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Overarching Theme

Biloeconomic
modeling is necessary
for empirical analysis
of fisheries data

= Models prevent us from
drawing spurious
inferences

= e e = Models guard against bad

T e e policy decisions based on
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Outline

= |conic bioeconomic models of the fishery
* Introduces 5 well-known models
* Summarizes main insights
* Highlights some surprises and a few empirical examples

=+ |n-depth Application: Fishery Collapse Revisited (Li and smith MRE 2021)

* Applies the iconic models to the debate about catch-based metrics

e Shows that catch-based metrics are highly misleading and perform even worse than previous
critics have suggested



lconic bioeconomic models

Biological Management of Fisheries
1. Maximum Sustainable Yield

Unmanaged Fisheries
2. Static Open Access Gordon JPE (1954) and Copes SJPE (1970)
3. Dynamic Open Access V. Smith AER (1968) and JPE (1969)

Economic Management of the Fishery
4. Maximum Economic Yield clark and Munro JEEM (1975), Clark (1976)
5. Optimal Escapement Reed JEEM (1979)
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1. Biological Management:
Maximum Sustainable Yield



Biological Management — Maximum Sustainable Yield

H=F (X ) Harvest takes the net biological growth F(X)
max H{x} =F (X ) Maximize sustainable harvest
, Take derivative of net biological growth, set to 0, solve for target
F (X ) =0 stock, plug back into F(X), and solve for target harvest

Example: Logistic growth

|=(x)=rx(1->%<)

F'(X):r—2r>%<:0
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Defining “Overfished”

HMSY

Xuisy K X (Stock of Fish)
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Defining “Overfishing”

HMSY

Xmsy Stock of Fish
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Overlap is “overfished” and “overfishing”
Surprise: could be overfished but not overfishing or overfishing and not overfished

HMSY

Overfished
(not overfishing)

Xmsy Stock of Fish
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2. Unmanaged Fishery:
Static Open Access



Unmanaged Fishery: Static Open Access
Gordon (1954, Journal of Political Economy)

H — q EX Harvest proportional to fishing effort (E) and the fish stock (X)

F (X ) — FX (1_ >%<) — H Harvest extracts the net biological growth F(X)

T = PH . CE — O Rent (profit) = Revenue — Cost = 0 (in equilibrium)



3 implications of Gordon (1954)

- Excess economic costs (rent dissipation)
- Biological overexploitation
- Surprise: MSY not optimal

Optimal Rent Decreasing Costs

» ) H=F(X)
\ «—___ lIso-Costs

ck

Revenues

/

E* E E Xopen access XI\/ISY

open access
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Unmanaged Fishery: Static Open Access

An empirical implication of Gordon (1954) is the backward-bending
supply of fish Copes (1970)

Backward-bending Open Access Supply of Fish

C i 5207
Hgg = 1 — A
5T Py ( Pgﬁ’> :

i | | i i i
0 2000 4000 6000 8000 10000 12000 14000
Eaulibrium Quantitv Supplied (MT)

Surprise: Higher price can actually decrease the long-run supply of fish!



Application: Backward-bending Duke | Euisassooouer v :
supply of bluefin tuna with age structure

90+ ";‘ “\\
gggo&:\ \ $200kg e Surprise: Multiple bends are
kg Y, \ . . .
| ’ theoretically possible with age
1950: §
s M structure
% 50 -
- 40+
B * We find just one backward-bending
0 price, but it increases over time
[T
R  Both market context and

Catch Quantity (metric tons) x10°

management drive outcomes in the

An Age-Structured Backward-Bending Supply of Fish: fishe ry |

Implications for Conservation of Bluefin Tuna

Qingran Li, Julia Bronnmann, Rachel Karasik, Martin F. Quaas, and Martin D. Smith

J. Assoc. of Env. And Res. Economists 2021
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3. Unmanaged Fishery: Dynamic
Open Access



Unmanaged Fishery: Dynamic Open Access
V. Smith AER (1968) and JPE (1969)

* Models stocks dynamics

* Models entry/exit based on Gordon zero-rent

equilibrium

* Only one additional parameter — the economic speed

of adjustment
* 2 0ODEs

 Stable focus (spiraling) equilibrium in continuous time

X(t)

k(t)= (1) 1-= =

—QqE(t)x(t)

E(t) =y [ pagE(t)x(t) —cE(t)]

|

Speed of adjustment

Fishing Effort

10.5 -

Open Access Phase Space

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Biological Stock



Unmanaged Fishery
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Wilen MRE (2018)

800,000 1,000,000 1,200,000

: Dynamic Open Access

Diving the time series into bins, “the correlation
coefficients between fleet size and catch-per unit-
effort (the stock proxy) in each bin are: -0.94, -0.75,
-0.98, 0.96, and -0.82."

Abbott, Sanchirico, and Smith MRE (2018)

Could wrongly conclude Malthusian spiral and
have draw the opposite policy conclusions (see

Smith Science 2014 critique of Brashares et al.
Science 2014)

Surprise: Fishing effort and the fish stock can be negatively or positively correlated
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4. Optimal Dynamic Management:
The Maximum Economic Yield



Optimal Dynamic Management — The Maximum Economic Yield

=+ Clark and Munro JEEM (1975)
* Maximize present value rents (profits) subject to stock dynamics
= The solution defines the Maximum Economic Yield (MEY) stock and

harvest (or effort) levels

The Optimal Control Problem
max j ez (H (), X (t) )dt
0
S.L.

X(t)=F(X()-H(t)

The Present Value Hamiltonian

H=rz(H(@),X®)+A0[F(X@®)-

First Order Necessary Conditions

oH o
oH oH
oH = ~ or

——— = A(t)-SA(t) =—=—— A(t)F'(X(t
= = A0 -84 ==~ AOF (X 1))

—(t) =0

Transversality

lim__ A(t)X(t)=0

H () |

19



Optimal Dynamic Management — The Maximum Economic Yield

orn

O=F '( X ) + oX_ Fundamental Equation of Renewable Resource Economics
orn
oH F(x) MEY without

=  Growth rate of financial stock effects MEY with

capital equals growth rate of stock effects
natural capital + stock effect

= Stock effect depends on
whether a large stock
reduces costs or the stock
has non-market value

= Surprise: MEY stock could
be larger or smaller than
MSY (economic
management could be more
conservationist than
biological management)
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5. Optimal Stochastic Dynamic
Management:
The Reed Model



Optimally managed fishery — stochastic recruitment

=+ Reed JEEM (1979
ee ( ) Rt+1)=Z®)f(S®))

= Escapement-based

management often used { [ 1 RO c n
for anadromous fish BPV = EQ&i=o (1+6)tf5(t) (p )dx |

= Surprise: under some NS
plausible conditions, (S ( f(S))/(P ~ g) =1+09.

optimal management
involves a constant
escapement of fish

each year H*(t) = max{Z(t — Df(S(t —1)) — S*, 0}

22
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misleading predictions about resource scarcity

= By extrapolating path “global . -
collapse of all taxa currently . -
fiShEd by 2048” (Worm et al, 2006) 20 -

30

by year

r=0.96
P<0.0001

%)

Collapsed taxa (%

40

~* Fishery collapse is defined B
by a 10%-rule: 1

60

catches dropping below | cumulative. 0% 4

70

10% of the recorded . _w

80 T T T T T T
1970 1980 1990 2000

maXImum 1950 1960 Vear

Source: Figure 3A — “Trajectories of collapsed fish and invertebrate taxa over

the past 50 years” (Worm et al, 2006)
24



Number of stocks by status (%)
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Stock status plots still use catch-based metrics

100

g0

g0

7o

g0

a0

40
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20
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Year (n = 300)
Em Febuilding o Deweloping Exploited . Ower exploited sl Collapsed

Source: Sea Around Us, http://www.seaaroundus.org/stock-status-plots-method/
Accessed 3/20/20



http://www.seaaroundus.org/stock-status-plots-method/
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History and debate about catch-based metrics and the 10% rule

=+ Froese and Kesner-Reyes (2002) and the
FAO

= Based on catch records only COMMENT

In=needs

'P!L:I:WLII:I;‘II | h : Ih:r::wrd | T of i rrnu_-.in'l':l :'lh-_':uluh i fight
ha=picrs predict T F r::rru_-l:lylmpl‘l L 1;-! ik

= Critics
» Stochastic process (Wilberg and Miller Science 2007;
Branch et al. 2011)
e Assessment models (Carruthers et al. 2012)
* Empirical comparison to assessed fisheries (Branch et al.

2011)
= Pauly, Hilborn, and Branch debate in - Z
Nature 2013 DOSE Eitcl:il nrfef%ect
POINT 5 o FHMEE:I:HTEHFIJIN: o

Yes, it is a crucial signal No, itis 1m5]eadmg

Thea sy dustaavadh b born! Hehesiong-et howeighl of Haf My fator s corwecl o b o e e !
et cachyear, e Damicl My Hcrma o Fay 1E o ond Trovor 4. Brasch.




Why should policy scientists care?

=+ the 10%-rule defining collapse is highly influential

* Worm et al. (2006) highly cited (4,303 cites in GS as of 3/24/20), cited specifically for collapse
result 39% of the time and more often in fisheries and policy journals (Branch PLoS One 2013)

* Still has prominent proponents, e.g. D. Pauly and Sea Around Us

= Economists use the 10%-rule as an outcome measure in empirical
analyses that make causal claims about policy

® (Catch shares (Costello et al., Science 2008, Annual Rev Res Econ 2010)
* Subsidies (Sakai, Land Econ 2017)
®* Trade (Erhardt, JAERE 2018; Eisenbarth, JEEM 2022)

= Arguments for and against the 10%-rule are not grounded in

bioeconomic theory

* Human agency, institutions, and behavior are ignored in catch-based metrics

* |Ignoring institutions and human can reverse conclusions about fisheries management (Smith
and Wilen JEEM 2003; Smith, Zhang, and Coleman JEEM 2008) and ability to draw causal
inferences about policy (Ferraro, Smith, and Sanchirico PNAS 2019)

27



What we do

= Evaluate the performance of the 10% rule in a series of numerical
experiments that account for how institutions, economic incentives,
and biological factors shape the catch data generating process

= Show conditions under which the 10% rule generates false negatives
and false positives by simulating dynamic paths of catch records
when the true stock status is known

= Conclude that all results based on the 10% rule are rendered
meaningless because they fail to condition on critical institutional,
economic, and biological factors



Experimental Design

* For a given institutional arrangement and biological and economic
parameters:

e Simulate the dynamic path of fishing effort, catch, and stock
Compare the catch in each period to the maximum historic catch in all previous periods

Evaluate performance of the 10% rule when the true fishery is “collapsed” (< =10% of carrying
capacity) or “not collapsed”

False negative means true fishery is collapsed in steady state but 10% rule fails to identify it
False positive means true fishery is not collapsed in steady state but 10% rule does flag it

= 3 institutional types
* Dynamic open access
* Optimal management using MEY
* Rebuilding fisheries to target MSY



Rebuilding experiments based on MSY management
= Simulate pure open access fishery with non-collapsed but overfished
steady state

= Save maximum harvest

= Choose maximum constant harvest rate that enables rebuilding to
MSY level within 5 (or 10) years

= Check for false positives

30



Open access experiments

=+ Non-dimensionalized V. Smith AER (1968) model with logistic
growth

* Harvest: H(t) = qE(t)X(t)

X(©) =rX(@©)(1 - X)) — H(t)

E@) =y(pH(t) — cE(t))

* Stock-Effort dynamics:

=+ A “collapsed” fishery at 10% of carrying capacity, i.e. X, = i = 0.1



Optimally managed fishery - deterministic
Clark and Munro JEEM (1975)

max f e =St (pH(E) — cE(1)) dt
0
st. 0 <E(t) < E™max
X)) =rX(@©)(1—X(t)) — H(t)

H(t) = qE(®)X(t)
Most Rapid Approach defined by the optimal steady-state stock (X™) (MEY
Stock), effort (E*) (MEY Effort), and the bang-bang control rule:

0 if X()< X'
E@Q)=Eif X()=X
Check for false positives E™if X (1) > X

32



Optimally managed fishery — stochastic recruitment

=+ Simulate fisheries under

optimal escapement f1(S) ( f(S))/(P - ‘) =1+o.
with different amounts
of stochasticity Solve implicit function for S*

= Check for false positives H* (1) = max{Z(¢ — Df (S~ 1) = 57,0}

when harvest falls
below 10% rule

33



Results — rebuilding to MSY
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False positives with 5-year rebuilding plan

(a) Scenario of 5-year rebuilding plan

e
Ln

X

speed of adjustment, ~
o o

=5
&n

» stock fails to rebuild
* rebuilding harvest is below 10% historical max
* rebuilding harvest is above 10% historical max

0.5

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
intrinsic growth rate, r 35
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False positives with 10-year rebuilding plan

(b) Scenario of 10-year rebuilding plan

o
tn

Cad

speed of adjustment, ~
N b

=i
tn

=1

» stock fails to rebuild
rebuilding harvest is below 10% historical max
* rebuilding harvest is above 10% historical max

=
tn

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

intrinsic growth rate, r
36



Results — Pure open access when
actual fishery is collapsed in
steady state



The 10% rule can generate false negatives in pure open access
fisheries along the approach path

(a) Catch comparing to historical maximum - fast adjustment

—
=]
=]

]

p——

% of max catch
=5

(=]

Time
(b) Stock comparing to carrying capacity - fast adjustment

%‘m-

g i —when catch above 10% maxCatch

5 —=when catch below 10% maxCatch

£ sof

&

@

[ ]

,SE C- | — | | | |
0 10 20 10 40 50 &0 0 ) % 100

Time 38



The 10% rule generates false negatives in pure open access
fisheries when economic adjustment is slow

(c) Catch comparing to historical maximum - slow adjustment

—
=]
=]

% of max catch
=

—
S'-—"‘prlse: ) 10 2 39 @ 5 B0 0 ® L,
Did not change the steady Time
state and performance > (d) Stock comparing to carrying capacity - slow adjustment

2100
changed dramatically g —when catch above 10% maxCatch

8 ==when cafch below 10% maxCatch

£ s}

£

i}

&)

B

E.E 0 | | | I | | | | | |

0 10 2 3 4 5) G ] B % 100
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False negatives more likely with high intrinsic growth or slow
speed of adjustment

= steady-state harvest is below 10% historical max
min harvest is below 10% historical max
® harvest never falls below 10% historical max

Correct

speed of adjustment, ~

Inconsistent,

depends on time

40

intrinsic growth rate, r



Results — Pure open access when
actual fishery is not collapsed in
steady state
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False positives more likely with low intrinsic growth or fast

speed of adjustment

5
= steady-state harvest is below 10% historical max

“ min harvest is below 10% historical max
®" harvest never falls below 10% historical max

nt, ~

stme

25

speed of adju
ra

—
[51]

Correct

[y

<
o

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
intrinsic growth rate, r
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Surprise: the 10% rule is unable to decipher true status of the fishery

5

Correct prediction when X = 0.1

speed of adjustment, ~
M
(8]

Very thin region
of overlap

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
infrinsic growth rate, r 43



Results — optimal management



Surprise: False positives
common under optimal
management

Maximum catch based on
Most Rapid Approach Path
to the optimal steady state

Duke
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(a) Ratio of equilibrium catch to historic max decreases with cost
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600

Z ~ log-normal, mean{Z)=1
500

I var(z) = 0.04
. var(2)=0.08

e Surprise: false positives are baked
E 300

into optimal dynamic stochastic
management

* More stochasticity worsens the
B problem

100

; hﬁi .
0 0.1

0.2 0.3 0.4

I
0.5 0.6 0.7

0.8 0.9
Share of catch falling below 10% historical max
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Discussion



Implications of findings

* 10% rule useless for stock status plots
* 10% rule useless as an outcome measure in comparative work

= Serious questions about other catch-based metrics that fail to
condition on institutional and economic factors

* Need to redo or re-evaluate empirical findings based on the 10%
rule



Reflections on “collapse”

= Jared Diamond’s definition: “By collapse, | mean a e
drastic decrease in human population size and/or [ Asc SRRt
political/economic/social complexity, over a
considerable area, for an extended time” (2005,

p. 3).
= Diamond’s findings debunked by historians and
archeologists

=* From McAnany and Yoffee (2010):

* “might these abandoned places, in many cases, be just as

accurately viewed as part of a successful strategy of survival, part 0
of human resilience?” (p. 6). G 0 I_ I_A P S E
* “societies modify their practices in response to perceived crises” T e e

(p. 12) AND THE AFTERMATH OF EMPIRE

49
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Decreasing costs — false negatives after

(a) Catch comparing to historical maximum - costs decrease

% of max catch

% of carrying capacity

100

100

oo
[}

=]
=

-8
=

[
[}

Initial pericd - correct negatives

Transition period

Final period - false
negatives

50 60 70 80 a0 100
Time
(b) Stock comparing to carrying capacity - costs decrease
when catch above 10% maxCatch
when catch below 10% maxCatch
| | | | | | | |
10 20 30 40 50 60 70 80 80 100
Time
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Increasing costs — false positives after

(a) Catch comparing to historical maximum - costs increase

100
Initial period - correct negatives Transition period Final period - false

80 - sitives
= po
=
o
[
%
E
k3]
= \/—\

.................................................................................... s & 5 5 5 55§ 5§ 5 8 5 R EE R
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Time
(b) Stock comparing to carrying capacity - costs increase
100

= ——when catch above 10% maxCatch -
E 80 when catch below 10% maxCatch
o
]
[
o
=
c
©
L]
k3]
=

0 | | | | | | | |

0 10 20 30 40 50 60 70 80 890 100

Time 53



% of max catch

% of carrying capacity

Add stochasticity to open access (process and observation error)

100

50

100 1

_(a) Catch comparing to historical maximum - fast adjustment

1 1 1 1 ]

40 60 80
Time
(b) Stock comparing to initial level - fast adjustment

when catch above 10% maxCatch

= \when catch below 10% maxCatch

0 20

40 60 80
Time

100

% of max catch

% of carrying capacity

100

50

100

50

(c) Catch comparing to historical maximum - slow adjustment

0 20 40 60 80 100
Time
) (d) Stock comparing to initial level - slow adjustment
when catch above 10% maxCatch
when catch below 10% maxCatch
0 20 40 60 80 100

Time
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Results — extensions to pure open
ACCesS



Extensions to open access

Introduce critical depensation in the stock dynamics
* Afishery that crosses the critical threshold (K;) on an extinction path should be diagnosed as

collapsed

0.35

0.25

[Extension] critical depensation

0 0.2 0.4 0.6 0.8 1

fish stock, x

56
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catch when stock crosses
the point of no return

spe

is too late to avoid extinction

==
&n

5 O N e e | 16

. 5 \ Scenarios i »
Surprise: the 10% rule 4 \ where stock

fails when it is needed most! | isalways
38 ! above K|, :

Eﬂ 3 | ‘|| i 10
With low cost, the 10% rule ___- :

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
cost of effort, ¢
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Supplementary slides for Num Exp.2

= Obti i Y R S RN CUNY ] e
Optimal steady-state x _4[(pq+1 T)+\/(pq+1 °) +20), = F(X)

A

H=0
Harvest-
isocline

X=0(H=FX))
Stock-isocline

Harvest rate, H

cT, X°1

S
[l

X* BMSY =05

Stock Ievel, X 58
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High harvest along the approach path

Harvest Path

Harvest
rate, H

X=0(H=FX) H=0
Stock-isocline Harvest-isocline with higher c

Stock level, X
59



NICHOLAS SCHOOL OF THE E

ENVIRONMENT &

Duke

Optimal management with Cobb-Douglas

= High cost scenario with ¢ = 0.5

Phase Diagram with h = gE*x

04+ Optimal stock path, x, =1, x = 0.57
1
xdot=0
035 L | ssszsszas hdot=0 —
O path x
=7 0.3
03 Q
7]
- 025 i 1 ] 1 ] 1 ] 1 1
o 0
'@ W . 0 10 20 30 40 50 60 70 80
% 02r ‘ Time, t
= ! : Optimal harvest path, h, = 0.47, h'= 0.12
£ 0151 06
% ‘ 10% max catch
0.1F 8 04¢
© .
= :
0.05 - g 0.2 ,
tU lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
=
0 1 1 1 1 o 1 1 1 1 1 0 1 Il 1 Il 1 Il 1 ]
0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 0 10 20 30 40 50 60 70 80
stock, x Time, t
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Optimal Management with Cobb-Douglas

= | ow cost scenario with ¢ = 0.05

Phase Diagram with h = qE°'5x

04 ¢ 1 Optimal stock path, x, =1, X =0.47
xdot=0
03 EH ] e hdot=0 =
RULLPN O path x k
o" "- _‘é‘ 05 7
03| % 8
®
£ 025¢
m— ; . 0 1 1 1 1 1 |
E H 0 10 20 30 40 50 60 70 80
% 02F B : Time, t
= Optimal harvest path, h = 1.7, h" = 0.12
£ 015} : 06 ¢
% ‘_ 10% max catch
01+ $04¢E
© :
005 B o2l
: e
]
e
0 1 1 1 - 1 1 1 1 1 0 1
04 02 03 04 05 06 07 08 09 0 10 20 30 40 50 60 70 80
stock, x Time, t

61



NICHOLAS SCHOOL OF THE '@ag

ENVIRONMENT §

Duke

Different thresholds of critical depensation

Critical depensation threshold KO = 0.05 Critical depensation threshold KO = 0.2
Catch as a percentage of historic max when stock falls below K0 Catch as a percentage of historic max catch when stock falls below K
5- | 14 5
3
4.5 45
12
4 4
10
35
<35 -
[ -—
o) c
E 3 8 E 3
T 3 T 25
B 25T 6 kS
L B
o 3 2
o Q
& 2 ?
4 15
1.5
1
2
1
05
0.5
01 015 02 025 03 035 04 045 05 04 015 02 025 03 035 04 045 05

cost of effort, ¢ cost of effort, ¢
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