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Figure 1. Location of Lake Naivasha (Kenya) and the four official fish landing sites (indicated by arrows).  The 
 four distinct basins (I-IV) are shown (map adopted from Morara et al., 2021).
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Datasets and analyses
 
 Water levels of Lake Naivasha are routinely 
monitored by the Water Resource Authority (WRA), 
a state agency vested with oversight mandates for 
all the water resource bodies in Kenya.  The agency 
keeps monthly and annual average lake level data, 
recorded using two water level gauges permanently 
stationed in the eastern part (Crescent Island) and 
the southern part (Oserian bay).  Therefore, water 
level readings were taken in terms of water surface 
elevation (altitude) relative to the historically 
highest point of 1892.81 m above sea level (m asl), 
and the lake’s boundary is based on the riparian 
mark recorded in 1900.  The trend analysis focused 
on the time series of WLF from 1980 to 2019.  The 
dataset of WLF from 1980 to 2010 was truncated 
and examined separately to assess, explicitly, 
whether a significant decreasing trend in water 
levels was detectable.  

 The lake's fish yield data were recorded 
at the four official fish landing beaches (Figure 1). 
The daily fisheries data included the total weight 
of fish landed by licensed fishers.  The data were 
compiled into annual total fish landings and 
maintained by the Fisheries Department (FD) in 
Naivasha.  Therefore, the datasets from 1980 to 
2019 were analyzed for trends and compared against 
the WLF.  Trend visualization was accomplished by 
moving averages (MA), a method that eliminated 
the fluctuations in datasets by taking averages 
of three-year data intervals and creating serially 
arranged average values. 

 Subsequently, the Mann-Kendall (MK) 
trend test was used to detect the presence or absence 
of trends.  The MK is a rank-based nonparametric 
test and considered powerful for detecting trends 
in non-normally distributed time-series datasets 
(Yue and Pilon, 2004).  For this reason, various 
studies have applied MK to test the significance 
of monotonic (linear or non-linear) trends (Hisdal 
et al., 2001; Wu et al., 2008; Shadmani et al., 
2012; Ahmad et al., 2015).  The test operated on the 
null hypothesis (H0) that no significant increasing 
or decreasing trends exited in the observed time-
series historical data.  The elaborate mathematical 
expressions provided in various publications (Wu

et al., 2008; Shadmani et al., 2012; Ahmad et al., 
2015) explain the derivation of MK trend statistic 
(S), square root of the variance for S (se), and the 
standardized test statistic (Z).  According to this 
method, if there is no monotonic trend (the null 
hypothesis being true), then for time series dataset 
with more than 10 elements, Z∼N (0, 1), implying 
z has a normal distribution.  A positive value of Z 
shows a monotonically increasing trend and a 
negative Z shows a decreasing trend.  A zero value 
of Z denotes absence of a clear trend direction. The 
statistical significance, Z1-α/2, was assessed at a 
p-value of 0.05 in the normal curve (Z) table.  When 
the calculated Z statistic was greater than Z1-α/2 at 
a p-value of 0.05, the null hypothesis was rejected.

 Simple linear regression analysis was 
carried out to examine the relationship between 
lake level fluctuations and annual fish yield in Lake 
Naivasha, and to test whether WLF significantly 
predicted fish yield.  Fish yield trend was treated as 
dependent on the WLF trends.  In the first analysis, 
annual fish yield was regressed directly against the 
annual lake level.  In the second analysis, fish yield 
was regressed against the previous year’s lake level, 
creating a one-year lag between WLF and fish yield. 
In both cases, a scatter diagram and a line of best fit 
regression model was drawn to show the direction of 
association.  The scale of WLF influence on fish 
yield was inferred by a regression equation and the 
significance was tested at 95 % confidence limit.

Water level fluctuations

 The annual water levels in Lake Naivasha 
depict frequent changes between 1980 and 2019 
(Figure 2).  The difference between minimum and 
maximum water levels is 4.2 m.  Highest lake level 
(1,889.8 m asl) was recorded in 1982, whilst the 
lowest (1,885.6 m asl) was in 2009.  Except for 
a phenomenal water level rise (1,888.5 m asl) in 
1998, between 1980 and 2010 lake level fluctuations 
were characterized by a significant downward trend 
(Table 1).  Conversely, the period from 2010 to 
2019 shows a steady rebound with considerable 
rise in water levels.

RESULTS
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 The dataset further reveals that the lake 
maintained higher water level conditions (above 
1,888.0 m asl) from 2012 to 2019, with slight inter-
annual variations. The broad lake basin's mean 

annual water level was 1,887.4 m asl.  The recent 
water level rise contributed to a statistically 
significant upward trend during the entire assessed 
period (Table 2). 
  

17

Figure 2. Lake Naivasha annual average water level fluctuations (WLF) and the corresponding three-year moving 
 average (MA) trend from 1980 to 2019.

Table 1. Summary of descriptive statistics and Mann-Kendall trend analysis of annual water level fluctuations 
 (WLF) and fish yield in Lake Naivasha from 1980 to 2010; SE = standard error.

Descriptive trend test

Period (years)

Minimum value (m asl)

Maximum value (m asl)

Annual mean (m asl) ±SE

MK test statistic (S)

Square root of var. of S (se)

Normalized test statistic (Z)

Probability (p-value)

Trend significance (95 %)

Lake WLF (m asl)

30

1,885.6

1,889.7

1,887.4±0.2

-279

50.05

-4.96

<0.0001

Yes (falling)

Fish production (tonnes)

29

37

609.1

223.8±164.4

-54

53.31

-0.99

0.3201

None

Variables
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Fish yield trend

 Fish yield data for Lake Naivasha (Figure 3) 
show high fluctuations in catches, ranging from 37 
to 3,146 tonnes (in 1980 and 2019, respectively). 
Annual catches depict two phases of fish yield 
trends: declining from 1980 to 2000, and increasing 
from 2001 to 2019.  Highest fluctuations were 
observed from 1980 to 2010 with a downward trend, 
which was not statistically significant (Table 1). 
The fishery had declined and almost completely 
collapsed in 2000, prompting a year-long fishing 

ban in 2001 to allow the recovery of fish stocks. 
Since 2001, fisheries management interventions 
in Lake Naivasha have led to a phase of fishery 
rejuvenation, with steady growth trends observed 
from 2013 (Figure 3).  While the average yearly 
fish yield during the declining period was 237.3 
tonnesyear-1, average annual landings of 678.2 
tonnesyear-1 were recorded during the increasing 
period.  Overall average annual fish yield was 446.1 
tonnesyear-1, and fish yield over the entire period 
(1980-2019) reveals a significant increasing trend, 
as shown in Table 2.
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Table 2. Summary of descriptive statistics and Mann-Kendall trend analysis of annual water level fluctuations 
 (WLF) and fish yield in Lake Naivasha from 1980 to 2019; SE = standard error.

Descriptive trend test

Period (years)

Minimum value (m asl)

Maximum value (m asl)

Annual mean (m asl) ±SE

MK test statistic (S)

Square root of var. of S (se)

Normalized test statistic (Z)

Probability (p-value)

Trend significance (95 %)

Lake WLF (m asl)

39

1,885.6

1,889.7

1,887.4±0.2

666

82.7

8.0

<0.0001

Yes (rising)

Fish production (tonnes)

38

37

3146

446.1±104.2

630

79.5

7.9

<0.0001

Yes (rising)

Variables

Figure 3. Lake Naivasha annual fish yield (bars) and the corresponding three-year moving average (MA) trend 
 from 1980 to 2019; arrow indicates a one-year fishing ban in 2001.
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Fish yield and WLF relationship 

 The regression test showed a positive 
linear relationship between fish yield and WLF 
in Lake Naivasha (Figure 4).  The simple linear 
regression confirmed fish yield could be predicted 
by WLF.  Significant regression equations were

found in both the direct dataset (F[1, 35] = 5.6772, 
p = 0.0227;  r2 = 0.1396) and indirect dataset 
(F[1, 34] = 9.0166, p = 0.0049; r2 = 0.2096) as shown 
in Figure 4a and 4b, respectively.  However, the 
latter dataset had a stronger fit of the regression 
line and confirmed the delayed influence of WLF 
on fish yield.
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Figure 4. Regression lines on scatter diagrams showing WLF and annual fish yield relationship in Lake Naivasha: 
 (a) direct regression of fish yield data against corresponding water level data; (b) indirect regression of 
 fish yield against water level fluctuations after one-year time lag. 
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 The regression results for datasets before 
and after imposition of the fishing ban in Lake 
Naivasha are shown in Figure 5.  Prior to the one-
year fishing ban (Figure 5a) fish yield and WLF 
trends had a non-significant but positive relationship 

(F[1, 18] = 3.0982, p = 0.0954;  r2 = 0.1468).  On 
the other hand, fish yield and WLF trends had a 
significant positive relationship (F[1, 16] = 6.5848, 
p = 0.0207;  r2 = 0.2916) in the period after the 
fishing ban (Figure 5b).
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Figure 5. Regression lines on scatter diagrams showing WLF and annual fish yield relationship in Lake Naivasha 
 in the periods (a) before imposition of a one-year fishing ban and (b) after the fishing ban. 
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 Lake Naivasha WLF are crucial factors 
that characterize the fishery environment and 
determine its productivity.  This study found 
remarkable variation in the lake levels, with an 
amplitude of about 4.2 m observed between 1980 
and 2019.  Despite these fluctuations, the time series 
dataset confirmed an increasing trend in mean water 
level over the study period.  Possible explanations 
for the recessions and rebound in lake level include 
periods of extended dry and wet seasons and 
excessive water abstraction from the lake and its 
catchment basin for crop irrigation and other human 
uses (Becht et al., 2005).  Climatic factors, mainly 
the precipitation and evaporation rates within the 
lake basin, strongly influence the water level.  Past 
studies (Vincent et al., 1979; Verschuren et al., 2000; 
Becht et al., 2005) observed the lake's dynamic 
behaviour and reported water levels varying by an 
amplitude of about 12 m over the last 100 years. 
These fluctuations were in resonance with the 
prolonged cycles of dryer and wetter seasons.  The 
lake and its catchment area lie within the region 
of the Inter-Tropical Convergence Zone (ITCZ). 
Therefore, the monsoon winds' influence casts 
a considerable amount of rain shadow over the 
basin with a bi-modal rainfall distribution pattern 
(Harper and Mavuti, 1996; Becht et al., 2005).

 On the other hand, the anthropogenic 
impacts on WLF in Lake Naivasha are related to 
excessive water abstraction from the surface and 
underground aquifers for the extensively irrigated 
agricultural farms spread throughout the lake basin. 
The land area under horticultural irrigation around 
Lake Naivasha is about 4,000 ha, with more than 
50,000 people directly or indirectly employed by 
the industry (Becht et al., 2005).  The pressure to 
maintain both the farming businesses and the 
dependent livelihoods poses significant challenges 
in sustainably managing the water resources. 
Nevertheless, other studies (e.g., Nicholson, 1998) 
firmly attributed the climatic factors to WLF rather 
than anthropogenic influence.  The datasets for 
Lake Victoria and three other lakes (Lakes Stefanie, 

Turkana, and Naivasha) in East Africa's northern 
Rift Valley showed similar shallow levels during 
the first half of the 19th century, followed by very 
high stands towards the fall of that period.

 This study found a continuous and 
significant rising trend in lake level between 2010 
and 2019.  The trend could be largely attributed to 
changes in the precipitation pattern, both within 
the Lake Basin and its catchment area.  A study by 
Nyokabi et al. (2021) reported an increasing trend 
of rainfall values in the catchment area from 2011, 
although in erratic patterns.  Their study confirmed 
an upward trend of water levels in Lake Naivasha 
and asserted that the East African Rift Valley lakes 
of Kenya have experienced phenomenal water level 
rise from 2011 onwards.

 Results of the present study further 
demonstrate high fluctuations in fish yield with 
statistically significant upward trend.  From 1980 
to 2000, the fishery mostly experienced declining 
catches in concert with highly fluctuating water 
levels.  The fishery suffered from uncontrolled and 
excessive fishing with adverse impacts leading to 
its collapse in 2000 (Becht et al., 2005; Kundu et al., 
2010).  This situation may help explain the observed 
weak and insignificant relationship between fish 
yield and WLF during the period.  But since 2002, 
fixed numbers of fishing vessels and fishermen have 
been licensed, and fishery managers are expected 
to maintain the maximum limit of ten gillnets and 
three crew per boat. These control measures abetted 
recovery of the fish stocks in Lake Naivasha. Notably, 
despite the lowest water level being witnessed in 
2009, high fish yield for that year may be attributed 
to fish being aggregated in a small areas after the 
lake’s surface area had shrunk.  Therefore, fish were 
highly vulnerable to capture, with eventual negative 
consequences for the recruitment process.  Following 
this overexploitation, the trend of fish catches 
continued to decline until 2014, when the boom 
period began in tandem with increasing water levels. 
This observation suggests the need to consider 
reduction of fishing effort and pressure on fish 
resources during low water levels periods.      

DISCUSSION
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 A significant relationship found between 
WLF and fish yield trends in Lake Naivasha 
corroborates the observation made by Muchiri and 
Hickley (1991) that both fishing pressure and lake 
level fluctuations caused by climatic variability 
are likely to influence the fishery status of Lake 
Naivasha.  The present study assumed no change 
in fishing technology, which would be attributed 
to large variations in catches.  Habitually, fishing 
in Lake Naivasha is predominantly an artisanal 
type with regulated fishing gears.  Illegal fishers do 
not submit their catches for recording at the landing 
beaches.  A study by De Silva (1985) observed 
that yield of Mossambique tilapia in a Sri Lankan 
reservoir was positively influenced by WLF, but 
after a two-year time lag.  Another study comparing 
the habitat and fishery characteristics of Lakes 
Naivasha and Baringo reported the implications 
of habitat degradation for the fishery collapse in 
both lakes (Hickley et al., 2004).  The same survey 
noted that fishing effort in the two lakes is only 
an additional pressure on fish resources after the 
environmental stressors that directly influence the 
annual fish yield.  An indirect attribution of WLF 
to the annual fish catch variations (increase or 
decrease) was somewhat stronger than the direct 
one, implying that the effect of water level on 
yield was not immediate after the lake level rise. 
Logically, the increase or drop in water levels 
influences the requisite abiotic and biotic conditions 
for natural fish repopulation, the consequences of 
which would be observed later, in the successive 
year after successful spawning and recruitment 
events.

 Results of the present study also concur 
with the observations by Gasith and Gafny (1990) 
that long term water level fluctuations in lakes 
and reservoirs may lead to periodic changes of 
the littoral slope and substrate composition of the 
lacustrine systems.  Water level fluctuation in 
lakes can be considered an essential environmental 
disturbance factor, which maintains fish habitats' 
temporal and spatial heterogeneity, especially in 
the littoral zones.  During low water levels, the 
semi-aquatic floral community that inhabits the 
exposed littoral zone provides vegetative habitats 
after inundation during high water levels.  These

macrophytes have also been attributed to the
retention and release of phosphorus in sediments 
during dry and wet seasons (Keitel et al., 2016). 
In essence, the increased vegetation cover of 
the Cyprus papyrus swamp in Lake Naivasha is 
associated with wet seasons causing a rapid rise in 
the lake level (Harper and Mavuti, 1996).

 Wantzen et al. (2008) reported a significant 
correlation between water level changes and water 
quality parameters in many lakes and reservoirs. 
Kolding and van Zwieten (2006) suggested that 
productivity limits for natural and man-made aquatic 
systems exist, and that these are based on both 
physical and biological factors, leading to limits 
set by either the carrying capacity or the scale of 
influence by climatic variability.  Studies have shown 
that tropical water bodies exhibit hydrodynamic 
regimes that play vital roles in the injection and 
re-suspension of nutrients, a phenomenon that has 
strong influence on the aquatic communities and 
their productivity (Kolding and van Zwieten, 2012). 
Furthermore, it has also been proven that hydrologic 
regimes have influence on water quality and 
trophic status of reservoirs (Nadarajah et al., 2019).  
Seasonal water level fluctuations positively correlate 
with aquatic organisms' primary production and 
biomass (Gownaris et al., 2018), although negative 
attributes such as eutrophication and algal bloom 
phenomena have been reported (Plisnier et al., 
1999; Li et al., 2018).  For instance, a fish kill in 
Lake Naivasha in early 2010 was attributed to the 
deterioration of water quality in 2009, as lake level 
recessions were experienced (Njiru et al., 2015).

 According to Patrick (2016), fish stocks 
usually recover from low abundance after periods 
of high water levels, because of reduced fishing 
efficiency and fish dispersion to the newly inundated 
areas.  In Sri-Lanka, Bandara and Amarasinghe (2017) 
found that the nesting behavior of Oreochromis 
niloticus varied according to the slope of the littoral 
area, water turbidity and the amplitude of water 
level fluctuations in the reservoirs.  Fishing pressure, 
in concert with WLF, significantly influences the 
reproductive biological traits of reservoir populations 
of O. niloticus (Bandara and Amarasinghe, 2018). 
It is worth noting that Lake Naivasha's fish species,
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particularly the cichlids, utilize the littoral zone 
for their feeding and reproduction activities.  This
consideration justified the delineation and protection 
of four sites (Crescent Island, Malewa river mouth, 
Korongo bay and Oserian bay) for fish breeding 
in Lake Naivasha (Yongo et al., 2013).  Shallow 
areas around the lake are equally important for 
their rich detritus and ideal nursery grounds for 
juvenile fish. Therefore, the periodic WLF directly 
influence the area of habitats available for the 
various fish species; hence, the stock abundance in 
Lake Naivasha.  This observation validates earlier 
reports that water level amplitudes in reservoirs 
have a strong predictive power of fish yield  
(Nadarajah et al., 2018) and that relative lake level 
fluctuations can be used to predict fish yield in 
tropical lakes and reservoirs (Kolding and van 
Zwieten, 2006; 2012).

 Results of this study implied the association 
of rising and relatively stable lake levels from 2010 
to 2019 with favorable habitat conditions for both 
enhancement and natural repopulation of the fish 
stocks in Lake Naivasha.  The re-introduction and 
subsequent restocking of O. niloticus fingerings 
in Lake Naivasha commenced in 2011 (Waithaka 
et al., 2020).  Earlier attempts in the 1970s had 
failed, probably because of either high predation 
on fry and fingerlings by bass (Njiru et al., 2017) 
or the harsh habitat conditions during extreme water 
recessions.  Oreochromis niloticus is tolerant to 
a wide range of habitat conditions, with high 
capability to switch its feeding and reproductive 
behavior (Getabu, 1992; Njiru et al., 2004; 2008). 
Hence, water level rise in Lake Naivasha avails 
larger surface area with additional refugia for this 
species and other commercially exploited species 
utilizing the littoral zones for reproductive and 
feeding activities.  Subsequent to a water level 
increase, fishing intensity on fish stocks declines 
because of the expansive new fishing grounds 
created.

 In contrast, water level recessions are 
likely to shrink the available area of fish habitats 
and make the stocks more vulnerable to capture as 
fishing effort is concentrated in a more limited area.

This implies that higher catches may be recorded 
during periods of low water levels, with associated 
low recruitment due to ecosystem overfishing. 
However, such catches are usually short-lived and
precede a catastrophic decline in the subsequent 
years if appropriate management interventions are 
delayed.  This argument explains the observed 
phenomenally high fish catches (690 tonnes) in 
Lake Naivasha during 2009, when the lake level 
was at its lowest, and subsequent years had dismal 
catches until 2014.  Other factors which may have 
caused increases in yield include the successful 
stock enhancement with the reintroduction of 
Oreochromis niloticus in 2011.  Success of the 
stocking program for this species may have been 
enhanced by lake level rise, with extensive habitat 
area for reproduction and feeding. The positive 
results of the restocking program may have 
influenced the high catches recorded from 2014 
to 2019.  This factor likely affected the power 
of determination in the relationship regression 
equations reported.

 There was a significant trend in WLF-
fish yield historical data.  The strong correlation 
between water level and fish yield variations 
illustrates that water level variations are a critical 
factor influencing Lake Naivasha’s annual fish 
yield.  Therefore, management strategies should 
aim towards ecosystem-based approaches to mitigate 
both the anthropogenic and climate-induced impacts 
on the lake's water levels.  Such management 
strategies include the rehabilitation of catchment 
areas and capacity building for the best water 
resource use practices. Furthermore, management 
ought to align fishing effort control and stock 
enhancement with the changing lake level conditions. 
A reduction of fishing effort during low water level 
is likely to ease pressure on the resource and allow 
for stock-replenishment.  In occasions of rising 
water levels, large scale restocking of fish species 
like Oreochromis niloticus may be a better option 
to boost stock recruitment for subsequent improved 
fish yield and support to many livelihoods.          
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