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Summary
Given	the	scarcity	of	information	suitable	for	other	forms	of	fish	stock	assessments,	
the	growth,	and	mortality	of	10	important	marine	exploited	fishes	in	China’s	coastal	
seas	were	estimated,	based	on	published	length-	frequency	data	and	the	ELEFAN	ap-
proach	and	 software.	The	 resulting	parameters,	 complemented	with	growth	curves	
from	FishBase	were	then	used	for	yield-	per-	recruit	analyses.	These	10	species	were	
both	traditional	commercial	species	(Trichiurus lepturus,	Larimichthys polyactis,	Scomber 
japonicus)	 and	 less	 commercial	 interest	 species	 (Coilia nasus,	 Engraulis japonicus,	
Decapterus maruadsi,	Psenopsis anomala,	Coilia mystus,	Setipinna tenuifilis,	Harpadon ne-
hereus).	The	yield-	per-	recruit	analyses	indicated	that	the	fishing	mortality	experienced	
by	these	10	fish	species	was	very	high,	especially	in	view	of	the	extremely	small	cod-	
end	mesh	sizes	deployed	by	Chinese	trawlers,	of	about	10	mm	or	less	(vs.	25	mm	as	
minimum	legal	size).	More	precisely,	all	10	species	suffered	from	growth	overfishing,	
which	was	very	pronounced	in	large	species.	Indeed,	enlarging	cod-	end	mesh	size,	by	
increasing	mean	sizes	at	first	capture,	would	increase	yield-	per-	recruit	for	all	10	fish	
species	by	a	factor	of	up	to	2.5.	Obviously,	such	increases	in	mesh	size	would	have	to	
be	in	tandem	with	other	management	measures	designed	to	ensure	the	sustainability	
of	China’s	marine	fisheries	resources.

1  | INTRODUCTION

According	 to	 statistics	 supplied	 to	 the	 Food	 and	 Agriculture	
Organization	 of	 the	 United	 Nations	 (FAO),	 the	 People’s	 Republic	
of	China	 (hereafter	 referred	 to	 as	 “China”)	 has	 the	 highest	 fisheries	
catches	in	the	world	(FAO,	2014),	which	play	an	important	role	in	its	
economic	and	societal	development.	However,	despite	China’s	mas-
sive	catches,	relatively	little	information	on	Chinese	fisheries	is	actually	
available	(Shen	&	Heino,	2014).	This	applies	especially	to	information	
(catch	time	series	by	species,	biomass	estimates	from	survey,	etc.)	that	
can	be	used	for	fish	stock	assessments,	as	required	for	managing	fish-
eries;	the	contribution	by	Huang	and	Walters	(1983)	is	one	of	the	early	
exceptions.	Thus,	we	resorted	here	to	yield-	per-	recruit	(Y/R)	analyses	
(Beverton	 &	 Holt,	 1957,	 1966;	 Pauly,	 1984,	 1998)	which,	 because	
they	rely	mainly	on	knowledge	of	the	growth	and	mortality	of	fishes,	
allows	for	assessing	their	response	to	change	in	fishing	mortality	and/
or	mesh	sizes	even	in	the	absence	of	detailed	catch	and	biomass	data.	

In	particular,	we	show	here	how	scattered	data	related	to	the	growth	
and	size	composition	of	fish	can	be	harmonized	and	used	for	basic	in-
ferences	on	the	state	of	China’s	marine	fish	resources	under	different	
scenarios.

There	 are	 two	 main	 methods	 that	 can	 be	 used	 for	 estimating	
fish	 growth.	 The	 first	 consist	 of	 reading	 otoliths,	 scales	 or	 other	
hard	parts	of	fish	(Anderson,	Morison,	&	Ray,	1992;	Beamish,	1979;	
Erickson,	1983).	This	method	 is	applied	mainly	 to	temperate-	water	
fishes,	where	the	summer–winter	difference	of	water	temperatures	
is	 sufficient	 to	 induce	 the	 formation	 of	 annual	 rings	 (Longhurst	 &	
Pauly,	1987).	The	 second	 is	 commonly	used	 in	 tropical	 fish	where,	
temperatures	being	relatively	constant,	annual	rings	are	not	formed	
or	are	hard	to	read.	In	such	cases,	fisheries	biologists	commonly	use	
length-	frequency	data	(L/F	data)	to	infer	the	growth	of	fish.	(L/F	data	
are	 also	widely	used	 for	 inferring	growth	 in	 crustaceans	 and	other	
invertebrates	that	do	have	rings	on	their	hard	parts,	a	theme	we	do	
not	follow	up	on	here.)
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Several	approaches	and	software	for	the	analyses	of	L/F	data	to	infer	
growth	exist	(reviews	in	Munro	(2011),	and	Pauly	and	Morgan	(1987)),	
but	the	most	widely	used	is	the	non-	parametric	ELEFAN	approach	and	
software	(Pauly,	1987,	1998),	which	is	briefly	documented	below.

Once	growth—in	the	form	of	the	parameters	of	a	von	Bertalanffy	
growth	 function	 (VBGF)—has	 been	 estimated	 and	 verified	 (e.g.,	 by	
comparison	 with	 the	 growth	 of	 other	 stocks	 of	 the	 same	 species,	
or	more	 tentatively,	of	 related	species),	L/F	 samples	can	be	used	 to	
estimate	 total	 mortality	 via	 a	 length-	converted	 catch	 curve	 (Pauly,	
Moreau,	&	Abad,	1995),	which	is	then	decomposed	into	its	two	com-
ponents,	natural	and	fishing	mortality.

In	 this	 contribution,	 this	methodology	 is	 applied	 to	10	 commer-
cially	exploited	fish	species	from	China’s	coastal	seas.	The	growth	and	
mortality	estimates	are	then	used	to	perform	stock	assessments,	i.e.,	to	
test	whether	these	10	fishes	and,	by	extension,	the	fish	community	in	
China’s	coastal	seas,	are	“growth	overfished”,	and	if	so,	to	what	degree.	
These	assessments	are	then	used	to	derive	policy	recommendations.

2  | MATERIALS AND METHODS

The	data	source,	survey	area	and	basic	 information	of	these	10	fish	
species	covered	here	are	listed	in	Table	1.

2.1 | Growth parameters estimation

The	von	Bertalanffy	growth	function	 (VBGF;	von	Bertalanffy,	1938;	
Pauly,	1998)	was	used	to	describe	fish	growth:	

where	Lt	is	the	predicted	length	at	age	t; L∞	is	the	asymptotic	length,	
i.e.,	the	mean	length	the	fish	would	reach	if	they	were	to	grow	forever	
(hence	L∞	roughly	corresponds	to	the	maximum	length	of	the	fish	in	a	
given	stock);	K	is	the	curvature	parameter	(year−1),	and	t0	is	the	“age”	
the	fish	would	have	had	at	zero	length	if	they	had	always	grown	in	the	
manner	predicted	by	the	equation	(t0	does	not	enter	into	the	following	
equations,	i.e.,	can	be	set	at	zero).

Equation	1	is	commonly	used	to	describe	growth	as	derived	from	
hard	parts,	with	sizes	assumed	to	increase	smoothly	between	annual	
markers.	However,	summer	to	winter	temperature	differences	as	small	
as	 2°C	 are	 sufficient	 to	 induce	 seasonal	 growth	 oscillations,	 which	
must	be	considered	when	fitting	a	growth	curve	to	length-	frequency	
data	that	may	have	been	collected	monthly	(Longhurst	&	Pauly,	1987).	
One	modified	version	of	 the	VBGF	 (Somers,	 1988)	 can	be	used	 for	
such	purpose,	i.e.,	

where	L∞,	K and t0	are	defined	as	in	the	standard	VBGF;	S(t)	=	(CK/2π) 
Sin	π(t−ts); and S(t0)	=	(CK/2π)	Sin	π(t0-	ts).

Equation	2	has	two	parameters	more	than	the	standard	VBGF:	C 
and ts.	Of	these,	the	former	is	easier	to	visualize,	as	it	expresses	the	
amplitude	of	the	growth	oscillations.	When	C	=	0,	Equation	2	reverts	
to	the	standard	VBGF.	When	C	=	0.5,	the	seasonal	growth	oscillations	

are	such	that	growth	is	increased	by	50%	at	the	peak	of	the	“growth	
season”,	 i.e.,	 in	 “summer”,	 and,	 briefly,	 reduced	 by	 50%	 in	 “winter”.	
When	C	=	1,	growth	increases	by	100%,	i.e.,	doubles	during	“summer”,	
and	becomes	zero	in	the	depth	of	“winter”.

The	second	new	parameter,	ts,	expresses	the	time	between	t = 0 
and	 the	 start	 of	 a	 sinusoid	 growth	oscillation.	 For	visualization,	 it	 is	
useful	 to	define	 ts	+	0.5	=	WP,	which	expresses,	 as	a	 fraction	of	 the	
year,	 the	period	when	growth	 is	 slowest.	WP	 is	often	near	0.1	 (i.e.,	
early	February,	hence	the	name)	in	the	northern	and	0.6	(early	August)	
in	the	southern	hemisphere.

In	 practice,	when	 using	 ELEFAN,	 the	 available	 length-	frequency	
data	 are	 first	 pooled	 into	 one	 single	 sample	 representing	 a	 steady-	
population	 (i.e.,	 the	 type	 of	 data	 also	 used	 to	 construct	 length-	
converted	 catch	 curves;	 see	 below),	 and	 L∞ and Z/K	 are	 estimated	
from	a	Wetherall	Plot	(Wetherall,	Polovina,	&	Ralston,	1987).	This	is	a	
plot	of	successive	mean	lengths	(̄Li)	against	the	lengths	from	which	the	
means	are	computed	(L′

m
),	i.e.,	

where,	 for	 the	 straight	 segment	of	 the	plot	 (i.e.,	 including	only	 fully	
recruited	and	selected	length	classes),	L∞ = a/(1−b) and Z/K = b/(1−b).

Moreover,	the	parameters	C	and	WP,	describing	seasonal	growth	
oscillation	were	set	at	C	=	0.5,	and	WP	=	0.1,	given	the	moderate	sea-
sonal	fluctuation	of	temperature	in	the	sampling	area	and	the	fact	that	
the	coldest	temperatures	tend	to	occur	when	about	0.1	of	the	year	has	
passed,	i.e.,	in	early	February.

Thus,	with	first	estimates	of	L∞,	C	and	WP	being	available,	K can 
be	 estimated	 by	 scanning	 a	wide	 range	 of	 potential	 values,	 and	 the	
value	retained	which	best	“explains”	the	relative	position	of	the	peaks	
and	 troughs	 in	a	 series	of	 restructured	L/F	 samples	 in	peaks	are	 re-	
expressed	 as	 positive	 and	 negative	 “points”,	 respectively	 (see,	 e.g.,	
figs	4	and	7	in	Pauly	(1998)).	This	procedure	was	applied	to	five	of	the	
10	species	covered	here,	for	which	appropriate	L/F	data	(i.e.,	covering	
a	wide	range	of	lengths)	were	found	in	the	Chinese	literatures	(Table	1).

For	the	other	five	species,	L∞	was	estimated	from	Wetherall	Plots	
from L/F	samples	not	suitable	for	the	estimation	of	K	 (because	they	
covered	only	a	narrow	range	of	sizes).	Then,	the	parameter	K	of	the	
standard	VBGF	was	estimated	from	

where	Ø′

m
	is	the	mean	of	Ø′

m-	values	computed	from	different	stocks	
of	 the	 same,	 or	 closely	 related	 species,	 based	 on	 L∞ and K	 pairs	 in	
FishBase	 (www.fishbase.org),	 all	 converted	 to	 the	 same	 length	 type	
using	fixed	ratios	(Table	1).	The	point	here	is	that	in	fishes,	K	increases	
when	L∞	decreases	and	vice-	versa,	but	that	this	inverse	relationship	is	
not	linear	(Pauly,	1998).

2.2 | Estimation of mortality, length at first 
capture and yield- per- recruit

Total	mortality	(Z)	was	estimated	from	the	right,	descending	sides	of	
cumulative	L/F	samples	created	from	each	of	the	10	sets	of	L/F	data	

(1)Lt=L
∞
(1−e−K(t−t0))

(2)Lt=L
∞
{1−exp−[K(t−t0)+S(t)−S(t0)]}

(3)̄Li=a+b ⋅L
�

m

(4)Ø�

m
= log(K)+2 ⋅ log(L

∞
)

http://www.fishbase.org


     |  3LIANG ANd PAULY

sampled	 during	 research	 survey,	 by	 using	 length-	converted	 catch	
curves,	i.e.,	plots	of	the	form	

where	Ni	is	the	number	of	fish	in	length	class	i,	a	is	the	intercept;	ti	is	
the	relative	age	of	the	fish	in	length	class	i,	and	b	is,	with	sign	changed,	
an	estimation	of	Z	(Pauly,	1984,	1998),	with	the	division	of	Ni by Δti 
being	required	to	compensate	for	the	non-	linearity	of	growth	implied	
by	the	VBGF	(Pauly,	1984).	With	the	standard	VBGF,	Δti,	is	estimated	
by 

where	Li1 and Li2	are	the	lower	and	upper	limit	of	length	class	i,	respec-
tively.	Note	that	seasonal	growth	adds	complexity	to	the	treatment	of	
the	length-	frequency	data	required	for	Equations	4	and	5	(see	Pauly	
(1990)).

The	left,	ascending	side	of	the	catch	curves	were	used	to	estimates	
the	length	at	which	50%	of	the	fish	encountered	by	the	gear	used	to	
sample	 the	 fish	were	 retained,	 i.e.,	 the	mean	 length	 at	 first	 capture	
(Lc).	Note	that	because	the	samples	were	obtained	through	scientific	

(5)ln (Ni∕Δti)=a+b ⋅ ti

(6)Δti= (−1∕K) ln [(L
∞
−Li2)∕(L∞−Li1)]

TABLE  1 Species	included	in	the	study,	data	source,	survey	area,	basic	information	and	length-	related	information	of	10	exploited	fish	
species	in	China’s	seas

Species

Survey location/period

Cod- end 
stretched mesh 
size (mm)k

Maximum 
length 
(mm)k nl SL:FL:TL

K estimation 
methodCommon name Scientific name

Largehead	
hairtaila

Trichiurus lepturus 
Linnaeus,	1758

26°–33°N;	122°–127°E/ 
2002.12–2003.11

25 380	(VL) 39 1:3.27	(VL:TL)m ELEFAN	I

Yellow	croakerb Larimichthys polyactis 
(Bleeker,	1877)

32°–40.5°N;	118.5°–126°E/ 
2000.08–2001.04

24 190	(SL) 5 1:1.15	(SL:TL)n ELEFAN	I

Japanese	
grenadier 
anchovyc

Coilia nasus	Schlegel,	
1846

26°–34.5°N;	121°–126.5°E/ 
2008.05–2009.04

30 347	(SL) 1 1:1.13	(SL:TL)n ELEFAN	I

Japanese	
anchovyd

Engraulis japonicus 
Temminck	et	Schlegel,	
1846

32.5°–37°N;	120°–125.5°E/ 
2000.06–2001.05

22–24 160	(TL) 17 1:1.05:1.17n ELEFAN	I

Japanese	scade Decapterus maruadsi 
(Temminck	et	
Schlegel,	1844)

26°–33°N;	121°–127°E/ 
2008.05–2009.02

17 276	(FL) 14 1:1.08:1.18n ELEFAN	I

Chub	mackerelf Scomber japonicus 
(Houttuyn,	1832)

East	China	Sea/2004–2005 25 345	(FL) 25 1:1.08:1.16n FishBase

Pacific	
rudderfishg

Psenopsis anomala 
(Temminck	et	
Schlegel,	1844)

27°–33.5°N;	121°–128.5°E/ 
1998.08–2001.03

70 195	(SL) 2 1:1.08:1.24	n FishBase

Osbeck’s	
grenadier 
anchovyh

Coilia mystus	(Linnaeus,	
1758)

30.5°–31.5°N;	121°–122°E/ 
2009.06–2009.08

20–25 205	(SL) 1 1:1.05:1.22n FishBase

Scaly	hairfin	
anchovyi

Setipinna tenuifilis 
(Valenciennes,	1848)

31°–34°N;	122°–125.5°	
E/2005–2006

28 165	(SL) 1 1:1.03:1.14n FishBase

Bombay-	duckj Harpadon nehereus 
(Hamilton,	1822)

26°–35°N;	120.5°–126°E/ 
2008.04–2009.02

30 290	(FL) 6 1:1.06:1.14n FishBase

VL,	vent	length;	SL,	standard	length;	FL,	fork	length;	TL,	total	length.
aLin,	Zhang,	Li,	and	Cheng	(2006).
bShan	et	al.	(2011).
cZhu,	Jiang,	and	Zhang	(2012).
dZhu	(2007).
eJiang,	Xu,	Jin,	Zhou,	and	He	(2012).
fZhou,	Zhang,	Xu,	and	Pan	(2011).
gChen,	Zhou,	and	Bo	(2005).
hLiu,	Xu,	and	Tian	(2012).
iXiong	et	al.	(2009).
jLuo,	Zhang,	Li,	and	Zhou	(2012).
kAs	obtained	from	sources	in	1–10	or	as	personal	communications	from	the	authors.
lNumber	of	records	in	FishBase.
mLaboratory	records.
nFishBase	(www.fishbase.org).

http://www.fishbase.org
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surveys,	which	used	larger	nets	than	the	commercial	fishery	(Tables	1	
and	 2),	 the	 Lc	 values	 from	 the	 catch	 curves	were	 higher	 than	 they	
would	have	been	in	the	commercial	fisheries;	consequently,	they	were	
adjusted	downward	using	their	proportionality	with	mesh	sizes.

Given	that	total	mortality	(Z)	is	composed	of	natural	(M)	and	fish-
ing	mortality	(F),	the	latter	can	be	obtained	by	subtraction	of	M from 
Z.	Natural	mortality	 here	was	 estimated	 from	 the	 empirical	 formula	
(Pauly,	1980):	

where	 L∞	 is	 expressed	 in	 cm,	K	 is	 in	 year
−1,	 and	T	 is	 the	mean	 an-

nual	water	temperature	to	which	the	fish	are	exposed,	in	°C.	We	used	
here	the	mean	of	temperatures	reported	from	the	years	1997	to	2006	
by	Belkin	(2009)	from	the	Yellow	Sea	and	East	China	Sea	in	the	area	
linking	the	southern	Yellow	Sea	and	the	northern	East	China	Sea,	i.e.,	
19°C.

Finally,	 we	 performed	 yield-	per-	recruit	 (Y/R)	 analyses	 using	 a	
modified	version	 of	 the	 relative	Y/R	 analysis	 proposed	 by	Beverton	
and	Holt	(1966),	wherein	the	assumption	of	knife-	edge	selection	(no	
fish	are	retained	below	Lc,	and	all	fish	are	retained	above)	is	replaced	
by	a	more	realistic	model	accounting	for	gradual	selections	(Gayanilo,	
Sparre,	&	Pauly,	1996;	Silvestre,	Soriano,	&	Pauly,	1991),	of	the	form:	

where	(Y/R)i	refers	to	the	relative	yield-	per-	recruit	computed	from	the	
lower	limit	of	class	i	using	

and	 where	 E,	 the	 exploitation	 rate	=	F/Z,	 U	=	1−(Lc/L∞),	 m	=	(1−E)/
(M/K)	=	(K/Z),	pi	is	the	probability	of	capture	between	Li and Li+1,	while	
Gi	is	defined	by	

wherin	rj= (1−ci)
Si∕(1−ci−1)

Si,	and	Si	=	(M/K)	(E/(1−E))pi.

The	results	of	the	Y/R	analyses	are	displayed	in	the	form	of	yield-	
isopleth	diagrams,	with	F	in	the	abscissa	and	Lc,	in	the	ordinate.

3  | RESULTS

3.1 | Estimation of growth curve parameters

Table	3	 presents	 our	 estimates	 of	 L∞ and K	 for	 10	 fish	 species	 in	
Chinese	waters,	whose	 uncertainty	 can	 be	 assessed	 from	precision	
of	the	Ø′

m
	estimates.	For	Coilia mystus and Setipinna tenuifilis,	only	one	

set	of	L∞ and K	estimates	was	available	in	FishBase;	their	K	estimates	
will	 thus	be	 less	 reliable.	The	 species	 in	Table	3	 include	 fishes	with	
high	K	estimates	(e.g.,	Decapterus maruadsi, Harpadon nehereus),	which	
thus	complete	their	life-	cycle	relatively	fast,	and	species	with	lower	K 
estimates	(e.g.,	Scomber japonicus,	Trichiurus lepturus)	whose	life	cycle	
takes	longer	to	complete.

Yellow	 croaker	 Larimichthys polyactis,	 an	 important	 fishery	 re-
source	in	the	Yellow	Sea	and	East	China	Sea,	may	be	used	to	illustrate	
the	 ELEFAN	 approach.	 The	 available	 L/F	 data	 originate	 from	 four	
cruises	of	a	research	trawler	in	the	central	and	southern	Yellow	Sea	
from	2000	to	2001(Shan,	Li,	Dai,	&	Jin,	2011).	First,	asymptotic	size	
(SL∞)	was	 estimated	 as	 25.0	cm	 using	 a	Wetherall	 Plot	 (Figure	1a),	
which	 was	 converted	 to	 TL∞	=	28.8	cm	 using	 the	 SL:TL	 ratio	 in	
Table	1.	Given	 this	estimate	of	L∞,	C	=	0.5	and	WP	=	0.1,	a	 scan	of	
the	available	L/F	data	for	the	K	value	gave	the	best-	fitting	seasonal	
growth	 curve	 yielded	 (Figure	1b),	 whose	 well-	defined	 peak	 corre-
sponds	to	K	=	0.49	year−1.	The	corresponding	growth	curve	is	shown	
in	 Figure	1c,	 superposed	 on	 the	 restructured	 L/F	 data	 (Figure	1c).	
Finally,	we	establish	that	the	relationship	between	the	estimated	K 
and	TL∞	was	consistent	with	previous	growth	parameter	estimates	
(Figure	1d),	which	 is	 also	expressed	 in	 the	value	of	Ø′

m
	 being	2.61,	

which	 is	 close	 to	 Ø′

m
	=	2.58	 derived	 from	 growth	 information	 in	

FishBase	(Table	3;	Figure	1d).

3.2 | Estimation of mortality

Figure	2	shows	 the	 length-	converted	catch	curve	 for	each	 fish	spe-
cies	 from	which	the	total	mortality	was	derived;	 the	total	mortality,	
natural	mortality	and	fishing	mortality	of	10	fish	species	are	listed	in	
Table	4.	 The	 total	mortality	 of	 these	 10	 species	was	 all	 quite	 high,	
and	especially	Harpadon nehereus,	Larimichthys polyactis,	Coilia mystus 
and Trichiurus lepturus. Decapterus maruadsi,	Coilia mystus,	Harpadon 
nehereus and Engraulis japonicus	 had	 relatively	 high	 natural	 mortal-
ity,	while	 it	was	 lower	 for	Trichiurus lepturus and Scomber japonicus. 
Larimichthys polyactis,	Trichiurus lepturus and Scomber japonicus	 had	
high	fishing	mortality.	The	average	fishing	mortality	of	these	10	spe-
cies	was	estimated	as	1.0	year−1	(Table	4).

3.3 | Yield- per- recruit analyses

Yield-	isopleth	diagrams	against	different	values	of	F and Lc/L∞ for our 
10	fish	species	are	shown	in	Figure	3.	As	might	be	seen	from	their	po-
sitions,	the	dots	summarizing	the	current	exploitation	pattern	(F and Lc 

(7)log(M)=−0.0066−0.279 ⋅ log(L
∞
)+0.6543 ⋅ log(K)+0.4634 ⋅ log(T)

(8)Y/R=

∑

pi ⋅ ((Y/R)i ⋅Gi−1)− ((Y/R)i+1 ⋅Gi)

(9)(Y/R)i=EU
M∕K

{

1−
3U

(1+m)
+

3U2

(1+2m)
−

U3

(1+3m)

}

Gi=Πrj

TABLE  2 Cod-	end	stretched	mesh	size	of	trawlers	in	China’s	seas

Trawler cod- end 
stretched mesh 
size (mm) Data source

25 Nationally	mandated	minimum	mesh	size	for	
shrimp;	also	mesh	size	used	on	research	
surveys.	(http://www.moa.gov.cn/zwllm/
zqyj/201309/t20130906_3598673.htm)

10–20 Newspaper	(http://www.qzwb.com/gb/
content/2014-01/08/content_4765104.htm)

10–20 Newspaper	(http://news.cntv.cn/2013/10/14/
VIDE1381752240392463.shtml)

<10 Newspaper	(http://discovery.163.com/special/
fishindustry/)

6–8 Ling	Cao	(Stanford	University,	pers.	comm.	
March,	2016)

10 Conservatively	assumed	for	this	study

http://www.moa.gov.cn/zwllm/zqyj/201309/t20130906_3598673.htm
http://www.moa.gov.cn/zwllm/zqyj/201309/t20130906_3598673.htm
http://www.qzwb.com/gb/content/2014-01/08/content_4765104.htm
http://www.qzwb.com/gb/content/2014-01/08/content_4765104.htm
http://news.cntv.cn/2013/10/14/VIDE1381752240392463.shtml
http://news.cntv.cn/2013/10/14/VIDE1381752240392463.shtml
http://discovery.163.com/special/fishindustry/
http://discovery.163.com/special/fishindustry/
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TABLE  3 Estimated	growth	parameter	for	10	fish	species	in	China’s	seas

Species

TL∞ (cm)a
Ø

′

m
 ± SEb

K estimation (year−1; from 
ELEFAN or FishBase)Common name Scientific name

Largehead	hairtail Trichiurus lepturus	Linnaeus,	1758 152.4 3.78	±	0.05 0.38c

Yellow	croaker Larimichthys polyactis	(Bleeker,	1877) 28.8 2.58	±	0.04 0.49c

Japanese	grenadier	anchovy Coilia nasus	Schlegel,	1846 42.5 2.63 0.35c

Japanese	anchovy Engraulis japonicus	Temminck	et	Schlegel,	
1846

18.4 2.61	±	0.04 0.51c

Japanese	scad Decapterus maruadsi	(Temminck	et	Schlegel,	
1844)

32.7 2.84	±	0.04 0.89c

Chub	mackerel Scomber japonicus	(Houttuyn,	1832) 45.0 2.72	±	0.04 0.26d

Pacific	rudderfish Psenopsis anomala	(Temminck	et	Schlegel,	
1844)

27.7 2.50	±	0.13 0.41d

Osbeck’s	grenadier	anchovy Coilia mystus	(Linnaeus,	1758) 26.0 2.39 0.54d

Scaly	hairfin	anchovy Setipinna tenuifilis	(Valenciennes,	1848) 21.2 2.14 0.31d

Bombay-	duck Harpadon nehereus	(Hamilton,	1822) 35.7 2.90	±	0.03 0.62d

aWetherall	plot.
bFishBase.
cK	estimation	from	ELEFAN.
dK	estimation	from	FishBase.

F IGURE  1  Illustration	of	methods	used	to	estimate	and	verify	growth	parameters	for	fish	in	China’s	seas,	based	on	L/F	data	of	Larimichthys 
polyactis	from	scientific	trawl	surveys	(2000–2001).	(a)	Estimation	of	L∞	using	a	Wetherall	Plot;	(b)	Estimation	of	K	as	the	value	associated	with	
the	highest	goodness-	of-	fit	of	the	ELEFAN	objective	function.,	i.e.,	0.49	year−1;	(c)	Superposing	the	growth	curve	defined	by	SL∞	=	25.0	cm,	
K	=	0.49	year−1,	C	=	0.5	and	WP	=	0.1	onto	the	restructured	L/F	data;	(d)	Log-	log	plot	of	5	sets	of	the	growth	parameters	K and L∞ of L. polyactis 
in	FishBase,	illustrating	the	use	of	Ø′

m
	to	verify	that	new	estimates	of	K	(square)	are	compatible	with	earlier,	published	estimates	(dotted	line)
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estimates,	each	identified	by	a	thin	dotted	line)	were	all	located	below	
the	optimal	yield	 lines	(eumetric	 lines;	thick	dotted),	confirming	that	
these	species	suffer	 from	 intensive	 fishing	pressure	and	small	mesh	
size,	i.e.,	growth	overfishing.	If	F	were	constant	while	mesh	sizes	(and	
hence	 the	values	of	Lc)	were	 increased	 to	 the	 level	of	 the	optimum	
yield	 line,	 the	Y/R	for	 these	10	species	would	all	 increase	 (Table	5),	
by	an	average	of	60%.	Also,	there	is	a	significant	relationship	(p	<	.05)	
between	log	(TL∞)	and	ratio	of	eumetric/current	Y/R,	confirming	that	
larger	fishes	are	more	affected	by	small-	mesh	sizes	than	smaller	fish	
(Figure	4).

4  | DISCUSSION

The	 methodology	 presented	 and	 applied	 to	 10	 species	 of	 fish	 in	
Chinese	waters	was	developed	for	application	in	a	data-	sparse	situa-
tion,	such	as	that	which	prevails	at	present	regarding	the	fish	species	
exploited	by	China’s	 coastal	 trawl	 fisheries	 (Pauly,	1998).	There	are	
more	sophisticated	methods	of	stock	assessment	(Cotter	et	al.,	2004;	
Hilborn	 &	Walters,	 1992),	 however,	most	 of	 them	 require	 detailed	
catch	 time	series	and	catch	composition	data	by	age	and	especially	
biomass	 estimates,	 by	 species,	 as	 derived,	 e.g.,	 from	 regularly	 con-
ducted	trawl	surveys.

In	 the	 absence	 of	 such	 data,	 yield-	per-	recruit	 analysis	 offers	 a	
window—however	 small—into	 the	 dynamics	 of	 the	 stocks,	 in	 terms	
of	their	response	to	changes	in	fishing	mortality	and	especially	of	the	
mesh	 sizes	 used	 to	 catch	 the	 resources.	 Yield-	per-	recruit	 analyses	
generally	do	not	explicitly	consider	uncertainty	(see	e.g.,	Beverton	and	
Holt	 (1957,	1966)).	However,	a	consistent	signal	 is	obtained	for	our	
10	species,	thus	suggesting	that	at	least	the	direction	of	the	mesh	size	
change	 that	would	 be	 required	 to	 optimize	Y/R,	 and	 its	magnitude,	
was	accurately	estimated.	This	is	likely	due	to	the	growth	parameters	
for	the	Chinese	stock	of	each	species	having	been	harmonized,	via	Ø′

m

-	values,	with	the	growth	parameters	of	other	stocks	of	the	same	spe-
cies	in	FishBase,	and	their	natural	mortality	having	been	estimated	via	
a	model	derived	from	a	meta-	analysis	of	175	independent	estimates	
of M	(Pauly,	1980).

We	also	find	that	the	results	overall	match	what	is	known	of	the	
biology	 and	 exploitation	 of	 the	 species	 in	 question.	Thus,	Trichiurus 
lepturus and Larimichthys polyactis,	two	of	the	four	most	important	ma-
rine	resources	species	in	China,	and	the	main	target	fishes	of	the	bot-
tom	trawl	fishery	since	the	1960s,	have	been	reported	to	have	greatly	
declined	in	the	last	few	decades	(Cheng,	Lin,	Ling,	Li,	&	Ding,	2004).	
Similarly,	Scomber japonicus	is	reported	as	having	been	fully	exploited	
since	the	early	1970s,	with	their	mean	sizes	declining	in	the	last	de-
cades	 (Cheng	&	 Lin,	 2004).	Coilia nasus and C. mystus,	which	 in	 the	

F IGURE  2 Length-	converted	catch	curves	for	10	fish	species	in	China’s	seas,	based	on	L/F	sampled	during	scientific	trawl	surveys	
(Trichiurus lepturus	sampled	2002–2003; Larimichthys polyactis in 2000–2001; Coilia nasus	in	2008–2009, Engraulis japonicus in 2000–2001; 
Decapterus maruadsi	in	2008–2009; Scomber japonicus	in	2004–2005; Psenopsis anomala	in	1998–2001; Coilia mystus	in	2009; Setipinna tenuifilis 
in	2005–2006; Harpadon nehereus	in	2008–2009).	Solids	dots	=	estimation	of	Z;	open	dots	=	to	estimate	Lc

TABLE  4 Mortality	and	exploitation	rate	of	10	fish	species	in	China’s	seas

Species

Z (year−1)a T (°C)b M (year−1)c F (year−1) ECommon name Scientific name

Largehead	hairtail Trichiurus lepturus	Linnaeus,	1758 1.99 22.3 0.54 1.45 0.73

Yellow	croaker Larimichthys polyactis	(Bleeker,	1877) 2.31 15.6 0.86 1.45 0.63

Japanese	grenadier	
anchovy

Coilia nasus	Schlegel,	1846 1.38 19.0 0.68 0.70 0.51

Japanese	anchovy Engraulis japonicus	Temminck	et	
Schlegel,	1846

1.93 15.6 1.00 0.93 0.48

Japanese	scad Decapterus maruadsi	(Temminck	et	
Schlegel,	1844)

1.89 22.3 1.45 0.44 0.24

Chub	mackerel Scomber japonicus	(Houttuyn,	1832) 1.94 22.3 0.59 1.35 0.70

Pacific	rudderfish Psenopsis anomala	(Temminck	et	
Schlegel,	1844)

1.83 19.0 0.85 0.98 0.54

Osbeck’s	grenadier	
anchovy

Coilia mystus	(Linnaeus,	1758) 2.00 22.3 1.12 0.88 0.44

Scaly	hairfin	anchovy Setipinna tenuifilis	(Valenciennes,	1848) 1.30 15.6 0.70 0.60 0.46

Bombay-	duck Harpadon nehereus	(Hamilton,	1822) 2.34 22.3 1.12 1.22 0.52

Mean — — — — 1.00 —

aELEFAN.
bBelkin	(2009).
cEquation	7.
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1970s	supported	fisheries	 in	 the	Yangtze	River	estuarine	area	yield-
ing	hundreds	of	tonnes	(t)	annually,	currently	yield	only	a	few	tonnes	
(Chen,	Duan,	Liu,	Shi,	&	Wang,	2002;	Li	&	Huang,	2009;	Zhuang	et	al.,	
2006).

Moreover,	 Engraulis japonicus	 has	 declined	 in	 biomass	 in	 the	
Yellow	Sea	 from	2.5	million	 t	 before	 the	1990s	 to	 0.1	million	 t	 in	
2003	(Zhao,	Hamre,	Li,	Jin,	&	Tang,	2003);	individual	Setipinna tenui-
filis	appear	to	be	smaller	than	previously,	and	spawn	at	smaller	sizes	
(Xiong	et	al.,	2009);	the	population	of	Psenopsis anomala	appears	to	
be	 dominated	 by	 0	 and	 1-	year-	old	 fish	 (Hu	 &	Yan,	 2006),	 as	 also	
appears	to	be	the	case	for	Harpadon nehereus	(Chen,	Shui,	&	Dong,	
2012).

We	believe	that	 the	high	catches	reported	from	Chinese	coastal	
trawl	fisheries	in	spite	of	these	developments	are	due	to	the	very	small	
mesh	 sizes	 currently	 in	 use,	 enabling	 the	 capture	 of	 a	mix	 of	 small	

invertebrates	(including	jellyfishes	(Yan,	Li,	&	Ding,	2004)),	in	addition	
to	small	fishes.	Collectively	referred	to	as	“trash	fish”,	this	mix	makes	
up	over	30%	of	the	catch	and	is	used	mainly	as	feed	in	China’s	aquacul-
ture	(Cao	et	al.,	2015).	Using	larger	mesh	sizes	in	the	coastal	fisheries	
would	enable	more	of	the	fishes	to	reach	table	size	for	human	con-
sumption.	This	approach	would	bypass	 the	stomachs	of	 farmed	 fish	
and	other	animals,	and	may	well	compensate	for	the	reduction	in	the	
catch	of	small	species.

We	are	aware	that	an	increase	in	mesh	size	would	be	difficult	to	
implement,	as	illustrated	by	the	fact	that	the	current	stretched	mesh	
size	 (<10	mm)	 is	well	 below	 the	 legal	 stretched	mesh	 size	 (25	mm).	
However,	 it	 is	 also	 obvious	 that	 the	 Chinese	 government’s	 “zero	
growth”	policy	and	summer	fishing	moratoria	are	not	sufficient	to	re-	
establish	a	measure	of	resiliency	and	health	to	China’s	marine	stressed	
marine	ecosystems.

F IGURE  3 Yield-	isopleth	diagrams,	indicating	Y/R	for	different	values	of	fishing	mortality	and	Lc/L∞	for	10	fish	species	in	China’s	seas;	
contour	lines	connect	same	values	of	Y/R;	bold	dashed	(eumetric)	line	connects	optimal	Lc	values	from	each	value	of	F;	solid	dots	=	current	
position	of	the	fishery

TABLE  5 Current	and	eumetric	yield-	per-	recruit	(at	current	F)	of	10	fish	species	in	China’s	seas

Species

Current Y/R Eumetric Y/R Ratio Eum./Curr.Common name Scientific name

Largehead	hairtail Trichiurus lepturus	Linnaeus,	1758 23.3 58.7 2.5

Yellow	croaker Larimichthys polyactis	(Bleeker,	1877) 21.1 39.7 1.9

Japanese	grenadier	anchovy Coilia nasus	Schlegel,	1846 23.4 30.4 1.3

Japanese	anchovy Engraulis japonicus	Temminck	et	Schlegel,	
1846

24.2 28.9 1.2

Japanese	scad Decapterus maruadsi	(Temminck	et	
Schlegel,	1844)

24.3 25.4 1.0

Chub	mackerel Scomber japonicus	(Houttuyn,	1832) 12.2 25.5 2.1

Pacific	rudderfish Psenopsis anomala	(Temminck	et	Schlegel,	
1844)

15.1 27.6 1.8

Osbeck’s	grenadier	anchovy Coilia mystus	(Linnaeus,	1758) 22.9 25.2 1.1

Scaly	hairfin	anchovy Setipinna tenuifilis	(Valenciennes,	1848) 15.9 22.5 1.4

Bombay-	duck Harpadon nehereus	(Hamilton,	1822) 22.9 35.2 1.5

Average — — — 1.6

F IGURE  4 Relationship	between	
asymptotic	size	(log;	TL∞)	and	ratio	of	
eumetric/current	Y/R	in	10	fish	species	
from	China’s	seas
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