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Abstract. Forest clearing for reasons of timber production, 1 Introduction

open pit mining and the establishment of oil palm planta-

tions generally results in excessively high sediment loads i o .

tropical rivers. The increasing sediment loads pose a threa d_one5|a s the country .W't.h the_ largest area of coral reefs,
to coastal marine ecosystems, such as coral reefs. This stuﬁX"Ch hosts the global biodiversity center of several groups

presents observations of suspended sediment loads in tzog]ari;]e r(])rganismgT(Jmasgik et al|.19dg7:f8palldi(rjlg et "?‘" .
Berau River (Kalimantan, Indonesia), which debouches into ). ALt € same t|r_ne, sediment joads from In onesian 1s-
lands are disproportionally large. Although the Indonesian

a coastal ocean that is a preeminent center of coral diver . 0
sity. The Berau River is relatively small and drains a moun_arcmpelago accounts for only about 2% of the land area

tainous, still relatively pristine basin that receives abundant(iga;"n?tr'lmoltgeIglog_al octetan, '; 'St refds]ponsniln?iﬁfor 13 to
rainfall. In the tidal zone of the Berau River, flow velocity 6 of the glabal sediment transfer to the oceasslinan

was measured over a large part of the river width using ot al, 1999 Syvitski et al, 2005 Milliman and Farnsworth

horizontal acoustic Doppler current profiler (HADCP). Sur- 2011. The disproportionally high sediment load from the In-

rogate measurements of suspended sediment concentrati&?neSia.m islands is que o the 'high Fopogrgphical relief, the
were taken with an optical backscatter sensor (OBS). py-Small size of Fhe drainage basms_ with easily _ergdmg rocks
eraged over the 6.5 weeks covered by the benchmark sutqnd heavy ramfa_ll_ that chara_cterlzes the _”Op"““”(m‘f"”

vey period, the suspended sediment load was estimated al, 1999' Add|_t|0nally, sedlmgnt loads in !ndone§|a are
2Mtyr—1. Based on rainfall-runoff modeling though, the Increasing at a higher rate thar_1 n qthe_r tropical reglons be-
river discharge peak during the survey was supposed to b ause of large-scale deforestan@y(ntskl.et al, 2,005 Mil-
moderate and the yearly averaged suspended sediment lo gran and EarnsworchOl]). The increasing sedlmer_lt loads
is most likely somewhat higher than 2 Mtyr. The conse- pose a serious threat to coastal coral reef ecol&glnger

quences of ongoing clearing of rainforest were explored us®t 2'(;.1998 Sp?Ing e'; al.ZSOISIBa%r(i)c;/us 22052 f |
ing a plot-scale erosion model. When rainforest, which still inger et al(1998 found a 30-60 % reduction of cora

covered 50-60 % of the basin in 2007, is converted to pr0_§pecies diversity at land-affected reefs over a period of 15yr

duction land, soil loss is expected to increase with a factor”! Indonesua. The_observed reef de_g_radatlon is partly due to
between 10 and 100. If this soil loss is transported seawar(ﬁhe increased sediment Iqads. Turbidity reduces photosynthe-
as suspended sediment, the increase in suspended sedim 5 and reduces the maximal depth where corals can survive

load in the Berau River would impose a severe stress on thi R_ogerr? 1990 Fabrlcmsffoos. Both turlbldlty a:jnd §ed|men- h
global hotspot of coral reef diversity. tation have negative effects on coral reproduction, growt

and survival, which may result in decreasing species richness
(Fabricius 2005. The distribution of turbidity may result

in a zonation of coral reefdcLaughlin et al, 2003. The
distribution of turbidity of an Indonesian embayment hosting
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Fig. 1. Map of the Berau region showing the Berau drainage basin with contour heights (m), the river and estuarine channels and the coral
reef islands in the east.

coral reefs was studied yoitink and Hoekstrd2003 and  drains a relatively pristine basin, but is facing rapid eco-
Hoitink (2004, who found that turbidity levels bear a com- nomic development. The suspended sediment load is esti-
plex relation to the tidal motion and to flows driven by mon- mated from continuous observations of flow and suspended
soons, and may peak above reef slopes as a result of clousediment concentration, obtained in 2007 in the tidal zone
formation. In an embayment in Jamaibégllela et al.(2004 of the Berau River. Observations of the suspended sediment
observed a clear increase of coral reef diversity with distancdoad in the tidal zone of a river may provide better estimates
from the river mouth. of this load than observations taken further upstream. This
Despite the apparent impacts of sediment loads on corastudy serves as a benchmark reference for suspended sedi-
reefs, there are few continuous records of suspended sedinent loads to the Berau coastal shelf for the situation in 2007,
ment loads in Indonesian rivers. This paper presents obsewhen the catchment was relatively pristine, yet increasingly
vations of flow and suspended sediment concentration in theubject to anthropogenic disturbances.
Berau River, situated in Kalimantan, Indonesia (Rig.The The second objective of this paper is to estimate, at first-
Berau drainage basin is relatively pristine. In 2007, rainfor- order, how the suspended sediment load responds to pro-
est still covered more than half of the drainage basin, al-jected land cover or land use (further termed “land cover”
though the rainforest cover is rapidly decreasing due to ecofor brevity) changes. This response was high on the steep
nomic developmentHkadinata et al.2010. The rainforest  slopes of central Borneo, wheBesler(1987) estimated that
supports high densities of the Bornean orangubMarghall  soil loss from hillslopes with bare soil was over 10 000 times
et al, 2007). The adjacent Berau continental shelf is host larger than losses from forested hillslopes. This study em-
to an extremely diverse coral communitye(Voogd et al.  ploys a simple erosion model to investigate the sensitivity of
2009 that shows a marked zonation with more turbid coastalsoil loss on land cover changes, which include forest clear-
reefs west of the Derawan reef chain, and oceanic reefs eastg for timber production, open pit mining and conversion
of the chain (Figl). This continental shelf is also of global into oil palm plantations. Increasing soil loss implies elevated
interest due to the presence of several anchialine lakes armglispended sediment concentration in streams and rivers. In
the presence of nesting grounds for the endangered green s## Berau River, sufficient additional sediment transport ca-
turtle (Tomascik et al.1997 de Voogd et a.2009. pacity is available to convey additional sediment input from
The present contribution is part of the Berau research clusthe catchment to the sea. Hence, additional soil loss could in-
ter, which is part of the bilateral Indonesian-Dutch East Kali- crease stress on the coral reefs and other marine ecosystems.
mantan Programme (EKP) for coastal zone research. The po- This paper continues with thigeld site where details of
tential of the Berau River as a source of pollution for the the geology, climate and other characteristics of the Berau
coastal ecosystems was investigatee Yoogd et al.2009 basin are provided. In the subsequent sectiomtethodsre
van Katwijk et al, 2011). On the continental shelf, the tidal described, including the calibrations necessary to obtain sus-
dynamics and the temporal and spatial behavior of the rivepended sediment load and the erosion model. Inrékalts
plume were studied (e.garya et al.2010. Suspended sed- section the time series of discharge and suspended sediment
iment may be transported to the reefs, whereas bed load magoncentration are shown and outcomes of the erosion model
primarily be deposited near the channel mouths. are given. Adiscussionon the estimated yearly averaged
The main objective of this paper is to estimate the yearlysuspended sediment load and its sensitivity to land cover is
averaged suspended sediment load in the Berau River. Thimllowed by theconclusions
Berau River is an example of an ungauged tropical river that
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2 Field site Table 1.Forest cover (krf) in time in the Berau district afteEkad-
inata et al(2010.
2.1 Geology and resources

1995 2000 2005 2008

The Berau district, which encloses the Berau catchment, is
situated on the Sunda plate. The Sunda plate is an extension
of mainland southeast Asia that was uplifted and folded in
the Tertiary (65-3 million years ago), associated with the
northward movement of the Australian platelacKinnon
et al, 1996. This tectonic movement created the topogra-
phy of Borneo, including the high mountain range in central which may result in decreased rainfaBr(ijnzee| 2004).
Borneo and the surrounding hilly landscape. Erosion of thisTime series of rainfall did not show such a decreasing trend.
mountain range over a period of about 15 million years hasDuring the El Niio period of 1997 and 1998 and the L&ii
resulted in thick sedimentary deposits in basins, such as thperiod of 1999, rainfall over Kalimantan was respectively
Berau-Bulungan basinMantel 2001). This basin contains lower and higher than average. These differences were not so
pools of coal, gas and oiMpss 1982, which are important  pronounced at the meteorological station in the harbor town
for the Berau district economically. Gold panning is of local of Tanjung Redeb. Since the meteorological data were col-
economic importance in the district. lected 20m above mean sea level and rainfall is generally
The dominant source rocks for soils in Borneo are sedi-correlated with altitude, the station may underpredict the
mentary. Active volcanoes that are typical for most other In-rainfall in the Berau catchment. Spatial patterns of rainfall
donesian islands are absent in Kalimantan, the Indonesiapresented byoss (1982 show that rainfall was minimal at
part of the island Borneo. Sedimentary rocks are generallyranjung Redeb and maximally 2.2 times higher at the highest
poor in weatherable minerals and rich in silica. When suchaltitudes. This spatial variability can explain the areal aver-
sedimentary parent rocks are well drained, red-yellow pod-age rainfall estimated from the Tropical Rainfall Measuring
zolic soils develop, of which Ultisols are the dominant type Mission (TRMM, http://trmm.gsfc.nasa.gov/) averaged over
(MacKinnon et al,1996. Ultisols are usually very deep, less the years 1998-2007, amounting to 2906 mm'yr
fertile and aluminium toxic soils, which both limits their use ~ The rainfall climatology from the Berau catchment (R2p.
for crop production and makes them vulnerable to erosionshows characteristics of two out of three climatic regions in
(Mantel 2001). Ultisols cover most of the Berau district. In Indonesia as defined b&ldrian and Susant@2003. The
the south of the district, a more fertile limestone area occurgegion that covers large parts of southern Indonesia experi-
(Voss 1982. The karst formations, caves and limestone rain-ences a strong influence of the wet northwest monsoon from
forests in this area are considered as one of the most valuabMovember to March and of the dry southeast monsoon from
areas of Indonesia for conservatidfigcKinnon et al.1996. May to September. In the second region, centered in western
The rainforest cover in the Berau district is rapidly de- Indonesia, the monsoons are suppressed, resulting in small
creasing (Tablel). Since the area of the Berau catchment differences between the wet and dry seaséidrian and Su-
is 55 % of the entire Berau district area, Talilis represen-  santg 2003. In the Berau catchment the variation in monthly
tative for the Berau catchment. In the period between 2005ainfall reflects both these climatic regions. The variation
and 2008, which covers our fieldwork period, the total forestwithin a year is similar to within the first climatic region,
cover decreased by about 40%. In 2007, when most of thavhereas the difference between the wet and dry periods is
observations for this study were made, the total forest covetimited as in the second.
in the Berau catchment was still about 50-60 %. This is high
for Indonesia, since both legal and illegal logging of the rain-2.3 The Berau River
forests occurs at large scal@gsson and Obidzinsk20032).
The logging yields timber, which is an important resource for Just upstream of the village of Gunung Tabur, two rivers join
the Berau district, and may be associated with establishing oiand form the Berau River (Fidl). The drainage basin of
palm plantations. As a result of the logging, soil erosion ratesthe Berau River is situated in between the larger drainage
increase dramaticalljfg{-Hassanin et al1993 Moehansyah  basins of the Kayan and the Mahakam rivers that also run
et al, 2004 and also sediment loads issued to the coastal sem eastward direction. These two large rivers drain the high-

Undisturbed 12196 8407 7551 4319
Logged-over 7121 7991 9497 5766
Total 19317 16398 17048 10085

may increase substantially. est mountains of central Kalimantan. The Berau catchment
is about 14 000 square kilometers, and the highest altitude is
2.2 Climate about 1800 m.

The Berau River discharge at Gunung Tabur averaged
The mean annual rainfall at Tanjung Redeb (Fijwas 605 n? st during several months in 200Bigschman et al.
2105 mmyr? over the observation period from 1987 to 2007 2009, which was an average year in terms of rainfall. At
(Fig. 2). In this period, rainforest clearing has occurred, Gunung Tabur, the tidal regime is mixed, predominantly
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Fig. 3. Bathymetry of the Berau River close to the village Gunung
Tabur showing depths with respect to mean water level (m). Instru-

Fig. 2. Monthly rainfall at Tanjung Redeb based on the years 1987_ments that obtain flow velocity and suspended sediment concentra-

2007. The annual average is 2105 mm¥rwhich corresponds to tion were deployed at the location marked with an X.
an average monthly rainfall indicated by the thick line.

Jan Mar May Jul Sep Nov

series described iBuschman et a[2009, during which the

semidiurnal. The tidal range is about 1 m during neap tideProtocol was set up to collect the velocity profiles contin-
and 2.5m during spring tide, which is similar to the coastal Uously at a high sampling rate of 2Hz (last two periods in
conditions. The cross-sectional area of the Berau River inFig. 4). The high-frequency data were collected to investi-

creases more or less exponentially going seanBud¢hman ~ 9ate processes of lateral momentum transfer in a future study,
et al, 2009, which is associated with the increasing tidal Put serve here to complement the data series osthman

prism. etal.(2009, as they coincide with the OBS turbidity profiles.

The bathymetry around Gunung Tabur, where instruments o ) )
were mounted on an existing wooden jetty, shows severaf-2 OPtaining continuous discharge
deep troughs in the outer bend of the tidal river. The max-
imum depth in the cross-section of the wooden jetty was

8m (Fig. 3). The bathymetry was obtained by navigating . . "
transects across the channel at least every 500 m with a g to the methods described bipitink et al. (2009. The

echosounder and a GPS, correcting for water level variation, ADCPthobts_sr\lle_d rovI\:/ velocﬁesf?ht dlfferelrt ';;A‘Dﬂcp ce:ls

and interpolating along the channel., across the tidal river. For each of these cells, the flow veloc-
ity was extrapolated to the bed and the water surface, us-
ing a bed roughness coefficient that determines the shape

As was done foBuschman et al2009, flow velocity data
from the HADCP were converted to discharge)(accord-

3 Methods of the flow velocity profile and the relative depth of the
cell. This flow velocity profile was integrated over depth,
3.1 Data set resulting in the specific discharge at a cell. For each cell

the specific discharge was stochastically related with total
Suspended sediment load at Gunung Tabur was estimated Ugischarge. Total discharge was observed during calibration
ing observations from three instruments. A horizontal acousperiods by navigating transects across the tidal river with a
tic Doppler current profiler (HADCP) and an optical moni- yessel mounted downward-looking acoustic Doppler current
toring station (OMS) were deployed on a jetty, yielding con- profiler. The stochastic relations from the calibration were
tinuous point measurements of flow velocity and turbidity, ysed to obtain total discharge from the specific discharge at
respectively. During 13-h boat surveys across the tidal river agach HADCP cell for the whole HADCP observation period.
Gunung Tabur, turbidity profiles were observed with an opti- Finally, the independent estimates of total discharges result-

cal backscatter sensor (OBS). This specific cross-section wagg from each HADCP cell were averaged to yield the pre-
selected for two reasons. Two rivers join just landward of thesented total discharge.

cross-section, such that all water and sediment are conveyed
in a single channel. Secondly, a firm jetty existed to which3.3 Rainfall-runoff model
the HADCP and OMS could be mounted. Figdrgives an
overview of the observation periods for the three instrumentsA long-term (two years) river discharge series was gener-
This figure shows that, for a period of 6.5 weeks starting atated by means of a rainfall-runoff model calibrated with the
Julian day 502, suspended sediment load can be derived froomeasured river discharge as described in the previous subsec-
the overlapping discharge and turbidity time series. tion. We used the lumped HBYV light versioSdiberf 1997,

This paper presents the same discharge data as analyzed Bgibert and Bever2009 for discharge simulation of the Be-
Buschman et a[2009, which has a time step of 1 min. Two rau catchment upstream of Gunung Tabur. HBV is a simple
three-day periods of HADCP data were added to the dataonceptual model that is widely used and relatively easy to
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Fig. 4. Timeline per instrument of the measurements used in this study.

parameterize@riessen et al.2010. The model simulates in September 2007 (Fid). In September 2007 about 20 sets
daily discharge using daily rainfall, temperature and poten-of profiles were taken across the river, attaining a higher tem-
tial evaporation as input. Daily precipitation data were ob- poral resolution than in May 2007.
tained from the TRMM at a spatial resolution of 022%ver Suspended sediment concentratiohwas obtained from
the catchment. The areal average precipitation used to forcaurbidity after calibration with in situ water samples. Simul-
the model was calculated as weighted mean of precipitationaneously with the turbidity observations, 99 in situ water
locations in and around the catchment. Potential evapotransamples were collected. Half of the samples were taken at
spiration was estimated using the Penman-Monteith formuldl m from the bottom and the other half at 1 m from the water
based on data from the meteorological station in Tanjung Resurface. For each water sample a known volume of water was
deb, and further refined by forcing the model to close thefiltered through membrane filters with a pore size of about
long-term water balance. 0.45 um. Drying the filter in an oven to remove water and
The model was calibrated using approximately four organic matter from the residue, weighing the residue and
months of the available six months of measured river dis-dividing this weight by the filtered volume resulted in an esti-
charge. Calibration involved applying the Monte Carlo pro- mate ofc. Figure5 shows the linear regression@gstimates
cedure by taking one million parameter sets. The sets weréo optical backscatter in volts. Regarding this calibration, 7
generated using random numbers within the given parameef the 99 points were excluded based on a 4-sigma test. The
ter ranges for the HBV soil and evaporation routine (threeresulting regression results in a high coefficient of determi-
parameters), and groundwater and response routine (four paation ¢2 in Fig. 5), suggesting that the sediment charac-
rameters). Twenty parameter sets were selected to produderistics were not very different between May and Septem-
the daily discharge series. Each of these sets was associatedr 2007. This high coefficient of determination is remark-
with the best fit based on a fuzzy measuseipert 1997) of able, since in other rivers usually the calibration parameters
three objective measures (i.e. Nash-Sutcliffe efficieRgy, are not constant in time, and need to be determined for each
log(Reff), and mean difference). In addition, two more ob- individual survey. The obtained constant regression coeffi-
jective measures were added to the fuzzy measure. Thesgents were used to obtain estimatescdfom the vertical
objective functions were based on tiRgs computed with  profiles of turbidity.
14 and 28 days averages of the time series. These averag- For the two days in September 2007, which had a higher
ing periods were used, since the tidally averaged discharge aemporal resolution, the variation af within the cross-
the discharge station fluctuates with the spring-neap tide pesection was investigated. The concentration profiles were in-
riod (Buschman et al2009. These fortnightly fluctuations terpolated to a regular vertical interval of 0.1 m. The top
may lead to discrepancies with the simulated runoff. T&ble 0.3 m and the bottom 0.5 m were discarded, since these mea-
shows the mean and standard deviation of the 20 parametaurements could have been affected by air bubbles or by in-
sets used in the calibrated HBV model. The daily discharge igerference with the bed. For the spatial interpolation the ver-
obtained as the median of the 20 time series calculated wittical coordinate was expressed in terms of relative height,

the best parameter sets and the calibrated HBV model. which is the height above the bed divided by the local to-
tal depth. All profiles were interpolated on a grid of relative

3.4 Obtaining profiles of suspended sediment height and distance from the right bank. Finally, a box filter
concentration was applied in time and over relative height to smooth the

data. Figure6 shows patterns of suspended sediment con-

The vertical profiles of turbidity were measured with centration at the cross-section under study for three stages
the OBS device every 50m across the approximatelyduring spring tide and neap tide. Those observations reveal
400-m-wide Berau River at Gunung Tabur. Profiles of tur- that suspended sediment concentration features little system-
b|d|ty were Consequenﬂy measured Covering tidal Cyc|es aﬂtic variation over width and depth The variation in a vertical
neap tide, at spring tide and during an intermediate tidalor horizontal profile is usually smaller than 10% and only
range in May (Julian day 510), and at neap and spring tideoccasionally reaches a maximum value of about 50 %.
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Table 2. Mean and standard deviation of the 20 parameter sets used in the calibrated HBV model, and the typical range of the parameters.

- Unit of Standard

Parameter  Description Range ean o
measure deviation

FC Maximum water content in soil box 50-500 mm 241.7 1237

LP Threshold for reduction of evaporation  0.3-1 - 0.7 0.2

BETA Shape coefficient 1-6 - 35 15

Ko Recession coefficient 0.05-05 ~H 0.25 0.11

K1 Recession coefficient 0.01-03 ~H 0.16 0.08

UzL Threshold for peak flows 0-100 mm 64.3 25.3

MAXBAS Length of weighting function 1-6 d 3.2 1.3

deviations from the median obtained over a 24 h period. A
0.12r . e ] last filtering procedure was necessary only for a period be-
o1 ‘ tween Julian days 538.5 and 542.5, when some of the mea-
' sured turbidities were high, whereas subsequent observations
_ 008} showed a low value. The highest signal was attributed to bi-
E ological fouling and these points were removed. The number
£ 006} of points removed from the time series did not exceed 4 % of
° the total, for each of the two series.
0.04 The valid points were interpolated and smoothed on a reg-
0.02 " o 0,33 T-0.0015" ular 5 mi!’] interval, using the m_ethodssthlax and Chelton
. ' (1992 with an overturning period of 3 h. The resulting tur-
r=0r2 bidity time series of September 2007 was linearly regressed

ol
0 005 01 015 02 025 03 against the cross-section averaged suspended sediment con-
T centration €) derived from the OBS profiles. Although this
turbidity index approach ignores variationadver the cross-
section, Fig.7 shows that the estimates 6ffrom the OMS
turbidity correspond well to the corresponding OBS-derived
values. Since the spatial variation of suspended sediment
o ) ) concentration is limited (Fig), the point data from the OMS
3.5 Obtaining continuous suspended sediment are largely representative for the cross-section. Also during
concentration the other three days with OBS cast observations, the spatial
variation of suspended sediment concentration in the cross-
Turbidity was measured continuously with a 5min interval section was limited (not shown), confirming that generally
using a 600 OMS manufactured by YSI, for several months.the point OMS data are largely representative for the cross-
The OMS was deployed at the same jetty as the HADCPsection. Finally, continuous suspended sediment load was es-
at about 1.5m above the bed, which was between 25 % angimated by multiplying discharge and the OMS derived sus-
50 % of the local depth, depending on tidal stage. Althoughpended sediment concentration.
the optical backscatter sensor was equipped with a wiper and
with a cage to protect the sensor, the turbidity signal often3.6 Erosion model
contained an increasing number of spurious peaks in each of
the time series. The larger parts of those peaks were cause€lb investigate the sensitivity of suspended sediment load
by biological fouling, with weeds, algae and shells growing to land cover changes, we apply an erosion model. Since
on the instrument. Only two data series with relatively few insufficient data were available to apply a distributed ero-
spurious peaks were sufficiently reliable for analysis. Thesion model for the Berau drainage basin, we applied the
first time series lasted 6.5 weeks, and the second time sdJniversal Soil Loss Equation (USLE) on a hillslope that
ries covered the two days when the high time resolution datas typical for the Berau drainage basin. Since the USLE
were collected (Figd). is a widely used soil erosion moddiérritt et al, 2003
For those two turbidity time series, data processing startedletten and Favis-MortlogR006 Kinnell, 2010, missing
by removing the spurious peaks. Turbidity samples exceedparameter values can be estimated based on other studies.
ing 300NTU, which were unlikely to be related to high We did not use the revised USLE, since it involves additional
turbidity of the water, were removed. Next, a moving window variables that are unknown for this tropical drainage basin.
filter was applied, retaining the data points within 4 standardAlthough the USLE describes plot-scale erosion processes,

Fig. 5. Calibration of turbidity with total suspended mattey from
in situ water samples.
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Fig. 6. Suspended sediment concentration from optical measurementS‘Gég'mrthe cross-section close to Gunung Tabur at three phases
in a tidal cycle during spring tide (left) and during neap tide (right). The black triangle indicates the position of the HADCP.
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Fig. 7. Cross-section averaged suspended sediment concentration for 11 days in September 2007.

we assume that the model provides first-order estimates oprecipitation ¢ in mmyr-1) according to an empirical re-
the sensitivity of soil loss to land cover changes in the Berauation found for southeastern Australigul and Rosewell
catchment. 1996:

The USLE is an empirical erosion regression equation pri-
marily based on observations. The annual soil loss per uniRe = 0.0438P*°1, (2)
area @, in tha lyr—1), averaged over a plot on a constant

sloping hill, is calculated as follow&\ischmeier and Smith This relation is remarkably similar to the empirical relation

1979: thatRenard and Freimund 994 found for the United States,
which suggests a universal nature of this relationstipaind
A, = ReK SsSI1Cm P, (1) Rosewel] 1996. Considering the small variation in the mean

monthly rainfall at the meteorological station in Tanjung Re-
where Re is the rainfall erosivity factor gep (Fig.2), the default value oRe was derived using the
(MImmhatyr~th™), K is the soil erodibility factor mean annual rainfall at that station. This value is lower than
(thMItmm1), Ss is the slope-steepness factor (S),is  the representative value for the catchment, since annual rain-

the slope-length factor (<;m is the cover and management f5|| at Tanjung Redeb is lower than at higher parts of the
factor () andP is the support practices factor (-). Each catchment.

factor in the USLE can be derived or estimated based on For the soil erodibility factork, the value for strongly
physical characteristics of a hillslope. weathered Ultisols was appliedMschmeier and Smith
Table3 gives an overview of the default input values for a 197g, since they are the dominant soil type in the basin

hillslope that has characteristics typical for the Berau catch{\ante| 2001). The factorsSs and S; are usually derived
ment. Because no high temporal resolution rainfall data wergointly as

available for the Berau basike was estimated from annual
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Table 3.USLE factors for a hillslope that has characteristics typical than at neap tideBuschman et a1.2009. Due to temporal

for the Berau drainage basin, includirRe derived from rainfall  water storage, the tidally averaged discharge is smaller dur-
during an average year ath that represents primary rainforest.  jng periods with increasing water level gradients. The varia-
tion of (Q) induced by the tides, however, is small with re-

USLE factor  Default value  Units spect to the variation due to river discharge variation from
Re 9820 MJImmhalyr-1h-1 runoff, which is partly caused by the small size of the river

K 0.013 thMJlmm-1 and the mountainous character of the catchment.

SsS| 2.8 A two-year time series derived from the rainfall-runoff
Cm 0.006 model (Fig.9) is used to assess the representative character of
P 1 the discharge (and suspended sediment load) data collected

in the 6.5-week observation period. The calibration period
for the discharge corresponds approximately to Julian days
ranging from 530 to 630; the remainder of the observations
m are used for model validation. Discrepancies can be largely
SsS) = ( Ls ) (65.41sirfa + 4.56siny + 0.065), (3) attributed to the forcing of the model, in particular, the pre-
221 cipitation time series. A sensitivity test was performed by
calibrating and validating the model using two- and three-
day averages of precipitation as model forcing. Averaging
daily precipitation increased the overall agreement between
odeled and observed discharge series in the validation pe-
iod. Best agreement for the validation peried< 0.86) was
btained by applying three-day averages of precipitation as
odel forcing. The two-year series of river discharge espe-
. . cially shows discrepancy with the observations in the high-
The cover .and management facto, is the ratio of the flows, highlighting the importance of extremes in long-term
long-term soil loss from a vegetated area to the Ior]g'termrecords (Fig9). Other discrepancies may be associated with

soil loss from a bare fallow area. Values for land cover tyPeSy o effect of tides, which is not captured by the model, and

that occur in the Berau catchment are presented in the "She inability of the present model to represent within catch-

sults section together with the sensitivity of suspended Sedfnent variations in vegetation and elevation zones.

iment load to land cover change. The default value of 0.006 The discharge averaged over the 6.5 weeks shown in
in Table3 represents primary rainforest, which covers a IargeFig 8 amounted to 703 As-L. which is sliéhtly higher than

"tRe river discharge averaged over the simulated two years
e(6667m°’s—1). In terms of drainage basin averaged rainfall,
rainfall over the 6.5-week period (3268 mnTy) was also
slightly higher than averaged over the years from 1998 to
2007 (2906 mmyrl). The highest observed river discharge
peak was, however, lower than the various simulated peaks
4.1 Discharge before and after this period (Fi®). Eight river discharge
peaks in the two-year simulated period exceeded the high-
The flow at Gunung Tabur is bidirectional. The daily peak est observed tidally averaged discharge. The simulated river
discharge magnitudes differ little between flood tide anddischarge exceeded 2108811 about one month before the
ebb tide (top panel of Fig8). Because ebb usually has a 6.5-week period, which is about 708t higher than the
longer duration than flood tide, a net flow seawards occurshighest observed tidally averaged discharge. Over the whole
The tidally averaged dischargéd)), obtained by applying observation period of about 6 months, the 10 % exceedance
a running mean over 24.8h period to time series of dis-value based on the HADCP is nearly 80®sn?, whereas it
charge, is always positive. The maximum observed tidallyis around 1200 fhs~? for the two-year simulated discharge
averaged discharge was 1412sn! and occurred at Julian regime. Hence, the modeled time series suggests that the ob-
day 545. During that event, the flow direction was seawardserved peak flow was still moderate and may be exceeded
almost the entire day. The discharge peaked at 2896t several times during a year.
which corresponds to a cross-section averaged flow velocity
of 1.0ms? 4.2 Suspended sediment concentration
The variation of(Q) is due to river discharge variations
and tidal effects. Around spring tide bottom friction is el- The middle panel of Fig8 shows the cross-section averaged
evated due to the relatively high flow velocity magnitudes, suspended sediment concentrati@f,(estimated from the
which results in a higher tidally averaged water level gradientOMS measurements. Values €fvary considerably over a

whereLs is the length of the slope (m) amdis an exponent
between 0.2 and 0.5 dependingamrwhich represents slope
angle here\(Vischmeier and Smitl1978. Equation 8) is the
result of a regression of data with slopes in between 2 and 1
degrees. Considering the rolling plains in the Berau drainag
basin, a standard slope length of 22 m and a slope angle
10 degrees were used.

where soil loss is large. Since no erosion protection measur
were taken, the support practice factor was set to 1.

4 Results
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by upward diffusion of sediment. Under these conditians,
at leveld + z above the bedc{) relates to the reference con-
centration {yef) at leveld + zref according to the following
equation Dyer, 1986:

< —z(d + zvef)
c; = cCref| ———
(d +2)(—2zref)

The exponent governs the shape of the profile and is named

ws/(Brus)
) (@)

-1 90

500 100

1110

L L L L L L L 120
100 200 300 400 500 600 700
Time (Julian day from 1 jan 2006)

Fig. 9. Simulated river discharge (black line) and observed tidally
averaged discharge (squares), along with the three-day average

the daily precipitation (upper grey line).

tidal period. The highest values occur most often in the ebb (
=

phase. The variation of within a day is generally highest
around spring tide. The peak value®f= 0.26 kg nT3 coin-
cides with the highest river discharge, at Julian day 545.

4.3 Estimating suspended sediment particle size

the Rouse parameter. It consistsugf shear velocity:,, the
Von Karman constant that has a constant value of 0.4, and
B, which is a constant of proportionality between the dif-
fusion factors of suspended sediment and water, usually as-
sumed to be unitydyer, 1986). Usingd +zref = zo and infer-
ring u, from the HADCP flow velocity dataHoitink et al,
gpog, ws andcref were derived from a best fit procedure.

The sediment particle diametef) can be estimated from
ws according to the Stokes’ lavDfyer, 1986:

18uws >0.5
glps—p)/

whereu is dynamic viscosityg is gravitational acceleration,
ps is density of the sediment particle apds water density.
During spring tidews was estimated asd10~3 ms~1, which
corresponds to medium silt wittly = 29 x 10~ m. During

®)

Both during spring tide and during neap tide, profiles of sus-neap tide the variation in was smaller, resulting in a repre-

pended sediment concentratiariA, z)) generally showed a  sentativeds that falls within the clay and fine silt fractions.
gradual increase towards the bed (F&). For those con- The estimated mean grain size was compared to the sedi-
centration profiles, observed during two days in Septem-ment size distribution of the bed. The sediment size distribu-
ber 2007, Rouse profiles were fitted, yielding a bulk estimatetions of 5 bed samples in the cross-section at Gunung Tabur
of the sediment fall velocityys). Rouse profiles represent were highly variable, showing peaks in the fine sand fraction.
steady-state conditions when downward settling is balancedinor peaks occurred at the clay and silt fractions, especially
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in samples taken near the banks. These minor peaks indicate 300

that finer sediment particles are available for erosion from the 50
riverbed. After erosion, these finer sediment particles remain 201 —— ien
suspended in the water column longer than coarser particles, 200 Qcen

which can explain the bulk sediment size as derived. Both the
mean grain size of spring tide and neap tide may be consid-
ered relatively fine, explaining the small variationcobver 100

depth (Fig.6). ]\/\r N
50 Y
4.4 Suspended sediment load J\
* * *

From Q andC, a first-order estimate of the suspended sedi- -50
ment load §) can be obtained from

150

SO(kgs )

510 520 530 540
Time (Julian day)

§~ QC. (6) Fig. 10.Decomposition of suspended sediment load into tidal mean

) L ) . and intra-daily contributions, showing the latter to be small.
Given the small variation af over the cross-section (Fi),

second-order effects are expected to be small. A small bias
can be expected from the fact that flow velocity is highest
near the surface, wheteis lowest, and vice versa near the P ;L
bed. At the tidal cycle during spring tide, variationscoin agE_.Q _1% _h<Q> atr;ldftr: ¢ —éC). ) dominates th

the vertical are largest, which can be explained from coarse(rj \gure Tsd OI\INS a edp(;_o L;]q'Q)( ) domma ez de di
sediment to be brought in suspension at that time. Using log- ynamics. Tidally averaged discharge and suspended Sedi-
arithmic profiles ofx (Hoitink et al, 2009 and the observed ment concen_trat!on(Q) and.(C.>, respecuvely) are Ilrréearly
profiles ofc during spring tideS was calculated by integrat- correlated, yielding a coeff|C|ent.0f determination rf=

ing uc over depth and width. The obtained more accurateo’s' The product of the two, the tidally averaged suspended
estimate ofS showed a maxi.mum deviation of 25 % from sediment load, thus increases non-linearly with river dis-

: . : . charge. Due to this non-linearity, the period of hiff} is
the corresponding estimate derived from Hg), €onfirming o : .
second-order effects to be minor . limited, exceeding 150 kg n¥ for only 8 % of the time. Half

The tidally averaged and instantaneous peak valug of of the suspended sediment load is concentrated only 25 % of

: the time.
amount to 270kgs! and 730kgs?, respectively. These I . . -
peak values occur during the highest river discharge. Value?] The cont”rlbun:)_nbo:|ntr?-dallyh\(arr]|a_\tl?]r_1$h@ ?ndhc only_
of S averaged over the full time series amount to 60kt sr as a small contribution t0), which Is highest when vari-

2Mtyr~1. Lane et al (1997 andFrench et al(2008 stress gt.'r(]):s Cmsc Vs\"tgl'ln 2|gagt:(;em%rr%ngupﬁedth(g'gg;(ngblt?)ﬁo S
that it is difficult to obtain a reliable estimate of tidally aver- ! IS usuaily lev uring P W

ageds in a tidal river, since tidally averagegiis often only a and the ebb duration is longer than flood duration, the corre-

. P .
small fraction of the instantaneous peak values. In the BeraLIJatlon term{Q'C"} is usually directed seaward.

River, tidally averaged values of exceed 20 % of the in-
stantaneous peak value f which places this general view

in perspective. The underlying reason is that the tidal curvesl_0 analyze the periods with the highest suspended sediment

are not a _supe_rposition of a_simple harmoni(_: and a Constanibad Fig.11 zooms in on two peak events. The right panels
representing discharge, which would result in peak ebb cur, hov(/ reéults from the period with the hijhest tidally aver-

rents being much larger than peak flood currents. Instead, thégeds, occurring at the highest river discharge. The peak

duration of the ebb phase is longer to accommodate the rive - _ i ) :
ow velocities during ebb are higher than during lower river

discharge, while peak ebb currents and peak flood currents. : . 7
are similar. ischarge, implying that also coarser bed particles may be

resuspended. As a result, tidally averageis also elevated.
4.5 Variation of tidally averaged § This elevation, in combination with the high ebb flow veloc-
ities and the long ebb periods, results in the highest observed
Tidally averageds was always directed seawards during (S) of 272kgs™.
the 6.5-week observation period (bottom panel Bjg.The The left panels indicate a period around Julian day 513,
variation in tidally averaged ((S)) may be due to variations when the largest variation i@ was observed. At this day the
of (Q) and(C) or due to variations of and Q within a tidal flow velocity amplitude increases, with spring tide occurring

where the quotes indicate the deviation from the tidal aver-

4.6 Highest observed tidally averageds

cycle (Meybeck et al.2003: three days later. Concurrently, the river discharge increases.
During the two ebb periods of this dag, shows peaks that
(S) = (0)(C)+(Q'C), (7) are more than two times higher than the tidally averaged
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Fig. 11.As Fig. 8, now zoomed in on two periods with the highest observed tidally averaged suspended sediment load.

These dramatic increases@fare likely related to high sedi- Table 4. Cover and management factor and resulting annual soil
ment discharge events in one of the two rivers that drain intdoss per unit area for various tropical land cover typdsrgan and
the Berau River. Clouds of sediment may be passing by afinney 1982 Besler 1987 Morgan 2005.

Gunung Tabur in the Berau River, remaining unaffected by

flow velocity variation. Land cover type Cm() A (thalyr?)
. Primary rainforest 0.006 2
4.7  Erosion model Secondary rainforest 0.002 0.7
s . Traditional shifting cultivation  0.001 0.4
The sensitivity ofA, t_o land cover type_z appears to b_e hlgh Coffee 01-03 36-108
(Table 4). Annual soil loss from an oil palm plantation is  ~5ca0 01-0.3 36-108
about 50 times higher than from a primary rainforest subject rypper 0.2 72
to the same conditions. Soil loss from oil palm plantations il palm (with cover crops) 0.3(0.1) 108 (36)
is even higher than from areas subject to so-called shifting Groundnut 0.2-0.8  72-288
cultivation, which is practiced by the indigenous Dayak pop- Bare ground 1 360

ulation. The soil loss that occurs from bare grounds, which
represent the areas with open pit mining, is nearly 200 times
higher than from primary rainforest. Considering that the

rainforest cover was about 50—-60 % in 2007, conversion of V1€ similar to the yearly average, Fhe observed suspended
sediment load does not necessarily correspond with the

this rainforest into intensive production land (Tadlemay .

result in 10-100 times higher soil loss in the drainage basinyearly average. Ayeraged over the tides, the susper_lded S.Ed'
If this additional sediment is transported to the rivers, sus-'ment load was h|g_hest dl_erg the_observed _peak nver dis-
pended sediment loads in the Berau River may also increas%harge' In comparison with the simulated river d|schargg
with a factor 10—100 with respect to the situation in 2007. peaks based on rainfall records, the observed peak dis-

charge was only moderate. The large simulated river dis-
charge peak about one month prior to the observations may
5 Discussion have transported large amounts of temporarily stored sedi-
ment seawards, reducing the availability of sediment in the
The observed suspended sediment load was 2 Mtgwer-  system for subsequent floods. In catchments in Malaysian
aged over a 6.5-week period with both valid flow and sus-Borneo smaller than the Berau catchmdbguglas et al.
pended sediment concentration observations. Averaged ovéd 9991 found that the bulk of suspended sediment load oc-
this period, the drainage basin averaged rainfall and the rivecurred only 5 days of the year. Since tidally averaged sus-
discharge were 11 % and 5 % higher than the yearly averaggsended sediment load generally increases non-linearly with
respectively. Although the average hydrologic conditionsriver discharge and since an extreme river discharge peak was
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absent within the observation period, the yearly average su$s Conclusions
pended sediment load from the Berau River is most likely
higher than 2 Mtyr?. A benchmark study was performed aiming to estimate the
The calculated suspended sediment load in the Beraiyearly averaged suspended sediment load of the Berau River,
River can be Compared with estimates for other tropica|WhiCh is an Indonesian tidal river draining a still relatively
rivers. The sediment yield from the Berau catchment aver-pristine river basin. The Berau River discharges to the Berau
aged over the 6.5-week period is 140 t'kﬁyr—ly whereas continental shelf, which is an ecological hOtSpOt of global
the annual average may still be somewhat higher. The closimportance. The suspended sediment load was observed in
est river with a sediment yield estimate is the Mahakamthe tidal zone of the river. The suspended sediment load av-
River, which also drains to the east coast of Borneo. Theeraged 2Mtyr® during a 6.5-week observation period in
yield from this relatively large river is similar to the estimate 2007. During this period, rainfall and river discharge were
for the Berau River, amounting to 180 tkryr—! (Storms  similar to the yearly average. The highest observed river dis-
et al, 2005. In contrast,Milliman and Farnswort{2011) charge, however, is smaller than peak values obtained with
estimated that suspended sediment yields in Indonesia, theinfall-runoff modeling for 2006 and 2007. Since suspended
Philippines and Taiwan are higher than 1000 t¥émgr—1. sediment load increases non-linearly with river discharge,
The low figures for sediment yield from the Mahakam and the yearly averaged suspended sediment load is likely to be
Berau catchment can be explained by the old and deeplgomewhat higher than 2 Mtyt.
weathered rocks in east Borneo, since the sediment yield A plot-scale erosion model was used to explore the
from tectonically active parts of Indonesia with volcanoes is first-order response of soil erosion to expected land cover
about an order of magnitude high&duglas 19993. changes. During observations in 2007, the rainforest cover in
The sediment yield and the associated suspended sedimefte Berau basin was 50-60 %, which is high compared to the
load appear to be sensitive to land cover. The plot-scale eroest of Indonesia. When this rainforest is converted to pro-
sion model indicates that soil loss from production land is duction land, such as oil palm plantation, the sediment yield
10-100 times higher than from rainforest land. Rainforestdue to soil erosion and the associated sediment load may in-
cover protects the soil against erosion. In 2007 the Berafrease 10-100 times, which will have serious consequences
drainage basin still had a relatively high rainforest cover of for the marine ecology of the Berau continental shelf.
50-60 %, which can also partly explain the low observed sed-
iment yield. Remarkably, the soil loss from the erosion model
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. - ) . ! of the Netherlands Organisation of Scientific Research (NWO).
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