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Abstract		33	

Almost	all	environmental	management	comes	at	an	economic	cost	that	may	not	be	borne	34	

equitably	by	all	stakeholders.	Here,	we	investigate	how	heterogeneity	in	catch	and	profits	among	35	

fishers	influences	the	trade-off	among	the	triple-bottom-line	objectives	of:	recovering	a	fish	36	

population,	maximizing	its	economic	value	and	distributing	restrictions	equitably	across	fishers.	37	

As	a	case-study	we	examine	management	reform	of	an	ecologically	and	economically	important	38	

coral	reef	fishery	operating	within	the	Great	Barrier	Reef	Marine	Park.	Using	a	simulation	model,	39	

we	find	that	total	profitability	of	the	fishing	industry	is	40%	lower	if	recovery	plans	are	equitable	40	

when	compared	to	the	most	economically	efficient	plan.	However,	efficient	recovery	plans	were	41	

typically	highly	inequitable	because	they	required	some	fishers	to	cease	fishing.	Equity	was	42	

defined	according	to	different	norms,	and	the	efficiency	loss	was	greatest	when	catch	losses	were	43	

shared	equally	across	fishers	rather	than	in	proportion	to	their	historical	catch.	We	then	varied	44	

key	social,	economic	and	biological	parameters	to	identify	cases	when	equity	and	efficient	45	

recovery	would	trade-off	most	strongly.	Recovery	plans	could	be	both	efficient	and	equitable	46	

when	heterogeneity	in	fisher’s	catches	and	individual	catch	efficiencies	was	lower.	If	fishers	were	47	

homogenous	then	equitable	plans	could	have	maximal	economic	efficiency.	These	results	48	

emphasize	the	importance	of	considering	heterogeneity	in	individual	fishers	when	designing	49	

recovery	plans.	Recovery	plans	that	are	inequitable	may	often	fail	to	gain	stakeholder	support,	so	50	

in	fisheries	with	high	heterogeneity	we	should	temper	our	expectations	for	marked	increases	in	51	

profits.		52	

Keywords:	Recovery	planning,	economic	efficiency,	triple-bottom-line,	Plectropomus.		53	
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Introduction	71	

The	case	for	recovering	overexploited	fisheries	is	often	made	on	economic	(e.g.	Costello	et	al.,	72	

2016)	and	biological	grounds	(e.g.	MacNeil	et	al.,	2015),	with	recovery	viewed	as	bringing	co-73	

benefits	to	both	objectives.	However,	planning	for	the	recovery	of	overexploited	natural	74	

resources	almost	always	requires	some	level	of	trade-off	between	competing	social	objectives	75	

(Plagányi	et	al.,	2013,	Péreau	et	al.,	2012).	Stakeholders	that	perceive	planning	to	be	inequitable	76	

and	unjust	may	become	dissatisfied	(Adams,	1965),	potentially	resulting	in	failure	of	recovery	77	

plans	(Loomis	and	Ditton,	1993).	Therefore,	an	increasingly	important	social	objective	for	78	

recovery	plans	is	to	achieve	distributive	justice	(Lam	and	Pitcher,	2012,	Loomis	and	Ditton,	79	

1993)	in	particular	a	distribution	of	catch	restrictions	across	participants	in	the	fishery	that	is	80	

perceived	as	equitable.	The	distribution	of	catch	restrictions	may	be	considered	as	part	of	triple-81	

bottom-line	plans	that	seek	social	equity,	in	addition	to	achieving	biological	objectives	and	82	

economic	efficiency.	Trade-offs	in		triple-bottom-line	outcomes	have	the	potential	to	dramatically	83	

alter	how	management	plans	are	designed	in	time	and	space	to	achieve	recovery	(e.g.	Halpern	et	84	

al.,	2013,	Plagányi	et	al.,	2013,	Péreau	et	al.,	2012,	Voss	et	al.,	2014).	Guidelines	for	the	kinds	of	85	

biophysical	and	socio-economic	characteristics	that	affect	triple-bottom-line	outcomes	would	be	86	

helpful	for	informing	decision	makers	about	compromises	that	must	be	made	in	biological	and	87	

economic	goals	for	recovery	to	achieve	equitable	recovery	plans.		88	

An	important	determinant	of	compromises	in	triple-bottom-line	outcomes	may	be	individual	89	

heterogeneity	in	access	to	fisheries	and	in	the	cost	of	harvest	(Péreau	et	al.,	2012).	Intuitively,	90	

one	may	expect	greater	compromise	is	necessary	when	heterogeneity	is	high,	because	91	

heterogeneity	can	influence	the	success	of	resource	management	(e.g.	Varughese	and	Ostrom,	92	

2001).	The	economic	cost	of	recovery	may	also	exacerbate	existing	conflicts	over	access	to	93	
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common-pool	resources,	because	resources	are	seldom	distributed	uniformly	across	society	(e.g.	94	

Christie	et	al.,	2005,	Bailey	et	al.,	2013).	For	instance,	if	a	management	plan	that	seeks	to	protect	95	

marine	habitats	must	close	areas	to	fishing,	reduction	in	the	total	economic	efficiency	of	the	96	

fishery	will	be	minimized	if	the	fishing	grounds	of	the	least	profitable	fishers	are	selected	for	97	

protection	(Halpern	et	al.,	2013).	However,	little	guidance	currently	exists	for	how	heterogeneity	98	

may	compromise	triple-bottom-line	objectives,	and	when	resource	users	are	homogenous	99	

enough	to	be	of	little	concern.		100	

A	further	determinant	of	compromises	in	the	triple-bottom-line	objectives	may	be	the	specific	101	

type	of	equity	that	is	considered.	The	measure	of	equity	must	align	with	people’s	perceptions	of	102	

equitable	outcomes	if	planning	is	to	be	perceived	as	just.	The	equity	of	a	recovery	plan	can	103	

quantitatively	be	defined	in	different	ways,	and	each	definition	reflects	different	social	norms	104	

(Klein	et	al.,	2015,	Halpern	et	al.,	2013).	For	instance,	harvest	restrictions	can	be	applied	equally	105	

to	all	fishers	or	can	be	made	in	proportion	to	a	stakeholder’s	existing	catch	(Bailey	et	al.,	2013).	106	

Choosing	an	appropriate	measure	of	equity	that	reflects	prevailing	social	norms,	is	therefore	key	107	

to	identifying	the	trade-offs	that	matter	to	fishers	and	finding	plans	that	will	be	supported	by	108	

fishers.	Plans	perceived	as	inequitable	may	often	be	resisted	by	fishers	(e.g.	Macintosh	et	al.,	109	

2010).	The	choice	of	equity	measure	may	affect	the	outcomes	of	recovery	plans,	so	it	is	important	110	

to	understand	what	drives	trade-offs	in	triple-bottom-line	outcomes.		111	

Here	we	seek	to	identify	the	conditions	when	the	equity	and	economic	efficiency	of	recovery	112	

plans	are	likely	to	trade-off	against	a	target	for	recovering	a	fish	stock’s	biomass.	We	use	a	case-113	

study	of	a	coral	reef	fishery	to	represent	a	mobile	natural	resource	that	is	harvested	by	many	114	

individuals	with	variable	efficiency.	Globally	many	reef	fisheries	are	over-exploited	and	there	is	115	

increasing	interest	in	implementing	harvest	restrictions	to	recover	both	the	economic	value	and	116	
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ecological	values	of	these	fish	stocks	(e.g.	Costello	et	al.,	2016,	Hopf	et	al.,	2016,	Weijerman	et	al.,	117	

2016,	Brown	and	Mumby,	2014).	However,	it	is	not	clear	how	heterogeneity	among	fishers	118	

interacts	with	prevailing	norms	about	equity	to	create	trade-offs	among	the	equity,	economic	119	

efficiency	and	biological	outcomes.	Equity	issues	are	often	severe	in	over-exploited	stocks	(e.g.	120	

Bailey	et	al.,	2013)	so	recovery	plans	must	seek	to	avoid	making	them	worse.	We	first	develop	121	

three	qualitatively	different	measures	of	equity,	which	may	reflect	different	stakeholder	views	on	122	

the	just	allocation	of	harvest	restrictions	(Schilizzi	and	Iftekhar,	2017,	Klein	et	al.,	2015).	We	then	123	

examine	the	equity	of	catch	restrictions	in	economically	efficient	plans	and	the	economic	124	

efficiency	of	equitable	plans	across	a	range	of	targets	for	the	recovery	of	fish	biomass,	using	each	125	

equity	norm.		126	

Methods	127	

Overview	128	

We	developed	a	model	for	analyzing	trade-offs	among	equity,	economic	efficiency	and	a	129	

biological	recovery	target.	We	assumed	there	are	multiple	fishers	who	each	hold	a	share	of	a	total	130	

allowable	catch.	We	termed	the	status-quo	resource	use	of	fisher	a	fisher’s	endowment.	The	total	131	

catch	across	all	fishers	prior	to	reforming	fisher’s	harvest	shares	was	the	sum	of	the	fisher’s	132	

endowments.	The	economic	objective	was	measured	as	the	net	present	value	(NPV)	of	the	fishery	133	

calculated	across	the	profits	of	all	fishers.		134	

The	interpretation	of	3-way	trade-offs	can	be	influenced	by	the	algorithm	used	to	simultaneously	135	

maximize	the	three	objectives.	We	chose	a	simple	and	transparent	algorithm:	We	set	the	biomass	136	

objective	as	a	constraint,	which	determined	the	overall	reduction	in	fishing	mortality	that	was	137	

required	in	the	recovery	plan.	We	then	used	one	of	two	strategies	that	distributed	harvest	losses	138	

to	maximize	the	NPV	or	equity.	We	then	varied	the	biomass	constraint	in	simulations	to	explore	139	
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the	three	dimensions	of	the	trade-off.	Equity	was	measured	by	applying	the	Gini	coefficient	(Gini,	140	

1921,	Halpern	et	al.,	2013)	to	the	distribution	of	catch	shares	according	to	one	of	three	‘norms’	141	

(see	below).	In	simulations	where	NPV	was	maximized,	we	calculated	the	equity	of	catch	shares	142	

post-reform,	and	compare	this	outcome	to	the	maximal	equity	that	could	be	achieved.	In	143	

simulations	where	equity	was	maximized,	we	calculated	the	total	NPV	of	the	fishery	and	144	

compared	it	to	the	NPV	when	efficiency	was	maximized.	Thus,	we	examined	all	dimensions	of	the	145	

triple-bottom-line:	the	economic	efficiency	of	equitable	plans	and	the	equity	of	economically	146	

efficient	plans	across	a	range	of	biological	recovery	targets	(Figure	1).		147	

	 	148	
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	149	

	150	

Figure	1	Flow	diagram	of	the	steps	taken	in	each	simulation.	Each	simulation	is	initialized	at	151	

equilibrium,	with	profits	below	their	maximal	and	a	randomized	distributions	of	catch	shares	and	152	

catch	efficiencies.	For	each	simulation	we	then	simulated	catch	restrictions	that	achieved	range	of	153	

biological	recovery	targets	for	scenarios	that	either	maximized	NPV	(net	present	value	of	the	154	

whole	fishery)	or	maximized	equity.		155	

We	examined	three	common	equity	norms	(Table	1).	The	first,	the	equal	losses	norm,	aims	to	156	

have	all	fisher	groups	forgo	the	same	share	of	the	catches	(often	termed	egalitarian	norm).	The	157	

equal	losses	norm	is	most	applicable	when	fishers	hold	similar	initial	catch	shares.	Second,	when	158	

1.	Pre-reform	

Measure	equity	of	
individual	catches	
and	profits	

Measure	NPV	of	
the	whole	fishery	Across	the	range	of	biological	recovery	targets	

3.	Implement	reform:		one	of	two	strategies	

Maximise	NPV	 Maximise	equity	
Restrict	catches	of	the	least	efficient	
fishers	

Restrict	catches	using	1	of	3	equity	
norms	(proporGonal	loss	shown	here)	

Fishing	at	equilibrium,	and	individual	fishers	vary	in	their	share	of	the	total	catch	

4.	Post-reform	–	measure	outcomes	

2.	Select	biological	recovery	target	
Target	biomass	recovery	ranges	from	20-60%	of	unfished	biomass	
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fishers	vary	in	their	catch	shares,	a	proportionality	norm	that	aims	to	have	harvest	losses	be	159	

proportional	to	endowments	(termed	proportional	outcomes),	is	often	favored	(Schilizzi	and	160	

Iftekhar,	2015).	The	third	norm	was	the	proportional	losses	norm,	where	all	fishers	lost	the	same	161	

proportion	of	their	initial	share	(often	termed	the	inverse	proportionality	norm).	Distributing	162	

catch	restrictions	using	the	proportional	outcomes	or	the	proportionality	losses	norms	has	the	163	

same	outcome	for	fishers,	however,	these	types	of	equity	take	different	values	when	they	are	164	

applied	to	measure	inequitable	catch	restrictions.		165	

	 	166	
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Table	1	Norms	of	equity,	the	definition	for	equitable	allocation	and	the	definition	for	calculating	167	

the	equity	metric	if	re-allocation	is	inequitable.	Where:	
		
X0 = x0,i

n

∑ are	the	initial	total	and	fisher	168	

specific	catch	shares	for	n	fishers,	
		
X1 = x1,i

n

∑ are	the	target	harvest	rates,	
	
ΔX = Δxi

n

∑ are	the	169	

changes	in	catch	shares	and	g()	is	the	function	for	one	minus	Gini	coefficient	(we	subtract	the	Gini	170	

coefficient	from	1	so	values	closer	to	1	are	more	equitable).		171	

Equity	norm			

(technical	name)	

Description	 Definition	for	

equitable	

allocation	

Definition	of	

equity	metric	

Equal	loss	

(Egalitarian)	

The	share	lost	by	each	fisher	is	

equal	
		Δxi = Δx j∀i...n 	

		
x1,i = x0,i −

ΔX
n 	

		 g Δx1…Δxn( ) 	

Proportional	

outcomes	

(Proportionality)		

All	fishers	end	with	the	same	

proportional	share	of	their	

initial	share	

		

x1,i
x0,i

=
x1, j
x0, j

∀i...n 	

		
x1,i =

ΔXx0,i
X0 	

		 
g
x1,1…n

x0,1…n

⎛

⎝
⎜

⎞

⎠
⎟
	

Proportional	losses		

(Inverse		

Proportionality)	

The	share	lost	by	each	fisher	is	

in	proportion	to	their	initial	

share	

		

Δxi
x0,i

=
Δx j
x0, j

∀i...n 	

		
x1,i =

ΔXx0,i
X0 	

		 
g

Δx1…n

x0,1…n

⎛

⎝
⎜

⎞

⎠
⎟
	

	172	

	173	
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Coral	reef	fishery	case	study	174	

We	modeled	a	fishery	where	total	profits	were	at	equilibrium,	but	below	the	theoretical	175	

maximum	economic	yield.	Each	fisher	had	a	proportional	share	of	an	annual	total	catch	176	

allocation.	The	annual	catch	allocation	was	determined	by	a	fixed	fishing	mortality	rate	rule,	so	177	

the	actual	catch	varied	with	stock	size	in	any	given	year.	The	biological	objective	was	to	recover	178	

the	fish	stock’s	biomass	to	a	pre-specified	target	level	that	we	varied	in	simulations.		179	

The	parameters	and	initial	conditions	were	based	on	the	coral	trout	(Plectropomus	sp.)	fishery	of	180	

Australia’s	Great	Barrier	Reef,	where	effort	is	currently	restricted	through	allocations	of	181	

individual	transferable	quotas	(ITQs)	that	give	fishers	the	right	to	harvest	a	fixed	annual	182	

allotment.	The	coral	trout	fishery	underwent	management	reform	in	2004	to	reduce	fishing	effort	183	

and	implement	the	ITQs.	In	part	the	intent	of	the	reforms	was	to	reduce	fishing	effort	that	would	184	

be	displaced	by	an	increase	in	the	coverage	of	no-take	reserves	on	the	Great	Barrier	Reef	Marine	185	

Park	from	4.5%	to	over	33%	(Fernandes	et	al.,	2005).	Because	catch	restrictions	are	our	focus	186	

here	and	catch	restrictions	had	the	dominant	effect	on	the	fishery	(e.g.	Hopf	et	al.,	2016),	we	187	

focus	our	analysis	on	catch	and	do	not	include	a	spatial	component.	In	2003,	when	we	begin	188	

simulations,	the	fishery	was	likely	biologically	sustainable,	but	effort	was	above	the	level	that	189	

maximized	profitability	(Leigh	et	al.,	2014).		190	

Dynamics	of	the	fish	stock	were	modeled	using	the	Pella-Thomlinson	model	(Pella	and	191	

Tomlinson,	1969):		192	

		
Bt+1 = Bt +

φ +1
φ

gBt 1−
Bt
K

⎛

⎝⎜
⎞

⎠⎟

φ⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟
−Ht 		193	
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Where	Bt	is	biomass	at	year	t,	((ϕ+	1)/ϕ)g	is	the	intrinsic	rate	of	growth,	K	is	the	biomass	at	194	

carrying	capacity	and	Ht	is	harvest	in	year	t.	The	Pella-Thomlinson	model	is	a	generalization	of	195	

the	logistic	growth	model.	The	generalization	allows	variation	in	the	biomass	at	maximum	196	

sustainable	yield,	through	the	growth	curve	parameter	ϕ.	We	chose	the	Pella-Thomlinson	model	197	

over	models	specific	to	the	biology	of	coral	trout	(e.g.	Hopf	et	al.,	2016,	Brown	et	al.,	2015)	198	

because	our	intent	is	to	explore	trade-offs	in	the	triple-bottom-line	more	generally	than	for	this	199	

single	species	and	the	Pella-Thomlinson	has	been	applied	to	global	stock	assessments	(e.g.	200	

Costello	et	al.,	2016).		201	

The	total	catch	in	the	fishery	was	divided	across	n	individual	fishers.	Catch	shares	before	reform	202	

were	distributed	according	to	a	log-normal	distribution	with	a	logged	mean	of	0,	that	was	203	

normalized	so	that	individual	catch	shares	were	proportions	of	the	annual	harvest.	Individual	204	

level	data	are	typically	not	available	for	fisheries,	due	to	privacy	concerns.	We	therefore	205	

calculated	a	lower-bounds	estimate	of	catch	variation	by	taking	variation	in	proportional	shares	206	

(logged)	of	catches	across	regions	for	coral	trout	in	2003,	the	year	before	reform	(Leigh	et	al.,	207	

2014).		Thus,	the	simulations	represent	a	minimum	level	of	heterogeneity	in	the	fishery	before	208	

reform.	We	examine	the	effect	of	varying	heterogeneity	in	catches	below	in	additional	analyses.		209	

Individual	fishers	also	varied	in	their	productivity.	For	instance,	analysis	conducted	for	210	

Queensland’s	stock	assessment	of	coral	trout	indicated	considerable	variability	in	fishing	211	

efficiency	(Leigh	et	al.,	2014).	We	digitized	the	fishing	efficiency	from	the	stock	assessment	report	212	

(Leigh	et	al.,	2014)	to	generate	an	empirical	distribution	of	efficiency.	We	then	implemented	213	

variable	efficiencies	as	individual	catchability	coefficients.	Each	individual	fishers	annual	profits	214	

were	thus	calculated:		215	

		pi ,t = qiEi ,tBi ,t − cEi ,t 		216	
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	Where	qi	is	an	individual’s	catchability	coefficient,	Ei,t	is	an	individual’s	effort	and	c	is	a	cost	per	217	

unit	effort	that	is	common	to	all	fishers.	The	total	fishing	mortality	rate	was	
		
qi

i
∑ Ei ,t The	cost	per	218	

unit	effort	was	set	so	that	the	least	profitable	fisher	was	making	zero	profits	before	reform	(i.e.	c	219	

=	min{qBeq},	where	Beq	is	equilibrium	biomass	before	reform).		220	

After	reform,	fishers’	effort	levels	were	rescaled	to	achieve	a	target	fishing	mortality.	The	target	221	

fishing	mortality	was	varied	across	a	range,	so	we	could	explore	outcomes	for	a	range	of	222	

biological	recovery	objectives.	For	each	level	of	fishing	mortality	we	implemented	four	reform	223	

strategies.	There	were	three	equitable	strategies	that	distributed	losses	across	fishers	equitably,	224	

according	to	one	of	the	three	equity	norms	(Table	1);	and	one	efficient	strategy	that	distributed	225	

effort	losses	to	the	least	efficient	fishers	first	and	thus	maximized	the	NPV	for	the	whole	fishery.		226	

We	compare	the	effectiveness	of	the	different	reform	scenarios	across	a	range	of	effort	reduction	227	

scenarios	using	three	metrics.	The	first	was	the	stock’s	biomass	at	recovery,	where	the	stock	was	228	

defined	as	recovered	when	biomass	reached	equilibrium	levels	(typically	after	20	years).		The	229	

second	was	the	net	present	value	of	the	fishery	=	
		
Pt 1+D( )t

t
∑ ,	where	D	is	the	discount	rate	and	230	

Pt	is	profits	summed	over	all	fishers	for	a	given	year.	We	used	a	discount	rate	of	3%	initially,	231	

however,	we	vary	this	value	in	sensitivity	analyses.	Time	discounting	meant	the	biomass	that	232	

maximized	NPV	was	below	the	biomass	that	maximized	yield	(=40%	of	the	unfished	biomass).	By	233	

plotting	biomass	versus	net	present	value	for	the	different	reform	scenarios	we	could	analyze	the	234	

trade-off	in	the	triple-bottom	line	among	fish	biomass	(conservation),	total	fishery	profits	235	

(economic)	and	equity.	To	further	explore	the	equity	dimension,	we	compared	the	equity	of	the	236	

most	efficient	scenario	as	measured	by	the	different	equity	norms.	Equity	was	calculated	both	237	

over	catch	shares	and	individual	fisher	NPV.		238	
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We	initialized	our	model	to	be	indicative	of	the	fishery	at	the	end	of	2003	before	the	reform.	We	239	

set	the	initial	biomass	in	simulations	to	20%	of	unfished	biomass	based	on	estimates	from	diver	240	

survey	data	(Hopf	et	al.,	2016)	and	the	stock	assessment	(Leigh	et	al.,	2014).	The	initial	condition	241	

was	at	equilibrium	(harvest	and	biomass	were	temporally	stable),	but	profits	were	below	their	242	

maximum	value.	These	initial	conditions	are	consistent	with	the	most	recent	stock	assessment	243	

(Leigh	et	al.,	2014).	The	growth	curve	parameter	(ϕ)	was	set	to	a	low	value	of	0.188,	which	gave	a	244	

biomass	at	maximum	sustainable	yield	of	40%,	a	value	that	is	consistent	with	the	stock	245	

assessment	for	coral	trout	(Leigh	et	al.,	2014).	Reform	was	modeled	as	a	reduction	in	the	annual	246	

fishing	mortality	rate.	Individual	fishers	(n	=	777	before	reform)	had	a	fixed	proportional	share	of	247	

the	total	harvest,	so	annual	harvest	by	individual	fishers	increased	if	biomass	increased.		248	

	 	249	
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Table	2	Parameters	for	the	fishery	model.	Values	in	parentheses	indicate	values	used	in	250	

sensitivity	analyses.		251	

Parameter	 Values	 Details	

Biomass	before	reform	 20%	(5-60%)	of	unfished	

biomass	

See	(Leigh	et	al.,	2014,	Hopf	et	

al.,	2016)	

Fishing	mortality	rate	(annual)	

before	reform	

0.15	 Calculated	to	give	a	biomass	of	

20%	relative	to	unfished	level	

Intrinsic	growth	rate	per	year	 0.56	(0.05-0.75)	 Calculated	using	age	at	

maturity	and	mortality	rate	

parameters	in	Little	et	al.	

(2009)	and	using	equation	8	

from	(Myers	et	al.,	1997).		

Growth	curve	parameter:	ϕ	 0.188	 Set	so	that	BMSY	occurs	at	

40%	of	unfished	biomass,	

consistent	with	resilience	of	

some	coral	trout	species	

(Leigh	et	al.,	2014)	

Discount	rate	 3%	(1%	-	10%)	 Assumed	
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Number	of	fishers	before	

reform	

777	 Number	of	boats	using	lines	to	

fish	for	coral	trout	species	in	

Queensland	in	2003	(State	of	

Queensland	and	Department	

of	Agriculture	Fisheries	and	

Forestry,	2010)	

Standard	deviation	of	fisher	

catch	shares	(logged)	before	

reform		

1.064	(multiples	of	10,	25,	50	

and	120%)	

See	text	

Standard	deviation	of	fisher	

catchabilities	(logged,	median	

catchability	=	1)	

0.31	(multiples	of	10,	25,	50	

and	120%)	

See	text	

Correlation	between	fisher	

catchabilities	and	catch	shares	

before	reform	

0	(-0.6,	0.6)	 Assumed,	see	text.		

	252	

	253	

Influence	of	social,	economic	and	biological	context	on	the	economic	efficiency	and	equity	of	reforms	254	

Triple-bottom-line	outcomes	may	vary	depending	on	the	social,	economic	and	biological	255	

characteristics	of	a	fish	stock.	To	explore	the	role	of	social,	economic	and	biological	factors	in	256	
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triple-bottom-line	outcomes	we	ran	additional	sensitivity	analyses	for	an	idealized	fish	stock	257	

where	we	varied	key	parameters.	Across	the	parameter	ranges	we	compared	the	percent	258	

difference	in	net	present	value	between	the	most	efficient	and	the	equitable	scenarios	when	the	259	

target	for	biomass	recovery	was	set	to	maximize	equilibrium	yield	(BMSY).	We	chose	this	biomass	260	

target	because	it	is	a	commonly	used	reference	point	in	fisheries	management.	We	also	compared	261	

the	equity	of	the	most	efficient	scenario	at	the	same	biomass	reference	point.			262	

The	social	sensitivity	analysis	examined	the	effects	of	heterogeneity	among	fishers.	We	ran	263	

simulations	where	we	randomly	generated	fishers,	drawing	their	individual	catchabilites	and	264	

catch	shares	from	multivariate	log-normal	distributions	(Table	2).	We	ran	simulations	across	265	

values	for	the	variation	in	catch	shares	that	ranged	10	to	120%	the	values	calculated	for	the	coral	266	

trout	fishery	(Table	2).	We	also	ran	simulations	across	a	range	of	values	for	heterogeneity	in	267	

catchabilities.	The	baseline	standard	deviation	in	catchabilities	was	set	at	1/3	that	for	the	268	

empirical	distribution	of	catchabilities	for	coral	trout,	because	the	standard	deviation	estimate	269	

from	the	empirical	distribution	was	biased	by	over-dispersion.	For	each	parameter	setting	we	270	

simulated	100	random	realisations	of	the	distributions.	However,	the	large	number	of	fishers	(n	=	271	

777)	effectively	removed	any	sampling	effects,	so	in	the	results	we	only	present	the	means	across	272	

the	100	randomised	fishery	allocations.		273	

The	economic	sensitivity	analysis	examined	the	effect	of	different	discount	rates	and	correlations	274	

among	endowments	and	catchabilities	on	triple-bottom-line	outcomes.	High	discount	rates	are	275	

often	implicated	in	unsustainable	fishing	(Teh	et	al.,	2013),	so	we	varied	the	discount	rate	from	276	

low	values	to	higher	values	(>10%)	that	could	represent	private	discount	rates	values.	We	also	277	

simulated	scenarios	where	fishers’	catch	shares	and	individual	catchabilities	were	uncorrelated,	278	

negatively	correlated	or	positively	correlated.	Positive	correlations	between	catches	and	279	
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catchabilities	may	occur	when	fishers	target	multiple	species,	so	that	fishers	that	specialize	on	a	280	

particular	species	will	have	both	higher	catches	and	a	greater	efficiency	at	catching	that	species	281	

(Leigh	et	al.,	2014).		Alternatively,	a	negative	correlation	may	occur	if	fishers	with	lower	282	

efficiency	attempt	to	catch	more	fish	to	make	up	for	profit	losses	through	inefficiency.		283	

The	biological	sensitivity	analysis	examined	the	effects	of	stock	growth	rate	and	initial	stock	284	

depletion	level	on	triple-bottom-line	outcomes.	We	ran	simulations	where	the	stock’s	intrinsic	285	

rate	of	increase	was	varied	across	values	that	represent	fish	species	ranging	from	slow	growing	286	

to	fast	growing	species	(Caddy,	2004).	Stock	depletion	levels	were	varied	from	5%	to	60%	of	287	

unfished	biomass.		288	

Results	289	

Coral	reef	fishery	290	

Net	present	value	was	maximized	at	10%	above	the	pre-reform	value	and	at	a	low	biomass	(32%	291	

of	unfished	biomass)	when	catch	shares	were	distributed	to	maximize	NPV	(Fig	2A).	The	net	292	

present	value	was	40%	lower	(down	to	6.2%	of	above	the	status-quo)	than	the	most	efficient	293	

scenario	when	catch	shares	were	distributed	equitably,	because	of	restrictions	on	the	most	294	

efficient	fishers.		295	

	 	296	



20	 Brown	et	al.	2017	Trade-offs	in	triple-bottom-line	
outcomes	when	recovering	fisheries,	Fish	and	Fisheries	

	297	

	298	

Figure	2	Trade-offs	in	triple-bottom-line	outcomes	for	the	coral	reef	fishery.	(A)	The	profit	–	299	

biomass	trade-off	when	effort	restrictions	are	shared	so	that:	profits	are	maximized,	proportional	300	

losses	are	equal	(either	of	the	proportional	equity	norms),	or	absolute	losses	are	equal	(i.e.	the	301	

equal	losses	norm)	(A).	Equity	measures	for	of	catch	shares	(B)	and	individual	fisher	net	present	302	

values	(C)	when	effort	restrictions	are	allocated	to	maximize	profits.	Equity	was	calculated	using	303	

the	Gini	coefficient,	such	that	a	value	of	1	is	perfectly	equitable.		304	

	305	

Next	we	examine	equity	of	catch	shares	and	profits	when	restrictions	were	distributed	to	306	

maximize	net	present	value.	If	restrictions	on	fishing	were	increased	(to	achieve	higher	fish	307	

biomass)	the	equity	of	the	equal	loss	and	proportional	losses	norms	(Table	1)	also	increased,	308	

because	catch	losses	could	be	equalized	across	more	fishers	(Fig	2B).	Proportional	outcomes	309	

equity	decreased	for	greater	restrictions.	If	restrictions	were	small	then	all	fishers	had	nearly	the	310	

same	catch	share	before	and	after	the	management,	so	the	proportional	outcomes	equity	(Table	311	

1)	in	catch	shares	after	reforms	was	near	perfect.	If	restrictions	were	great	many	of	the	least	312	

efficient	fishers	were	required	to	give-up	their	catch	shares	and	proportional	outcomes	equity	313	

was	low.		314	

(a)

−10

0

10

20 30 40 50 60
Biomass (% of unfished)

N
et

 p
re

se
nt

 v
al

ue
 re

la
tiv

e 
to

 p
re
−r

ef
or

m
 (%

) 

Highest NPV
Proportional loss
Absolute loss

(b)

0.00

0.25

0.50

0.75

1.00

20 30 40 50 60
Biomass (% of unfished)

Eq
ui

ty
 o

f c
at

ch
 s

ha
re

Equal losses
Proportional outcomes
Proportional losses

(c)

0.00

0.25

0.50

0.75

1.00

20 30 40 50 60
Biomass (% of unfished)

Eq
ui

ty
 o

f p
ro

fit

Equal losses
Proportional outcomes
Proportional losses



21	 Brown	et	al.	2017	Trade-offs	in	triple-bottom-line	
outcomes	when	recovering	fisheries,	Fish	and	Fisheries	

The	equity	of	the	most	efficient	scenario	when	measured	using	proportional	outcomes	norm	was	315	

similar	whether	equity	was	measured	over	catch	shares	or	individual	net	present	values.	(Fig	316	

2C).	However,	when	the	equal	losses	and	proportional	losses	norms	were	measured	over	317	

individual	NPV	they	had	non-linear	responses	to	the	level	of	catch	restrictions.	Equity	decreased	318	

for	small	catch	restrictions	because	the	most	efficient	fishers	gained	relatively	greater	profits	as	319	

the	stock	recovered.	This	trend	reversed	when	targets	for	biomass	recovery	were	greater	than	320	

25%	of	the	unfished	biomass,	because	greater	catch	restrictions	meant	profit	losses	were	321	

equalized	across	more	fishers.		322	

Influence	of	social,	economic	and	biological	context	on	the	economic	efficiency	and	equity	of	reforms		323	

Heterogeneity	in	fishers’	catchabilities	was	an	important	determinant	of	improvement	in	the	324	

fisheries	NPV	under	the	most	efficient	plan.	Moderate	heterogeneity	in	catchabilities	before	325	

management	reform	meant	the	most	efficient	plan	could	achieve	higher	NPV	for	the	same	326	

biomass	level	when	compared	to	scenarios	with	low	heterogeneity	(Fig	3).	The	net	present	value	327	

at	BMSY	was	under	the	equitable	plans	were	similar	across	all	levels	of	variation	in	catchabilities.	328	

Thus,	the	difference	in	NPV	between	the	most	efficient	plan	and	the	equitable	plans	was	driven	329	

by	the	most	efficient	plan	achieving	higher	NPV	when	heterogeneity	was	greater,	rather	than	the	330	

equitable	plans	performing	worse.	For	very	high	heterogeneity	(logged	sd	>0.4)	catchabilities	331	

were	over-dispersed	such	that	just	a	few	fishers	had	the	highest	catchabilities.	When	332	

heterogeneity	was	over-dispersed,	there	was	a	slight	(<1.5%)	decline	in	the	benefits	of	the	most	333	

efficient	scenario	over	the	equitable	scenarios.		334	
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	335	

Figure	3	Effect	of	individual	variation	in	catchabilities	(x-axis)	and	catch	shares	(lines	of	different	336	

color)	on	the	outcomes	of	equitable	planning	relative	to	the	most	efficient	plan,	at	the	maximum	337	

NPV.	(a-c)	for	proportional	losses	equity	and	(d-f)	for	equal	losses	equity.	(a,	d)	for	negative	338	

correlation	between	shares	and	profit,	(b,	e)	for	uncorrelated	shares	and	profit	and	(c,	f)	for	339	

positively	correlated	shares	and	profit.		340	

	341	

The	profitability	of	the	equitable	plans	relative	to	the	most	efficient	plan	was	sensitive	to	342	

correlations	between	individual	catch	and	efficiency,	due	to	a	sampling	effect	(Fig	3).	When	343	

heterogeneity	in	catch	shares	was	high,	there	was	more	likely	to	be	fishers	with	very	small	total	344	

catch.	When	fishers	with	the	smallest	catch	had	the	highest	efficiency	(negative	correlation	Figs	345	

3a	&	d)	the	equitable	plans	had	proportionally	more	of	an	effect	on	most	efficient	fishers,	thereby	346	

equitable	plans	had	lower	overall	value	when	compared	to	simulations	with	no	correlation	(Figs	347	

3	b	&	d).	The	reverse	was	true	when	there	was	a	positive	correlation	between	catchabilities	and	348	
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catch	shares	(Figs	3c	&	f),	such	that	the	equitable	plans	had	a	relatively	smaller	effect	on	the	most	349	

efficient	fishers,	who	also	had	larger	catches.		350	

The	equity	of	the	most	efficient	plan	increased	for	all	equity	norms	if	heterogeneity	in	351	

catchabilities	was	increased	from	low	to	high	values	(Fig	4),	because	the	most	efficient	plan	352	

affected	more	fishers	when	variability	was	high.	Interestingly,	the	proportional	losses	norm	353	

approached	perfect	equity	for	high,	but	not	overdispered,	heterogeneity	in	catchabilities	(Fig	4b).	354	

The	equal	losses	equity	norm	also	decreased	if	heterogeneity	in	catch	shares	increased,	because	355	

there	were	greater	numbers	of	fishers	with	very	low	catches	that	may	lose	their	entire	catch	356	

share	from	reform	(Fig	4a).		357	

	358	

	359	

Figure	4	Equity	of	the	most	efficient	plan	for	varying	levels	of	heterogeneity	in	catchabilities	and	360	

catch	shares	under	the	(a)	equal	losses	(b)	proportional	losses	and	(c)	proportional	outcomes	361	

equity	norms.		362	

	363	

Higher	discount	rates	reduced	the	efficiency	of	all	plans,	because	longer-term	gains	from	364	

recovery	were	discounted	against	the	short-term	losses	to	the	fishery.	Overall,	the	relative	365	
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increase	in	NPV	from	efficient	planning	versus	equitable	planning	was	greatest	at	discount	rates	366	

of	~7%.	For	higher	discount	rates	the	NPV	was	more	strongly	weighted	to	immediate	losses	by	367	

the	most	efficient	fishers	when	compared	to	longer	term	gains	from	recovery	that	benefitted	all	368	

participants	in	the	fishery.		369	

The	NPV	of	the	most	efficient	plan	was	greatest	for	fish	stocks	with	moderate	to	fast	growth	rates	370	

(r	>	0.25)	and	at	intermediate	levels	of	depletion	(Fig	5).	There	was	little	trade-off	between	371	

equity	and	NPV	for	slow	growing	stocks,	because	overall	returns	from	reforming	fishing	were	372	

low.	The	most	efficient	plan	had	the	greatest	NPV	relative	to	the	equitable	plans	at	intermediate	373	

depletion	levels	because	the	benefits	of	recovery	were	greatest	over	intermediate	timespans.		374	

The	equity	of	the	most	efficient	plan	was	also	sensitive	to	stock	growth	rate	and	the	initial	375	

biomass	level.	Equal	loss	and	proportional	outcomes	equity	norms	both	decreased	as	stock	376	

biomass	approached	the	biomass	at	maximum	sustainable	yield,	or	stock	growth	rates	were	377	

lower.	Equity	was	lower	for	higher	biomass	and	lower	growth	stocks	because	reforms	meant	378	

lower	reduction	in	overall	catches,	so	there	was	less	opportunity	to	spread	these	evenly	across	379	

fishers.	Equity	as	measured	by	the	proportional	loss	norm	increased	for	stocks	that	were	closer	380	

to	the	biomass	at	maximum	sustainable	yield	or	had	higher	growth	rates,	because	fewer	fishers	381	

were	required	to	reduce	their	catch	shares.	382	

	383	
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	384	

Figure	5	Effect	of	stock	status	and	fish	population	growth	rate	on	the	outcomes	of	equitable	385	

planning	relative	to	the	most	efficient	plan	that	maximizes	the	maximum	NPV	for	proportional	386	

losses	equity.	Results	for	equal	losses	equity	were	similar.		387	

	388	

Discussion	389	
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entire	fishery	and	the	potential	to	recover	stock	biomass	(e.g.	Brown	and	Mumby,	2014,	Costello	391	

et	al.,	2016,	Weijerman	et	al.,	2016),	and	do	not	explicitly	consider	equity	of	individual	losses.	We	392	
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fisheries	reform	are	desirable	both	ethically	(Lam	and	Pitcher,	2012)	and	because	equitable	395	

proposals	for	reform	may	be	more	likely	to	gain	support	from	fishing	industries	(Loomis	and	396	

Ditton,	1993).	Thus,	expectations	that	recovering	fisheries	can	enhance	profits	(e.g.Costello	et	al.,	397	

2016)	should	be	evaluated	against	the	ability	of	recovery	plans	to	simultaneously	achieve	social	398	

objectives.		399	

Social	norms	were	important	in	determining	the	equity	of	recovery	plans,	thus	our	findings	400	

suggest	that	decision	makers	should	identify	how	stakeholder’s	perceive	equity.	Equal	and	401	

proportional	losses	equity	norms,	where	resources	acquired	for	conservation	are	treated	as	402	

losses	to	fishers,	will	tend	to	become	more	equitable	if	more	fishers	are	affected.	In	contrast,	the	403	

proportional	outcomes	norm,	which	focuses	on	the	catch	fishers	have	after	management	reform,	404	

will	tend	to	become	less	equitable	if	more	fishers	are	affected.	Thus,	how	the	equity	of	a	plan	is	405	

perceived	by	fishers	will	depend	on	whether	individuals	compare	their	losses	or	their	outcomes	406	

with	other	fishers.	Further	research	should	address	whether	fishers	perceive	the	justice	of	407	

redistribution	in	terms	of	the	equitable	apportionment	of	reforms	or	in	terms	of	relative	408	

deprivation	of	fishing	opportunity	(Loomis	and	Ditton,	1993).	Management	plans	that	use	an	409	

appropriate	measure	of	equity	for	distributing	the	burden	of	reform	should	be	more	likely	to	be	410	

met	with	acceptance,	leading	to	a	greater	chance	of	long-term	recovery	(Halpern	et	al.,	2013,	411	

Loomis	and	Ditton,	1993).		412	

The	effect	of	equitable	outcomes	on	recovery	was	contingent	on	the	social,	economic	and	413	

biological	context	of	the	fishery.	In	general	fisheries	that	have	historically	been	more	heavily	414	

exploited	and	where	discount	rates	are	lower	have	more	to	gain	from	recovery	efforts.	However,	415	

the	extent	to	which	profits	and	biomass	could	be	improved	was	constrained	by	heterogeneity	in	416	

fisher’s	individual	catch	efficiencies.	When	heterogeneity	in	catchabilities	was	greater,	there	were	417	
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potentially	greater	gains	to	be	made	in	net	present	value	by	restricting	the	catch	shares	of	the	418	

least	profitable	fishers.	Thus,	the	level	of	heterogeneity	among	fishers	will	determine	whether	the	419	

triple-bottom-line	can	be	met	in	recovery	plans.		420	

Our	finding	suggests	that	planning	for	equitable	outcomes	will	be	most	important	in	fisheries	421	

with	extreme	heterogeneity	in	resource	use.	For	instance,	economically	efficient	recovery	of	tuna	422	

stocks	would	target	low	efficiency	fishing	methods,	like	artisanal	fishing.	However,	artisanal	423	

fishers	may	receive	disproportionate	economic	and	livelihood	opportunity	for	their	catches,	424	

when	compared	to	industrialized	fisheries	(Hanich,	2012).	Therefore,	relative	economic	425	

opportunity	of	different	types	of	fishing	should	be	considered,	as	it	has	been	in	some	fisheries	426	

conventions	(CCSBT,	2015,	Bailey	et	al.,	2013).		427	

A	caveat	to	our	coral	trout	case-study	was	the	lack	of	individual	level	data	on	catches.	Individual	428	

level	data	is	necessary	to	assess	heterogeneity	in	fishers	and	whether	catch	and	efficiency	are	429	

correlated.	We	found	that	positive	correlations	in	catch	and	efficiency,	where	the	most	efficient	430	

fishers	also	have	the	greatest	catch,	mitigated	trade-offs	in	the	triple-bottom-line,	whereas	431	

negative	correlations	worsened	the	trade-offs.	Ideally,	individual	level	data	should	be	collected	432	

and	analyzed	to	assess	heterogeneity	among	fishers	when	developing	management	plans.	433	

However,	obtaining	individual	level	estimates	of	catch	efficiency	may	add	to	the	cost	of	434	

developing	management	plans	and	therefore	may	not	be	feasible	for	small-scale	fisheries	with	435	

limited	management	budgets.	Management	costs	can	be	optimized	in	analyses	of	436	

overexploitation	risk	(Little	et	al.,	2016)	and	such	frameworks	could	be	a	useful	starting	point	to	437	

consider	the	added	value	of	individual	level	data.			438	

Our	coral	trout	case-study	was	also	a	simplification	of	the	real	policy	process	that	lead	up	to	and	439	

followed	the	2004	coral	trout	fishery	reform.	For	instance,	the	fishery	reform	was	in	part	a	440	
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response	to	an	increase	in	the	area	of	no-take	marine	reserves	on	the	Great	Barrier	Reef.	441	

Previous	modeling	studies	suggest	that	expansion	of	the	no-take	areas	combined	with		442	

restrictions	on	catch	were	beneficial	to	both	the	ecological	and	economic	state	of	the	fishery	443	

(Little	et	al.,	2011,	Hopf	et	al.,	2016).	However,	these	studies	did	not	consider	impacts	to	444	

individual	fishers,	and	spatial	displacement	of	fishers	by	protected	areas	may	also	have	445	

contributed	to	perceived	inequities	in	the	reform	process	(Macintosh	et	al.,	2010).	The	reform	of	446	

fishery	management	in	the	Great	Barrier	Reef	marine	park	and	adjacent	waters	serves	to	447	

highlight	the	importance	of	considering	equitable	outcomes.	Perceived	inequities	may	have	448	

contributed	to	a	budget	blow-out	in	government	assistance	to	affected	fishers.	The	cost	of	the	449	

reform	in	2004	to	fishing	industry	was	initially	estimated	at	$13.68	million	gross	value,	however	450	

the	assistance	package	of	payouts	to	affected	fishers	and	businesses	is	estimated	to	have	cost	451	

government	$250	million,	which	is	partly	attributed	to	political	backlash	against	reforming	452	

fisheries	(Macintosh	et	al.,	2010).		453	

Our	model	did	not	consider	alternative	economic	instruments	that	could	aid	efficient	recovery	454	

plans.	For	instance,	fisheries	recovery	plans	are	often	implemented	through	buy-back	schemes	455	

(Squires,	2010),	as	was	the	case	for	the	coral	trout	fishery	(Macintosh	et	al.,	2010).	The	least	456	

efficient	fishers	will	often	have	the	strongest	incentive	to	participate	in	the	buy-back	because	457	

they	are	at	a	competitive	disadvantage	in	fish	markets.	Individual	transferable	quotas,	whereby	458	

fishers	are	allocated	tradable	catch	shares	will	also	influence	equity	of	participation	in	the	fishery	459	

over	the	longer-term	(Péreau	et	al.,	2012).	While	our	model	did	not	explicitly	consider	trading	460	

dynamics,	transferable	quotas	may	generally	worsen	equity	issues	in	fisheries	where	users	have	461	

high	heterogeneity,	unless	specific	regulation	is	brought	in	place	to	limit	the	redistribution	of	462	

effort	(Péreau	et	al.,	2012).	Conversely,	equity	issues	may	be	mitigated	by	allowing	for	463	

redistribution	of	harvest	shares	to	fishers	disadvantaged	by	the	reform	(e.g.	Carothers,	2011).	464	
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While	we	did	not	consider	these	other	economic	instruments,	our	results	do	highlight	the	465	

importance	of	considering	different	equity	norms	when	evaluating	different	reform	options,	466	

because	the	outcome	was	dependent	on	the	equity	norm.		467	

Equitable	plans	are	fundamental	to	successful	conservation	of	natural	resources	(Halpern	et	al.,	468	

2013),	but	to	date	equity	has	received	limited	attention	in	recovery	plans	for	fisheries,	which	469	

have	tended	to	focus	on	biological	constraints	and	economic	efficiency	(e.g.	Costello	et	al.,	2016,	470	

Hopf	et	al.,	2016).	We	have	shown	that	trade-offs	between	equitable	and	economically	efficient	471	

recovery	plans	may	hinder	timely	recovery	of	fish	stocks.	Assessing	variability	in	the	catch	and	472	

efficiency	of	individual	fishers	is	critical	to	creating	equitable	recovery	plans	that	are	more	likely	473	

to	be	well	received	by	industry.		474	
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