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Abstract
Global inland freshwater fisheries support livelihoods for several million people. These 
important resources, however, are suffering from excessive overfishing as a result of 
increasing fishing pressures attributable to an increased human population and sub-
sequent	demand	for	food	and	economic	livelihoods.	To	this	end,	very	little	is	known	
about	 the	vital	population	parameters	and	stock	status	of	Nile	 tilapia	 (Oreochromis 
niloticus)	in	Lake	Chamo	in	Ethiopia.	Thus,	the	present	study	focused	on	determining	
the	Nile	tilapia	population	parameters	and	assessing	their	stock	status	in	Lake	Chamo,	
using	length-	frequency	and	catch-	effort	data	collected	between	February	2018	and	
January	 2019	 from	 commercial	 fish	 catches	 from	 10	major	 fish	 landing	 sites.	 The	
TropFishR	software	package	was	used	to	determine	von	Bertalanffy	growth	param-
eters, and length- converted catch curve and empirical models were used to calculate 
mortality	parameters.	The	maximum	sustainable	yield	 (MSY)	and	 its	corresponding	
level	of	effort	(fMSY) were determined using the length- based Thompson & Bell yield 
prediction model. The growth parameters L∞, K	and	Ф′	of	the	Nile	tilapia	stock	were	
found	to	be	59.4-	cm,	0.41/year	and	3.16,	 respectively.	The	annual	 rate	of	 total	 (Z), 
natural	 (M)	and	fishing	mortality	 (F)	were	estimated	to	be	2.442,	0.558	and	1.884/
year,	respectively.	The	calculated	current	yield	(711	t/year) is lower than the predicted 
values	of	MSY	(771	t/year).	The	present	level	of	fishing	effort	(2564	nets/day)	is	more	
than	 twice	higher	 than	 the	optimum	 level	of	 fishing	effort	 (1026	nets/day),	 clearly	
indicating	overfishing	of	the	Nile	tilapia	stock	in	the	lake.	This	finding	is	also	substanti-
ated	by	the	high	level	of	exploitation	rate	(E = 0.771). Thus, a recommendation based 
on	the	results	of	the	present	study	is	a	60%	reduction	in	the	fishing	effort	(1538	nets/
day), which will also provide a higher fish yield. The results of the present study also 
are useful facilitate development of appropriate management strategies for the Nile 
tilapia	fishery	in	Lake	Chamo.
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1  |  INTRODUC TION

Inland fisheries contribute significantly to the worldwide fisheries, 
being a means of livelihoods for millions of people, predominantly 
in	less-	developed	countries	with	limited	income	alternatives	(Hicks	
&	McClanahan,	 2012;	 Pauly	 et	 al.,	 1998;	 Tesfaye	 &	Wolff,	 2015).	
It	 comprises	 more	 than	 60%	 of	 Africa's	 fishery	 production,	 with	
10	million	Africans	relying	on	it	as	their	primary	livelihood,	and	a	fur-
ther	90	million	farmers	and	resource-	poor	dependent	on	fishing	as	a	
component	of	a	diversified	livelihood	strategy	(Béné,	2006).

However, inland water resources in these countries face multi-
dimensional challenges, including overfishing, pollution, eutrophica-
tion and climate change, attributable mainly to unsustainable use of 
aquatic	resources	by	humans	(Tesfaye,	2016).

According	to	Lorenzen	et	al.	(2016),	various	freshwater	fisheries	
lack	stock	assessment,	even	where	the	capacity	for	data	collection	
and analysis exists. Thus, accurate assessment and management 
based on credible scientific evidence are indispensable for safe-
guarding the sustainability of fishery resources at levels reflecting 
their	ideal	utilization	and	also	conserving	their	sustained	availability	
for	current	and	coming	generations	(Tesfaye	&	Wolff,	2015).

Knowledge	of	current	fishing	pressures	and	stock	biomass	regard-
ing biological reference levels supports the need for development of 
management strategies for sustainable fishery harvests. For manage-
ment	purposes,	 single-	species	 stock	assessment	models	are	mainly	
used	 to	 derive	 these	 reference	 levels	 (Mildenberger	 et	 al.,	 2017).	
Of	 several	 fish	 stock	assessment	models,	 two	analytical	prediction	
models are widely applied, including the Beverton and Holt yield- per- 
recruit	model	 (Beverton	&	Holt,	1957)	and	 the	Thompson	and	Bell	
model	(Thompson	&	Bell,	1934).	These	two	prediction	models	have	
dissimilar data stipulation approaches. The latter model demands 
more	data	regarding	preconditions.	At	the	same	time,	it	permits	the	
integration	of	a	third	magnitude;	namely	prices	(i.e.	the	worth	of	the	
fish catch), thereby allowing evaluation of the economic relevance of 
the	catch	under	different	fishing	pressures	(Kuriakose	et	al.,	2017).

Lake	Chamo	is	the	most	productive	lake	in	Ethiopia,	contributing	
about 3500 t fish/year to Ethiopian fisheries, particularly in regard 
to	riparian	communities	(Tesfaye	&	Wolff,	2014).	Nile	Perch	was	pre-
viously	the	most	commercially	important	species	in	the	Lake	Chamo	
fishery.	 However,	 following	 the	 introduction	 of	 ‘Gancho’	 nets'	 (a	
dragging	trammel	net	with	a	wide	mesh	size	and	very	strong	twine	
made of several monofilament or multifilament nylon, three or four 
gillnets	 combined	 together	 to	make	 it	 stronger	 and	 bond	 to	 each	
other),	in	March	1986	the	catch	rates	of	the	‘big	old	fish’	increased	
dramatically from a monthly level of 10– 20 t	 to	 190	 t in October 
1987	 (LFDP,	 1997).	 Since	 then	 the	 total	 catch	 dropped	 sharply	
(LFDP,	1997).	Much	of	 the	 current	 catch	has	been	 contributed	by	
Nile	tilapia	 (Oreochromis niloticus),	 followed	by	Nile	perch	(Lates ni-
loticus),	African	catfish	(Clarias gariepinus) and Bagrus dockmak. Nile 
tilapia	contributes	about	85%	of	the	annual	catch	of	Lake	Chamo	and	
49%	of	per	annum	total	fish	landing	from	Ethiopian	lakes	(Mereke	&	
Mulugeta, 2016; Tesfaye & Wolff, 2014).

In view of the socio- economic and ecological importance of 
the Nile tilapia fishery, several investigators investigated their food 
and	feeding	habits	 (Assefa	&	Getahun,	2015;	Engdaw	et	al.,	2013;	
Tadesse,	 1999;	 Tefera,	 1993;	 Teferi	 et	 al.,	 2000;	Wudneh,	 1998),	
reproductive	biology	 (Abera,	 2013;	Admassu,	1996;	Degefu	et	 al.,	
2012;	Tadesse,	1997;	Temesgen,	2017),	and	 length	and	weight	 re-
lationship	 (Degefu	et	al.,	2012;	Tadesse,	1997;	Tesfaye	&	Tadesse,	
2008).	some	significant	contributions	on	the	population	dynamics	of	
Nile	tilapia	were	also	provided	by	Admassu	(1998),	Wudneh	(1998),	
Admassu	 and	 Ahlgren	 (2000),	 Tekle-	Giorgis	 (2002),	 Tesfaye	 and	
Wolff	(2015),	Tekle-	Giorgis	et	al.	(2017).	However,	they	were	inad-
equate	with	their	application	restricted	to	the	study	sites.	Virtually,	
no	information	is	currently	available	on	the	growth,	mortality,	stock	
status	 and	 utilization	 rate	 of	 Nile	 tilapia	 fishery	 in	 Lake	 Chamo.	
Accordingly,	the	present	study	focuses	on	determining	the	growth	
and	current	stock	status	of	Nile	tilapia	in	Lake	Chamo	as	a	means	of	
providing essential information for better management of this com-
mercially	important	fish	stock.

2  |  METHODS AND MATERIAL S

2.1  |  Study area

The	 Abaya-	Chamo	 drainage	 basin	 is	 a	 sub-	basin	 in	 the	 south-
ern	 Ethiopian	 Rift	 Valley,	 which	 is	 part	 of	 the	 Great	 East	 African	
Rift	 System	 extending	 from	 the	 Afar	 triple	 junction	 southward	
across	eastern	Africa	to	Mozambique.	Lake	Chamo	 (5°42′–	5°58′N;	
37°27′–	37°38′E;	Figure	1)	is	located	about	515	km	south	of	the	capi-
tal	city	of	Addis	Ababa,	lying	at	an	altitude	of	1108	m	above	mean	
sea	 level	 (Teferi	&	Admassu,	2002).	 It	 is	the	southward	passage	of	
Lake	Abaya	and	the	city	of	Arba	Minch	and	is	east	of	the	Guge	hills.	
The	lake's	northern	tip	lies	in	the	Nechisar	National	Park.	The	lake	
is	26	km	in	length,	with	a	width	of	22	km,	a	pick	depth	of	10	m	and	
a	 surface	 area	 of	 551	 km2	 (Dadebo	 et	 al.,	 2005;	Gerenfes,	 2017).	
The	major	 inflowing	 tributaries	 include	 the	Argoba,	Sile,	Sego	and	
Wezeka	rivers.	The	lake	also	receives	runoff	from	Lake	Abaya,	which	
concourses	 with	 the	 Kulfo	 River	 and	 ultimately	 flowing	 to	 Lake	
Chamo	(Gerenfes,	2017).

The	 phytoplankton	 community	 is	 dominated	 by	 different	 spe-
cies of Cyanophyceae, Chlorophyceae and Bacillariophyceae, while 
dominant	 Zooplankton	 groups	 include	 the	 genera	 Thermocyclops, 
Mesocyclops and Moina	 (Dadebo	 et	 al.,	 2005;	 Utaile	 &	 Sulaiman,	
2016).

Lake	Chamo	 is	believed	 to	be	a	part	of	 the	much	 larger	drain-
age	basin	extending	further	south	up	to	Lake	Chew	Bahir	and	Lake	
Turkana	 (Beadle,	 1974).	 Intermittent	 river	 flows	 in	 the	 past	 have	
linked	 Lakes	Abaya,	 Chamo	 and	Chew	Bahir	 to	 Lake	 Turkana	 and	
then	 to	 the	 White	 Nile	 system.	 As	 a	 result,	 the	 ichthyofauna	 of	
Lake	Chamo	and	Lake	Abaya	primarily	comprises	Nilo-	Sudanic	spe-
cies,	being	 the	most	diversified	 than	other	Rift	Valley	 lakes,	being	
composed of more than 20 species. Of these species, O. niloticus, 
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F I G U R E  1 Map	of	Ethiopian	lakes,	major	Rift	Valley	lakes	and	Lake	Chamo	with	landing	sites

F I G U R E  2 Temporal	variations	in	mean	
monthly	rainfall	(2000–	2018	G.C)	and	
mean	monthly	air	temperature	(maximum	
and	minimum)	for	Lake	Chamo
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L. niloticus, C. gariepinus and Bagrus docmac are of great economic 
importance	to	the	Lake	Chamo	fishery	(LFDP,	1997).

Temporal	variations	 in	meteorological	variables	 (mean	monthly	
rainfall;	mean	monthly	 air	 temperature)	 for	 Lake	Chamo	were	ob-
tained	from	the	Arba	Minch	station	of	the	National	Meteorological	
Services	(Figure	2).	The	area	receives	about	21.02–	153.9	mm	of	rain-
fall	per	annum,	occurring	mostly	 in	April	 and	October,	with	peaks	
in	April	and	May.	The	average	monthly	temperature	over	18	years	
indicates	 temperatures	 reach	 their	 peak	 in	 January,	 February	 and	
March,	being	 lowest	 in	June	and	December	 (Figure	2).	 [Correction	
added on 4th, September after first online publication: The citation 
is corrected from Figure 3 to Figure 2 in the previous line.]

2.2  |  Data collection

Data	were	collected	from	five	well-	organized	fishery	cooperatives	
(Sego;	Arba	Minch;	Lito;	Harura	Boche;	and	Chamo)	from	10	major	
landing	sites	(Figure	1)	three	times	a	week	for	12	consecutive	months	
(February	to	January	2019).	The	data	predominantly	comprised	de-
tails	on	the	Nile	tilapia	fishery	of	the	lake,	which	are	useful	to	deter-
mine	the	growth	parameters	and	estimate	MSYs	with	corresponding	
optimum levels of fishing effort.

2.2.1  |  Catch-	effort	data

The	catch	and	effort	data	were	summarized	in	the	approach	required	
for	length-	based	Jones	cohort	analysis	(CA)	and	the	Thompson	and	
Bell	 yield	prediction	model	 (Sparre	&	Venema,	1998;	Thompson	&	
Bell,	1934).	This	was	achieved	with	the	following	sequence	of	step.	
First,	 the	 length	 frequencies	 of	 sampled	 fish	 catch	were	 classified	
into	 two-	cm	 length	 classes	 to	 develop	 the	 length-	frequency	 table	
for O. niloticus sampled during the sampling occasions. The overall 
number of fish collected daily at respective landing sites was then 
estimated by multiplying the number of length measured fish by a 
conversion coefficient. Thus, fish concurrently counted and weighed 
are adjusted to ascertain a proper raising factor to transform records 
of the daily weight of the catch of corresponding fishermen into 
numbers. The second step involved determining the length composi-
tion of the whole daily catch by duplicating the overall number of fish 
caught per day by the relative recurrence of each length group in the 
sampling days. The whole length recurrence of fish landed within the 
sampling	periods	(156	days)	was	then	determined	by	summing	the	in-
dividual length groups. The third step was estimating the whole num-
ber of O. niloticus	caught	during	the	un-	sampled	days	(209	days)	from	
the inspected days. The catch and effort extended varied during the 
fasting	days	in	February,	March	and	August,	and	the	non-	fasting	days	
of	the	Ethiopian	Orthodox	Christians.	Accordingly,	the	average	catch	
of	the	inspected	days	during	February,	March	and	August	was	used	
to	estimate	the	un-	sampled	days	during	these	months.	Likewise,	the	
average catch of the sampled days during the non- fasting months 
was used to estimate the un- sampled days during the same period. 

Finally, the total length composition of landed fish of sampled 
months	was	 projected	 by	multiplying	 the	 length	 frequency	 of	 the	
inspected days catch by a proper conversion coefficient calculated 
as C/c, where C refers to the total catch of fish throughout the entire 
year, and c represents the overall catch of fish throughout the sam-
pled days.

2.2.2  |  Length–	weight	relationship

The total length and body weight of 13,620 Nile tilapia specimens 
were	measured	to	the	closest	centimetre	(cm)	and	gram	(g),	respec-
tively.	The	 length–	weight	 relationship	 (LWR)	was	 then	derived	 for	
the	unsexed	population,	using	the	power	function	of	Le	Cren	(1951)	
as follows:

where W =	body	weight	 (g);	L =	 total	 length	(cm);	 ‘a’ = a coefficient 
related to body form; and ‘b’ =	an	exponent	 (slope)	 indicating	either	
isometric or allometric growth. The data analysis was carried out with 
non- linear regression analysis using R software.

2.2.3  |  Growth	parameters

Length-	frequency	 data	 are	 commonly	 used	 for	 stock	 assessment	
models	to	assess	the	fish	stocks	in	tropical	countries	(e.g.	Ethiopia),	
in contrast to length- at- age data in temperate countries. Thus, the 
models	developed	for	 tropics	are	called	 length-	oriented	fish	stock	
assessment	 models	 (Sparre	 &	 Venema,	 1998).	 With	 Lake	 Chamo	
being	 a	 tropical	 lake,	 length-	based	 fish	 stock	 assessment	 meth-
ods	were	used	to	assess	the	growth,	mortality	and	stock	status	of	
O. niloticus.

The growth of O. niloticus	in	Lake	Chamo	was	expected	to	follow	
the	von	Bertalanffy	growth	function	(VBGF)	as	follows:

where Lt = length at a specific given time t; K = rate at which length 
approaches the asymptote; L∞ =	asymptotic	length	of	fish	(cm);	t = time 
(age	of	fish);	and	to = hypothetical age at which the fish would have had 
at	zero	length.

An	 initial	estimate	of	 the	VBGF	parameters	 (L∞ and K) was de-
termined with a Powell– Wetherall method using the ‘TropFishR’ 
package	 in	 R	 software	 (Mildenberger	 et	 al.,	 2017),	 the	 latest	
computer program bundle developed principally for examining 
length-	frequency	data.	 Initial	gauges	of	L∞ and K, determined with 
the Powell– Wetherall method, were entered into the Electronic 
LEength	 Frequency	 ANalaysis—	Simulated	 Annealing	 (ELEFAN-	SA)	
and	 Electronic	 LEength	 Frequency	 ANalaysis—	Genetic	 Algorithm	
(ELEFAN-	GA)	 (details	 of	 these	 approaches	 are	 provided	 by	
Mildenberger	 et	 al.	 (2017))	 to	 plot	 the	 growth	 curve	 that	 ‘best’	

(1)W = aLb

(2)Lt = L∞ ⋅

(

1 − exp−K(t − to)
)
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fit	 a	 group	 of	 length-	frequency	 data,	 utilizing	 the	 esteem	 of	 the	
goodness-	of-	fit	list	(Rn)	as	a	measure.	L∞ and K values with the most 
elevated Rn values were then considered as ‘best’ gauges.

The 3rd	VBGF	parameter,	age	at	zero	length	(t0), was estimated 
following	the	approach	of	Pauly	(1979)	as	follows:

where L∞ is expressed in cm and K is expressed in per year.
The	 Phi	 prime	 index	 (Ø′)	 of	 the	 VBGF	 parameters	 (Munro	 &	

Pauly,	1983)	was	utilized	to	ascertain	the	growth	performance	of	the	
fish	in	length,	which	is	characterized	as:

2.2.4  | Mortality	rates

The length- regenerated catch curve was used to estimate the total 
instantaneous	mortality	rate.	A	regression	was	fitted	to	the	points	
of the catch beyond which L′	is	the	first	point	of	the	curve	used	for	
the regression analysis, representing the smallest length at which 
the probability of capture is 1 and the slope of the relapse line repre-
sents the estimate of the overall mortality rate, as depicted by Pauly 
(1984)	and	Gayanilo	et	al.	(2005)	as	follows:

where	∆t =	time	required	for	the	fish	to	grow	through	length	group	i; 
Ni = the number of fish in length group; ti =	age	(or	relative	age)	with	
respect to the mid- length of class i and b	(with	sign	changed)	= an es-
timate of Z. Further

and

where to =	theoretical	age	at	which	fish	would	be	at	zero	length	and	
Li = middle point of length classes i.

The	natural	mortality	 constant	 (M) for the O. niloticus	 stock	 in	
Lake	Chamo	was	foreseeable	from	the	updated	version	of	the	Pauly	
(1980)	formula,	excluding	the	effect	of	temperature	(T), which was 
fitted	to	a	dataset	of	218	species	using	non-	linear	least	square	fitting	
described	by	Then	et	al.	(2015)	as	follows:

where L∞ and K are as illustrated above for O. niloticus	stock.	The	fish-
ing	mortality	(F)	was	then	acquired	by	deducting	M from Z.

2.2.5  |  Cohort	analysis

A	Jones	length-	oriented	CA	was	carried	out	to	determine	the	fishing	
mortality constant and population abundance for each length group 
of O. niloticus.	The	analysis	was	conducted	using	 (C	 (L1, L2)) as the 
basic input data. The population number of the largest length class 
in the catch was then estimated as follows:

where Nterminal = population of largest length fish group; Cterminal = catch 
of	the	largest	length	group;	and	(Z/F)terminal = proportion of total mor-
tality to fishing mortality of largest length group in the fish catch.

After	 obtaining	 the	 Nterminal value for the largest length fish 
group,	the	population	numbers	of	sequential	younger	length	classes	
in the catch were calculated as follows:

where N	(Li) = population number of Li	(younger)	fish;	N	(Li + 1) = pop-
ulation number of Li + 1	(older)	fish;	C	(Li, Li + 1) = overall yearly catch 
in number of fish caught between lengths Li and Li + 1, and H	 (Li, 
Li + 1) = the natural mortality factor.

The natural mortality factor was calculated as follows:

The next step was to project the fishing mortality rate of the cor-
responding	length	groups	by	utilizing	Fterminal as an initial value. This 
was calculated by subtracting Z	(obtained	from	catch	curve	analysis)	
from M	(Equation	8)	as	follows:

where F(Li, Li + 1) = fishing mortality coefficient pertaining to the respec-
tive length group; N(Li) and N(Li + 1) = population numbers of consecutive 
length	groups	(Equations	9	and	10);	M	as	defined	in	Equation	(8),	and	
∆t = time needed for the fish to grow through length class i	(Equation	6).

2.2.6  |  Prediction	of	fish	yield	and	stock	biomass

The results of the length- based cohort investigation procedures 
were	 employed	 as	 intake	data	 for	 forecasting	 the	 sustainable	 fish	
yield and biomass at different levels of fishing mortalities using the 
Thompson	and	Bell	yield	prediction	model	(Sparre	&	Venema,	1998;	
Thompson	&	Bell,	1934).	In	addition,	the	Von	Bertalanffy	growth	pa-
rameters	(L∞ and K), LWR parameters were as previously described 
in	Equation	(1).

(3)log
(

− to
)

= − 0.3922 − 0.275 ⋅ logL∞ − 1.038 ⋅ logK

(4)∅� = logK + 2 ⋅ logL∞.

(5)ln

(

Ni

Δt

)

= a + b ⋅ ti

(6)Δt = −

(

1

K

)

⋅ ln

[
(

L∞ − Li+1
)

(

L∞ − Li
)

]

�r2

(7)ti =

(

1

K

)

⋅ ln

(

1 −
Li

L∞

)

+ to

(8)M = 4.118K0.73
⋅ L−0.331

∞

(9)Nterminal = Cterminal ⋅

(

Z

F

)

terminal

(10)N
(

Li
)

=
[(

N
(

Li+1
)

.H
(

Li , Li+1
))

+ C
(

Li , Li+1
)]

.H
(

Li , Li+1
)

(11)H
(

Li , Li+1
)

=

[

(L∞ − Li)

(L∞ − Li+1)

]

M

2K
.

(12)F
(

Li , Li+1
)

=
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1

Δt
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(

N
(

Li
)

N
(

Li+1
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The yield in weight per year from the corresponding length class 
of fish was calculated by multiplying the overall yearly catch in num-
bers of each length class by the mean weight of the corresponding 
length class as follows:

where Y(Li, Li + 1) =	yield	(weight)	of	fish	obtained	per	year	from	re-
spective length group; C	 (Li, Li + 1) = total annual catch of fish ob-
tained from respective length group; and W	(Li, Li + 1) = mean weight 
of	each	length	group	estimated	with	Equation	(1).

Further, the mean biomass for each length group B	(Li, Li + 1) was 
calculated as follows:

where Y	(Li, Li + 1) =	yield	of	each	length	group	estimated	using	Equation	
(13)	and	F	 (Li, Li + 1) = fishing mortality of respective length group as 
calculated	using	Equation	(12).

Adding	up	the	individual	contributions	of	each	length	class	yield	
and biomass provide estimates of the annual total yield and biomass 
of	the	fish	acquired	under	the	existing	 level	of	fishing	efforts	pro-
longed	on	the	stock.

The next step of the Thompson and Bell yield projection tech-
niques	includes	appraisal	of	the	impacts	of	changes	within	current	
fishing levels. This was done by anticipating fish yields at different 
levels of fishing mortality factor relating to the respective length 
classes. The predicted values of the current fishing mortality to 
each length class were used as a reference, being expanded and/or 
diminished	by	certain	raising	coefficients	(F- factor) to foresee new 
yield values with respect to the transformed fishing mortalities as 
follows:

where N(Li + 1) = population number of length Li + 1 fish; N	(Li) = pop-
ulation number of length Li fish; ∆t	 (Li, Li + 1) =	 the	 time	 it	 takes	 for	
an average fish to grow from length Li to length Li + 1	(as	defined	with	
Equation	6).	Z	(Li, Li + 1) is the total mortality under the changed fishing 
level,	being	was	equal	to	the	sum	of	the	changed	fishing	mortality	and	
natural mortality coefficient as follows:

where Fnew	(Li, Li + 1) = transformed fishing mortality factor of each length 
class and M =	natural	mortality	factor	foreseen	using	Equation	(8).

The catch C(Li, Li + 1) of respective length groups under the trans-
formed level of fishing mortality was estimated as follows:

where Znew and Fnew = the overall mortality and fishing mortality fac-
tor, respectively, under the transformed level of fishing pressure. To 
estimate the predictable yield obtained from respective length groups 
annually Y(Li, Li + 1) under the transformed fishing mortality, the ex-
pected catch in number under the transformed fishing level was mul-
tiplied by the mean weight of each length group as determined earlier. 
The overall yearly fish yield to be expected under the changed level 
of fishing mortality was predicted by adding the contributions of each 
length	class.	Similarly,	the	mean	stock	biomass	under	changed	fishing	
mortalities of respective length groups was calculated and summed up.

To determine the maximum optimum fishing effort and sustain-
able yield, different values of fishing mortalities were assessed, and 
by examining the complete range of the impact of changing fishing 
mortalities	on	the	stock	(which	has	a	direct	relationship	with	fishing	
effort),	the	MSY	was	recommended.

3  |  RESULTS

3.1  |  Growth parameters

The	length-	frequency	data	of	O. niloticus used for determination of 
growth	parameters	by	ELEFAN_SA	and	ELEFAN_GA	comprises	sizes	
ranging	from	−18	to	56	cm	TL	for	Lake	Chamo.	Using	the	‘automatic	
search	routine’	within	ELEFAN_SA	and	ELEFAN_GA,	it	was	possible	
to	achieve	the	best	fit	for	the	growth	curve	from	length-	frequency	
data	(Table	1).

Using	the	value	of	 the	goodness	of	 fit	 index	 (Rn)	as	a	criterion	
(Gayanilo	et	al.,	2005),	it	was	possible	to	identify	the	growth	curve	
that	 ‘best’	 fits	 a	 set	 of	 length-	frequency	 data.	 Accordingly,	 the	
growth	 parameters	 estimated	 using	 ELEFAN-	SA	 were	 considered	
as	the	best	fit	for	the	length-	frequency	O. niloticus	dataset	for	Lake	
Chamo, with estimated L∞ and K	values	of	59.41	cm	and	0.41/year,	
respectively,	since	the	value	of	the	goodness	of	fit	 index	(Rn)	0.27	
was	 higher	 (Table	 1).	 The	 length-	frequency	 distribution	 and	 com-
puted growth curve produced with those parameters are illustrated 
over	its	restructured	length	distribution	(Figure	3).	The	third	param-
eter	of	VBGF	(t0)	was	estimated	to	be	−0.48/year.	The	Ф′	and	tmax 
values were 3.24 and 7.32/year, respectively. Using the growth pa-
rameters	(L∞, K, and t0),	growth	in	length	at	a	time	(t) was expressed 
in	(Figure	3).	[Correction	added	on	4th	September,	after	first	online	
publication: The citation in "...its restructured length distribution 
(Figure	2)."	is	amended	to	"Figure	3":]
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TA B L E  1 Estimate	of	growth	parameters	using	ELEFAN-	SA	and	
ELEFAN-	GA

Method
L∞
(cm)

K
(year−1) Ф′ Rn

ELEFAN-	SA 59.41 0.41 3.24 0.27

ELEFAN-	GA 57.80 0.43 3.15 0.20
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3.2  |  Mortality and exploitation rates

The length- converted catch curve with corresponding linear regres-
sion	was	used	to	estimate	the	instantaneous	total	mortality	rate	(Z; 
Figure	4).	Points	(ascending	left)	deviating	broadly	from	the	straight	
regression line were not included in the regression analysis because 
they were too small to be vulnerable to the fishing gear. The point 
on	the	right	side	of	the	graph	(represented	by	a	green	dot)	was	also	
not used for the regression analysis because it is considered close to 
the	asymptotic	length.	Those	in	the	middle	part	represent	size/age	
groups fully vulnerable to the fishing gear, therefore, being used for 
the regression analysis.

Accordingly,	the	estimated	instantaneous	total	mortality	rate	(Z) 
was 2.442/year, with the correlation coefficient for the regression 
being	0.96.	Using	the	updated	Pauly	formula,	the	natural	mortality	
rate	(M)	was	calculated	to	be	0.558/year.	The	fishing	mortality	rate	
(F)	was	 subsequently	 calculated	 by	 subtracting	M from Z and ap-
peared	to	be	1.884/year	during	the	study	period.

The	current	exploitation	rate	(E) corresponding to fishing mor-
tality	(F)	was	estimated	to	be	0.77.	It	appears	the	stock	of	O. niloti-
cus	in	Lake	Chamo	exceeds	the	maximum	fishing	pressure	and	the	

F I G U R E  3 Length-	frequency	
distribution	and	growth	curves	(LFQ	data	
visualized	in	terms	of	(a)	catch	and	(b)	
restructured data, with moving average 
setting	of	MA	= 5; line indicates fitted 
growth curves)

F I G U R E  4 Linearized	length	converted	catch	curve	for	
Oreochromis niloticus	in	Lake	Chamo.	(light	blue	dots	represent	
individuals not fully recruited; green dot on right side is considered 
to be close to the asymptotic length; red dots in middle represent 
individuals fully vulnerable to fishing ground)
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fishing mortality appears to be higher than the optimum pressure. 
13,620 specimens were collected throughout the study period. 
The	total	length	and	total	weight	measurements	ranged	from	18	to	
56	cm	and	0.144	to	2.7	kg,	respectively.	The	smallest	individual	(18-	
cm	TL)	was	found	in	June,	and	the	largest	one	(56-	cm	TL)	was	found	
in	July.	On	the	other	hand,	the	smallest	weighting	tilapia	(0.144-	kg)	
was	found	in	June	and	August,	whereas	the	largest	one	(2.7-	kg)	was	
caught	in	July.	The	relationship	between	the	total	length	and	total	
weight of O. niloticus	in	Lake	Chamo	was	curvilinear	and	statistically	
significant	(R2 =	0.996,	p <	.05;	Figure	5).	The	regression	equation	
for	the	unsexed	population	(n = 13,620) was TW =	0.0281	TL2.91 

(Figure	4).	 [Correction	added	on	4th	September,	after	 first	online	
publication: The citation for Figure 4 is added in the previous line.]

The	coefficient	of	determination	(R2) value for the relationship was 
.996,	indicating	the	estimated	total	weight	for	the	respective	length	
group	is	99.6%,	related	to	the	measured	weight	of	each	length	group.

3.3  |  Cohort analysis

The population number and fishing mortality coefficient by length 
group	were	estimated	using	 the	Jones	 length-	based	CA.	The	 total	

F I G U R E  5 Length–	weight	relationship	
of	Oreochromis	niloticus	in	Lake	Chamo

TA B L E  2 Estimate	of	population	number,	fishing	mortalities	and	other	parameters	by	length	group	for	Oreochromis niloticus	stock	from	
Lake	Chamo

Length group (cm)
L1, L2

Numbers caught
C(L1, L2)

Natural mortality factor
H(L1, L2)

Population number
N(L1) ∆t(L1, L2)

Fishing
mortality (year−1)
F(L1, L2)

18–	20 19,448 1.0351 2,100,022 0.121 0.09

20– 22 59,378 1.0370 1,941,118 0.127 0.27

22– 24 86,820 1.0391 1,747,840 0.134 0.41

24– 26 124,583 1.0414 1,535,334 0.142 0.64

26–	28 170,392 1.0440 1,296,106 0.151 0.99

28–	30 173,428 1.0470 1,025,964 0.160 1.23

30– 32 202,097 1.0503 770,352 0.172 1.89

32– 34 150,589 1.0543 505,864 0.185 2.05

34– 36 132,630 1.0588 312,294 0.200 3.00

36–	38 81,485 1.0643 153,290 0.218 3.84

38–	40 26,363 1.0708 58,772 0.239 2.75

40– 42 13,603 1.0788 26,638 0.265 3.03

42– 44 3726 1.0888 10,280 0.298 1.70

44– 46 1733 1.1018 5249 0.339 1.35

46–	48 1097 1.1192 2751 0.394 1.51

48–	50 499 1.1438 1216 0.470 1.36

50– 52 340 1.1813 493 0.583 2.91

52-	∞ 324 – 66 – 1.88

Total 1,248,535 11,493,649



    |  9 of 17TESFAYE ET Al.

annual fish catch structured by length group was used as basic input 
data	for	the	analysis	(columns	1	&	2	in	Table	2).	An	estimated	popula-
tion of over 11.5 million O. niloticus exists in the fished part of the 
lake,	as	calculated	by	summing	the	population	number	of	the	respec-
tive	length	groups	in	column	4	(Table	2).	As	estimated	by	the	model,	
over 2.1 million of O. niloticus	measuring	18–	20	cm	were	recruited	to	
the	fishing	ground	every	year	(column	4	in	Table	2).	The	estimated	
fishing	mortality	rate	(F) for the respective length groups was also 
obtained	from	the	CA	(Figure	6).

The calculated Fterminal	(Ft =	1.884),	natural	mortality	(M =	0.558)	and	
estimated	VBGF	parameters	(L∞ =	59.4,	K = 0.41) were used as an input 
for this analysis. The resulting F	values	are	quite	variable,	ranging	from	
0.09	to	3.84.	Individuals	with	a	length	group	of	24-	∞	were	overexploited	
with E > 0.5, with heavy fishing pressures observed on individuals with 
intermediate	length	groups	around	32–	42	(Figure	6).	The	results	of	the	
length-	based	cohort	assessment	for	Lake	Chamo,	using	the	Jones	CA	of	
O. niloticus, were used as an input in the Thompson and Bell prediction 
model.

3.4  |  Predicted yield and stock biomass

Estimates	of	the	total	annual	yield	and	stock	biomass	of	O. niloticus 
(t) obtained under the level of fishing effort exerted during the study 
period are presented in Table 3. The values in columns 1 and 2 are 
the annual catch of the respective length group of fish, being pre-
sented here to illustrate the intermediary calculation steps. Columns 
3 and 4 of Table 3 highlight the estimated fishing mortality coeffi-
cients and population numbers by length group, being obtained from 

the	Jones	length-	based	CA.	The	mean	weight	per	length	group	was	
estimated	using	the	LWR	(Figure	5).	The	current	total	yield	per	year	
pertaining to the respective length groups were obtained by multi-
plying the total catch per year of the respective length group by the 
corresponding	mean	weight	values	as	depicted	by	Equation	(13).	The	
mean	biomass	for	each	length	group	B	(Li, Li + 1) was calculated using 
Equation	 (14).	Accordingly,	 the	 results	 indicate	 a	 stock	biomass	of	
525 t/year.

With	the	output	based	on	the	reference	F-	array	(Figure	7),	all	
the	basic	data	were	used	as	an	input	to	predict	the	yield	and	stock	
biomass under different levels of fishing effort or fishing mortality, 
as well as determining the optimum fishing effort level and corre-
sponding	MSY.	Different	 levels	of	fishing	mortalities	were	evalu-
ated to illustrate the full spectrum of the effects of changing the 
stock	fishing	effort	(Figure	7).	The	F-	array	(Figure	7)	was	multiplied	
by each value of F- factor to produce the new fishing mortality co-
efficient for each length group. The yield and biomass values were 
then	predicted	using	the	new	F-	array	(Figure	7).	These	values	were	
obtained after going through the full procedure of the illustrated 
computation.

The results indicate the total annual yield increases from 711 t 
for an F-	factor	of	1	to	779-	t for an F- factor of 0.4, while it decreased 
to 621- t and 570- t for an F-	factor	of	2	and	3,	respectively.	The	MSY	
(MSY	=	779	t) is obtained for an F-	factor	of	0.4.	The	total	stock	bio-
mass significantly increased from 527- t for an F-	factor	of	1	to	1039-	t 
for an F- factor of 0.4. The present level of fishing effort is well above 
the	effort	indicating	the	predicted	MSY	(Figure	7).	This	result	gener-
ally	indicates	the	stock	is	being	overfished,	with	the	level	of	fishing	
effort	exerted	at	the	time	of	data	collection	 (i.e.	3157	nets/day)	 is	

F I G U R E  6 Total	mortality	and	fishing	
mortality
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beyond the optimum level of effort, thereby suggesting a need to 
decrease the present F-	factor	by	60%	(Figure	7).

4  |  DISCUSSION

4.1  |  Growth parameters

The	estimated	growth	parameters	(L∞ and K) for O. niloticus from 
Lake	Chamo	were	59.4	and	0.41/year,	respectively.	A	comparison	
of	 these	 estimated	 growth	 parameters	with	 other	 stocks	 of	 the	
same	 species	 from	 different	 lakes	 and	 reservoirs	 is	 provided	 in	
Table 4. The L∞	value	attained	for	Lake	Chamo	is	higher	than	all	the	

TA B L E  3 Output	from	length-	based	Thompson	and	Bell	prediction	model	for	Oreochromis niloticus	stock	from	Lake	Chamo

Length group 
(cm)
L1, L2

Numbers caught
C(L1, L2)

Population number
N(L1)

Fishing
mortality (year−1)
F(L1, L2)

Mean weight
W(L1, L2)

Yield (tons) 
Y(L1, L2)

Mean biomass
(tons)
B(L1,L2)

18–	20 19,448 2,100,022 0.09 0.144 2.79 29.79

20– 22 59,378 1,941,118 0.27 0.192 11.40 42.57

22– 24 86,820 1,747,840 0.41 0.250 21.69 52.99

24– 26 124,583 1,535,334 0.64 0.318 39.65 62.28

26–	28 170,392 1,296,106 0.99 0.398 67.78 68.15

28–	30 173,428 1,025,964 1.23 0.489 84.88 69.13

30– 32 202,097 770,352 1.89 0.594 120.01 63.47

32– 34 150,589 505,864 2.05 0.712 107.20 52.23

34– 36 132,630 312,294 3.00 0.844 111.98 37.31

36–	38 81,485 153,290 3.84 0.992 80.83 21.03

38–	40 26,363 58,772 2.75 1.156 30.46 11.07

40– 42 13,603 26,638 3.03 1.336 18.17 5.99

42– 44 3726 10,280 1.70 1.534 5.72 3.36

44– 46 1733 5249 1.35 1.750 3.03 2.25

46–	48 1097 2751 1.51 1.985 2.18 1.44

48–	50 499 1216 1.36 2.240 1.12 0.82

50– 52 340 493 2.91 2.516 0.86 0.29

52-	∞ 324 66 1.884 3.215 1.04 0.62

Total 1,248,535 11,493,649 711 525

F I G U R E  7 Predicted	annual	yield	and	
stock	biomass	(tons)	at	different	values	of	
F- factors for Oreochromis niloticus	in	Lake	
Chamo	(broken	blue	and	violet	lines	refer	
to	MSY	and	current	yield,	respectively)
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other	Ethiopian	lakes,	indicating	O. niloticus	from	Lake	Chamo	ex-
hibit greater L∞	values,	except	for	the	Nyanza	Gulf	of	Lake	Victoria.	
The	rate	at	which	fish	size	approaches	L∞ is most rapid for O. niloti-
cus	 from	 Lake	 Ziway	 (0.64/year).	 The	 estimated	 growth	 rate	 (K) 
for O. niloticus	from	Lake	Chamo	was	similar	to	that	of	Lake	Koka	
and	Kaptai	Reservoir	 in	Bangladesh	 (0.39/year).	However,	 it	was	
relatively	 lower	 than	 the	 estimates	 for	 Victoria	 Reservoir	 in	 Sri	
Lanka	 (0.60/year)	and	Lake	Langeno	 in	Ethiopia	 (0.56/year).	The	
estimate of K in the present study for O. niloticus	 in	Lake	Chamo	
was within the range of K values for O. niloticus investigated by 
Moreau	et	al.	(1986).

Previous studies indicated growth parameters differ between 
species	and	may	also	vary	between	stocks	within	the	same	species	
(Sparre	 &	 Venema,	 1998),	 with	 the	 differences	 possibly	 attribut-
able	to	variation	in	geographical	locations	(Amponsah	et	al.,	2016).	
According	to	Munro	and	Pauly	(1983),	Pauly	and	Munro	(1984)	and	

(Tesfaye	 &	Wolff,	 2015),	 the	 growth	 parameters	 (L∞ and K) were 
shown to be less meaningful since they can vary even for the same 
species from different areas, whereas the use of the growth perfor-
mance	index	(Ф′)	appeared	to	be	better	suited	for	comparing	growth	
intra-  and inter- specifically since it integrates over both descriptors 
of the growth curve.

The	estimate	of	Ф′	 for	O. niloticus	 in	Lake	Chamo	 (3.16)	 in	 the	
present	study	was	higher	than	all	Ethiopian	lakes	and	reservoirs,	in-
dicating the O. niloticus	 in	 Lake	Chamo	 tends	 to	grow	better	 than	
the	population	in	other	lakes	and	reservoirs.	Studies	conducted	on	
a screening of O. niloticus	strains	in	concrete	tanks	for	their	better	
production	 from	 four	 lakes	 (Chamo;	 Koka;	 Ziway;	 Hawassa)	 also	
confirmed a better growth of O. niloticus	in	Lake	Chamo,	compared	
to	other	investigated	populations	(Tugie	et	al.,	2017).	Moreau	et	al.	
(1986)	have	compared	the	growth	performance	of	100	tilapia	pop-
ulations,	 finding	 the	Ф′	 tilapia	population	 is	within	 the	 range	 from	

TA B L E  4 Asymptotic	length	(L∞),	growth	coefficient	(K)	and	growth	performance	index	(Ф′)	of	Oreochromis niloticus from various regions

Lake/reservoir, country L∞ K (year−1) Ф′ References

Lake	Chamo,	Ethiopia 59.4	cm	TL 0.41 3.16 Present study

Lake	Koka,	Ethiopia 44.5 cm TL 0.41 2.90 Tesfaye	and	Wolff	(2015)

Lake	Hawassa,	Ethiopia 35 cm TL 0.28 2.53 Admassu	(1998),	Tekle-	Giorgis	(2002)

Lake	Ziway,	Ethiopia 28.1	cm	TL 0.64 2.76 Tesfaye	(2006)

Lake	Tana,	Ethiopia 35.7 cm TL 0.50 2.80 Wudneh	(1998)

Lake	Langeno,	Ethiopia 32.1 cm TL 0.56 2.71 Tesfaye	(2006)

Lake	Toho,	Benin 42.3 cm TL 0.29 2.70 Montcho	et	al.	(2015)

Lake	Kainji,	Nigeria 53.2 cm TL 0.29 2.92 Du	Feu	(2003)

Lake	Nasser,	Egypt 52.1 cm TL 0.26 2.77 Moreau	et	al.	(1986)

Opa Reservoir, Nigeria 56.7 cm TL 0.26 2.93 King	(1997)

Gbedikere	Lake,	Nigeria 43.8	cm	TL 0.32 2.79 Adeyemi	et	al.	(2009)

Nyanza	Gulf,	Lake	Victoria,	Kenya 58.8	cm	TL 0.59 3.31 Njiru	et	al.	(2006)

Nyanza	Gulf,	Lake	Victoria,	Kenya 64.6 cm TL 0.25 3.02 Getabu	(1992)

Shallow irrigation reservoir, Sri 
Lanka

50.7 cm TL 0.64 – Amarasinghe	(2002)

Kaptai Reservoir, Bangladesh 55.6 cm TL 0.39 – Ahmed	et	al.	(2003)

Victoria	Reservoir,	Sri	Lanka 38.2	cm	TL 0.60 – Moreau	et	al.	(2008)

Minneriya	Reservoir,	Sri	Lanka 43.5 cm TL 0.32 – Moreau	et	al.	(2008)

Months
Air temperature
(°C)

Dissolved oxygen 
concentration (mg/L)

Chlorophyll- a 
concentration
(µg/L)

Secchi depth 
transparency (cm)

March 31.65 5.80 34.00. 23.50

April 28.47 6.56 41.24 17.00

May 27.77 7.00 55.60 13.67

June 31.03 6.03 85.40 18.00

July 28.39 6.63 71.57 20.75

Mean 29.41 6.41 57.57 18.58

SD ±1.67 ±0.48 ±21.18 ±3.74

CV	(%) 0.06 0.08 0.37 0.20

Abbreviations:	CV,	coefficient	of	variation;	SD,	standard	deviation.

TA B L E  5 Physical,	chemical	and	
chlorophyll- a	characteristics	of	Lake	
Chamo	(Utaile	&	Sulaiman,	2016)
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2.845	 to	 3.303,	 suggesting	 the	 growth	 performance	 index	 of	 the	
present study is a reliable value.

Apart	from	the	genetic	makeup	determining	the	growth	poten-
tial of a species, the high growth performance index exhibited by 
O. niloticus	 in	Lake	Chamo	can	be	attributed	to	 the	 type	and	utili-
zation	of	diet	in	that	the	phytoplankton	community	composition	of	
Lake	Chamo	differs	from	that	of	other	lakes	(Tadesse,	1998;	Teferi	
et al., 2000). The contribution of feeding to fish growth has been 
documented	by	several	fishery	biologists.	Pauly	(1982)	reported	that	
feeding contributes to growth which, in turn, determines the fish 
yield. The type of diet and its digestibility has been found to deter-
mine the different growth patterns of O. niloticus in natural waters 
(Pullin,	1988).	Studies	by	Moriarty	(1973)	indicated	blue-	green	algae	
are the most important food source for O. niloticus. Observations 
on the feeding ecology of O. niloticus	in	Lake	Chamo	indicated	blue-	
green	 algae	 constituted	 over	 60%	 of	 their	 ingested	 food	 (Teferi	
et al., 2000). Thus, it may be one of the factors contributing to the 
high	 growth	performance	 in	 Lake	Chamo.	 Further,	 the	 high	water	
temperature	of	28°C	throughout	the	year	in	the	lake	also	promotes	
the feeding rate and conversion efficiency and, therefore, the high 
growth performance of the O. niloticus	stock	in	the	lake.

Another	 important	 factor	 facilitating	the	excellent	growth	per-
formance of O. niloticus	 in	 Lake	 Chamo	 is	 the	 optimum	 dissolved	
oxygen	 (DO)	 concentration	 in	 the	 lake	 (Table	 5).	 There	 is	 abun-
dant theoretical and empirical support in the literature for oxygen 
being both a limiting and controlling factor for the growth of fish 
and	 aquatic	 invertebrates	 (Amarasinghe	&	Pauly,	 2021;	Diaz	Pauli	
et	al.,	2017;	Kolding	et	al.,	2008;	Meyer	&	Schill,	2021;	Pauly,	1981,	
2019,	2021;	Peck	&	Chapelle,	2003;	Pörtner	&	Peck,	2010;	Verberk	
&	Bilton,	2011;	Verberk	et	al.,	2011).	The	gill-	oxygen	limitation	the-
ory	(GOLT)	proposed	by	Pauly	(1981)	provides	mechanisms	for	key	
biological aspects, including food conversion efficiency, growth and 
the	timing	of	fish	maturation.	According	to	the	GOLT	principle,	the	
surface area of the gills cannot, as a two- dimensional structure, sup-
ply	fish	with	sufficient	oxygen	to	keep	up	with	the	growth	of	their	
three-	dimensional	bodies	(Pauly,	2021).	Thus,	a	lower	relative	oxy-
gen	supply	induces	sexual	maturation	and	a	subsequent	slowing	and	
cessation	 of	 growth	 (Amarasinghe	&	 Pauly,	 2021;	Meyer	&	 Schill,	
2021; Pauly, 2021). Moreover, the desirable DO level for Nile tila-
pia	farming	in	culture	conditions	ranges	between	3.0	and	8.0	mg/L	
(Hussain,	2004).	DO	concentrations	higher	than	5.0	mg/L	are	con-
sidered	optimum	for	growth	(Bhujel,	2013).	The	recorded	minimum	
and	mean	DO	level	(5.8	and	6.41	mg/L,	respectively)	in	Lake	Chamo	
(Table	 5)	 falls	 within	 this	 optimum	 range,	 further	 substantiating	
the robustness of the estimated growth parameters and computed 
growth performance index.

4.2  |  Mortality and exploitation rates

Growth and mortality rates are very much interrelated. Growth 
affects	 the	 fish's	vulnerability	 to	both	predation	and	fishing,	and	
also	largely	determines	the	food	requirements	of	each	fish	(Allen	&	

Hightower, 2010; Tesfaye & Wolff, 2015). The natural fish mortal-
ity is attributable to factors not associated with fishing, including 
predation, competition, cannibalism, diseases, spawning stress, 
starvation and pollution stress. The higher natural mortality 
(M =	0.558)	observed	in	the	present	study	could	be	attributed	to	
a	 faster	growth	rate	 (K).	According	to	Zhang	and	Megrey	 (2006),	
growth and mortality may be correlated in an empirically useful 
way, with fast- growing fish tending to exhibit higher mortality 
rates since K	is	linked	to	the	longevity	of	the	fish	which,	in	turn,	is	
related	 to	 its	mortality.	Zhang	and	Megrey	 (2006)	 further	gener-
alized	 that	a	 long-	lived	 fish	approaches	 its	 limiting	size	 relatively	
slowly, whereas short- lived fish grow rapidly. Thus, fish species 
with high K values usually have high M values and vice- versa. The 
high	natural	mortality	 (M) observed in the present study is com-
parable	with	 the	 value	of	 0.54	 reported	by	Getabu	 (1992)	 in	 his	
study of O. niloticus	from	the	Nyanza	Gulf	of	Lake	Victoria.	A	lower	
value	 of	 natural	 mortality	 (M)	 was	 observed	 for	 Lake	 Hawassa	
(0.35;	Tekle-	Giorgis	 et	 al.,	 2017).	The	high	natural	mortality	 rate	
observed in the present study could also be attributed to a high 
number	 of	 predatory	 species	 in	 the	 lake.	 Ogutu-	Ohwayo	 (1990)	
confirmed O. niloticus was an important prey for L. niloticus	in	Lake	
Victoria,	which	might	also	be	true	for	Lake	Chamo.	Furher,	Dadebo	
(2009)	has	reported	O. niloticus is one of the prey for C. gariepinus 
in	 the	 same	 lake.	Thus,	 since	predation	 is	 known	 to	be	 the	main	
cause	of	natural	mortality	(M)	in	wild	fish	stocks,	the	high	estimate	
of M for O. niloticus is not unexpected.

The Z value was estimated in the present study from length con-
verted catch curves, with the result appearing to be 2.442/year, a 
value relatively higher than the reported value in the recent study 
of	Tesfaye	and	Wolff	(2015)	for	Lake	Koka,	and	twice	as	high	as	the	
estimated value of 1.0/year for O. niloticus	in	Lake	Hawassa	(Tekle-	
Giorgis et al., 2017). The high total mortality observed in the present 
study	could	be	 linked	with	 intense	 fishing	pressures	and	a	greater	
value	 of	 instantaneous	 natural	mortality	 (M). Because the highest 
concentration	of	fishermen	in	the	lake,	which	is	disproportional	to	its	
potential, was observed during the study period, one would expect a 
higher total mortality rate.

The	 fishing	 mortality	 (F =	 1.884/year)	 in	 the	 present	 study	
was	greater	 than	 the	natural	mortality	 (M =	 0.558/year),	 contrary	
to	estimates	reported	by	Tesfaye	and	Wolff	 (2015),	 for	Lake	Koka	
(F = 0.65/year; M =	0.82),	as	well	as	being	in	agreement	with	esti-
mates	(F =	0.28/year;	M = 0.54/year and F = 1.05/year; M = 1.14/
year)	reported	by	Getabu	(1992)	and	Yongo	and	Outa	(2016),	respec-
tively,	 for	 the	Nyanza	Gulf	 and	Kenyan	 side	of	 Lake	Victoria.	 The	
greater	value	of	fishing	mortality	in	Lake	Chamo	coincides	with	the	
fact that O. niloticus	stock	is	more	susceptible	to	fishing	than	natural	
mortality conditions.

The current exploitation rate was estimated with the Gulland 
(1971)	equation	(E = F/Z),	with	the	exploitation	rate	(E = 0.77) indi-
cating	the	stock	of	O. niloticus	of	Lake	Chamo	is	under	heavy	fishing	
pressures.	This	assumption	is	based	on	the	study	of	Gulland	(1971),	
who	stated	that	sustainable	yield	is	optimized	when	F = M, while the 
stock	is	generally	considered	to	be	overfished	when	the	value	of	E 
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is	more	 than	0.5.	Breuil	and	Damien	 (2014),	also	 reported	overex-
ploitation	of	the	species	in	Lake	Chamo.

4.3  |  Length– weight relationship

There was a curvilinear relationship between total weight and total 
length of O. niloticus	 in	 Lake	 Chamo.	 The	 total	 length	 and	 total	
weight for O. niloticus	 in	 Lake	 Hawassa	 and	 Lake	 Tana	 were	 also	
related	in	a	curvilinear	fashion	(Tadesse,	1997;	Tekle-	Giorgis	et	al.,	
2017). The regression coefficient obtained in the present study was 
close	to	the	cube	value	(b =	2.91).	This	finding	contrasts	with	that	
of	Njiru	et	al.	(2006)	and	Costa	Novaes	and	Carvalho	(2012),	and	in	
line	with	the	reported	value	by	Teferi	and	Admassu	(2002)	for	the	
same	lake.	Thus,	the	fish	may	grow	isometrically	(i.e.	an	increase	in	
weight	at	a	rate	approximately	equal	to	the	cube	of	the	increase	in	
length).	The	regression	coefficient	values	(b) often oscillate between 
2.5	and	3.5,	depending	on	 the	species	 (Costa	Novaes	&	Carvalho,	
2012). Natural intra-  and interspecific variation, season, availability 
of food and reproductive period could have an impact on the regres-
sion	coefficient	(Costa	Novaes	&	Carvalho,	2012).

4.4  |  Cohort analysis

The	 Jones	 length-	based	 CA	 (Jones,	 1984)	 is	 a	 modification	 of	
Pope's	age-	based	CA	(Jones,	1984).	Based	on	this	analysis,	the	es-
timated population abundance of O. niloticus, which constitutes 
the	fishery	of	Lake	Chamo	in	the	present	study,	was	11.5	million	
fish, which is lower than the estimated population in central Rift 
Valley	Lake	Hawassa	(14.61	million;	Tekle-	Giorgis	et	al.,	2017).	The	
estimated annual recruitment rate of O. niloticus obtained in the 
present	 study	was	2.1	million	 fish	 of	 18–	20-	cm	 length,	which	 is	
closer	to	the	estimates	reported	by	LFDP	(1997)	for	the	same	lake.	
Tekle-	Giorgis	 et	 al.	 (2017)	 estimated	 that	 an	 average	 number	 of	
about	3.95	million	O. niloticus were recruited annually to the fish-
ery,	 attaining	 a	 length	 of	 14–	16-	cm	 for	 Lake	Hawassa.	 Because	
recruitment is affected by several factors, it varies from year to 
year.	The	CA	reveals	the	fishing	mortality	(F)	in	the	lake	is	gener-
ally	high	for	length	groups	ranging	from	32	to	42-	cm	and	peaks	at	
36	to	38-	cm	(Table	2).

4.5  |  Predicted yield and stock biomass

Scientific	fish	stock	assessments	are	a	key	to	fisheries	management,	
providing important information needed for the conservation and 
management	of	fish	stocks,	as	well	as	the	elaboration	of	measures	for	
their	sustainable	use	(Tesfaye	&	Wolff,	2015).	Underexploitation	of	
a	fishery	may	result	in	reduced	socio-	economic	benefits	(Anderson	
et	al.,	2012;	Hilborn	&	Walters,	1992),	whereas	overexploitation	can	
negatively affect the socio- economic benefits and the sustainability 
of	the	stock,	eventually	perhaps	leading	to	the	collapse	of	the	stock	

and	possible	destabilization	of	the	entire	ecosystem	(Kuriakose	et	al.,	
2017; Tesfaye, 2016).

Based on the previously mentioned concerns, fishery manage-
ment	efforts	must	seek	a	balance	between	overexploitation	and	un-
derexploitation	(Restrepo	et	al.,	1992).	The	risk	of	overexploitation	
is	 that	 it	will	 allow	 fishermen	 to	 catch	 too	many	 fish	 from	 a	 lake,	
thereby	negatively	impacting	the	sustainability	of	the	stock	and	the	
fishing	industry.	The	risk	of	underexploitation	is	that	it	may	place	too	
many obstacles on the fishermen to catch the fish. Thus, the fishery 
manager	must	strike	a	balance	by	directly	controlling	the	fishing	ca-
pacity	and/or	by	setting	restrictions	on	the	catch.	Accordingly,	coin-
cident	with	the	growing	emphasis	on	stock	assessment	in	fisheries	
management	 (Begg	et	al.,	1999),	the	present	study	focused	on	the	
tilapia	 fishery	 of	 Lake	Chamo,	which	 is	 vital	 to	 support	 the	 liveli-
hoods and well- being of the fishing communities and to maintaining 
the food supply to the local communities and the growing popula-
tions. Based on the present study, it is a source of livelihoods for 
3855	households	on	average.	Moreover,	 the	crocodile	market,	 the	
fishery	and	the	 lake	as	a	whole,	also	serve	as	a	 tourism	attraction	
and	destination	for	many	local	and	foreign	visitors	(LFDP,	1997).	The	
number of fishermen observed in the present study is more than 
double	as	comapred	with	the	reported	number	(353	fishermen	with	
1150	dependents)	by	LFDP	(1997).	Surprisingly,	the	number	of	nets	
deployed in the present study was 2564 nets/day, being seven- fold 
greater	than	the	observed	nets	reported	by	LFDP	(1997),	caused	a	
dramatic decline in the fish catch attributable to the intensive fish-
ing	pressure	on	the	stock	over	the	past	two	decades.	The	total	fish	
yield estimated in the present study was about 711 t/year, which 
is	also	two	times	less	than	the	reported	value	by	LFDP	(1997).	The	
estimated	annual	 stock	biomass	was	525	 t/year. The current level 
of fishing pressure is well above the optimum level of fishing effort. 
The	MSY	 of	 the	 tilapia	 fishery	 of	 Lake	 Chamo	 was	 estimated	 as	
778	 t/year.	To	attain	 the	MSY	of	 the	 lake,	 the	results	of	 the	pres-
ent	study	(Figure	7)	suggest	the	fishing	effort	should	be	reduced	by	
60%, which can be achieved by reducing the number of fishing gears 
by	one-	sixth	(1538	nets/day)	from	the	present	level,	noting	the	opti-
mal level of fishing effort is about 1026 nets/day, a level that will give 
a	MSY	(778	ton/year).	The	estimated	MSY	value	in	the	present	study	
was lower than values reported in other studies. For example, the 
estimated	optimum	 level	of	 fishing	effort	 and	corresponding	MSY	
by	 LFDP(1997)	 was	 255	 nets/year	 and	 1577	 t/year, respectively. 
Eventhough the impacts of environmental factors such as climatic 
variability,	habitat	degradation	and	pollution	in	the	 lake	is	not	well	
understood, the results of the present study suggest the declining 
MSY	 trend,	 and	 the	 reduced	 annual	 yield	 of	 the	 fisheries	 of	 Lake	
Chamo, is attributable to overfishing, meaning the exploitation rate 
of	the	fishery	stock	is	much	faster	than	the	replenishment	rate.	This	
affects	the	ability	of	the	fishery	to	reproduce	(recruitment	overfish-
ing)	 and	 increases	 the	 proportion	 of	 fish	 that	 did	 not	 fully	 realize	
their	growth	potential	(growth	overfishing)	(Froese,	2004).	Another	
common	symptom	for	the	occurrence	of	overfishing	in	Lake	Chamo	
is a reduced mean length of fish in the catch. Before a decades ago, 
It	was	not	uncommon	to	observe	tilapia	that	measured	18–	28-	cm	in	
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the	catch	(ACP	Fish	II,	2013).	However,	currently	more	than	66%	of	
the fish catch is comprised of the length group <32- cm. This might 
be occurring because gill nets sometimes operated as seine nets and 
were dragged in the shallow fishing areas, thereby sweeping the 
ground and indiscriminately collecting juvenile tilapia, as well as the 
use	of	monofilament	nets	(Breuil	&	Damien,	2014).	Thus,	the	com-
bined effects of the dramatic increment of fishermen, the number of 
nets used and the use of illegal fishing gears resulted in overfishing 
of	the	Lake	Chamo	tilapia	stock.	The	part	of	the	lake	included	in	the	
Nechsar	National	 Park	was	 considered	 to	 be	 a	 closed	 area,	 being	
patrolled	by	park	personnel	 every	day.	 In	 fact,	 several	 illegal	 fish-
ermen	were	observed	in	this	area	during	the	study	period.	At	least	
during	the	study	period,	practically	every	part	of	the	lake	was	being	
fished.	Nevertheless,	 this	 part	 of	 the	 lake	 is	 under	 fencing,	 under	
the current GIZ initiative, which is a promising action for sustaining 
the	fish	stock	in	the	lake	since	closed	areas	are	one	of	the	most	ef-
fective	management	options	 (Caddy,	1999).	Further,	 the	Ethiopian	
Orthodox Church followers consume more fish during two short pe-
riods	of	the	year	(2	months	between	February	and	April	and	2	weeks	
in	August)	in	total	about	80	days.	It	was	further	confirmed	that	the	
fishing pressure during this period was twice higher than that during 
the	normal	period.	This	peak	fishing	period	coincides	with	the	tila-
pia	breeding	season	in	Lake	Chamo	(Teferi	&	Admassu,	2002;	Teferi	
et	al.,	2000),	further	causing	a	declining	fish	stock.

There is an immense variation in the potential tilapia yield in 
different water bodies, which might be attributable to the phys-
ical, chemical and biological characteristics of the water bodies. 
Compared	 to	 other	 Ethiopian	 lakes,	 the	 potential	 and	 the	 actual	
MSY	of	O. niloticus	stock	in	Lake	Chamo	is	higher.	This	might	be	at-
tributable	to	the	fish	in	the	lake	having	access	to	good	quality	food	
(highly	digestible)	 (Tadesse,	 1998).	 The	high	water	 temperature	of	
28°C	throughout	the	year	in	the	lake	is	also	conducive	for	the	fish	
to	digest	and	absorb	food	more	efficiently	than	fish	 in	other	 lakes	
(Teferi	&	Admassu,	2002).

Moreover,	the	lake	is	less	exposed	to	point	source	pollution,	un-
like	to	other	Rift	Valley	lakes,	which	might	have	a	positive	impact	on	
fish production. However, compared to previous decades fish pro-
duction it exhibited a dramatic decline, which might be attributable 
to the intense fishing pressure exerted over the past 20 years that 
stimulated	the	decline	in	the	lake.

5  |  CONCLUSIONS AND 
RECOMMENDATIONS

This	study	provides	vital	population	growth	parameters	(L∞, K, to, 
Ф′)	and	total	mortality	rate,	Z, for O. niloticus	stock	of	Lake	Chamo,	
estimated	 from	 length-	frequency	 data.	 This	 serves	 as	 baseline	 in-
formation	 for	 additional	 stock	 assessment	 works.	 The	 estimated	
growth	 performance	 Index	 (Ф′)	 showed	 that	 O. niloticus	 of	 Lake	
Chamo	 has	 a	 good	 potential	 for	 aquaculture	 and	 provides	 a	 basis	
to	compare	the	growth	performance	of	the	species	in	the	lake	with	

other	regions.	The	present	study	on	the	status	of	the	stock	clearly	
showed	overfishing	in	the	lake,	a	drastic	decline	in	catches	that	was	
lower	than	MSY,	and	by	effort	level	much	higher	than	fMSY observed. 
Based upon our results, we suggested that there should be a reduc-
tion in fishing pressure to obtain the maximum yield as well as to 
ensure the sustainability of ecological and socio- economic benefits 
that could be gained from tilapia fishery.

Based on the findings of this study, the following recommenda-
tions are given for the better management of O. niloticus	 stock	 in	
Lake	Chamo.

•	 The	ban	on	fishing	in	the	part	of	the	lake	under	Nechsar	National	
Park	(48	km2) should be urgently and strictly enforced. Our result 
suggested that fish populations in this area are under heavy fish-
ing pressure and many illegal fishermen were observed. Thus, a 
complete ban on fishing in this area would be a management mea-
sure	important	for	the	park	as	well	as	for	the	fishery	cooperatives	
since it is one of the major breeding sites for O. niloticus	stock	of	
the	lake.

•	 The	use	of	nets	with	minimum	mesh	size	should	be	enforced	ur-
gently	to	protect	the	capture	of	immature	fish	thereby	minimizing	
and eventually controlling growth overfishing of O. niloticus.

•	 A	 reduction	 of	 effort	 level	 to	 about	 1026	 nets/day	 is	 recom-
mended	for	sustainable	utilization	of	Nile	 tilapia	 fishery	 in	Lake	
Chamo. However, since this might cause unemployment to most 
fishermen, appropriate measures should be put in place to find al-
ternative	means	of	livelihood	such	as	introduction	of	aquaculture	
and	beekeeping	practices	along	with	the	natural	patterns	of	local	
agro-	ecological	zones.

•	 Another	 option	 is	 employing	 catch	 limit,	 in	 the	 form	 of	 Total	
Allowable	Catches	by	establishing	maximum	fishing	limits	annu-
ally as recommended in the above without reduction of the num-
ber of fishermen in each cooperative.

•	 Increasing	the	awareness	of	different	stakeholders	for	the	effec-
tive implementation of regulations and enforcement of fisheries 
law.
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