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Abstract
Hydrodynamic characteristics are important considerations in the design of cages used for 

fish farming in nearshore marine environments. The hydrodynamics of sites in mangrove 

creeks and comparatively open water channels in Kilifi and Kwale Counties in Kenya were 

sampled across tidal cycles and seasons using an Acoustic Wave and Current Profiler (AWAC).  

Water temperature ranged between 25.9 °C and 33.0 °C, and was lower in deeper areas with 

larger tidal heights than in shallower areas with smaller tidal heights. The water column height 

ranged between 9.68 - 14.69 m at Kijiweni, 1.16 - 6.7 m at Kibokoni and Tsunza, and 0.72 - 2.57 m  

at Dabaso. Maximum current speeds were 0.83 - 0.87 m/s at Kijiweni, 1.1 m/s at Kibokoni, 0.89 

m/s Tsunza, and 0.34 m/s at Dabaso. Wave height reached 0.35 and 0.36 m at Kijiweni, 2.7 m  

at Kibokoni, 1.3 m at Tsunza, and 1.6 m at Dabaso. The considerable difference in hydrodynamic 

characteristics between the sampling sites indicate that cages for marine fish farming should be 

designed specifically for local conditions in mangrove creeks and Cages for fish farming therefore 

require specific design and structural features depending on the local hydrodynamic conditions. 
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Introduction
Capture fisheries on the east African coast provide 
support to a large number of communities. They are 
mostly artisanal, underdeveloped, over exploited and 
associated with coral reef, seagrass and mangrove 
ecosystems that are faced with challenges of degrada-
tion and climate change effects among other stress-
ors (McManus et al., 1997; Jiddawi and Öhman, 2002; 
Kaunda-Arara et al., 2003; Worm et al., 2006; McCla-
nahan et al., 2008; Mirera et al., 2013). Indeed, pri-
mary producers working in the agriculture, forestry 
and fisheries sectors are more vulnerable to climate 
change since they are dependent on climate-sensitive 
natural resources; a situation which therefore impacts 
food security and livelihoods (IPCC, 2007; Cooper  
et al., 2008; Stokes and Howden, 2010). 

Global fish consumption has increased significantly 
since 1960 (9.0 kg per capita per year) to current (20.5 kg  

per capita per year). Per capita fish consumption in 
Africa is nearly half the global average (9.9 kg per cap-
ita) and accounts for 30 – 50 % of all the animal protein 
in many coastal countries (UN Nutrition, 2021). In the 
early 1980s per capita fish consumption in Kenya was 
estimated at 4.3 kg whereas demand for fish was esti-
mated at 9.5 kg/person/year which implied a deficit in 
fish production that needed aquaculture intervention 
(Balarin, 1985). Currently, per capita fish consumption 
is estimated at 8 kg/person in Tanzania and 5.5 kg/
person in Kenya thus creating a fish deficit of 230,000 
MT in Tanzania and 150,000 MT in Kenya (Pauly et 
al., 2003; FAO, 2018). Globally it has been observed 
that low fish supply could lead to malnutrition, under 
nutrition, and micronutrient deficiencies, which 
will consequently lead to poor health (Golden et al., 
2016). It is therefore evident that addressing food and 
especially protein insecurity in east Africa requires a 
sustainable and multi-faceted approach rather than 
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dependency on freshwater systems where most of the 
aquaculture is currently practiced, wild fish capture, 
fish imports and terrestrial agriculture that depends 
on rain and other water sources that are impacted by 
climate change (Mmochi, 2015). Despite aquaculture 
being one of the frontiers for food production in the 
world (UN Nutrition, 2021), it is faced with several 
limitations with regard to sustainable development 
that need to be addressed (Troell et al., 2009).

Consequently, there is a need to develop strategies 
to adapt and mitigate climate change impacts and 
reduce social vulnerability from fish deficits to be able 
to attain the United Nations Sustainable Development 
Goal (SDG 14). Mariculture development is one of the 
strategies proposed to reduce pressure on near-shore 
fisheries in coastal east Africa (Troell et al., 2011). Mari-
culture in Kenya was conceptualized in 1976 through 
farming of prawns in intertidal earthen ponds at 
Ngomeni after failure of soil suitability tests at Dabaso 
in addition to seasonal fluctuations in temperature 
and salinity that impacted growth and survival (FAO, 
1977). To date mariculture production has remained 
low in the country even though more species have 
been recruited into culture (Mirera, 2011, 2019; Mirera 
et al., 2020). Also, progress has been made in devel-
opment of hatcheries to supply fingerlings to farm-
ers (e.g. National Mariculture Resource and Training 
Centre (NAMARET, Shimoni). However, there is a 
need to focus on suitability of sites assessments for 
cage farming. 

The development of marine cage farming will com-
plement previously used intertidal earthen ponds in 
mangrove systems mainly used to farm milkfish, mul-
lets, marine tilapia, mud crab and prawns extensively 
at small scale (Mirera, 2011, 2019; Mmochi, 2015). To 
embrace marine cage farming, a holistic knowledge of 
the ocean systems (near shore and offshore) is required 
to help tap into the Blue Economy potential and con-
tribute to the sustainable development agenda (Öster-
blom and Folke, 2013). Therefore, there is need for data 
on the physical and chemical dynamics of the ocean 
waves and currents in coastal creeks, channels, estua-
rine river systems, near shore and deep water systems 
to inform cage farming and ocean governance (Camp-
bell et al., 2016; Halpern et al., 2019). Hydrodynamic 
characteristics like multidirectional, nonlinear com-
bination of both waves and currents will inform cage 
engineering designs (mooring systems, cage shape, 
floater system, tension response, net blockage) through 
development of numerical models to cost effectively 

withstand extreme conditions and provide a suitable 
fish growing environment (Aarnses, 1990; Gignoux 
and Messier, 1999; Colbourne and Allen, 2001; Falt-
insen and Shen, 2018). It is recognised that industrial 
marine cage fish farming is young globally but has sig-
nificantly advanced in many regions of the world other 
than east Africa where it produces 6.6 million tons of 
fish per year (FAO, 2020). Indeed, cage technology 
genesis is traced back to the Antlantic salmon farms in 
Norway and Scotland in 1960s and 1970s respectively 
and has benefited from innovations over the years to 
achieve the currently engineered structures available 
in the market (Fredheim and Langan, 2009; Tilseth et 
al., 1991; Bao-Tong, 1994; Chen, 2007).

Using previously designed cage structures and learn-
ing from other regions like Norway, and understand-
ing the prevailing physical and chemical dynamics 
of coastal sites in east Africa will inform mitigation 
measures through cage design, deployment, manage-
ment, culture system and species to be farmed (Neori 
et al., 2004; Troell et al., 2009; O’Donncha et al., 2013). 
Studies undertaken in other regions indicate that 
water exchange rate can reduce to approximately 59 
% due to increased bottom friction from suspended 
aquaculture in marine bivalves indicating that drag 
net effect influence water exchange rate and renewal 
of nutrient and food supply (Grant and Bacher, 2001; 
Shi et al., 2011; Cranford et al., 2014). Similarly, feed 
spills, cage waste diffusion and disposition is affected 
by direction and velocity of water current therefore 
influencing distribution of particulate organic wastes 
that may affect the health of benthic organisms and 
habitats (Holmer and Kristensen, 1994; Findlay et 
al., 1995; Wu, 1995; Petrell and Alie, 1996; Karakassis 
et al., 2000; Abreu et al., 2009; Faltinsen and Shen, 
2018). A good current flow will ensure sufficient water 
exchange (good oxygen supply and well-being of fish) 
in a cage system. 

Provision of hydrodynamic data will ensure that 
cage systems are installed properly to mitigate chal-
lenges associated to placement of net cage systems 
in areas that experience seasonal monsoon seasons 
and unpredictable wave behaviour or local tidal and 
strong ocean currents (Kawakami, 1964; Milne, 1972). 
The stability of marine cage culture systems will cush-
ion farmers from major economic losses due to dam-
ages and collapses of floating fish farms that lead to 
escape of fish, breaking of mooring lines, anchor pull 
out or sliding, leading to cage movement to undesired 
locations with possible collisions with other maritime 
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users, contacts between chains or ropes with the fish 
net leading to net tears (Faltinsen and Shen, 2018). 
Therefore, the current study sort to document the 
hydrodynamic characteristics of different near shore 
marine waters in coastal Kenya with the aim of delin-
eating salient features (like depth, current strength, 
direction, wave height, tidal height and temperature) 
to inform site selection, design and deployment for 
marine culture cages. 

Methodology
Study sites
The study assessed the suitability of near shore 
marine waters for cage culture in Kenya. A total of five 
sites from the two counties of Kwale and Kilifi were 
involved in the study (Fig. 1). The distance between 
the study sites varied. From Dabaso at Mida Creek to 
Kibokoni Umoja group at Kilifi Creek was 54 km; from 

Kibokoni Umoja to Tsunza Pennisula was 109 km; and 
from Tsunza to Kijiweni mariculture cages, Shimoni 
was 92 km. Kijiweni 1 and 2 were separated by a dis-
tance of less than 50 meters. The sites were catego-
rized into three, based on the habitat and perceived 
hydrodynamic characteristics: (1) mangrove channels; 
(2) relatively sheltered near shore; and (3) sheltered 
creek/bays. Detailed characteristics of each of the sites 
is provided in Table 1. 

Experimental design 
Acoustic Wave and Current Profiler (AWAC) 
The study used an Acoustic Wave and Current profiler 
(AWAC), model WAV 7499 developed by NORTEK to 
obtain hydrodynamics characteristics at the potential 
cage sites. AWAC has the capability to measure tidal 
variation (m), waves (m), temperature (OC), current 
speed (m/s) and direction (degrees). Quality control 
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Figure 1. Map of the Kenyan coast showing the potential floating cage sites.
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on data was conducted by the use of storm-64 soft-
ware while data retrieval used AWAC AST software. 
The AWAC system can resolve waves from 1 to 100 
seconds and measure current speed and direction in 
1 m thick layers from the bottom to the surface. The 
AWAC equipment was deployed at the maximum 
recorded depth of the different study sites to collect 
data over a period of 4 – 19 days to capture spring 
and neap tide variation. Seasonal variability (NEM 
and SEM) was captured at one site that was relatively 
exposed (Kijiweni). 

Equipment was prepared for use by assembling the 
frames using bolts and nuts and bolting the battery 
that runs the equipment onto the frame. It is then 
connected to a laptop using a serial port connector 
cable and configured using AWAC AST software to 
collect data. The AWAC equipment is carried to the 
site by boat and lowered to the ocean floor with the 
help of divers where it would remain for the whole 
experimental period (4-19 days). Weights were added 
to enhance sinking capacity and the equipment was 
anchored at the bottom with more weights to mini-
mize the tilt effect (tilt angle to be less than 30 degrees 
at all times). A buoy was attached to the AWAC with 
rope for easy visibility by any other ocean users and 
for easy identification during retrieval. 

Sampling design
The Kenyan coast is characterised by neap and spring 
tides which influence movement of water to the shore. 

Also, the coast experiences a tropical climate influ-
enced by monsoon winds with two distinct seasons 
(NEM and SEM). The NEM is characterized by hot and 
calm weather and the SEM by strong winds, cool tem-
peratures and rough seas (Linden and Lundin, 1996). 
Sampling was designed to capture data for the differ-
ent seasons and tidal cycles to inform cage culture 
interventions (Table 2). To provide a broader view of 
the effect of tide and season on hydrodynamic charac-
teristics, sampling was carried out for shorter periods 
of four days (covering only one neap of spring tide) 
and long periods of 19 days (covering full neap and 
spring tide cycles). At one site sampling was repeated 
after a year to assess if there were variations between 
years. The AWAC captured the same data for all sites 
even though sampling days were different at sites. It 
was anticipated that such robust sampling could pro-
vide data that could inform future site assessments for 
cage farming. 

Stakeholder involvement was conducted through 
focus group discussions with the ocean users at each 
site, especially fishermen, to identify the most viable 
areas. This involved identification of sheltered areas, 
areas not close to known fishing areas and navigation 
routes, and areas that remained relatively deep at low 
tides (Beveridge, 2004). Random sampling was under-
taken using a handheld eco sounder to establish depth 
gradients (Turner, 2000). Before deployment, fishers 
were engaged to monitor the equipment as a mitiga-
tion against vandalism. 

Table 1. Characterization of the different sites assessed for cage suitability using hydrodynamic parameters along the coast of Kenya.

Study sites/
Characteristics Shimoni Mwache creek Mida creek Kilifi creek

Location Kijiweni Tsunza Dabaso Kibokoni

County Kwale Kwale Kilifi Kilifi

Description

- Relatively open near 
shore waters

- Thin mangroves 
dominated by 
Sonneratia alba and 
Avicennia marina

- Substrate is mud sand 
- Bathymetry has gentle 

slope near shore but 
drastically steep ocean 
wards

- Sheltered mangrove 
channel

- Dense mangrove 
species dominated by 
Rhizophora mucronata 
and Ceriops targal

- Mud substrate 
- Bathymetry is gentle 

sloping 

- Sheltered mangrove 
creek

- Dense mangrove 
species dominated by 
Rhizophora mucronata 
and Avicennia marina

- Mud substrate
- Bathymetry is gentle 

sloping with pockets of 
channels

- Sheltered mangrove 
channel

- Dense mangrove 
species dominated by 
Rhizophora mucronata 
and Ceriops targal

- Mud substrate
- Bathymetry has gentle 

slope near shore but 
drastically steep ocean 
wards

Fishing activities
- Artisanal fishing of 

different marine species 
mainly rabbitfish

- Artisanal fishing 
dominated by prawns

- Artisanal fishing 
dominated by snappers

- Artisanal fishing 
dominated by prawns  
and mud crabs

Mariculture activities
- Seaweed farming
- Interest in cage farming

- Pond milkfish farming
- Interest in cage farming

-Mud crab farming
-Interest in cage farming

- Prawn farming, marine 
tilapia

- Interest in fish cages
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Data analysis
The AWAC data was analyzed and visualized using 
the programming and numeric computing platform 
MATLAB and presented graphically. 
Decomposition of tidal currents
Tidal current velocities measured by the AWAC pro-
filer were decomposed in order to determine the hori-
zontal velocity components within the main channels. 
Main direction of flow was determined by plotting 
current velocities against respective directions. This 
was also used to determine the dominant current 
velocities during the period of measurements. The 
along channel velocity component (u) was determined 
from the current velocity record as
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Where U is the current speed record and α is the 
direction angle measured in degrees. 

Harmonic analysis
Harmonic analysis was carried out to establish the 
influence of the external factors on water velocity. The 
analysis is a mathematical method of extracting sinu-
soidal components of specific frequencies from, e.g. 
a water level record. In this case, it was based on the 
“method of least squares”. Instead of fitting a straight 
line to the data by varying its slope and intercept, a 
set of cosine (or sine) curves with given frequencies w 
were fitted by varying amplitudes and phases, mini-
mizing the sum of deviations from the original curve.

Given a time series Z (t) of data points, the tidal part 
can be expressed as a combination of sine and cosine 
functions (cf. Dronkers, 1964) as:
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The value of ak and bk can be calculated for the given 
frequencies, wk by minimizing the sum of squares of 
the differences between the assumed function and the 
given time series Zn.

Least square fit requires that the following function is 
minimized
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The above equations can be rewritten as
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Table 2. Acoustic wave and current profiler deployment period (days) and season at the different study sites on the coast of Kenya.

Sampling sites AWAC deployment 
period (days)

AWAC deployment 
Month

AWAC deployment 
season 

Shimoni, Kijiweni 1 14 March Northeast Monsoon

Shimoni, Kijiweni 2 19 July Southeast Monsoon

Kilifi creek, Kibokoni 14 February Northeast Monsoon

Mwache creek, Tsunza 4 September Northeast Monsoon

Mida creek, Dabaso 4 September Northeast Monsoon
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Results
Temperature and tidal variation
Relatively sheltered near shore waters  
(Shimoni – Kijiweni)
The depth of water at low tide was higher in Kijiweni 1 
(12 meters) compared to Kijiweni 2 (8 meters) (Table 3).  
Higher variation in daily temperature was observed 
in Kijiweni 1 compared to Kijiweni 2 (Fig. 2 A, B).  
A consistent incremental trend was observed in tem-
perature in Kijiweni 1 sampling site with a minimum 
of 25.9 °C, maximum of 27.6 °C and an average of 
26.64 ± 0.37 °C. Kijiweni 2 recorded a minimum tem-
perature of 28.1 °C, maximum 28.93 °C and an average 
of 28.42 ± 0.14 °C (Table 3). There was a difference in 
the behaviour of daily water column heights observed 
in the different sampling sites with clear distinctions 
between neap and spring tides (Fig, 2 C, D). The high-
est water column height in Kijiweni 2 was 13.568 m 
and the lowest 9.684 m, 14.691 m and 10.894 m respec-
tively for Kijiweni 1 (Fig. 2 C, D).

Mangrove creek channels (Kibokoni and Tsunza )
Temperature variations at Kibokoni mangrove chan-
nel showed a distinct trend that resonated well with 
neap and spring tides with a maximum of 33.0 °C, 
minimum of 29.69 °C and an average of 30.98 ± 0.69 
°C, while the highest water column height was 6.7 m 
and lowest 3.1 m (Fig. 3 Kibokoni A, B). At Tsunza, the 

sampling period was four days and temperature var-
iations were minimal and lacked a trend with a maxi-
mum of 29.4 °C, minimum of 27.8 °C and an average of 
28.64 ± 0.12 °C (Fig. 3 Tsunza A). Similarly, the highest 
water column height at Tsunza was 4.46 m and lowest 
1.16 m but there was no tidal trend (Fig. 3 Tsunza B). 

Mangrove creek bay (Dabaso)
Over the four days sampling period, temperature 
fluctuated between a maximum of 30.2 °C, minimum 
of 27.5 °C and an average of 29.54 ± 0.48 °C . The high-
est recorded water column height was 2.57 m and the 
lowest 0.72 m (Fig. 4). No specific trend was observed 
in the variation of the two parameters. 

Tidal current speed dynamics
Relatively sheltered near shore waters  
(Shimoni – Kijiweni)
Water currents in the area can be classified as unidi-
rectional caused by tides and wind. At Kijiweni 2 the 
current had a maximum speed of 0.8690 m/s and 
spread towards northeast (NE) or seawards and north-
west (NW) or landwards (Fig. 5A-Direction) while in 
Kijiweni 1 maximum speed was 0.83 m/s and spread 
towards the west (W) or landwards (Fig. 5B- Direc-
tion). Current speed across the channel (V) was rela-
tively lower than along the channel (U) (Fig. 5A -U&V, 
B- U&V). Flood (incoming) current dominated the 
site that led to an inverse correlation of the V-Veloc-
ity vs U-Velocity (Fig. 5 A – V vs U, B – V vs U). There 
were observed variations in wave heights over the two 
sampling points with highest wave height of 0.36 m 
in Kijiweni 2 (Fig. 6 A-W) and 0.35 m in Kijiweni 1  
(Fig. 6 B-W).

Table 3. Hydrodynamic characteristics obtained in the four assessed sites along the coast of Kenya.

Sampling sites

Parameter Details Kijiweni 1 Kijiweni 2 Kibokoni Tsunza Dabaso

Current (m/s) Direction W - Landwards
NE-seawards
NW-landwards

SE-seawards NE- seawards
NW – landwards
E - landwards

Max V (across channel) 0.64 0.65 0.75 0.49 0.24

Max U (along channel) 0.83 0.869 1.113 0.89 0.344

Bottom water 0.541 0.41 1.195 0.89 0.344

Intermediate 0.584 0.45 - - -

Surface water 0.869 0.815 1.113 0.89 0.344

Wave height (m) Mean 0.35 0.36 2.7 1.3 1.61

Depth (m) At low waters 12 8 6.7 4.1 2.0

Tidal height (m) 4.0 3.89 3.6 3.42 1.87

Temperature (°C) Max 27.6 28.93 33.0 29.4 30.2

Min 25.9 28.1 29.69 27.8 27.5
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Mangrove creek channels (Kibokoni and Tsunza)
The maximum current speed at Kibokoni was 1.113 
m/s flowing towards the southeast or seawards (Fig. 7  
A, C, E) and Tsunza 0.89 m/s flowing towards the 
east northeast or seawards (Fig. 7 B, D, F); an indi-
cation that ebb or receding currents dominate at 
the two sites. The relationship between V-Velocity  
vs U-Velocity at Kibokoni indicates a negative 
(inverse) relationship (Fig. 7 G) while that of Tsunza 
indicates a positive (direct) relationship (Fig. 7 H). 
The maximum wave height recorded at Kibokoni 
was 2.7 m (Fig. 8 K-W) while at Tsunza it was 1.3 m 
(Fig. 8 T-W). 

Mangrove creek bay (Dabaso)
Water movement along the mangrove creek bay was 
relatively slow with a maximum current speed of 0.344 
m/s and spread towards the northwest or landward 
(Fig. 9 A, B) while the maximum current speed across 
the bay was 0.24 m/s spreading towards the east or 
landward (Fig. 9 A, C). There was an inverse relation-
ship when comparing V-Velocity vs U-Velocity. The 
maximum wave height (Hs) recorded at Dabaso over 
the four-day sampling period was 1.61 m (Fig. 9 D). 

Relationship of depth and current
There was an observed trend of current and depth 
that was unique to the different sites studied. Man-
grove sheltered sites like Kibokoni exhibited higher 
water current in the bottom waters and lower current 
in the surface waters. There were also observed spikes 
in wave height in sheltered mangrove creeks com-
pared to open sites. In relatively open sites at Kijiweni 
the water current was higher in surface waters and 
decreased with water depth (Table 3). 

Discussion
Three categories of cage site selection criteria need 
to be addressed for effective cage farming: physico-
chemical (temperature, salinity, oxygen etc) suitable 
for the species under culture; oceanographic factors 
(waves, currents, weather, shelter, depth, substrate, 
winds etc); and profitability factors (legal aspects, 
access, land-based facilities, security, economic and 
social considerations). Therefore, cage design and 
deployment are site specific and guided by the knowl-
edge of the site oceanographic conditions (Siddiqui 
and Nagarajan, 2016). A floating cage system has four 
main components which have distinct functions and 

Fig. 2

A B

C D

Figure 2. Water temperature (A and B) and water column height (C and D) variation in a relatively sheltered 

nearshore system at Kijiweni - south coast of Kenya monitored for two different points (Kijiweni 2-AD, Kiji-

weni 1-BC) for a 19 days sampling period.



32 WIO Journal of Marine Science  22 (2) 2023 25-41  |  D. Mirera et al.

roles: the flotilla/floating collar provides buoyancy, 
provides shape of the cage net and may be used as a 
working platform (Liu et al., 2019); the cage net holds 
the fish that are farmed in the cage system and the 
netting dimensions determines the volume availa-
ble for fish culture while the water exchange inside a 
cage is inversely proportional to the volume of the net 
and is influenced by the speed of the current (Picco-
lotti and Lovatelli, 2013); the anchors will provide the 

sinking effect to help bring the shape of the cage and 
hold it in place; while the mooring provides the con-
nection between the sinkers and the flotilla to keep the 
cage in place. These aspects require understanding of 
the hydrodynamic characteristics that will inform the 
wave force acting on the cage to guide cage engineer-
ing (Kumar and Karnatak, 2014). Based on the resist-
ance effect of cages, circular cages are more preferred 
since they can withstand dynamic stress and thus are 

Fig. 3

A A

B B

Kibokoni Tsunza

Figure 3. Temperature (A) and water column height trends (B) in two mangrove channels (Kibokoni and 

Tsunza) sampled at different time periods (15 and 4 days respectively).

Fig. 4

A B

Figure 4. Changes in temperature (A) and water column height (B) over the four days experimental period 

at Dabaso mangrove creek bay.igure 5. Changes in U and V speed, direction and correlation between U 

and V velocities in a relatively sheltered nearshore system at Kijiweni - south coast of Kenya monitored at 

two different sampling points (Kijiweni 1 – B, Kijiweni 2 - A) over a 19 days sampling period.
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B-V vs U A-V vs U

Figure 5. Changes in U and V speed, direction and correlation between U and V velocities in a relatively 

sheltered nearshore system at Kijiweni - south coast of Kenya monitored at two different sampling points 

(Kijiweni 1 – B, Kijiweni 2 - A) over a 19 days sampling period.
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more suitable in less sheltered sites while square or 
rectangular cages will have large forces in the cor-
ners that can eventually lead to breakage and thus 
only suitable to sheltered sites. However, rectangular 
or square cages are preferable since they are easier to 
construct, have a higher water exchange rate within 
the net and can be constructed in large sizes (Picco-
lotti and Lovatelli, 2013).

In most coastal regions tidal currents are the predom-
inant source of surface water currents where wave 
height is referred to as tidal range. This are influenced 
by the attractive forces, exerted by the moon and sun 
thus producing tidal waves during spring and neap 
tides with extreme long wavelengths with oscillation 
period of 12 h 25 min (crest and trough) being termed 
as high and low tides. The tidal created waves pres-
ent minor problems for cage fish farms though they 
can create very strong tidal currents. In practice, ebb 
and flood tidal currents in the range 0.1–0.6 ms-1 and 
mean tidal currents of 0.03–0.2 ms-1 have been found 
to be satisfactory for good water exchange; sites where 
currents exceed 1ms-1 are not generally recommended 
(Braaten and Saetre 1973; Chen 1979; Chua and Teng 
1980; Kerr et al. 1980; PPD 1986; Ikenoue and Kafuku, 
1988; Rudi and Dragsund 1993; Turner, 2000). In the 
current study ebb and flood tidal currents in the range 
of 0.24 - 1.113 m/s were found at all the sites assessed. 
There were no sites with water currents lower than 
0.1 m/s; a condition that would prevent good water 
exchange for oxygen supply and poor transport of 
faeces and excess feed, leading to a build up at the 
bottom of the cages creating anaerobic conditions 
and hydrogen sulphide in the sediments that is toxic 
to fish (Beveridge, 1996; Huguenin, 1997).

Areas characterized with U velocities of 1.0 – 1.5 m/s 
and more than 1.5 m/s are described as highly and 
extremely exposed respectively (Faltinsen and Shen, 

2018). In one of the study sites, the along the channel 
current/velocity (U) recorded was higher (1.113 m/s) 
which could be associated with the steep topogra-
phy observed in the creek (Turner, 2000). The cur-
rent was above 1m/s which is problematic because of 
the likelihood of very large forces on the cage struc-
ture and mooring system that may lead to breakage 
or shifting of cages or cage deformations; this is rel-
evant for cage design and instalments at Kibokoni 
mangrove channel, Kilifi Creek (Lader and Enerhaug, 
2005; Huang et al., 2008; Lader et al., 2008; Holmer, 
2010; Moe et al., 2010). Aarsnes et al. (1990) observed 
that up to 80 % of the expected volume available to 
hold fish in gravity cages may be lost in currents of 1 
m/s. Current speeds of 0.13–0.35 m/s were observed 
to reduce the cage volume by 20–40 % by causing the 
cage bottom to be pushed upwards. Further, currents 
influence fish behaviour, affecting social hierarchies, 
growth and growth disparities among stock (Phillips et 
al., 1985; Leon, 1986; Jobling, et al. 1993; Jobling, 1995) 
and, reportedly, flesh quality. Also, excessive currents 
are associated with skeletal deformities in cage-reared 
carp.

The present study provides information on currents 
that, if well understood, will improve the marine cage 
resistance to dynamic stress caused by swells and cur-
rents in addition to informing suitable cage dimen-
sions for each site. Sheltered sites with weaker cur-
rents as in the current study will require smaller cage 
sizes compared to exposed sites. Further, cage design 
will also be informed by the cost implication of mak-
ing cages since the cost per cubic meter of cage vol-
ume reduces as the size increases. According to Kumar 
and Karnatak (2014), the cost of making a 100 m3 cage 
is less compared to making two cages of each 50 m3. 
Larger cages will save cost of material used to make 
cages and cost of management and maintaining one 
unit of cage compared to separate small cages even 

Fig. 6
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Figure 6. Variations in wave height at Kijiweni – south coast of Kenya at two different sampling points 

(Kijiweni 2 – A, Kijiweni 1 – B) monitored over a period of 19 days.
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Figure 7. Changes in U and V velocity, direction and relationship between U and V velocities in the mangrove 

channels of Kibokoni (Kilifi creek – A, C, E, G) and Tsunza (Mwache creek- B, D, F, H) in Kenya monitored at 

different time periods. 
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though the losses could be huge in the event of torn 
nets or replacements (Piccolotti and Lovatelli, 2013). 
Also, in smaller cages the stocking density may be 
increased (200 kg/m3) compared to bigger cages (25 
kg/m3), but smaller cages could lead to bigger losses 
of feed which is pushed quickly out of the cage by 
currents before consumption by fish. For these rea-
sons currents are important in cage site selection and 
design (Piccolotti and Lovatelli, 2013).

Wind is the main ingredient in the formation of waves 
in the open ocean which are the greatest determinant 
of site selection in cage farming. When winds blow 
across water, a drag is applied on the surface and 
pushes the water up, creating a wave. The height will 
increase as long as the wind is strong enough to add 
energy to the wave. Once a wave is generated, it will 
travel in the same direction until it meets land or is 
dampened by an opposing force such as winds blow-
ing against it in the opposite direction, or by friction 
(Bascom, 1964). The height of wind-created waves 
depends on the wind velocity, the duration of the wind, 
the fetch length (distance where wave development 
can take place) and the presence of other waves when 
the wind begins to blow. The current study recorded 
wave heights of between 0.35 and 2.7 m in the four 
sites assessed which are within the mean wave height 
recommendations of other studies (Beveridge, 1996; 
Huguenin, 1997; Aguilar-Manjarrez et al, 2013). The 
site with the highest wave height is a mangrove creek 
which by its nature is well sheltered though the steep 
bathymetry of the creek might be associated with the 
attained wave height. According to Faltinsen and Shen 
(2018), wave heights of more than 2.0-3.0 m and more 
than 3.0 m are found in areas described as highly and 
extremely exposed, respectively. Significant wave 
heights of 2 m are most suitable for cage farm sites 
since cages can tolerate such heights. However, it is 

advisable to construct cages that can tolerate signifi-
cant wave heights of 4 – 5 m. Some ocean cages may 
be constructed to tolerate significant wave heights of 
7 - 8 m but in such cases there is need for special con-
siderations of how such cages can be operated before 
selecting such sites. Such extreme wave heights were 
not recorded in the current study. Cage farms set in 
areas with high wave heights are difficult and expen-
sive to operate since operational access is reduced and 
thus not an option for small scale fish farmers since 
they can only be operated with large and expensive 
boats. Therefore, knowledge of the wave climate of 
an area helps in choosing the correct cage technology 
and mooring system that will ensure integrity of the 
cage (Cairns and Linfoot, 1990; Pérez et al., 2003). 

Tidal heights significantly influence movement of 
cages and the recommended heights are between 
2-3 m (Francesco Cardia et al, 2015). Tidal ranges of 
1.67 m have been observed to influence movement 
of 22 m diameter circular cages by 10.1 and 7.7 m east 
and north thus increasing the effective area under 
the cage available for fish waste deposition by 72 % 
(Corner et al., 2006). The current study established 
a tidal height range of between 1.87 and 4.0 m in 
all assessed sites. This is suitable for cage drainage 
although it may lead to significant cage movements 
that require adjustments to the mooring system to 
avoid cage breakage. To mitigate against breakage 
and compensate for movement, rectangular cages 
are normally oriented with the larger dimension 
placed in the streamwise direction. However, with 
this configuration, circulation of flows around and 
through the entire farm becomes complex since 
cages downstream may experience reduced water 
exchange compared to the upstream cages leading 
to more wastes, decrease in quality of water and dis-
solved oxygen (Kleberta et al., 2013).

Fig. 8
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Figure 8. Variations in significant wave height at Kibokoni (K-W) and Tsunza (T-W) monitored over 14 days and 

4 days respectively. 
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According to Li (1994), a cage should be held within 
the plankton- rich surface (< 2 m) waters. Very shallow 
cages (< 1.5 m) have been shown to affect body shape 
and retard growth in carp and tilapia farms (Maruy-
ama and Ishida, 1976, 1977) although some other fish 
like flatfish (turbot and halibut) may prefer shallow 
cage depths of 0.9 – 1.6 m (Kerr et al., 1980; Martinez 
Cordero et al., 1994). In the current study varied water 
depth was found at low tides (ebb water) for differ-
ent sites ranging from 2.0 – 12 m depending on the 
characteristics of the site. Taking cognizance of the 
fact that a cage needs to operate between 0.9 – 2 m 

from the water surface based on culture species, the 
sites assessed are suitable for cage farming though 
species selection needs to be undertaken based on the 
specific requirements. Equally, the depth of a cage site 
is a determinant of the mooring system to be used. 
Usually water depths with a distance of 2 – 5 m from 
the bottom of the cage to the sea bottom is recom-
mended if the current conditions are suitable (Bever-
idge, 1996; Huguenin, 1997). Depths above 100 m will 
greatly increase the costs of the mooring system since 
long mooring lines will be needed.
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Figure 9. Changes in U and V velocity (A), direction (B) and correlation between U and V velocities (C) and sig-

nificant wave height (D) at Dabaso mangrove creek bay monitored over a period of four days. 
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Cages should be sited in sufficient depth to maximize 
the exchange of water yet keep the cage bottoms well 
clear of the substrate. Indeed, water is drawn into the 
cage not only through the sides but also through the 
bottom and therefore, as the cage bottom approaches 
the substrate, water flow is impeded thus the require-
ment to hold fish at least 4 – 5 m above the sediments 
(Chacon Torres et al., 1988). 

The current study established an increment of water 
current with depth in sheltered mangrove channels 
that were associated to tidal currents, while in rela-
tively open sites surface waters had stronger currents 
than bottom waters. The study provides new informa-
tion for consideration when developing cages in man-
grove channels that are assumed to be sheltered and 
thus less influenced by currents. Establishment of the 
bottom topography/bathymetry is also important as it 
gives information of sloping contours that will inform 
placement of anchors and distance of cage placement 
from the bottom (Turner, 2000). Depth estimations 
need to be well compensated with tidal fluctuations 
which may range from 0.5 m to over 10 m depending 
on the part of the world and calmness of the weather 
(Muir Wood and Fleming, 1981). 

Conclusion and recommendations
The hydrodynamic characteristics of the different sites 
studied on the north and south coast of Kenya indi-
cate that Kenyan waters are suitable for cage culture. 
Based on the findings, different cage designs need to be 
employed in each site to meet the varied dynamics in 
currents, waves, tidal heights, depth, flow and tempera-
tures. Being a new potential area for cage culture in the 
region, more studies are required to characterize the 
entire nearshore coastal area to inform development of 
the industry in addition to provision of data for suita-
ble species for culture and contribute to marine spatial 
planning to minimise user conflicts. 
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