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Abstract The Siak is a black water river in central

Sumatra, Indonesia, which owes its brown color to

dissolved organic matter (DOM) leached from sur-

rounding, heavily disturbed peat soils. The dissolved

organic carbon (DOC) concentrations measured dur-

ing five expeditions in the Siak between 2004 and

2006 are among the highest reported world wide. The

DOM decomposition appeared to be a main factor

influencing the oxygen concentration in the Siak

which showed values down to 12 lmol l-1. Results

derived from a box-diffusion model indicated that in

addition to the DOC concentration and the associated

DOM decomposition the water-depth also plays a

crucial role in regulating the oxygen levels in the

river because of its impact on the turbulence in the

aquatic boundary layer and the surface/volume ratio

of water in the river. Model results imply furthermore

that a reduced water-depth could counteract an

increased oxygen consumption caused by an

enhanced DOM leaching during the transition from

dry to wet periods. This buffer mechanism seems to

be close to its limits as indicated by sensitivity studies

which showed in line with measured data that an

increase of the DOC concentrations by *15% could

already lead to anoxic conditions in the Siak. This

emphasizes the sensitivity of the Siak against further

peat soil degradation, which is assumed to increase

DOC concentrations in the rivers.

Keywords Anoxia � Black water river �
Peat � Sumatra

Abbreviations

AV Diffusion coefficient

C Carbon

COxygen Oxygen consumption rate

C/O ratio Ratio between organic carbon and

oxygen

DOC Dissolved organic carbon

DOM Dissolved organic matter

ENSO El Niño Southern Oscillation

FOxygen Oxygen flux rate across the air–water

interface

k Piston velocity

O2 Oxygen concentration

O2sat Oxygen saturation concentration

[O2]River Oxygen concentration in the river water
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pO2 Oxygen partial pressure

pO2-

Atmospere

Partial pressure of oxygen in the

atmosphere

pO2-River Partial pressure of oxygen in the river

water

Tg Terra gram

SOxygen Oxygen flux through the sea surface into

the surface layer

SOI Southern Oscillation Index

S. Sungai (river)

udiff Diffusion velocity

UV Ultra violet

a Solubility coefficient of oxygen

Dz Thickness of the layers in the model

Introduction

In recent years there has been an increasing number of

reports on anoxic (zero oxygen) and hypoxic (oxygen

concentration\5 lmol l-1) events occurring in estu-

aries and coastal zones (Diaz 2001; Naqvi et al. 2000;

Rabalais 1999; Turner and Rabalais 1994). These

events were often caused by eutrophication but there

are also natural processes such as black water events

that lead to anoxic and hypoxic conditions in rivers

and estuaries (Hamilton et al. 1997; Howitt et al.

2007). Black water events are flood events during

which an enhanced leaching of DOM from leaf litter

colors the water dark brown; the subsequent decay

thereof reduces the oxygen concentration in the water.

Although oxygen consumption is generally considered

to be the main cause of low oxygen levels in aquatic

systems, the oxygen concentrations in the water are

the product of a complex interplay between oxygen

consumption and reaeration (Paerl 2006). This inter-

play has not yet been studied in black water rivers

draining the Indonesian peat lands.

Indonesia holds approximately 56% of the tropical

peat soil area (*20.0 9 1010 m2 Rieley et al. 1996)

that sequestered as much organic carbon (10–30

Tg C year-1) as the global deep sea sediments in

their original state (Jahnke 1996; Sorensen 1993).

Today approximately 45% of the former Indonesian

peat swamp forest has been lost (Hooijer et al. 2006)

and large parts of the peat lands have been converted

into rubber estates and particularly palm oil estates

(Angelsen 1995; Hooijer et al. 2006). Due to aerobic

peat decomposition and fires kindled by common

agricultural slash-and-burn practices, disturbed peat

lands turned into CO2 sources. Current estimates on

CO2 emissions from drained Indonesian peat lands are

at [485 Tg C year-1 and thus even [4 times higher

than the Indonesian CO2 emissions caused by burning

fossil fuel, cement production and gas flaring

(103 Tg C year-1 in 2004 Marland et al. 2007). The

dramatic destabilization of Indonesian peat lands and

the resulting mobilization of carbon emphasize the

need to assess the vulnerability of tropical peat-

draining rivers such as the Siak in central Sumatra in

the fact of associated environmental changes (Fig. 1).

Therefore five expeditions to the Siak were carried out

between 2004 and 2006 during which DOC, oxygen,

salinity and temperature were measured along the

river. Furthermore, DOM decomposition experiments

were conducted and a box-diffusion model developed

in order to study the oxygen dynamics in the river.

Study area and methods

Central Sumatra experiences high rainfall and a

weakly pronounced seasonality with a dry season

(May–September) and a rainy season (October–

April) due to the meridional variation of the inter-

tropical convergence zone (Fig. 2). On inter-annual

time scales the precipitation rates are influenced by

the climate anomaly El Niño/Southern Oscillation

(ENSO, Ropelewski and Halpert 1987). During our

expeditions between 2004 and 2006 ENSO forcing

was moderate compared to the pronounced El Niño

event in 1997/1998 in the course of which the

Southern Oscillation Index (SOI) revealed values

\-5. Nevertheless, weakly pronounced El Niño

conditions prevailed during the dry season 2005 and

2006 whereas ENSO was in positive mode referred to

as La Niña during the rainy season 2005/2006.

The Siak is one of the main peat-draining rivers in

central Sumatra in which high DOM inputs caused by

leaching from the surrounding peat soils reduces light

penetration to depths of *15–20 cm (Baum et al.

2007). The Siak originates at the confluence of the

tributaries S. Tapung Kanan and S. Tapung Kiri

(Fig. 1). It passes through the adjacent lowlands and

discharges into the Malacca Strait after 370 km. The

S. Tapung Kanan and the Mandau, the main tribu-

taries of the Siak, originate in the peat swamps and
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join the Siak at river km 155 and 245, respectively.

The Siak catchment (11,500 km2) consists to approx-

imately 45% of peat lands which have largely been

converted into palm oil and rubber estates as well as

shrub lands (Laumonier 1997).

During the five expeditions to the Siak between

2004 and 2006 (Table 1) water samples for determin-

ing DOC, dissolved oxygen and salinity were taken

using a Niskin bottle at a water-depth of 1 m along the

river (Figs. 1, 3). All samples were taken during the

day time. DOC samples were filtered through 0.45 lm

filters into pre-combusted 20 ml FIOLAX ampoules.

The samples were subsequently acidified (20% phos-

phoric acid) to a pH value of *2, sealed, and stored at

*4�C in darkness until they were analyzed after the

expeditions. DOC was analyzed using a high temper-

ature catalytic oxidation method (Dohrman DC-190

analyzer). Oxygen concentrations were determined

using Winkler titration and salinity was measured by a

WTW Tetra Con 325_3. A more detailed description

of the methods applied is given by Baum et al. (2007).

During the third expedition, oxygen, salinity and

Fig. 1 Study area: The Siak with its headstreams S. Tapung

Kiri and S. Tapung Kanan, and its tributary Mandau. The

locations of the main cities (Pekanbaru, Perawang, and

Siaksriindrapura) are indicated by triangles. Peat soil distribu-

tion (marked in grey) is obtained from the FAO (2003).

Samples collected during the expedition in March and

September 2004 as well as in July/August 2005 and March

2006 are indicated by the light grey, dark grey, white, and

black circles, respectively. To maintain the figure as clear as

possible the sampling sites during the November 2006

expedition, which are also located between Pekanbaru and

the Bengkalis Strait, are not shown

Fig. 2 Precipitation rates obtained from DWD (2006) and

averaged for the area 1� S–1� N and 100–102� E are indicated

by the grey bars. The dark grey bars show the months during

which the expeditions were carried out. The black bold line

shows the precipitation rates smoothed with a 3-month moving

average. The Southern Oscillation Index (SOI) was obtained

from http://www.cpc.ncep.noaa.gov/data/indices/soi) and also

smoothed with a three-month moving average
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temperature profiles were also obtained using a Sea-

Bird SBE19plus. Due to logistical constraints the

sampling campaign was restricted to the upper course

of the Siak in March 2004 and oxygen concentrations

could not be measured during the last expedition in

November 2006.

In March 2006, a DOM microbial and photochem-

ical degradation experiment was initiated for which

water was collected a few kilometer downstream the

Mandau junction (Fig. 1). The water collected was

immediately filled into eight *20 ml FIOLAX

ampoules. The half-filled ampoules were sealed and

exposed to sunlight until they were opened and

preserved as the other DOC samples. The DOC

concentrations measured in each of the incubated

ampoules were plotted against the time at which the

ampoules were opened (Fig. 4). Since we left the

study site after 336 h (14 days), the remaining

incubated sample was exposed to artificial sunlight

(Ocean light 150 HQ I) until it was analyzed after

3,148 h (131 days). The UV-transmittance of the

FIOLAX glass ampoules was determined using a

spectrophotometer (Libra S12) with sensors for

UV-A (315–400 nm) and UV-B (280–315 nm). The

results showed that *5% of the UV-A and *38% of

the UV-B irradiance were absorbed by the glass

ampoules. Since the UV absorption and the artificial

sunlight could have reduced the photochemical

degradation, the DOM decay determined in the

experiment must be considered to be an underesti-

mate rather than an overestimate.

Results and discussion

DOC concentration

The DOC concentrations in the Siak increased

from approximately 500–1,300 and from 1,300 to

Table 1 Sampling period, mean water temperatures, precipi-

tation rates (obtained from DWD 2006, see Fig. 2), water

discharges as derived from the precipitation rates (see Baum

et al. (2007), for more detailed information), and DOC riverine

end-member concentrations as indicated by the regression

equations shown in Fig. 4a

Sampling period Temp. Precipit. Discharge DOC

Month Year (�C) (mm) (m3 s-1) (lmol l-1)

March 2004 29.4 327 645 1,866a

September 2004 30.1 199 391/99b 2,195

July/August 2005 29.5 304 599 2,247

March 2006 30.5 254 500 1,613

November 2006 29.7 180 355 1,793

Mean 29.8 253 498/440 1,942

a This riverine DOC end-member concentration was estimated

based on DOC concentrations measured in the Siak upstream

the estuary as no samples were taken in the estuary during the

expedition in March 2004 (see Baum et al. 2007)
b The measured water discharge was 99 m3 s-1 (see Baum

et al. 2007)

Fig. 3 DOC (a) and oxygen concentrations (b) measured at a

water-depth of 1 m versus river-km. The river-km zero

represents the origin of the S. Tapung Kiri in the highlands. At

river-km 320 increasing salinity indicates the beginning of the

estuary (salinity data are not shown) and at river-km 370 the Siak

discharges into the Malacca Strait. The Kanan/Kiri and the

Mandau junctions are at river-km 155 and 245. The mean oxygen

and DOC concentrations in the Mandau and S. Tapung Kanan are

shown by the large black squares. Data measured during the first,

second, third, fourth and fifth expeditions are indicated by stars,

diamonds, squares, circles and open circles. The averaged DOC

and oxygen concentrations are shown by the grey lines and the

broken line in ‘b’ indicates the mean oxygen saturation

concentrations calculated after Benson and Krause (1984)
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1,900 lmol l-1 around the Kanan/Kiri and Mandau

junctions due to high DOM inputs from peat-draining

lowland rivers S. Tapung Kanan and Mandau

(Figs. 1, 3a, Baum et al. 2007). The Mandau, which

is assumed to contribute half of the DOM that was

carried into the Siak estuary, revealed DOC concen-

trations of as high as 3,600 lmol l-1. According to

global compilations (Harrison et al. 2005; Hope et al.

1994), such a high DOC concentration has only been

exceeded by one river (the Oyster river). Rising DOC

concentrations in rivers were suggested to indicate a

destabilization of peat soils at higher latitudes caused

by climate change (Freeman et al. 2001, 2004). In the

Siak catchment peat soils are destabilized by defor-

estation, drainage, and conversion of peat swamp

forests into palm oil and rubber estates as mentioned

earlier. Accordingly, peat soil leaching and the

resulting high DOC concentrations in the Siak and

its tributaries can not be considered natural. On the

other hand, anthropogenic enhanced leaching as seen

in other studies (Holden 2005; Holden et al. 2004) is

very difficult to quantify as there is no data available

on the Siak prior to the main deforestations.

In the estuary, decreasing DOC concentrations

correlating to increasing salinity suggested that

dilution of the DOM-rich Siak water by DOM-poor

ocean water was an important factor controlling the

DOC concentration in the estuary (Fig. 5). The zero

intercept of the y-axis as shown by the regression

equation is often considered as riverine DOC end-

member concentration (e.g., Alvarez-Salgado and

Miller 1998; Mantoura and Woodward 1983; Miller

1999). DOC end-member concentrations determined

for each of the five expeditions ranged from 1,613 to

2,247 with lower concentrations corresponding to the

end of the rainy season (March 2004 and 2006) and

during the dry season (November 2006) (Fig. 2,

Table 1). Higer DOC end-member concentrations

were measured at the end of the dry season

(September 2004 and July/August 2005) suggesting,

as also observed in other studies (Hamilton et al.

1997), that increasing precipitation rates enhance

DOM leaching from soils, especially after dry

periods. During the expedition in September 2004,

a low ground water level still attested to the

preceding dry period and the water discharge mea-

sured was significantly lower than predicted from

precipitation rates (see Table 1). It was therefore

assumed that the increasing precipitation rates were

still filling up the soil and ground water reservoir

(Baum et al. 2007).

DOM decomposition

The DOM decomposition experiment showed that

in the river water collected downstream of the

Mandau junction approximately 27% of the DOC

(*374 lmol l-1) was degradable within a 2 week

period whereas 73% of the DOC appeared to be

refractory on time scales of days to months (Fig. 4).

Fig. 4 DOM decomposition experiment showing decreasing

DOC concentrations (circles) over time of incubation. Note

that the scale of the y-axis changes at 1,000 lmol l-1. The grey

shaded area represents the part of the DOC which appears to be

refractory against microbial and photochemical oxidation on

the considered time scale. The plotted function describes the

exponential decomposition of the degradable DOC as shown

by the black line. In fitting the exponential function to the data,

the two outliers as indicated by the open circles, were ignored

Fig. 5 DOC concentrations (circles, Sep. 2004, July/August

2005; squares, March 2006; triangles, November 2006) versus

salinity. DOC concentrations at the zero intercept of the y-axis

are considered as the riverine DOC end-member concentrations

(see Table 1)
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The decreasing DOC concentrations measured during

the DOM decomposition experiment suggest an

exponential DOM decay which can be described by

the following equation:

DOC tð Þ ¼ DOCt0 � 0:27ð Þ � exp �0:016 � tð Þ
þ DOCt0 � 0:73ð Þ ð1Þ

DOC(t) is the DOC concentration at a certain time (t)

and DOCt0 is the DOC concentration at the beginning

of the experiment. The resulting decay constant (k)

of -0.016 h-1 indicates a half-life of 43 h for the

most labile fraction (half-life = ln(2)/k) and the first

derivation of Eq. 1 describes the DOM decomposi-

tion rate (DOMdecomposition):

DOMdecomposition ¼
oDOCðtÞ

ot
ð2Þ

Since peat contains a mass ratio between organic

carbon and oxygen (C/O ratio) of *2.7 (Cameron

et al. 1989), it was assumed that only 0.8 mol of

dissolved oxygen was consumed during oxidation of

one mol of peat-derived DOC (DOM ? 0.8O2 ?
CO2). Consequently the DOM decomposition rate

(Eq. 2) can be converted into the oxygen consumption

rate (COxygen) by multiplying it by 0.8:

COxygen ¼ 0:8 � oDOCðtÞ
ot

ð3Þ

According to Eq. 1–3, a mean DOC concentration of

*1,500 lmol l-1 (DOCt0) as derived from the data

measured in the Siak upstream the estuary (Fig. 3a),

suggests, for example, a mean oxygen consumption

rate of *5.1 lmol l-1 h-1. Such an oxygen con-

sumption rate is *3 times higher than those

determined in the Amazon river (1.7 lmol l-1 h-1

(Devol et al. 1987) and must be considered as a

minimum estimate for reasons discussed above. Fur-

thermore, such a high DOC decomposition rate

implies a net DOC degradation with the water travel

time in the Siak river. The observation that the DOC

concentrations increased from headwater to estuary

indicates that DOC inputs exceeded the DOC decay;

this imbalance was most pronounced at the Kanan/Kiri

and the Mandau junctions mentioned above (Fig. 3a).

Oxygen concentrations

Oxygen concentrations decreased from *170

lmol l-1 in the S. Tapung Kiri to 12 lmol l-1 at

the beginning of the Siak estuary (Fig. 3b) and the

water column had weak or no vertical gradient, as

seen in the oxygen profiles obtained by the Sea-

Bird19plus CTD during the expedition in July/August

2005 (Fig. 6). The oxygen concentrations were

inversely correlated to the DOC concentrations

suggesting that DOM decomposition was a main

factor controlling the oxygen concentration in the

Siak (Fig. 7). Furthermore, the regression equation

and the resulting zero intercept of the x-axis, implies

that anoxic conditions should be established in the

Siak when the DOC reaches concentrations of

*2,850 lmol l-1 (= 145.48/0.051; see equation

given in Fig. 7). In the Paraguay river, for example,

an enhanced DOM leaching after a dry period

produced an anoxic event associated with an fish kill

and the DOC concentrations range from *700 to

925 lmol l-1 (Hamilton et al. 1997). There are also

reports of mass fish mortalities in the Siak but so far

we have not been able to observe such an event.

Fig. 6 DOC and oxygen concentrations measured in the Siak

downstream river-km 180 at a water depth of one m (upper

panel) versus latitude as well as oxygen concentrations, salinity

and temperature determined with the Seabird CTD versus

latitude (lower panels). In the lower panels the grey area

indicates the river bed and the black lines the CTD casts
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Although the correlation between DOC and oxygen

concentrations is statistically significant (significance

level \0.1%), outliers point to other processes that

counteract the influence of DOM decomposition on

oxygen concentration in the Siak.

Oxygen inputs

Oxygen production during the photosynthesis of

organic matter could in principle be an oxygen source

which might have enhanced the oxygen concentra-

tions in the Siak during the daytime. Since the lack of

light caused by the brown water color strongly reduces

photosynthesis, it is assumed that oxygen inputs across

the air–water interface are the main source of oxygen

in the Siak. This oxygen flux (FOxygen) is driven by the

oxygen partial pressure (pO2) difference between the

river and the atmosphere and can be calculated

according to Fick’s law:

FOxygen ¼ k � a pO2�Atmosphere � pO2�River

� �
ð4Þ

‘a’ is the temperature- and salinity-dependent solu-

bility coefficient of oxygen (a = [O2]/pO2) which

was calculated according to Benson and Krause

(1984) and ‘k’ is the piston velocity, which is mainly

controlled by the turbulence in the aquatic boundary

layer. The turbulence in the aquatic boundary layer

strongly depends on the bottom friction and can be

increased by wind speeds and precipitation rates (e.g.,

Borges et al. 2004; Guerin et al. 2007; Kremer et al.

2003; Raymond and Cole 2001). The bottom friction,

in turn, generally increases with decreasing water-

depth and increasing current velocity (Raymond and

Cole 2001). Results of measurements made in the

Amazon river, by determining 222Rn accumulation in

free-floating chambers and carrying out oxygen mass

balances, indicate mean piston velocities of up to 7

and 25 cm h-1, respectively (Devol et al. 1987).

Oxygen dynamics

In order to examine the interplay between oxygen

consumption and oxygen input, we developed a small

box-diffusion model (Eq. 5) within which the water

column of the river was divided into 100 cm thick

layers (Dz) and a time step of 13.5 s was considered.

oO2

ot
¼ o

oz
Av

oO2

oz

� �
þ SOxygen þ COxygen ð5Þ

SOxygen is the oxygen source term in the surface layer.

If in a discrete model the surface layer has a thickness

Dz, the oxygen source term in this layer can be derived

from the oxygen flux through the air-water surface

(FOxygen, see Eq. 4) by means of: SOxygen = FOxygen/

Dz. COxygen (see Eq. 3) is the oxygen consumption rate

in the water column and ‘AV’ is the diffusion

coefficient for which a value of 370 cm2 s-1 was

selected. Determination of the diffusion velocity udiff

by means of udiff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � AV=t

p
; leads to the conclusion

that due to the mean water depth of\20 m (see Fig. 6)

diffusion affects the entire water column after approx-

imately *1.5 h. Accordingly it is inferred that a

variation of the chosen AV in a realistic range would

also result in a rapid mixing which agrees with the

well-mixed water body seen in the salinity and

temperature profiles (Fig. 6). Equation 5 is formulated

forward in time and as central differences in space. An

explicit scheme was employed to solve this equation,

which made it necessary to use the above-mentioned

small time step of 13.5 s. A test of this scheme prior to

our simulation proved that it fulfils all mass conser-

vation requirements.

Water-depth and piston velocity

In order to check the applicability of the model for

the Siak, we first averaged the DOC and oxygen

concentrations measured just upstream from the

Fig. 7 Oxygen versus DOC concentrations measured at water-

depth of 1 m during the expeditions. The black line illustrates

the given regression equations, ‘n’ is the number of data points

and ‘r’ is Pearson correlation coefficient. The arrow indicates

the range of data over which increasing DOC concentration is

not necessarily associated with reduced oxygen concentrations
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estuary. The resulting mean DOC concentration of

1,500 lmol l-1 was used to calculate the oxygen

consumption (Eq. 3) and after reaching the steady

state, the simulated oxygen concentration was com-

pared to the mean measured oxygen concentrations of

59 lmol l-1. The modeled oxygen concentrations

varied depending on the selected piston velocity and

the water-depth. As discussed previously the piston

velocity strongly influences the oxygen input across

the air–water interface and the water-depth affects the

total oxygen consumption in the water column. The

total oxygen consumption within a given time is the

product of the oxygen consumption rate (see Eq. 3)

and the considered water volume. Since the time step

of 13.5 s and the river surface area are constant in the

model, the total oxygen consumption increases with an

increasing water-depth. One therefore has to increase

the piston velocities as water-depth increases in order

to maintain an oxygen concentration of 59 lmol l-1 in

the modeled water column (Fig. 8). A piston velocity

of 22.9 cm h-1 would, for example, correspond with a

water-depth of 8 m, in order to simulate a mean

oxygen concentration of 59 lmol l-1 (Fig. 9, see also

Table 2—experiment 1). Such a mean water-depth

appears to be representative for the Siak considering

that the water-depth at our sampling sites ranged

between *8 and 20 m (see Fig. 6) and the sites were

located near the centre and not close to the river banks.

Since a piston velocity of 22.9 cm h-1 is also close to

the one derived form the oxygen mass balance

calculation in the Amazon (Devol et al. 1987), it can

be concluded that the model is suitable to study the

oxygen dynamics in the Siak river.

Residence time and current velocities

As indicated by the previous model run (see Fig. 9) it

takes up to 120 h (5 days) to reach a steady state in the

dissolved oxygen concentrations so that residence

time of water in the Siak and thus the current velocity

could be an important factor influencing the oxygen

concentration in the river. In order to study the

possible impact of the current velocity on the oxygen

concentration we chose a piston velocity of 25 cm h-1

and a mean water-depth of 8 m and plotted the

modeled oxygen concentrations versus ‘river-km’

(Fig. 10a). River-km was calculated by multiplying

the time-step of 13.5 s and current velocity. The

product was kept constant by reducing the number of

time-steps in the simulation when the current velocity

was increased. Furthermore, the initial DOC concen-

tration was set at 520 lmol l-1 as measured in the S.

Tapung Kiri (see Fig. 3a) and was subsequently

increased on a step by step basis at river-km 105 and

215 to 1,300 and 1,900 lmol l-1 in order to simulate

DOM inputs from the S. Tapung Kanan and Mandau.

The selected river-km’s are actually *30–50 km

upstream of the Kanan/Kiri and Mandau junction at

river km 155 and 245. The shift reflects the tidal

influence at the Mandau junction and DOM inputs of

smaller peat draining creeks into to the S. Tapung Kiri

already prior to the Kanan/Kiri junctions. However, a

selected mean current velocity of 1 m s-1 results in

oxygen concentrations which are higher than those

measured because of the short residence time

(*2.4 days) and a resulting lower DOM consumption

in the river (Fig. 10a, Table 2—experiment 2). If one

selects mean current velocities (residence times) of

0.25 m s-1 (*9.8 days) and 0.125 m s-1 (*18 days),

the resulting oxygen concentrations correspond rea-

sonably well with the measured oxygen concentrations

in the Siak (Fig. 10a, Table 2—experiments 4 and 5).

Direct determination of mean current velocities in

tidal-influenced rivers is very problematic but can be

deduced from the mean water discharge and the mean

river cross section. A mean water discharge of

440 m3 s-1 (Table 1), a mean water-depth of 8 m as

Fig. 8 Piston velocities (k) versus water-depth. Each data

point indicates a model result. In each model run a DOC

concentration of 1,500 lmol l-1 was considered, and to each

given water-depth a piston velocity was selected in a way that

the oxygen concentration at steady state was maintained at

59 lmol l-1
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indicated by the model results and a river-width of

220 m would, for example, suggest a mean current

velocity of *0.25 m s-1. Since the Siak already

reveals a width of 80 m at the Kanan/Kiri junction

which increases to 250 m at the Mandau junction and

to [350 m at the beginning of the estuary, a mean

river-width of [220 m and therefore also a mean

current velocity of \0.25 m s-1 would appear to be

acceptable.

Sensitivity experiment

Temperature, water-depth, DOC

Sensitivity experiment were carried out in order to

investigate the impact of possible environmental

changes on the oxygen concentration in the Siak. We

therefore increased the temperature and reduced the

water-depth in the model because of changes in

precipitation rates and the river discharge as observed,

e.g., during the expedition in September 2004

(Fig. 10b). DOC concentrations were also increased

due to a possible anthropogenically enhanced DOM

leaching.

Temperature changes affect the oxygen input

across the air–water interface by their impact on the

solubility of oxygen in the water (see Eq. 4, Benson

and Krause 1984). In the model a temperature

increase of 1�C would lower the oxygen concentra-

tions by *4 lmol l-1. A reduction of the water-

depth would increase the oxygen concentrations by

*26 lmol l-1 (Fig. 10b, Table 2—experiments 6

Fig. 9 Oxygen

concentrations derived

from the model versus

time (a) and depicted as

vertical variation in

concentration at steady

state (b; see Table 2

experiment 1)

Table 2 Result of model simulation, showing experiment

number, topic of the experiment, DOC concentrations used in

the model runs, modeled oxygen concentrations at the begin-

ning of the estuary (see Figs. 10, 12), and the associated

oxygen consumption rates as well as the piston velocity (k),

current velocity, water-depth, and temperatures during the

model experiments

Experiment

no.

Topic DOC

(lmol l-1)

O2

(lmol l-1)

O2-cons.

(lmol l-1 h-1)

k
(cm h-1)

Velocity

(m s-1)

Water-depth

(m)

Temperature

(�C)

1 Average 1,500 59 5.18 22.9 8 29

2 Velocity 1,900 67 6.56 25.0 1.000 8 29

3 Velocity 1,900 41 6.56 25.0 0.500 8 29

4 Velocity 1,900 32 6.56 25.0 0.250 8 29

5 Velocity 1,900 31 6.56 25.0 0.125 8 29

6 Temperature 1,900 28 6.56 25.0 0.250 8 30

7 Water-depth 1,900 58 6.56 25.0 0.250 7 29

8 DOC 2,185 1 7.55 25.0 0.250 8 29

9 Low ground 2,550 22 8.80 28.1 0.250 7 29

10 l.g. DOC 2,932 0 10.10 28.1 0.250 7 29

‘low ground’ and ‘l.g.’ means low groundwater levels
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and 7) because it would lower the total oxygen

consumption in the water column as discussed above.

An increase of the DOC concentration by 15% below

the Mandau junction would already suffice to produce

anoxic conditions in the Siak upstream the estuary

(Table 2—experiment 8).

Enhanced DOC concentrations at the end of dry

period

Increasing the mean DOC concentration by 15%

would result in a DOC concentration of

2,185 lmol l-1 between the Mandau junction and

the estuary. This concentration falls below DOC

concentrations of *2,550 lmol l-1 measured in this

area e.g., during the expedition in September 2004

(Fig. 3a). Although these high measured DOC

concentrations were associated with low oxygen

concentrations, the latter still varied around

20 lmol l-1 and were not zero as indicated by the

sensitivity experiment (Figs. 3b, 7). As also men-

tioned previously, the groundwater level was

extremely low during this expedition due to dry

conditions prior to the expedition. In addition to a

decrease of the total oxygen consumption, a low

ground water level and the resulting reduced water-

depth could also enhance the turbulence in the aquatic

boundary layer and thus the piston velocity and the

oxygen flux across the air–water interface. We carried

out further sensitivity experiments in order to test to

what extent a reduced water-depth could counteract an

enhanced oxygen consumption rate caused by an

increase in the DOC concentration. Within these

experiments the DOC concentration was set to

2,550 lmol l-1 after the Mandau junction and the

water-depth was reduced by up to 5 m (Fig. 11). The

model results indicated that a drop in the water-depth

of 2 m would suffice to explain an oxygen concentra-

tion of [20 lmol l-1 even if the DOC concentration

reached 2,550 lmol l-1. If one also assumes that the

piston velocity increases by 12% when the water-

depth decreases by one meter (*12%), a reduction of

the water-depth by 1 m could explain the data

measured during the expedition in September 2004

(Figs. 11, 12, Table 2—experiment 9).

To test the sensitivity of this system to an enhanced

DOC leaching the DOC concentrations were again

increased by 15% to 2,932 lmol l-1. According to the

model results such a DOC increase would again be

sufficient to produce anoxic conditions upstream of

the estuary (Fig. 12, Table 2—experiment 10). The

DOC concentrations of 2,932 lmol l-1 applied cor-

respond fairly well with the zero intercept of the x-axis

(*2,852 lmol l-1) derived from the regression equa-

tion obtained by the correlation between the measured

DOC and oxygen concentrations (Fig. 7). It is there-

fore assumed that water-depth is an important factor

which could counteract an enhanced DOC leaching

and the resulting increased oxygen consumption rates,

but this buffer capacity seems to be close to its limits in

the Siak.

Fig. 10 (a) Oxygen concentrations calculated by using a mean

current velocity of 1 (black line), 0.5 (dotted line), 0.25 (bold

line), and 0.125 m s-1 (bold broken line) versus river-km (see

Table 2 experiments 2–5). (b) Oxygen concentrations calculated

by using a current velocity of 0.25 m s-1 (bold line, Table 2—

experiment 4). The same current velocity was used also by the

other model runs during which the temperature was increased by

1�C (stippled line, Table 2—experiment 6), the water-depth was

decreased by 1 m (dotted line, Table 2 experiment 7) and the

DOC concentration was increased by 15% (thin black line,

Table 2—experiment 8). The bold grey indicated the mean

measured oxygen concentrations as shown in Fig. 3b
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Conclusion

Our results showed that the DOC concentrations

increase along the Siak river because DOM inputs

exceed DOM decay. DOM decomposition and the

resulting oxygen consumption fueled by continuous

DOM inputs appeared to be a main factor influencing

the oxygen concentration in the Siak. This result

could be confirmed by a box-diffusion model which

showed that in addition to the DOC concentration the

water-depth is also an important factor influencing

the oxygen concentrations. The water-depth affects

the oxygen input across the air water interface and the

total oxygen consumption in the water column due to

its impact on the turbulence in the aquatic boundary

layer and the surface/volume ratio of water in the

river. A reduced water-depth could, for example,

compensate for an enhanced oxygen consumption

caused by an increased DOM leaching from soils

during the transition from dry to wet periods. This

result was confirmed by a box-diffusion model which

suggests that buffer mechanism is close to its limit

and emphasizes the sensitivity of the Siak against

further peat soil degradation.
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