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Purpose and Research Question

Great Lakes Fisheries

– Economically and ecologically valuable industries

– Heavily invaded and threatened by non-indigenous aquatic species

– Currently under threat from bighead carp, introduces new food web,
biomass, and recreation impacts

When invasions are spatially-explicit and species-specific, what
biases exist in welfare estimates when one or both is ignored?
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Approach for Adding Space and Species

Computable General

Equilibrium (CGE) Model

Component I:
Incorporate Atlantis Model
(Fulton et al., 2011)

Component II:
Use household production
function approach to find
zone-level recreation demand

(Bockstael and McConnell, 1981)
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Contributions

I. Include Recreation and Non-Market Values within the CGE

• Estimate impacts outside of the CGE, use those estimates to shock it
(Seung et al., 1999, 2000; Watts et al., 2001; Lew and Seung, 2010;
Hussain et al., 2012)

• Treat recreation demand as a constant proportion of spending on wildlife
(Zhang and Lee, 2007)

II. Address Welfare Biases by Adding Space and Species

• Use a household production approach at a global scale to determine land
preservation scenarios

(Blandine et al., 2008)

• Allow for flexible demand equations, consider non-separability of use and
non-use values in utility

(Carbone and Smith, 2013)
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Model: Utility Nesting Structure

4



Model

Step 1: The representative consumer from household h maximizes utility by choosing
consumption of the fishing composite, F , and the composite good, X , subject to his
budget constraint:

max
Xh,Fh

Uh = Uh(Fh,Xh) s.t. Yh = pXXh + pFFh.

Step 2a: He maximizes X by choosing his consumption of each individual non-fishing
good, xj :

max
xj

X = X (x1, x2, ..., x9) s.t. Y − pFF =
∑
j

xjPAj j = 1, 2, ..., 9.

Step 2b.1: He maximizes F by choosing his desired utility from fishing in each of the
zones, fz :

max
fz

F = F (f1, f2, ..., f5) s.t. Y − pxX =
∑
z

pfz fz z = 1, 2, ..., 5.

Step 2b.2: The consumer produces zone-level subutility using trip and quality inputs.
He minimizes production costs for each zone:

min
w1

z ,qz
p1

zw1
z + pq

zqz s.t. fz = fz (w1
z , qz ) ∀z.

Step 2b.3: The final step is to minimize total cost of producing quality, qz .

min
w2

z ,sb
p2

zw2
z +

∑
b

pzsb sb s.t. qz = qz (w2
z , sb) ∀z, ∀b = 1, ..., 10

Utility
5
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Comparative Analysis Approach

Compare Space and Species (SBSP) Model to:

– Species-Specifics Only (SBO)

– Space Only (SPO)

– No Space, Nor Species (NSS)

Initial approach: Aggregation is a summation over zones, species, or both
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Preliminary Welfare Results: All Models

Discounted CV Measure for All Models
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The SBSP Story: Zone-Level Biomass Impacts
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The SBSP Story: Average Changes
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The SBO Story: Biomass Impacts and Average Changes
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The SPO Story: Biomass Impacts
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The SPO Story: Average Changes
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The NSS Story: Biomass Impacts and Average Changes
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Results Summary

Main Stories From Each Model

– SBSP: Most desired species impacted in all zones, leads to higher quality
demands, redistributions of resources

– SBO: Totaled species biomass values, deflates invasion impacts, reduces
welfare implications compared to SBSP

– SPO: No species-specifics, invasion appears a net positive, substitutions
for cost-effective fishing improves welfare slightly

– NSS: Aggregations over both, removes substitutions and flexibility,
underestimates welfare as compared to SBSP and SBO

Takeaway: Both space and species-specifics matter; aggregating out one

or both may bias welfare estimates
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Figure 1: Firm Nest
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Figure 2: Utility Nest
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Figure 3: Composite Good Nest
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Step 1: Maximize Utility

Explicit form for the first level of optimization:

max
X ,F

U =
(
θF δ + (1− θ)X δ

) 1
δ

s.t. Y = pXX + pFF .

– Share of fishing in utility is θ; share of composite good is (1− θ)

– Elasticity of substitution is ∆, transformed to δ = ∆−1
∆

– Composite good price is pX ; fishing comp. price is pF ; disposable income is Y

Demand equations for F and X :

F =

(
θ

pF

)∆
(

Y

θ∆p1−∆
F + (1− θ)∆p1−∆

X

)

X =

(
1− θ
pX

)∆
(

Y

θ∆p1−∆
F + (1− θ)∆p1−∆

X

)

Back



Step 2a: Maximize X

The composite good X is a CES function of the j = 1, 2, ..., 9 other non-fishing goods.

Explicit form for the optimization:

max
xj

X =

∑
j

κjxj
ρx

 1
ρx

s.t. Y − pFF =
∑
j

xjPAj

Demand equations for each good:

xj =

(
κj

PAj

)σx( Y − pFF∑
j κj

σxPAj
1−σx

)
∀j

Deriving the expenditure function from the indirect utility function and using the
budget constraint, gives the price index for X :

pX =

∑
j

κj
σxPAj

1−σx

 1
1−σx

.

This price index is the connection between the top and second level in the nest.

Back Comp



Step 2b.1: Maximize F

The fishing composite, F , is a CES function of the subutility from fishing in each
zone, fz , for z = 1, 2, ..., 5.

Fishing composite optimization:

max
fz

F =

(∑
z

βz fz
ω

) 1
ω

s.t. Y − pxX =
∑
z

pfz fz

Demands for zone-level subutility:

fz =

(
βz

pfz

)Ψ
(

Y − pxX∑
z βz

Ψpfz
1−Ψ

)
∀z

Composite price index for F :

pF =

(∑
z

βz
Ψpfz

1−Ψ

) 1
1−Ψ

This connects the second level of utility to the top level, on the fishing side.

Back Utility



Step 2b.2: Minimize costs of producing fz

The consumer produces subutility from fishing in different zones, using travel/trip (or
quantity) inputs and quality inputs.

Cost minimization problem for all zones:

min
w1

z ,qz
p1

zw1
z + pq

zqz

s.t. fz = ϕz (αzw1
zρz + (1− αz )qzρz )

1
ρz

Input demand equations for all zones:

w1
z =

(
fz

ϕz

)(
αzϕzcz

p1
z

)σz
qz =

(
fz

ϕz

)(
(1− αz )ϕzcz

pqz

)σz
Unit cost function for all zones :

cz =
1

ϕz

(
ασzz p1

z 1−σz + (1− αz )σz pq
z 1−σz

) 1
1−σz

This unit cost function for each fz is equal to pfz and acts as the connection between
this step and the one above it.

Back Utility



Step 2b.3: Minimize the total cost of producing qz

The final step is to minimize the cost of producing qz by choosing species biomass
demand sb and quality-enhancing inputs w2:

min
w2

z ,sb
p2

zw2
z +

∑
b

pzsb sb

s.t. qz = ψz (φqew2
z εqes +

∑
b

φbsb
z εqes )

1
εqes .

Optimization yields the following input demand equations,

w2
z =

(
qz

ψz

)(
φqeψzczq

p2
z

)σqes
,

sb
z =

(
qz

ψz

)(
φbψzczq

psb
z

)σqes
∀b,

and a unit cost equation

cq
z =

1

ψz

(
φ
σqes
qe p2

z 1−σqes +
∑
b

φb
σqes psb

z 1−σqes

) 1
1−σqes

.

Since cqz is equivalent to pqz , this last piece connects this lowest level to the one
above it.

Back Utility



Equations in Calibrated Share Form: Step 1

Fishing Composite Demand:

F = F̄
( ex
ēx

)∆−1
(
pF

p̄F

)−∆(Y

Ȳ

)
Composite Good Demand:

X = X̄
( ex
ēx

)∆−1
(
pX

p̄X

)−∆(Y

Ȳ

)
Unit expenditure for overall consumption:

ex = ēx

(
θ

(
pF

p̄F

)1−∆

+ (1− θ)

(
pX

p̄X

)1−∆
) 1

1−∆

Cost share of fishing composite in benchmark:

θ =
p̄F F̄

p̄F F̄ + p̄X X̄

Connections to the next nest:

pF = exf unit price of fishing composite = unit expenditure on fishing

pX = exx unit price of composite good = unit expenditure on comp. good

Back



Equations in Calibrated Share Form: Step 2a

Demand for All Other Goods (AOG):

xj = x̄j

(
exx

¯exx

)σx−1
(
PAj

P̄Aj

)−σx(
pXX

Ȳ − p̄F F̄

)

Baseline total expenditures on all other goods must satisfy:

Ȳ − p̄F F̄ = p̄X X̄

Unit expenditure on the composite good:

exx = ¯exx

∑
j

κj

(
PAj

P̄Aj

)1−σx
 1

1−σx

Cost share of each good in the composite, in benchmark:

κj =
P̄Aj x̄j∑
j P̄Aj x̄j

Connection to system:

PAj - is determined in the full set of equations from the equilibrium conditions for
supply and demand and the Armington price equation

Back



Equations in Calibrated Share Form: Step 2b1

Demand for fishing subutility

fz = f̄z

(
exf

¯exf

)σf −1(pfz
p̄fz

)−σf ( pFF

Ȳ − p̄X X̄

)
Baseline total expenditures on fishing must satisfy:

Ȳ − p̄X X̄ = p̄F F̄

Unit expenditure on the fishing composite:

exf = ¯exf

(∑
z

βz

(
pfz
p̄fz

)1−σf
) 1

1−σf

Cost share of each zone subutility in benchmark:

βz =
p̄fz f̄z∑
z p̄fz f̄z

Connection to the next nest:

pfz = cfz unit price (value) of subutility in each zone = unit cost of producing subutility

Back



Equations in Calibrated Share Form: Step 2b2

Trip Input Demand for all z:

w1 = w̄1

(
cfz ¯pw1

c̄fz pw1

)σz(
fz

f̄z

)

Quality Input Demand for all z:

qz = q̄z

(
cfz ¯pqz
c̄fz pqz

)σz( fz

f̄z

)

Unit cost function for zone subutility:

cfz = c̄fz

(
αz

(
pw1

¯pw1

)1−σz

+ (1− αz )

(
pqz
¯pqz

)1−σz
) 1

1−σz

Benchmark share of trip costs in the production of zone subutility:

αz =
¯pw1

w̄1

¯pw1
w̄1 + ¯pqz q̄z

Connections to the system and the next nest:

pw1
determined in the full system

pqz = exx unit price of quality = unit cost of producing quality



Equations in Calibrated Share Form: Step 2b3

Quality Enhancing Input Demand for all z:

w2 = w̄2

(
cqz ¯pwz

2

¯cqz pwz
2

)σqeb( qz

q̄z

)

Species Biomass Demand for all z and b:

sb
z = ¯sbz

(
cqz p̄sz

b

¯cqz psz
b

)σqeb( qz

q̄z

)

Unit cost function for zone quality production:

cqz = ¯cqz

(
αqz

(
pwz

2

¯pwz
2

)1−σqeb
+
∑
b

αb

(
psz

b

p̄sz
b

)1−σqeb
) 1

1−σqeb

Benchmark share of species biomass demand and QE inputs:

αb =
pz
sb

sbz∑
b p

z
sb

sbz + pwz
2
w2

z
αqz =

pwz
2
w2

z∑
b p

z
sb

sbz + pwz
2
w2

z
∀b, z

Connections: pw2
determined in the full system and cqz = pqz



Figure 4: SAM Part I
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Figure 5: SAM Part II
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Biomass Charts: Individual Species
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% Change in Biomass: Burbot
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Biomass Charts: Individual Species
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% Change in Biomass: Chinook

-5
0

5
-5

0
5

20
15

20
20

20
25

20
30

20
35

20
40

20
15

20
20

20
25

20
30

20
35

20
40

20
15

20
20

20
25

20
30

20
35

20
40

Zone1 Zone2 Zone3

Zone4 Zone5

Pe
rc

en
t C

ha
ng

e

 

% Change in Biomass: Coho



Biomass Charts: Individual Species
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% Change in Biomass: Lake Trout
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% Change in Biomass: Lake Whitefish



Biomass Charts: Individual Species
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% Change in Biomass: Rainbow Semlt
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% Change in Biomass: Steelhead



Biomass Charts: Individual Species
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% Change in Biomass: Walleye
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% Change in Biomass: Yellow Perch



Biomass Changes By Zone
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Biomass Changes By Zone
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Biomass Changes By Zone
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Biomass Changes By Zone
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Biomass Changes By Zone
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