreasing temperature.

4.5 Suggestions for further research

Based on these results, I find the problem with not being able to assess  the influence of algal growth and

turnover to be most crucial.  This could be solved by either inhibiting algal growth with e.g. CuSO4 (Delgado et

al., 1995) or shading with lids, or labelling with 15N isotopes to study the transformations of nitrogen in more

detail (Reddy et al., 1988). Simpler would be to additionally analyse Kjeldal-nitrogen in order to determine total

nitrogen, or to use filterred water in order to determine the influence of phytoplancton turnover (in the latter

suggestion, glucose or methanol probably has to be amended in order not to limit denitrification by absence of

electron donors).

In laboratory microcosms, measuring redox conditions to determine possible electron acceptors (Hoffman, 1997)

followed by sediment analyses in order to determine whether this factor limits the processes  would be an

interesting study. Incubation of sediment-water cores inhibited by C2H2 (Svensson, 1998) could be done in order

to isolate and assess  the denitrification process itself.

Finally, medium- and full-scale mass balance studies during different time of the year should be accomplished to

assess  practical use under extreme operational conditions.
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5 CONCLUSIONS

Dealing with the absence of oxygen must be taken into consideration when managing these constructed

channels. Introducing suitable aquatic macrophytes is one essential task in order to achieve this. Subsequently,

assimilation of nutrients will demand a macrophyte harvest and process plan in order not to recycle major parts

of these nutrients to the water mass. With the important multi-purpose use of the urban evacuation channels in

mind, this study suggests  the following practices for designing and redesigning the urban evacuation channels

of Vientiane:

First, soft-bottomed channels and reconstruction of riparian zones should be made in order to increase 

important ecological and aesthetical values.

Second, constructing energy dissipators like riffles and pool or small embankments in order to increase 

retention time, avoid laminar flow, and increase sedimentation rate. 

Finally, (re-)introducing macrophytes, focusing on submerged, indigenous, species. 

With these suggestions applied to the evacuation channels in Vientiane, the initial reconstruction purposes

flood protection and the somewhat so far neglected water quality and biodiversity factors may simultaneously

be achieved.
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