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Endorheic freshwater lakes can be vital water resources for sustaining large populations.
However, their land-locked nature can lead to overexploitation and long-term sediment
accumulation, reducing water storage and quality. Lake Naivasha supports a rapidly ex-
panding population and agricultural industry. Therefore, maintaining good water storage
and quality within this endorheic lake is crucial for the Kenyan economy and population.
The lake has a long history of level fluctuations and the region is considered to be suffer-
ing from a chronic imbalance between water supply and demand.

This study quantifies the sediment deposition rate and its impact on Lake Naivasha’s
water levels and volume, using inexpensive remote sensing techniques that could be easily
replicated for future monitoring.

Evidence of sedimentation in the northern area averaging 23 mm yr—' was identified,
which is likely annually displacing between 40.2 - 576 x 103 m? of water. The volume dis-
placed each year is equivalent to the water required to sustain between 40 - 1152 people.
These results imply that current abstraction management, based purely upon lake level
readings that govern a ‘traffic lights’ system, are detrimental to the long-term survival of
the lake. The results also imply that lake health is decreasing. We recommend that future
monitoring of this water resource and all endorheic lakes consider measurements of avail-
able water volume in combination with lake level data using the remote sensing methods
we describe.

© 2021 European Regional Centre for Ecohydrology of the Polish Academy of Sciences.

Published by Elsevier B.V. All rights reserved.

1. Introduction

and south of the equator, endorheic basins are important
sinks of carbon with most being saline and few truly fresh-

Some of the world’s largest inland water systems
are endorheic with no surface water outlets (Rast and
Calcagno, 2001). Found between the desert margins north
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water (Rast and Calcagno, 2001; Li et al. 2017). Despite
this, endorheic basins are vital to those who live and work
around their watershed highlighting the need for robust
monitoring of their volume and health. The Aral Sea exem-
plifies what can happen when the health of an endorheic
terminal lake declines (AghaKhouchak et al., 2015). Whilst
the feeder rivers once kept the Aral Sea at a level and qual-
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ity suitable for supporting thriving and economically im-
portant fisheries, upstream land use and water extraction
has reduced the inflows and now the Aral Sea is in rapid
decline (Rast and Calcagno, 2001; Micklin, 2010). Its sur-
face area and volume has decreased by 88% and 92% re-
spectively since 1960 causing the lake to significantly in-
crease in salinity (Micklin, 2010) resulting in a displaced
population as it can no longer provide safe drinking water
(Lioubimtseva, 2015).

Lake Naivasha, a freshwater lake in Kenya, sits at the
bottom of a shallow endorheic basin with no surface out-
flows. It is fed by the Rivers Malewa and Gilgil from
the Aberdare mountain range and Kinangop plateau from
the north and 3-4 temporary streams from the south
(Otiang’a-Owiti and Oswe, 2010). Naivasha sits at the high-
est elevation of all the Rift Valley lakes, at 1890 metres
above sea level (masl) (Becht et al., 2006b). It has an evap-
oration rate which exceeds its direct rainfall (Nyingi et al.,
2013). The Naivasha catchment is particularly prone to al-
ternating periods of extended drought and high rainfall,
causing lake inter-annual levels to fluctuate by more than
10 m (Figure 4 in Kuhn et al., 2016) over a lake that has
an average depth of c.6 m. There are subterranean out-
flows into the Kenyan Rift Valley (Becht et al. 2006a), both
northwards and southwards, supporting the Rift’s ground-
water system. Hence the water resource held within the
lake is also important for groundwater levels in the wider
region. More than this though, the lake has a naturally very
high biodiversity because of the large water fluctuations
and extensive riparian zone, first described by Gaudet in
the 1970s in his study of the different vegetation zones,
ranging from Acacia forest on land not flooded for 40
years, through several intermediates to submerged macro-
phytes in shallow littoral (Gaudet, 1977).

Lake Naivasha is one of only two freshwater endorheic
lakes in Kenya (the second being Baringo); both focal
points for agriculture, industries and drinking water for
the local population (Rast and Calcagno, 2001). Histori-
cally lake levels have always fluctuated - from the low-
est recorded in 1946 (at of 1882.0 masl), with notable high
periods after heavy rains in 1997 (1888.9 masl) linked to
a large El Nifio event (Becht and Harper, 2002) and most
recently (Muiruri 2020). Natural variability of precipita-
tion is a major driver of lake level change in the short
term with high rainfall closely followed by an increase in
average lake level. Between 2007 and 2009 there was a
~3 metre drop in lake level to almost the levels of 1946,
which prompted international concern. Modelling showed
that anthropogenic activity and abstraction were responsi-
ble for reducing lake levels against the background natu-
ral variability since 1980 (Becht and Harper, 2002; van Oel
et al.,, 2013; Kuhn et al.,, 2016).

Naivasha supports over 60 floriculture and vegetable
farms, artisanal fisheries, geothermal industries and an ex-
panding local population (Becht et al., 2006b). Its exis-
tence forms a key component of the Kenyan economy,
with the flower farming industry alone estimated to be
worth ~£472 million to the Kenyan economy in 2015
(Kenya Flower Council, 2016). The town of Naivasha has,
as a consequence, more than doubled from 160,000 peo-
ple in 1999 to >355,000 by 2019 (Onywere et al., 2012;
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KNBS, 2019), with workers bringing families from the rural
communities to work at the large farms, or the tertiary and
quaternary industries that are by-products of a growing in-
dustrial town - all of which has increased the pressure on
local water resources.

In recognition of the internationally-important status of
this lake, whose biodiversity is so clearly important to the
economy as well as inherently and is dependent upon the
fluctuating hydrology, Naivasha was declared a UNESCO-
IHP World Demonstration Site (UNESCO, 2011; Harper et
al., 2016), to focus global attention on its pathway to sus-
tainable management (Harper et al., 2011; Imarisha, 2012;
Wanjala et al. 2018). Nevertheless, the 2013 water volume
within the Lake Naivasha basin was theoretically able to
provide 647 m? per capita per year (Kyambia and Mu-
tua, 2015). This falls within the definition of ‘chronic wa-
ter scarcity’, defined as between 500 to 1000 m* (500,000
to 1,000,000 litres) per capita per year (Falkenmark and
Widstrand, 1992). The Naivasha basin is therefore both vi-
tal for, and increasingly at risk of over exploitation from,
those that live and work around the lake and within the
upper catchment (Onywere et al.,, 2012). The large reg-
ulated commercial farms and industry are found in the
lower catchment, whereas upstream in the middle and
upper catchments there is unregulated subsistence-based
land use including logging, agriculture and charcoal pro-
duction (Nyingi et al., 2013).

Lake Naivasha Water Resource Users’ Association
(LaNaWRUA) in a survey of abstractions, found that 97% of
water users were either unlicensed or their licenses had
expired (Harper et al.,, 2013). It is developing management
guidelines to voluntarily control water levels through li-
censing extraction, setting water quotas and discouraging
wastage. Signs on boards surrounding the lake display the
current water level and what the level means in terms
of the government’s Water Allocation Plan (WAP) and ac-
companying extraction regulations (LaNaWRUA, 2016b). A
‘traffic lights’ (see Harper et al. 2013) system displayed on
these towers indicates whether or not users can continue
extraction to the level of their licence. However, it is only
within the last 3-5 years that attempts have been made to
enforce these licences and quotas.

The rivers replenishing Lake Naivasha transport sed-
iment down from the upper catchment. The lack of
a significant natural outflow means that the sediment
brought into the lake must accumulate there. Bathymet-
ric surveys of the lake by Ase (1987) and Yihdego and
Becht (2013) observed that the pan-like basin with its wide
expanses of low-gradient topography is in distinct con-
trast to the highly fractured volcanic outcrops, mountains
and escarpments that surround it. The use of measure-
ments of lake water level to indicate total water volume
will be misleading if the lakebed is not constant. Verify-
ing the static, or otherwise, nature of the lakebed level
is needed if lake water level alone is to be used to iden-
tify water depth. A shallower lake with an expanding sur-
face area is more susceptible to evaporative losses, and
a decreasing volume is likely prone to contain a higher
concentration of pollutants. Current management plans are
now beginning to consider the health of the upper catch-
ment that dictates the replenishment rate and sediment
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flow into the lake, with development of basin-wide link
between the 13 WRUAs coordinated by the Lake Naivasha
WRUA.

It is clear that sedimentation is likely occurring in
Lake Naivasha and this could be the reason for the some-
what paradoxical increase in lake level, given that demand
and abstraction have increased despite no apparent in-
crease in precipitation. The example of the Aral Sea sug-
gests that the health of any endorheic lake is highly sen-
sitive to deposition. The objective of this study was to
quantify the decline of water volume in Lake Naivasha by
identifying areas of significant fluctuation in lake bound-
ary and then showing depth in these locations identify-
ing the effect of sedimentation. The results will make a
direct contribution to the lake’s sustainable management
plan.

2. Methods
2.1. Lake Naivasha and the focus of the bathymetric survey

Lake Naivasha sits at the highest elevation of all Rift
Valley lakes and has an average area of 154 km2 The
basin receives an average annual rainfall of 610 mm yr—!
(Kyambia and Mutua, 2015) and the lake supports an ex-
panding population and industry (figure 1).

The bathymetric study focussed on a 13.2 km? portion
of the northern part of Lake Naivasha, commonly known
as North Lake (figure 1). This area is to the south of the
former North Lake swamp described by Gaudet (1977) and
was chosen after carrying out a low-resolution bathymet-
ric survey of the lake to identify deposition features. The
bathymetry in the North Lake illustrated features normally
associated with sediment deposition from river inputs. This
area is fed directly by the Malewa and Gilgil rivers that
flow into the lake. Maximum river discharge into the lake
normally occurs between September-October (Becht et al.,
2006b). The northern bounds of the survey area were de-
fined by a combination of the shoreline and the abun-
dance of Salvinia molesta, Eichhornia crassipes and Cype-
rus papyrus. This floating vegetation is common around the
lake and dynamic, both spatially and temporally, in extent
(Rupasingha, 2002).

2.2. Lake level

Lake level was measured using an in situ Solinst cali-
brated digital level logger. These measurements were then
used to calibrate and characterise an extensive secondary
dataset of lake levels provided by LaNaWRUA (2016a). Ver-
ifying the quality of the secondary LaNaWRUA dataset en-
abled a longer time series of lake levels to be studied
and provided an estimate of its accuracy for the uncer-
tainty analysis. Hourly lake levels were measured between
January to June 2016 using the Solinst level logger Edge
[Model 3001-M5] which records absolute pressure (wa-
ter pressure plus atmospheric pressure to an accuracy of
+0.05 % across the full sensor range). This is used in con-
junction with the Barologger Edge (accuracy of + 0.05
kPa) for measuring fluctuations in atmospheric pressure
enabling barometric compensation. All instruments were
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calibrated by the manufacturer and collectively they enable
water level measurements with an accuracy of + 0.003 m.
The LaNaWRUA dataset provides monthly lake levels for
the period 01 July 1880 to 30 June 2016. Daily LaNaWRUA
level data were also available for 01 July 2003 to 30 June
2016 (LaNaWRUA, 2016a).

2.3. Lake Area

Freely available Landsat 8 satellite imagery were ac-
quired from Astro Digital for the period 10 May 2013 to 19
March 2016 (Astro Digital, 2016). These 30 m spatial res-
olution data were used to create false colour images us-
ing the three spectral bands, 5, 7, and 2 which have the
following spectral bandwidths 5, 0.85 - 0.88 um; 7, 2.11
- 229 pm and 2, 045 - 0.51 pum. This enabled the wa-
ter, land and vegetation to be spectrally and visually iden-
tified. From these false colour images it is possible to iden-
tify the lake boundary and therefore manually create poly-
gons of the lake extent and area. Polygons were created
using QGIS version 2.14 (Codename Essen). The spatial res-
olution of these data is 30 m at nadir, therefore an ep-
silon (&) band or strip (of width ¢ = 60 m centred on the
identified boundary) was identified along the lake periph-
ery (Blakemore, 1984). This strip width represents the po-
sitional uncertainty (due to the image resolution) between
the labelled and the true boundary between the lake and
land.

2.4. Bathymetric Surveys

The bathymetric survey was carried out during Jan-
uary and February 2016 to create a topographical map
of the current lakebed. This was achieved using a con-
sumer grade sonar system, the Deeper Fishfinder sonar
(DPOH10S10) attached to a small boat that was piloted at
a low speed between 3 and 5 ms~! around the survey
area (range in speed was depended upon wind chop and
conditions). The Deeper Fishfinder sonar is a portable de-
vice with an internal battery that connects via Bluetooth
to a smartphone running the Deeper Fishfinder applica-
tion (an Apple iPhone 6S, running iOS 9.2.1 was used).
The survey route (sampling grid) was determined using the
open source QGIS software package with the aim of cre-
ating an approximate grid of the study area. These routes
were then exported to a handheld global positioning sys-
tem (GPS, Garmin eTrex10) to provide a navigation route
whilst on the water. The Deeper Fishfinder device was
clamped to the side of the boat. The sonar system was
continually monitored alongside the depth readout as the
device ceases to collect data when it recognises that it
is not sitting at the surface of the water. If this occurred
the boat was slowed and if required the section was re-
peated. Expanses of hydrophytic species; S. molesta, E. cras-
sipes and C. papyrus (Onywere et al., 2012) proved to be
problematic and dictated regions where the boat was un-
able to progress, and this resulted in a modified sampling
grid to the regular grid programmed into the handheld GPS
(figure 2). The manufacturer stated accuracy of the Deeper
Fishfinder sonar depth measurements is +0.5 m. The ac-
curacy of the sonar was tested in a fresh water estuary
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Figure 1. A map of Lake Naivasha showing the principle road network and major areas of anthropogenic land use. Most industrial and agricultural com-
plexes are located to the north and south with Naivasha town and other residential areas concentrated to the east where the main arterial roads link
Naivasha to the rest of Kenya. Information gathered and mapped by the authors during fieldwork in 2016.

in the UK (Fal, Cornwall) to measure water depths of be-
tween 1.3 to 1.4 m. The Mean Absolute Difference (MAD)
between a manually measured depth and that measured
by the sonar was +0.018 m (n=300, bias 0.0 m), so the
sonar accuracy, when used at these depths, appears to be
better than the stated manufacturer accuracy in shallow
water depths. This accuracy was determined over a rela-
tively shallow depth (~1.4 m) which is of a similar magni-
tude to that found in the lake (eg average depth of ~ 6 m)
and is much smaller than the manufacturer stated maxi-
mum depth (of ~ 50 m). The sonar accuracy will likely de-
crease with depth (due to the sonar beam widening with
depth) and so we consider our experimentally determined
accuracy to be the likely highest accuracy achievable. The
manufacturer provided accuracy of +0.5 m therefore ap-
pears consistent with using the sonar over greater water
depths.

2.5. Deposition rates

The sonar data collected for this study in 2016 were
compared with equivalent data from the survey conducted
in 2001 (Rupasingah, 2002). The 2001 survey employed a
similar method and sensor as it used a Garmin Fishfinder
100 sonar to map the lakebed. Both devices operate us-
ing a wide beam (Deeper - 90kHz, Garmin - 50kHz) and
narrow beam frequencies (Deeper - 290kHz, Garmin -
200kHz). The data collected by Rupasingha (2002) were
obtained from Naivasha Research (2010). Both sets of sonar
bathymetric data were interpolated using the Triangular Ir-
regular Network (TIN) method to create comparative 5 x 5
m grid-based depth charts for the North Lake study site,
with each 5 x 5 m grid square (A) being assigned a depth
point value, (total number of 2647690 data points) using
QGIS version 2.14 (Codename Essen). Depth values (d) were
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Figure 2. The northern third of Lake Naivasha with the north lake study site highlighted in green. The sonar survey route is shown in black (bathymetric
datapoints), illustrating variations in transects due to the boat having to navigate around floating vegetation.

subtracted from the average lake level (I) at the time of
data collection to create consistent topographical maps of
lakebed position or level (b) (in masl) for each year i.e. |
- d = b for 2001 gives bygg; and repeating the method for
all data from 2016 creates b,g;5. Combined measurement
uncertainties for each single lakebed level value were esti-
mated based on the calculated accuracy of the sonar in-
strument and the calculated accuracy of the LaNaWRUA
lake level data and standard error propagation methods
(Taylor, 1997). The uncertainties in both datasets (the data
from this study and the data from Rupasingha, 2002) and
both topographical maps were assumed to be the same,
as 2001 survey were collected using similar instrumen-
tation and methods. The topographical maps of lakebed
position (level) were subtracted from each other (2001 -
2016) to identify any vertical change. A positive differ-
ence indicates sediment accumulation and a negative dif-
ference indicates erosion. An estimate of the volume of wa-
ter (v) displaced across the North Lake study site due to a
change in the lakebed topography can then be calculated
using:
N=2647690

2

i=0

V= (baoo1 — bao16)A; (1)
where subscript 2001 and 2016 refer to the year of bed
level data, b, and A is the grid square of surface area equal

to5 x 5 m.
3. Results
3.1. Verification of long-term lake level data
The accuracy of secondary LaNaWRUA water level data
was evaluated using the in situ level logger data. During

the period January to June 2016, the level logger recorded
a variation in water of up to 0.46 m (figure 3). The pat-

tern of variation shown in figure 3 coincides with de-
creasing rainfall in the catchment from February to May.
Both datasets recorded comparable changes in levels dur-
ing this period with the level logger giving 0.46 m and
the LaNaWRUA dataset giving 0.52 m. The LaNaWRUA data
were calibrated to give lake level change in metres by sub-
tracting the bias between the LaNaWRUA dataset and the
level logger data. Following this calibration a linear regres-
sion shows that the two datasets were in good agreement
(p < 0.001, r2 = 0.900, n = 160). Using the level logger
data as the reference, the LaNaWRUA data have a MAD
of 0.018 m, standard error of 0.014 m, and bias of 0.0 m
(n=160).

3.2. Variability in lake surface area

The epsilon band of 60 m in lake boundary results in
an area uncertainty of +1.5%. The variations in lake sur-
face area appear driven by the lake water level data for the
period of May 2013 to March 2016 (linear regression re-
sult, p < 0.001, r2 = 0.95, n = 33). Linear regression of the
data shown in figure 4 identifies an average decline in lake
area of 3.3 km? per year (y= -3.255x + 158.8, RZ=04, p
< 0.001, n=33) with upper and lower lake areas of 160.10
km? and 146.28 km2. When the calculated polygon lake
areas for 2013 - 2016 were visually compared, the north
area of the lake was seen to exhibit the largest areal vari-
ation. This higher variation in area suggests a shallower
and more gradually sloping lakebed. This area of shallow
lakebed is within the region studied in the bathymetric
survey.

3.3. Bathymetric surveys and deposition rates

Subtracting the results from the two lakebed surveys
(Rupasingha survey in 2001 and our 2016 survey) identi-
fied potential regions of sediment deposition in the North
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Figure 3. Lake level as recorded by the Solinst level logger compared to the secondary data acquired from the LaNaWRUA over the period 23 January 2016
to 30 June 2016. Error bars represent the upper and lower bounds of each measurement.

Lake (figure 5). Figure 5 shows sediment deposition in the
northeast of the study site where the Malewa river flows
into the lake. The bathymetric survey data (figure 5) col-
lected in the North Lake area show alluvial fan features at
the mouth of the Malewa River. Comparison of the average
lakebed level data derived from Rupasingha (2002) and the
data collected for this study showed a net positive change
(increase) of lakebed height in the north lake over the past
15 years of 0.35 m. This equates to an average sediment
deposition rate of 23 mm yr~! across the study site and
gives a volume change, v, (water displacement) of between
40,192 - 576,086 m* yr-!. Assuming that the uncertain-
ties in the lakebed level (1) and sonar depth (d) are un-
correlated, that the uncertainties in both sonar surveys are
comparable and the MAD provides the accuracy of each
dataset (as the bathymetric and level variations are grad-
ual and linear) gives a combined uncertainty for each data
point in our lakebed level data of 0.025 m, or 25 mm
(resulting from the uncertainties summed in quadrature,
/0.0182 + 0.0182). The uncorrelated nature of these sin-
gle point measurement uncertainties, and the lack of any
detectable measurement bias, suggests that the measure-
ment uncertainty will have a negligible impact on the re-
constructed lakebed data (i.e. based on the central limit
theorem the combined result of these uncertainties will
approach zero).

17

4. Discussion
4.1. Implications of sedimentation on loss of water resource

There has been a clear positive change in lakebed level
between 2001 and 2016, which we suggest is caused by
sediment deposition from the inflow rivers, despite the no-
table increase in lake area in 2015 which coincided with
a large global El Nifio event (Jet Propulsion Laboratory,
2015). The degradation of the papyrus swamps that once
covered part of this area (Gaudet, 1977; Morrison and
Harper, 2009) may be an additional cause and could be
verified by analysing sediment cores. The 2001 sonar study
(Rupasingha, 2002) was conducted after the deterioration
of the swamp, supporting the conclusion that riverine sed-
iment deposition is the main driver of bathymetric change
in the North Lake. Our estimate of sedimentation occur-
ring at 23 mm yr—! is consistent with previous studies
that used coring as their primary methodology recording
rates between 10 and 30 mm yr-! within different ar-
eas of the lake (Verschuren, 1996; Tarras-Wahlberg et al.,
2002; Maina et al.,, 2019). This shows that, in the future,
using a fish sonar which can be mounted on many dif-
ferent types and sizes of water craft may be a repeat-
able and efficient method for monitoring lakebed change
across endorheic lakes. Our north lake displacement esti-
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Figure 4. Monthly lake area derived from the Landsat data for the period May 2013 to March 2016. The linear regression result suggests that the lake area
steadily reduced from May 2013 until March 2016. The vertical error bars show the estimated uncertainty in lake extent of +1.5%.
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Figure 5. Topographical map of the North Lake Study Site showing evidence of positive (up to 2.43 m) and pockets of negative (less than 0.70 m) change
in the height of the lakebed in metres over the 15 year period, 2001-2016, indicating deposition is occurring at a rate of 23 mm yr~! which has likely
displaced more than 40192 m® of water. Also shown are the two rivers that flow into Lake Naivasha. The gap between the Gilgil and the study area
represents a region of the study site for which there was no historical data for comparison, likely due to obstructive vegetation.
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mates of 40192 - 576086 m® yr—! of water are equivalent
to the volume of water required to sustain 40 to 1,152 peo-
ple per year. These upper and lower ranges are determined
based on lower and upper limits of chronic water scarcity
of 500 m? per person per year and 1000 m? per person per
year respectively (Falkenmark and Widstrand, 1992; UN-
Water, 2006).

4.2. Drivers of catchment degradation within endorheic
systems

Lake Naivasha had shrunk significantly in the 5 years
prior to 2009. Dry bed encroached deep into the North
Lake study site and from our results we can infer an aver-
age depth across this site would have been less than 0.5 m.
All industry that relied on the lake was affected, including
the artisanal fisheries who struggled to access the lake and
its remaining fish stocks (Harper et al., 2011). This is remi-
niscent of the problems faced by the Aral Sea: as the lake
began to shrink, the water quality dropped and the fishing
industries and other industry that relied on the lake col-
lapsed (Micklin, 2010). Replenishment from a healthy up-
per catchment should be slow and gradual. The sudden
change in lake levels over a relatively short period are in
line with the findings by Odongo et al. (2014), who found
a significant increase in runoff coefficients in the Naivasha
catchment over the period 1986-2020 compared to 1961-
1985; they linked this increase to changes in land use and
land cover in the upper catchment. If lakebed deposition
continues and the volume held remains constant then the
surface lake level will increase, despite no actual increase
in water volume. Under current management approaches
water extraction would likely continue, or even increase.
A stable volume of water spread over a shallower, wider
area will increase evaporation and thus water loss, causing
an increase in the concentration of pollutants and reducing
the health of the lake. These characteristics are consistent
with the significant increases in the levels of nitrogen and
phosphorus that have already been recorded in the lake
(summarised in Otiang’a-Owiti and Oswe, 2010), which is
thought to have helped the further expansion of the inva-
sive E. crassipes (Onywere et al., 2012).

As with all endorheic basins, any change in land use
in the catchment will have an effect downstream in the
terminal lake. In Central Asia the anthropogenic redirec-
tion of the Syr Darya and Amu Darya rivers for irriga-
tion has caused the Aral Sea level to fall far quicker than
any previous natural fluctuations (Micklin, 2010; Rast and
Calcagno 2001). In the upper and middle catchment of the
Naivasha basin land use ranges from protected forest, moor
and bamboo zones to subsistence farming, illegal defor-
estation practices and legal quarrying (Nyingi et al., 2013).
The latter anthropogenic uses reduce water retention in
the catchment, increase erosion and therefore increase the
amount of sediment carried in suspension down to Lake
Naivasha. Throughout Kenya, subsistence communities find
it increasingly necessary to encroach onto protected land
for herding and arable farming (Campbell et al., 2000) and
this conversion from forest and grassland to arable land
results in decreased infiltration, decreased evapotranspi-
ration, and increased surface runoff. Reversing land use
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change through restorative measures can provide a sim-
ple and positive response to create healthier streams and
catchments (Lake et al., 2017). Illegal logging occurs exten-
sively on the western and particularly southern slopes of
the Aberdares and Eburru forests for timber and charcoal.
For example, the conservation trust Rhino Ark counted
over 10,000 charcoal kilns in the same region as the source
of the Malewa River (Nyingi et al., 2013).

In an attempt to reduce the sediment and agrochemi-
cal loads entering the lake, the Lake Naivasha Riparian As-
sociation (LNRA) has in the past attempted to work with
inhabitants of the upper catchment to promote good man-
agement practices. However, whilst beneficial, a lack of
funding and support from the relevant government au-
thorities limits the ability to make a significant impact
(Becht et al., 2006b). The curbing of the encroachment of
legitimate quarrying activities on the north and eastern
slopes of the Aberdares is an example of successful man-
agement at a time when these quarries are under pressure
to produce material for expanding towns (Nyingi et al.,
2013).

4.3. Future monitoring of endorheic lakes by satellite and
sonar remote sensing

The relatively simple approach used within this study
of utilizing open source data and software has clear po-
tential for the future monitoring of Lake Naivasha. The
deployment of multiple Sentinel 2 satellites (collecting
data of comparable spectral and spatial resolution to
the Landsat series) by the European Space Agency (ESA)
and European Union within the Copernicus programme
(ESA, 2016), provides the potential to observe the area
of lake Naivasha every 3-9 days. The expected lifetime
of the Copernicus programme (15+ years) will enable
mid-term monitoring. Therefore, we suggest that future
lake Naivasha management and water extraction plans and
monitoring, and those of other endorheic lakes, should
consider the use of such satellite data. We further rec-
ommend chronological land use data analysis, particu-
larly between 2001-2016, to better understand the an-
thropogenic drivers of reduction in Lake Naivasha's water
levels.

The relative simplicity of the Fishfinder sonar system
would allow annual surveys of the lakebed to be un-
dertaken so that sediment deposition can be monitored.
This, combined with lake level and land use monitoring,
would allow the volume of the lake to be easily monitored
over the long term and identify the impact of changes
in management of the upper catchment (i.e. identify any
evidence of reduced sedimentation). Similarly, the same
methods could be used to monitor other endorheic lakes,
as these lakes typically support artisanal fishing boats and
such boats provide ideal platforms for mounting the small
sonar.

4.4. Implications for catchment and endorheic lake
management

Our findings imply that long-term lake management
plans should not focus purely on maintaining lake lev-
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els and controlling industry water extraction. Instead, im-
proved regulation and upstream land management prac-
tices are likely to be needed alongside improved monitor-
ing of the water volume and regulation of its extraction.
For Naivasha we have shown that sedimentation is likely
reducing lake volume and hence could also be concentrat-
ing pollutants within the water, with implications for the
future health of the lake.
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