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Abstract. Problems of high turbidity, sedimentation, water pollution and
siltation occur at Limboto Lake, Gorontalo, Indonesia. The objective of this
study was to analyze the rainfall-discharge relationship and its implications for
water quality conditions. Secchi disk (water transparency), chlorophyll-a (chl-a),
and total organic matter (TOM) were measured in May 2012, September 2012
and March 2013 at three sites of the lake (L-1, L-2 and L-3) to observe the
impacts on the surrounding catchment. Based on representative stations for
rainfall data from 2004 to 2013, monthly averages of rainfall in March-May
(166.7 mm) and September (76.4 mm) were used to represent the wet and dry
period, respectively. Moreover, sediment traps at these three sites were installed
in September 2012. Based on the analysis it is suggested that rainfall magnitude
and land use change at the Alopohu River catchment influenced the amount of
materials flowing into the lake, degrading the water quality. Specifically, the
higher average rainfall in May (184.5 mm) gave a higher average total sediment
load (4.41 g/L/day). In addition, water transparency decreased with increasing
chl-a. This indicates that the concentrations of sediment and nutrients, reflected
by the high amount of chl-a, influenced the water quality conditions.

Keywords: Alopuhu River; discharge; Limboto Lake; total sediment; water quality.

1 Introduction

Limboto Lake is a low basin and is also referred to as a type of flood-plain lake.
It is a part of the Bone and Bolango catchment area, which is located at the
heart of Gorontalo Province. It provides important ecological and hydrological
functions, as well as socio-economic support for this province. As for its
economic value, Balihristi [1] noted that fish production was 877 ton/year in
2004. 1t also provides clean water, a habitat for plants and animals,
transportation, recreation, sports, fishery, flood control, regulates hydrological
functions, etc.

As it is located only about 3 km west of the city of Gorontalo, its presence has a
very strong interaction with this city. The high ratio of its watershed area to its
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surface water area, which reaches 30, indicates that the watershed plays an
important role in the sedimentation problems of the lake. Wetzel [2] reported
that water quality conditions of small lakes with big catchment areas are varied
because they are more sensitive to environmental changes and have a short
retention time.

Limboto Lake is one of 15 national priority lakes because it has serious
environmental problems. The extensive shrinkage of its area due to siltation is
the primary problem. In 1932, the surface area and the average depth of
Limboto Lake were 7,000 ha and 30 m, respectively. It has been reported that
the erosion rate of the Limboto Lake catchment area reached 9,902,588.12
tons/year and the lake area was now less than 3,000 ha with an average depth of
2.5 min 2006 [3]. Therefore it is necessary to exercise erosion control efforts in
the lake catchment area.

Moreover, there are 23 rivers, including small rivers, which flow into the lake
[1,4] in the northern and the western part. The outlet of the lake at Topadu River
is in the eastern part. Meanwhile, data reported in 2002 by a JICA study team
[4] showed that the Biyonga, Meluopo and Alopohu Rivers are the main
sediment suppliers of the lake.

Eutropication of the lake has led to a fast growing population of water hyacinth,
which covers the surface of the lake. Based on Landsat 2012, water hyacinth
covers 1,777 ha or 51% of the lake area during the dry season [5]. This causes a
widespread shrinking of the littoral zone of the lake, which contributes to the
decline of fish production. The littoral zone provides a habitat for various kinds
of aquatic organisms and plays an important role in supporting the productivity
of the lake [6,7]. In addition, Numazawa, et al. [8] reported that the littoral zone
could also function in the improvement of water quality conditions in shallow
lake areas.

Furthermore, the seasonality of rainfall characteristics affects the discharge of
inlet and outlet, so that dilution, flow velocity and sedimentation influence the
water quality in the lake [9]. The relations among the physical, chemical and
biological processes in a river’s ecological system are very complex [10]. An
evaluation of the river’s attributes can possibly be used as an index to evaluate
its ecology [11]. This implies that land use changes in the river catchment area
also influence water quality and ecological conditions in the lake.

According to the functions and benefits of Limboto Lake as discussed above, it
is important to develop a sustainable lake management in order to protect its
functions. No studies have been conducted on the aspects of rainfall-discharge
and water quality characteristics of the lake, therefore, this study was carried out
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to analyze the rainfall-discharge relationship and its implications on water
quality conditions at Limboto Lake.

2 Materials and Methods

The studied lake is located over a wide longitudinal range from 122° 57’ 40” E
to 123° 02’ 14” E and latitude from 0° 31’ 58” N to 0° 34’ 50” N (Figure 1), at
an elevation of 25 m above sea level with an 89,000 ha catchment area.
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Figure 1 Location of the study area (modified after Balihristi [4]).

Daily rainfall was obtained from a representative station, Jalaluddin
meteorological station, from 2004 to 2013. In order to describe the lake’s
seasonal water quality conditions, we observed the water quality in two seasons,
divided depending on the amount of precipitation: below 100 mm for the dry
periods (August-October) and above 100 mm for the wet periods (January-July
and November-December). Monthly averages of rainfall from March-May
(166.7 mm) and September (76.4 mm) were used to represent the wet and the
dry period, respectively, as related to measuring water quality sampling periods.

Water quality measurements were conducted at three sites of the lake in May
2012, September 2012 and March 2013 (Figure 2). These three sites were
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located at the outlet (Topadu River, indicated by the C arrow), the middle and
the inlet of the lake (Biyonga and Alopohu Rivers, indicated by the B and A
arrows, respectively). Theyare labeled as Limboto 1/L-1, Limboto 2/L-2 and
Limboto 3/L-3, respectively. At each site, we measured secchi disk (water
transparency), chlorophyll-a (chl-a), and total organic matter (TOM). Water
samples were collected and analyzed in the laboratory referring to the APHA
standard method [12]. In addition, water quality data in 2006 from Krismono, et
al. [13] are also provided for comparison.
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Figure 2 Bathymetry map and sampling points at Limboto Lake (Alopohu
River, Biyonga River, and Topadu River).

Next, daily water discharge (Q) and rainfall (2006, 2009 and 2010) were
obtained from the Public Works Department and Jalaluddin Meteorological
Station (the station nearest to the lake, about 15 km). The relationships between
Q-inlet (Alopohu and Biyonga Rivers) and Q-outlet (Topadu River) were
analyzed. In addition, the relationship between rainfall and Q of each river was
also investigated.

Sediment trap measurements in the lake support watershed materials input
prediction for evaluation of the dynamical sediment transport [14]. Sediment
traps at the three sites of the lake were installed at 2/3 of the depth of the lake
during field measurements in September 2012 for two days. Four PVC tubes
with a height and diameter of 25 ¢cm and 8 cm respectively were used.
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Meanwhile, sediment data from 2004 and 2005 [15] were analyzed for
comparison. In addition, the F-test was used with a value of p < 0.05, which
indicates the statistical significance of the precision of the data spread from two
samples (similar or dissimilar).

3 Results and Discussion

In order to show how serious the lake condition is, an exponential regression
equation that explains the surface area and depth reduction versus time is shown
in Figure 3. Based on field measurements from 2012 [5], the average depth and
surface area decreased to 2.2 m and 2,500 ha, respectively. From historical data
of surface area and depth dynamics of Limboto Lake it is assumed that
environmental degradation at Limboto Lake has occurred.
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Figure 3 Inundated area and water depth conditions at Limboto Lake (1932-
2012) (modified after Balitbangpedalda [16]).

Figure 3 shows that siltation has occurred slowly and exponentially after the
1990s. Based on the historical data of area and depth dynamics of Limboto
Lake, the equations are as in Egs. (1) and (2):

A = 8240.8¢70-10 1)
h = 22.955¢70-21¢ )

where A = surface area (ha), h = depth (m) and t = time (year). This could be
called a disappearing lake phenomenon, with no adaptive and management
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efforts in the lake [17]. Moreover, analysis of the lake surface only is
insufficient to evaluate the directions of lake development and shrinkage [18].

3.1  Water Quality Analysis

The monthly average rainfall was 104.9 mm, 148.0 mm and 157.7 mm in 2006,
2012 and 2013, respectively. Figure 4 shows water quality parameters at each
site of the lake during the wet (March and May) and the dry (September)
season. Water depth in particular followed and depended on the season. For
2012, it increased (3.5 m) and decreased (0.9 m) in May and September,
respectively. The average water depth and total rainfall in 2012 (2.0 m and
1,776.0 mm, respectively) were higher than those in 2006 (1.6 m and 1,259.0 m,
respectively).

On the basis of measuring water transparency by secchi disk (SD), the average
water transparency was higher during the wet period (0.55 m) (March-May)
than that during the dry period (0.38 m) (September). It was affected by the
condition of a smaller volume of water and a higher concentration of sediment.
This could be explained by a larger concentration of stored sediment materials
and lower water transparency during the dry period.
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Figure 4 Correlation between chl-a and sechhi disk (SD) (years: 2006, 2012
and 2013).

The average amount of chl-a in 2006 (21.1 mg/m®) was larger than in 2012 and
2013 (14.8 mg/m® and 11.1 mg/m®, respectively). On the other hand, the
average TOM concentration in 2006 (6.8 mg/L) was lower than in 2012 (10.8
mg/L). The decrease in fishery activities influenced the concentration of TOM
and chl-a [5,19]. Balihristi [1] stated that fish production was higher in 2012
than in 2006. It was suggested that the amount of fish increased in 2012 with
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the decrease of phytoplankton (chl-a) as fish feed. On the other hand, the
concentration of TOM increased, as a result of the abundance of water hyacinth.
In addition, interactions between the remaining fish feed and nutrients
influenced each other. In addition, the water hyacinth as a weed species will
speed up the lake siltation and disrupt the transport of water [1]. The existence
of water hyacinth reduces the light penetration into the water; when siltation
occurs this will impact the physical development of the area concerned.
Furthermore, the biomass of the dead plants settles as organic material and
accelerates the siltation process [20].
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Figure 5 Depth and water quality parameters at each site of the lake.

The concentrations of chl-a and TOM were larger at site L-3, implying that the
concentration of nutrients was higher near the inlets of the rivers. Settlement
and agriculture discharge nutrients and sediments as their wastes had enough
time to settle at the bottom of the lake in the absence of large currents, such as a
flushing discharge, as can be observed at the outlet (L-1).

More specifically, the values of chl-a, as a phytoplankton biomass measurement
which indicates the nutrient level, increased with decreasing water transparency
(Figure 4). A similar condition was also observed at higher concentrations of
sediment with lower water transparency (Figure 5). This indicates that the
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concentration of nutrients and/or organics influences water quality [21]. In
addition, the F-test indicated that the linear model was statistically significant (p
<0.05,n=12).

3.2 Inlet - Outlet Discharge Analysis

Fifteen correlations were obtained from the monthly data of rainfall vs. Q, and
Q inlet vs. Q outlet (Table 1). Higher values of the correlation coefficient (R)
were obtained from correlations between rainfall vs. Q-Alopohu and Q-Alopohu
vs. Q-Topadu with values of R > 0.731 as significant correlations (p < 0.05, n =
12).

Table 1 R values for Rainfall vs. Q and Q Inlet vs. Q Outlet.

Year  Total rainfall (mm) Correlations The values of R
Rainfall vs. Q-Biyonga 0.703
Rainfall vs. Q-Alopohu 0.833
2006 1,259.0 Rainfall vs. Q-Topadu 0.813
Q-Biyonga vs. Q-Topadu 0.778
Q-Alopohu vs. Q-Topadu 0.823
Rainfall vs. Q-Biyonga 0.539
Rainfall vs. Q-Alopohu 0.875
2009 1,244.1 Rainfall vs. Q-Topadu 0.703
Q-Biyonga vs. Q-Topadu 0.222
Q-Alopohu vs. Q-Topadu 0.887
Rainfall vs. Q-Biyonga 0.652
Rainfall vs. Q-Alopohu 0.823
2010 2,310.5 Rainfall vs. Q-Topadu 0.551
Q-Biyonga vs. Q-Topadu 0.541
Q-Alopohu vs. Q-Topadu 0.731

Moreover, a large value of R for rainfall vs. Q-Alopohu (0.875) was obtained
during lower total rainfall in 2009 (1,244.1 mm) compared with 2006 (1,259.0
mm) and 2010 (2,310.5 mm). Similarly, a large R value was also obtained for
Q-Alopohu vs. Q-Topadu (0.887) in 2009 (Table 1). The explanation could be
that during small total rainfall only the Alopohu River provides water and
sediment discharge into the lake. Meanwhile, when rainfall is high, several inlet
rivers have a role as a source of water and sediment for the lake. Putra, et al.
[17] pointed out that the river sediment supply from the Alopohu, Marisa and
Moluopo Rivers is larger than that of the Biyonga, Bulota and Talubongo
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Rivers. In addition, the area of the Alopohu River (15,000 ha) is larger than that
of the Biyonga River (6,000 ha). A larger surface flow was also observed at the
catchment area of the Alopohu River, due to higher rates of damage due to land
use compared to the Biyonga River.

3.3 Sediment Traps Analysis

The quantity of particulate materials sinking in the lake from sediment traps was
analyzed. Figure 6 shows that the concentrations of dried mud, gravel and fine
sand at site L-1 (0.68 g/L/day, 0.04 g/L/day and 0.13 g/L/day, respectively)
were larger than those at L-2 (0.30 g/L/day, 0.01 g/L/day and 0.05 g/L/day,
respectively) and L-3 (0.35 g/L/day, 0.02 g/L/day and 0.08 g/L/day,
respectively). It was shown that the location of L1 received a high sediment
load from some parts of the lake before flowing out through the river outlet. The
concentrations of those materials at L-3 was larger than at L-2. The explanation
could be that L-3, located near the inlet rivers, received large quantities of waste
and materials.
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Figure 6 Composition of dried mud, gravel and fine sand collected by sediment
trap at each sampling point on September 2012.

The sediment total from sediment traps was also calculated and analyzed and
compared with the data from 2004 and 2005 [14]. Table 2 shows the
relationship between rainfall and sediment. Higher rainfall in May 2004 and
2005 (average of 184.5 mm) resulted in a higher average sediment load (4.41
g/L/day). It was concluded that rainfall was a contributing factor, bringing some
materials from the catchment area and discharge into the lake.
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Table 2 Rainfall and sediment trap analysis.

Sediment load

Time Rainfall (mm) (g/L/day)
May-04 138 1.51
Sep-04 36 0.23
May-05 231 7.31
Sep-05 20 0.12
Sep-12 46 0.58

Based on BPDAS-BB (Bolango-Bone basin authority) in 2010 [22], land use
change in 2005 and its projection for 2020 are shown in Table 3.

Table 3 Description of land use change conditions.

Landuse Area-2005(ha) (%) Projection area - 2020 (ha) (%)
Lake 35844 0.68 3,535.4 0.67
Forest 425,924.7 81.08 392,619.8 74.74
Field 40,401.5 7.69 37,718.0 7.18
Plantation 22,1941 422 36,740.9 6.99
Settlement 16,8945  3.22 36,709.4 6.99
Swamp 1,673.0 0.32 1,576.0 0.30
Fice field 14,564.7 2.77 16,337.5 3.11
Pond 838 0.02 83.8 0.02
Total 525,320.8 100 525,320.8 100

Source: BPDAS-BB 2010

The forest is ranked as having the highest percentage of reduction of its area in
the projection year of 2020 (6.34% — from 81.08% to 74.74%). The explanation
could be that the land use change, especially in the forest region, influences the
erosion and sedimentation rates of the lake. In addition, Halida [14] reported
that the total amount of sediment at the Limboto watershed increased from 8.5
g/L/day in 2004 to 24.4 g/L/day in 2005, consistent with the large critical level
of land that reached 3,075 ha. This implies that the magnitude of rainfall and
land use change at the catchment area influences the water quality conditions of
the lake.
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4 Conclusion

Sedimentation and siltation are serious problems at Limboto Lake. Many
functions and benefits of Limboto Lake are exploited massively, degrading the
water quantity and quality of the lake. A sustainable management is needed in
order to protect the functions of the lake.

It was found that land use change at the Alopohu River catchment has
significantly influenced the quality and quantity of the lake. In addition, the
amount of rainfall has played a role in influencing the level of erosion and
sedimentation at the lake. By combining the modeling of discharge runoff, land
use change and water quality of the lake, a quantitative understanding of
hydrology and water quality conditions could be predicted in future research.
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