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This manuscript uses seminal models in fisheries economics to assess the ecosystem
effects of policy focused on sustainable management of a single fish stock.
Economic models representing fishing decisions under open access and two fisheries
management schemes are parameterized using data from the four management units
in the Lake Erie Yellow Perch (Persus flavenscens) fishery and linked with an end-to-end
ecosystem model representative of the lake food web and spatial species interactions.
We find that the sustainable harvest rules from single species economic models result in
significant changes to biomass of species in planktivorous, omnivorous, and piscivorous
groups in the ecosystem model. These impacts can be traced through the food
web back to harvest rules implemented in the management units. Most notably, the
biomass of several non-target but also commercially harvested fish species are reduced
through Yellow Perch fishing. In some cases, the economic losses to coexisting fisheries
exceeds benefits gained from implementing the Yellow Perch management scheme. Our
results imply that while an ecosystem-based approach to fisheries management requires
weighing trade-offs between multiple fisheries, an ex ante understanding of the whole-
system consequences of harvest rules can be critical for developing policy that overall
enhances ecological and social wellbeing.

Keywords: fisheries management, bioeconomics, socio-economic feedbacks, food web modeling, natural
resource economics

INTRODUCTION

There is increasing awareness that a single-species focus of fisheries management can lead
to undesired impacts on food webs including habitat and overfishing of non-target species
(Jennings and Kaiser, 1998; Murawski, 2000; Lotze, 2004; Pikitch et al., 2004). Ecosystem-
based fishery management (EBFM) is a management approach that intends to sustain the
ecosystems in which fisheries operate, meaning that food web linkages within an ecosystem
are recognized and that overall ecological condition becomes a management priority (Brodziak
and Link, 2002). There is growing consensus that an EBFM approach is necessary to achieve
sustainable fisheries management, especially since in most systems multiple fisheries exist
simultaneously (Fulton et al., 2014). As fishing pressure combined with environmental stressors can
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result in unintentional ecological outcomes and perhaps even
fishery collapse, understanding the consequences of harvest
and management decisions on food webs is becoming more
imperative (Kaplan et al., 2010; Holsman et al., 2016). For
managers, the ability to understand the food web effects of
regulatory decisions before implementing a policy eliminates
some of the need for trial-and-error adjustments based on
ecological or economic pressures (Latour et al., 2003).

While many marine fisheries are moving toward
implementing EBFM [see Pitcher and Cochrane (2002) for
examples of various existing EBFMs], actual adoption is
complicated due to the data and information required to
understand the food web effects of species harvest. End-to-end
ecosystem models such as Ecopath with Ecosim (Christensen and
Walters, 2004) and Atlantis (Fulton et al., 2004) can be used to
predict ecological responses to policy by coupling environmental
processes and energy flows within the natural system with fishery
models. Published work using end-to-end models has shown that
not only is there “no one size fits all” management strategy for
fisheries but that modeling target species with ecosystems models
leads to different policy recommendations (Fulton et al., 2014,
2019; Smith et al., 2015; Howell et al., 2021). End-to-end models
have the capability of providing insight into the whole-system
ecological consequences in designing EBFM (Dichmont et al.,
2010; Punt et al., 2010).

In addition to the ecology, understanding how humans
respond to and are economically impacted by regulatory
decisions is critical to assessing whether EBFM achieves the
desired outcomes from a social standpoint. Bioeconomic models
evaluate the relationship between species stocks and fishing
activities to evaluate the economic and biological outcomes of
management decisions. These models vary in complexity, from
non-spatial single species population models represented by
logistic growth functions to spatial models representing multiple
fisheries. While these models are informative, selecting which
species within the food web to represent in the model can result
in unforeseen ecological impacts from fisheries not captured
in the bioeconomic framework. Pairing bioeconomic models
with a more complete representation of the ecosystem allows
for more complete understanding of the ecological impacts
of fishing decisions and mechanisms driving the changes in
policy development.

Integrated ecological-economic fisheries models (IEEFMs)
[see Nielsen et al. (2018) for a list of IEEFMs] evaluate the
ecosystem implications of management scenarios or changes
to environmental conditions. Although an abundance of
IEEFMs exist with varying applications, to date, most existing
bioeconomic fishery models lack robust representation of human
decision-making (i.e., just the harvest rule is modeled) or has a
limited representation of system ecology. Finnoff and Tschirhart
(2003) develop a bioenergetic multi-species model that pairs
with a computable general equilibrium economic model to
determine ecosystem and regional economic impacts of fisheries
in Alaska, but use a limited food web. Jin et al. (2003) develop
linear economic and ecological models that link to evaluate
feedbacks between the economic and ecological systems, but
the linkages are limited by the assumed functional relationships.

Kaplan and Leonard (2012) combine an economic input-output
model with an Atlantis end-to-end ecosystem model to assess
the ecological and economic outcomes of gear restrictions and
area closures. In a model representing a multi-stock prawn
fishery, Dichmont et al. (2008) evaluates the economic and
ecological impacts of maximum sustainable yield and maximum
economic yield as management objectives in the Australian
Northern Prawn Fishery but do not consider the implications of
how the harvest rule is allocated among fishers (e.g., tradeable
quotas). Subsequent work in the same study system evaluated
fleet responses to a tradeable quota system (Pascoe et al., 2011)
and gear restrictions (Kompas et al., 2010). These assessments
evaluate the stock effects to the target species, but do not link the
bioeconomic frameworks to a complete ecosystem model.

This manuscript addresses the question: what are the
impacts of single species fishery management approaches on
the whole ecosystem? We answer this question by developing
a bioeconomic model that represents the tradeoffs faced by
an individual vessel when deciding how much to effort to
invest in fishing as a function of prices, costs, and the stock
of the species. We pair the bioeconomic fishery model with a
food web model that represents the ecosystem of Lake Erie.
Using this linked economic-ecological modeling framework,
we can evaluate the corresponding economic returns, system-
wide harvest levels, and resulting target and non-target species
biomasses under different fisheries management. We compare
the results from an open access (no management) with two entry-
limiting management schemes: individual vessel quotas (IVQs)
and individual transferrable quotas (ITQs). The results of our
behavioral model can then be used as inputs into a system-wide
food web simulation to determine the ecosystem effects of harvest
and management decisions.

We apply our model to the Lake Erie commercial Yellow
Perch (Persus flavenscens) fishery, which is jointly managed
by the United States and Canada. Both countries receive a
proportion of the determined total allowable catch (TAC) and use
different regulatory frameworks (IVQs and ITQs, respectively)
to distribute the TAC to fishers in the commercial fishery.
We compare the stock levels and net revenues generated from
each management scenario and then feed our behavioral model
results into the ecological model to simulate the impacts of
harvest decisions on the whole ecosystem. Our contribution
to the literature is two-fold. First, we develop an economic
models to assess behavioral responses to fisheries management
frameworks in Lake Erie. Second, we assess how the Lake Erie
food web, including the populations of simultaneously harvested
species, is influenced by the single-species harvest decisions. This
work furthers understanding of ecological and socio-economic
dimensions of managing ecosystems and provides a framework
for assessing policies that utilize an EBFM approach.

MATERIALS AND METHODS

Our model has three fundamental components. First, we
develop economic models that represents the decisions made
by individual vessels that participate in a commercial fishing
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industry under the relevant regulatory frameworks. This allows
us to assess how vessels choose their fishing capacity in
each harvest season based on market conditions, regulatory
constraints, their individual vessel characteristics, and current
species biomass levels. Then we introduce a regulatory agency
that sets a fishing quota for the target species based on the current
state of the target species stock and distributes the right to fish to
vessels. Finally, we feed the results of the bioeconomic model into
an ecological model of Lake Erie developed by Zhang et al. (2016)
to simulate the ecological response of the fishing pressure on a
target species as well as food web linkages to non-target species.

To evaluate the ecological and economic outcomes of
regulating a commercial fishery, we derive behavioral models of
decisions made by the individual vessel that is flexible enough
to represent different fisheries management scenarios that can
be compared with models of an unregulated open access fishery
and a model of a centrally managed fishery to illustrate the
inefficiencies of open access. Then we derive effort decisions
using modified models that represent two regulatory structures-
IVQs and ITQs to illustrate changes in fishing effort, harvest, and
the resulting species biomass from open access.

The Bioeconomic Model
Behavioral Model of an Open Access Fishery
Following the seminal work of Schaefer (1957) and the related
work of Bjørndal and Conrad (1987) and Conrad (2010) we
begin by developing a model of an unregulated open access
fishery. Suppose a fishery within one body of water is divided
into multiple spatial fishing zones or management units (MUs),
and each unit operates as its own managed fishery, meaning
participants can only fish in one of the units per decision
period. The behavioral models developed below represent
decisions made individual vessels, which can be summed to
understand actions of the entire commercial fishing fleet in a
single management unit. In our study system there are four
management units. Under open access, vessels that participate in
the fishery are free enter and exit the fishery based on economic
outcomes. Vessels operating within the management unit harvest
a quantity of species biomass Hi in each decision period t. Harvest
follows a linear Schaefer production function (Schaefer, 1954)
and is a function of the chosen level of fishing effort Ei (t) by
vessel i, the current fish stock biomass X(t) and a management
unit-specific catchability coefficient q1:

Hi(t) = qX(t)Ei(t). (1)

Summing the individual vessel harvest decisions produces the
total annual harvest for the management unit:

H(t) =
n∑

i=1

Hi (t) . (2)

The fish stock is modeled as a renewable resource, which is
denoted by its biomass at time t, X(t). The fish stock grows

1It may be more realistic to assume that each fisher has a unique catchability
coefficient, but we lack the data to estimate individual coefficients so assume
an average catchability coefficient for each vessel that operates in the
management unit.

according to the function f (X (t)), which is. In each decision
period, the commercial fishery collectively removes biomass H(t)
through harvest. The evolution of the species stock therefore
follows:

dX(t)
dt
= f (X (t))−H(t) (3)

in which harvest is constrained by the current biomass of the
resource stock 0 ≤ H (t) ≤ X (t) . From here on we eliminate
time notation for brevity.

Assuming no constraints on entry vessels participating in the
commercial fishery are price takers and receive an ex-vessel price
p per unit of biomass harvested. The profit function for vessel i
can be represented as:

max
Ei

πi = pHi − ci (Ei) . (4)

The variable cost of fishing is represented by ci(Ei). Under open
access, from the vessels’ first-order necessary condition, vessels
will choose to operate at a level of effort that equates average
revenue per unit of fishing effort with marginal cost per unit of
fishing effort:

pqX = ci
′ (Ei) . (5)

This condition produces two pieces of information. First, it
provides insight whether each vessel will participate in the fishery
in the decision period. Following economic production theory,
each vessel will choose to fish if their average cost per unit of
effort is greater than the minimum point of the average cost
per unit effort ci(Ei)

Ei
curve and will choose not to fish (Ei = 0)

otherwise. The second piece of information is the level of effort
chosen. Assuming an explicit functional form for ci(Ei), each
vessel will solve Eq. 5 for their optimal choice of fishing effort
E∗i (t). These effort decisions are updated in each period as the
stock size changes in response to harvest decisions.

This open access outcome is not economically or biologically
efficient. When a renewable resource is managed under open
access, there is no payment for fish stock- an important input
to production- in the harvest decision. This ignored value of the
fish stock is referred to as natural resource rent. In the case of
many natural resources that have a rental value, the value stems
from the fact that the has a clearly defined property right. The
magnitude of resource rent in a fishery is a function of time,
current stocks of the resource, and exploitation levels; the larger
the stock size, the larger the potential for positive profits and
therefore resource rent. In an open access fishery, the chosen
level of effort, and therefore harvest, by individual vessels is
too high because there is no payment for use of the fish stock
as an input to production and reducing the fish stock biomass
and eventually dissipating the fishery’s resource rent. Often this
results in overfishing. Lower species biomass implies less stock
growth and in subsequent fishing seasons it may be more effort
intensive to catch fish.

A Model of an Optimally Managed Fishery
Before developing models of behavioral response to fishing
regulations we present a model of an optimally managed fishery,
which is solved from the perspective of a central fishery manager.
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The two fishery management models below aim to replicate
the outcome of the central manager but are not equivalent to
the optimally managed fishery because managers lack the full
information such as vessels’ cost and value functions required
to solve the optimal management problem. As a result, the
regulatory policies are intended to mimic the outcome of the
optimally managed fishery model derived here by implementing
policies that alter the incentives faced by participants in the
fishery but will not match them exactly.

Following Clark (1980), suppose a manager can choose the
number of vessels that operate in a fishery N and effort expended
by each vessel Ei to maximize the net revenues earned in the
fishery. Their optimization problem follows:

max
Ei,N

N∑
i=1

[
pHi − ci (Ei)

]
(6)

subject to the equilibrium condition that in steady state (found
by setting Eq. 3 to zero), harvest will equal the growth rate of the
biological stock:

F (X) =

N∑
i=1

qXEi. (7)

The associated Lagrangian is:

L =
N∑

i=1

[
pHi − ci (Ei)

]
− µ

[
F (X)−

N∑
i=1

qXEi

]
. (8)

The new variable µ is a Lagrangian multiplier that is interpreted
as the marginal (shadow) value of an additional unit of the
resource stock. Taking the derivative of the Lagrangian with
respect to the two choice variables Ei and N produces the
necessary conditions for optimality:(

p− µ
)

qX = c′i (Ei) (i = 1, . . . , N) (9)

(
p− µ

)
qXEN = cN(EN) (10)

Equation 9 implies that the manager will choose a level of effort
for vessel i that equates the marginal revenue of an additional unit
of fishing effort with the marginal cost of effort to that vessel.
This is different than the result of the open access model, in
which effort is chosen by equating average value product (total
revenue divided by effort) with marginal cost (Eq. 5). Notably,
the optimally managed system includes an additional term on
the left-hand side of Eq. 9, µ , which is the shadow value of
an additional unit of the fish stock. This value is not associated
with an additional unit harvested, rather an additional unit in the
stock that remains in the natural system. This additional unit of
stock has value because, if not harvested, it contributes to stock
growth (through the biological growth rate, F (X)) and is also
available for harvest in subsequent fishing periods. Another way
to interpret this variable is an opportunity cost; by harvesting the
marginal unit of stock today, the individual is gaining benefits
in the current fishing period (in the form of revenue from
harvest) but at the expense of potential revenue earned in future
fishing periods.

In the open access fishery, vessels do not consider this shadow
value in their decision because there is no management of fishing
effort, guaranteeing that the fish stock will exist in perpetuity.
Vessels choose to expend more effort in the current decision
period because there is no regulation of behavior of vessels in the
fishery and therefore uncertainty in the future of the stock. This
is the so-called tragedy of the unregulated commons (Hardin,
1968). It is the shadow value that fishery regulators are attempting
to introduce when developing policy so that while vessels will
still not solve the optimal management problem, additional costs
or constraints will enter their decision models and alter the
incentives, steering vessels toward the socially optimal outcome.

Rearranging Eq. 10 and substituting the equality from 9 into
the left-hand side produces the condition that determines how
many vessels the manager will allow to operate in the fishery.
This condition states that the marginal entrant to the fishery
will operate where their marginal cost is equal to average cost,
implying a zero-profit condition for this marginal entrant but
others who are more efficient will receive positive profit (in the
case of fisheries, this is the resource rent)

c′N (EN) =
cN (EN)

EN
. (11)

Regulation of Fishing Effort
To steer a fishery toward the optimal outcome, fisheries managers
in our study system use a fishing quota to limit harvest in each
management unit, which is determined based on stock size.
The quota Q (t) is determined annually by conducting a stock
assessment and a target proportion of the population that can be
removed via harvest:

Q (t) = θX (t) (12)

where θ is a parameter that represents the proportion of the
total biomass the manager chooses to harvest in the commercial
fishery. In this analysis, we consider two fishing quota allocation
systems implemented by the commercial fisheries in our study
system. Individual vessel quotas (IVQs) allocate the total fishing
quota equally across each fisher that chooses to participate in
the fishery. The second allocation system is similar- each vessel
is allocated an equal share of the fishing quota but can transfer
(buy or sell) of any portion of their allocated quota. This system
is referred to as individual transferable quota (ITQ) system. In
an ITQ system fishers can benefit from choosing not to fish,
by selling their quotas and saving their operation costs. Though
total harvest is constrained the two regulatory scenarios allow
individuals to determine their fishing effort in a setting that is
not open access.

Fishing Behavior Under Individual Vessel Quotas
Following a modeling framework similar to Clark (1980) and
Asche et al. (2009), we begin by modeling an IVQ system. Under
an IVQ system, the fishing quota is split equally across vessels that
participate in the fishery so that each vessel can harvest Q

N = Qi
and the fishery manager specifies the number of vessels that can
enter the fishery. Since vessels can no longer operate at the level
they chose under open access, and now must solve a constrained
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optimization to determine their optimal choice of effort. Vessel i
chooses a level of effort that maximizes profit:

max
Ei

πi = pqXEi − ci(Ei) (13)

subject to their harvest constraint. We allow the constraint to be
non-binding, so vessels can harvest less than their quota, but not
more:

Hi ≤ Qi. (14)

The associated Lagrangian is:

L = pqXEi − ci (Ei)− λi [Hi − Qi] . (15)

By solving the problem using a Lagrangian we have introduced a
new variable, λi that has the interpretation of the marginal value
to vessel i of obtaining an additional unit of quota. Substituting
(1) into (15), the first-order necessary condition for optimality is

∂L
∂Ei
=
(
p− λi

)
qX − c′i (Ei) = 0 (16)

and the complementary slackness condition:

λi[qXEi − Qi] = 0. (17)

The inequality in Eq. 14 implies there are two possible scenarios:
the vessel chooses an effort level such that their harvest is less than
their quota allocation, or an effort level that equates harvest with
the quota allocation. If the vessel chooses an effort level such that
qXEi < Qi, then mathematically for (17) to hold, it must follow
that λ = 0. This condition has an interesting interpretation,
which is that an additional unit of allowable harvest allocated to
vessel i has no value to the vessel, meaning if they were to expend
further effort on fishing, the costs would exceed the benefits.
Returning to the interpretation of λi, it makes sense then that
the vessel would choose not to harvest their entire quota- they
would be losing money if they did so, and they certainly do not
have a beneficial use for more harvest quota! Alternatively, if
harvest equals the allocated quota, then the term in the square
bracket of (16) is zero implying that λi ≥ 0. If it is the case that
λi > 0, this implies that an additional unit of the quota would be
economically beneficial to the vessel; the marginal benefit of an
additional unit of harvest exceeds the additional costs. However,
given that quotas are not tradeable, so there is no way for this
vessel to earn that potential additional marginal benefit.

Because the IVQs are distributed evenly, some vessels may
choose not to meet their quota and others who wish to exceed
it but are constrained, we cannot assume that λi in Eq. 16 with µ

in Eq. 9 from the optimally managed fishery are equivalent. The
variables measuring two different values, one the marginal value
of the stock, another a marginal value of harvest. This regulatory
framework meets ecological objectives by constraining harvest
and managing the stock to a specific target, does not guarantee
economic efficiency.

Fishing Behavior Under Individual Tradeable Quotas
Again following the work of Clark (1980); Arnason (1990) and
the more recent work of Péreau et al. (2012), we develop the

second management possibility: the ITQ scenario where vessels
are allocated an initial quantity of quota Q−i . Quotas can be
traded in a lease market year to year for a market price m and
Qi represents the amount of quota held by vessel i after trade.
The market price for quotas is determined by the aggregate
demand function for quota units by all vessels in the fishery,
which is derived from vessel choices. When a vessel purchases
quota in addition to their initial allocation, their revenues are
reduced by m(Qi − Q−i ), or the price of the quota multiplied by
the quantity of additional quota purchased. When units of the
quota are sold, the same term determines revenue from selling
quotas. If quotas are sold Qi < Q−i the term in parentheses is
negative and the overall term is positive (negative multiplied by
a negative), adding to revenue. Assuming individual harvest is
equal to the final quota allocation for each vessel, Hi = Qi, under
an ITQ system the vessel chooses optimal choice of effort by
solving:

max
Ei

πi = pqXEi − ci (Ei)−m(qXEi − Q−i ) (18)

with first-order condition:

∂πi

∂Ei
=
(
p−m

)
qX = c′i (Ei) (19)

driving each vessels’ choice of fishing effort. When deciding to
harvest each vessel is weighing the net revenue gained from
fishing their quota limit and the potential benefit of additional
unit of the quota with the gains they could have earned by selling
quota units for the market-defined price, m.

To understand how individuals make the decision to purchase
or sell quotas, it is informative to rewrite the vessels’ profit
equation as a function of number of quotas the vessel chooses in
order to derive the vessels’ quota demand function:

πi = pQi − ci

(
Qi

qX

)
. (20)

The decision to buy or sell quotas is dependent on the marginal
benefit (revenue gained) from purchasing more of the quota
relative to the price of the quota. If the revenue gained from
harvesting additional biomass is greater than the price of a unit of
quota, the vessel will purchase more quota and increase harvest,
or if ∂πi

∂Q i
> m. If the revenue gained from additional harvest is

less than the price of a quota, ∂πi
∂Q i

< m, the vessel will sell units
of their initial quota allocation, Q−i . A vessel’s demand for quotas
can be found where:

∂πi

∂Q i
= m,

or the point at which the market price of the quota equals
the marginal benefit from acquisition of an additional unit of
quota. In other words, purchasing one more unit of quota would
result in a reduction in overall profit, as the marginal costs
of fishing exceed the revenue earned. The market price for
quotas is determined where quota supply

∑
Qi is equal to total

demand for quotas, which follows
∑ ∂πi

∂Q i
, summing each vessels’

marginal benefit function. Assuming heterogeneous fishing costs
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FIGURE 1 | Yellow Perch management units (MUs) in Lake Erie. Figure from Lake Erie Yellow Perch Task force annual report.

across vessels participating in the fishery, the aggregate demand
function will be a decreasing function of quota price. The
equilibrium quota price occurs where supply (total amount of
quotas available) is equal to aggregate demand. In the case that
the quota price has the exact value of µ in (9), then the ITQ-
regulated fishery achieves the socially optimal outcome although
this is highly unrealistic in an actual management scenario.

Application to Commercial Yellow Perch
Fishery in Lake Erie
To explore how management outcomes shape incentives for
participants in a fishery and quantify the resulting ecosystem
impacts, we pair the model with an end-to-end ecosystem model
developed to assess food web linkages in Lake Erie. Lake Erie
is the shallowest among the five Laurentian Great Lakes and
the most productive as it warms rapidly during the spring and
summer. Lake Erie is naturally divided into three distinct lake
basins: the western, central, and eastern basin. The western basin
is the most shallow, warm, and nutrient-rich, making it most
suitable for spawning and nursery habitat for juvenile fishes. The
central basin has the largest volume, and the eastern basin is the
deepest of the three and is oligotrophic. Because of the distinct
differences between the basins, each is significant to different
species or for different parts of a species’ life cycle. Further, the
basins have different amounts of habitat suitable for fish species
with different water temperature preferences (i.e., warm-water,
cool-water, and cold-water species).

Yellow Perch, the focus of our modeling efforts, is ecologically
important fish species in Lake Erie. Larval Yellow Perch are
pelagic and feed on zooplankton, then become demersal when
they grow to 20–25 mm in total length and feed on both
zooplankton and benthic invertebrates (Gopalan et al., 1998;
MacDougall, 2001; Roswell et al., 2013). Throughout all age
classes, the largest proportion of diet composition for Yellow
Perch are invertebrates, though the species has a wide diet
spectrum including zooplankton, benthos and prey fish (Roberts
et al., 2009). Yellow Perch have many natural predators such
as Walleye (Sander vitreus), Smallmouth Bass (Micropterus

dolomieu), Panfish species, Northern Pike (Esox lucius), and birds
(Rose et al., 1999; Johnson et al., 2001). In addition, recent
invasion of White Perch (Morone amercana) and Dreissena
mussels have negatively affected Yellow Perch populations
(Gopalan et al., 1998; Rutherford et al., 1999), while other invasive
species- Round Goby (Neogobius melanostomus) and Alewife
(Alosa pseudoharengus) both compete with juvenile Yellow Perch
but are prey for adult Yellow Perch (Truemper et al., 2006).

The United States and Canada jointly manage the Yellow
Perch fishery in Lake Erie through the Great Lakes Fishery
Commission (GLFC) which estimates a recommended annual
Yellow Perch harvest for each of the four Yellow Perch four
fishery management units (Figure 1) based on historic fishery
performance and current biomass estimates. The recommended
harvest within each management unit is then split between
United States and Canada based on jurisdictional surface area.
Each country allocates a proportion of the recommended
harvest to the commercial fishery and the rest to recreational
fishing. In this assessment we only consider harvest decisions
made by the commercial fishery based on available data. In
the commercial fishery, the United States issues non-tradeable
licenses to individuals to harvest a specified quantity of Yellow
Perch (an individual vessel quota system, IVQ) while Canada has
implemented a similar system but fishers can trade their licenses
(an individual tradeable quota system, ITQ).

Lake Erie Yellow Perch Fishery and Economic Model
Parameterization
The economic model and harvest rules are parameterized
using data from the GLFC Annual Yellow Perch Task Group
reports2 and personal communication with GLFC Yellow Perch
Task Group members. Historical data (1975–2020) on harvest,
biomass, and fishing effort were used to estimate catchability
coefficients for each management unit. We also use provided
data to estimate target harvest rules for each management unit.
The Canadian fishery uses gill nets and trawls, while the US

2Datasets were provided by the GLFC Yellow Perch Task Group but are
also available in the form of annual reports via http://www.glfc.org/lake-erie-
committee.php
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TABLE 1 | Parameter values used in the bioeconomic model simulations.

Parameter Description Value

q1 Catchability coefficient MU1 0.00006

q2 Catchability coefficient MU2 0.000085

q3 Catchability coefficient MU3 0.000072

q4 Catchability coefficient MU4 0.0000714

θ1 Total allowable catch parameter MU1 0.115

θ2 Total allowable catch parameter MU2 0.113

θ3 Total allowable catch parameter MU3 0.118

θ4 Total allowable catch parameter MU4 0.101

p Ex-vessel price per kilogram (US$) $6.14

X (0)1 Starting yellow perch biomass in MU1 (1,000s of kg) 2,294

X (0)2 Starting yellow perch biomass in MU2 (1,000s of kg) 5,331

X (0)3 Starting yellow perch biomass in MU3 (1,000s of kg) 6,024

X (0)4 Starting yellow perch biomass in MU4 (1,000s of kg) 1,535

fishery uses trap nets, which are fishing efforts measured in
different units. Here, we abstract from reality and use the same
catchability coefficient for both the IVQ and ITQ scenarios; this
is done so that the results of the three management scenarios
can be compared. The calculated catchability coefficients from the
United States estimates are used in the simulations (Table 1).

The limited availability of economic data for the fishery
required us to make some assumptions about some parameter
values, specifically the cost function. We use quadratic functional
form following Clark (2007) and use cost function parameters
similar to Péreau et al. (2012).

ci (Ei) = 50, 000+ c1Ei + 0.1E2
i . (21)

Cost heterogeneity between vessels is introduced through
c1, which is a uniform random variable over the interval
[360 × (1 − 0.4), 360 × (1 + 0.4)] to simulate 10 unique
cost structures to represent 10 different vessels in the fishery
with heterogeneous operating costs. This heterogeneity creates
differences in decisions for participation and chosen level of effort
and allows us to create a demand for fishing quotas and the
market price for quotas. Data shared by the Lake Erie Yellow
Perch Task Group indicated that across all management units the
US fishery distributes 18 commercial licenses (M. DuFour, Ohio
Department of Natural Resources, personal communication)
and the Canadian fishery distributed 188 licenses with 65
vessels reporting catch (M. Belore, Ontario Ministry of Natural
Resources and Forestry, personal communication). From the
same data source, the license fee for participation in the US
fishery (IVQ) was $800 per year. To initiate the simulations, the
biomass of the fish stock in each MU was set to the 1990–2020
average biomass in each management unit from data provided by
the Lake Erie Yellow Perch Task Group. Other parameters used
in the model are presented in Table 1.

Ecological Model
We use an Ecopath with Ecosim (EwE) model to represent
the ecosystem of Lake Erie and simulate the responses to
Yellow Perch fishing pressure. The EwE software includes two
submodules: Ecopath and Ecosim. Ecopath is a static model

that constructs mass-balance trophic models of ecosystem at a
given time. The Ecosim model dynamically simulates trophic
interactions and biomass accumulation that is initiated in
Ecopath (Christensen and Walters, 2004). There are two key
equations in the Ecopath model. The first describes biomass
production being the difference between population growth and
loss through fishing mortality, predation, net migration, and
other mortality such as starvation, disease, or aging. The second
equation balances energy flows among consumption, production,
and respiration. Ecopath requires inputs of diet composition,
consumption and production to biomass ratios and fishing
mortality to estimate production rates. For a detailed description
of the model equations and parameterization used in this work, as
well as a sensitivity analysis for the model, see Zhang et al. (2016)
Supplements A and B.

The EwE model of Lake Erie consists of 47 model groups (a
species or a group of species with similar functions) including
birds, fish, zooplankton, benthos, phytoplankton, and detritus.
For each model group biomass, production to biomass ratio
per year, consumption to biomass ratio per year, and diet
composition are estimated. The Ecopath model was constructed
using data from 1999 to 2001, while the Ecosim model was
driven by time series of nutrient loads, fish stocking, and
fishery catches from 1999 to 2010 and calibrated using observed
time series of population biomass for 14 model groups. The
model timestep is a month and outputs annual biomass of each
model group.

Four fish species including Walleye and Yellow Perch are
modeled with more than one life stage in EwE because they
undergo ontogenetic diet shifts, and young of the species are
prey for other species at different life stages. Multiple life stages
for Walleye and Yellow Perch allows the model to accurately
account for fishing pressure the adult populations (Age 3+ for
Walleye and Age 2+ for Yellow Perch). Other species such
as Lake Trout (Salvelinus namaycush) and Steelhead Trout
(Oncorhynchus mykiss) are just represented as adult populations
because they are stocked into the system.

While the EwE model is not spatially explicit, the spatial
aspects of the lake’s ecosystem are incorporated in the food
web model through the diet matrix in Ecopath and predation
vulnerability parameters in Ecosim. The diet matrix uses
observations of diet composition from the three basins that
defines spatial and temporal overlap between predators and
prey across the lake basins. Plankton biomass, production, and
consumption are derived from sampling at different stations in
each lake basins or habitats. Further, the diet composition and
predator vulnerability of species in the models reflect their spatial
distributions. Cold-water pelagic species that primarily exist in
management unit 4 do not interact with or consume warm-
water nearshore species found predominantly in management
unit 1, and vice versa. Table 2 illustrates a sample of predator/prey
interactions in the model for two important species in the model-
Walleye and Yellow Perch, where the predators can be found
in the columns and their prey in the rows. As illustrated in
the table, prey availability that varies by species age class, which
is a function of location. For example, a large proportion of
Age 1 and 2+ Yellow Perch diet includes benthic invertebrates.
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TABLE 2 | Percent of total diet for Yellow Perch and Walleye in the balanced Ecopath model.

Prey/predator Walleye, age 0 Walleye, age 1–2 Walleye, age 3+ Yellow Perch, age 0 Yellow Perch, age 1 Yellow Perch, age 2+

Yellow Perch, age 0 3.83 0.1 0.1 0.07 0.07

Yellow Perch, age 1 0.41 0.5

Yellow Perch, age 2+ 0.27 0.34

Walleye, larval 0.08 0.08 0.08

Walleye, age 0 0.17 0.29

Walleye, age 1–2 0.15 0.1

Rainbow Smelt 7.44 31.97 30.83 14.7 25.19

Shiner species 4.2 7.63 3.04 8.62 16.77

Round Goby 6.11 6.86 5.68 4.94

Alewife 10.22 15.42 14.98

Gizzard Shad 27.23 22.52 29.97

Other fish 47.08 15.17 12.91 6.71 6.12

Other Inverts 81.77 18.71 9.5

Benthic inverts 18.22 45.51 37.33

These age classes will inhabit the littoral zones of all MUs but as
the west basin is shallow and eutrophic, has more habitat and
foraging area. The biomass of Age 1 and 2+ Yellow Perch is
largest in MUs 1 and 2.

Linking the Ecopath With Ecosim and the Fishery
Model
A plug-in developed for the EwE software links the food web
model with the outcomes (chosen level of effort and therefore
harvest) solved by the economic model. The link is programed
in General Algebraic Modeling System (GAMS). In each time
period the fishing mortality rate in each management unit
(harvest divided by stock biomass, derived from effort solved
for each vessel in the bioeconomic models detailed above)
for Yellow Perch is reported to the EwE and the model
removes biomass from the Age 2+ Yellow Perch class. This
is consistent with reports from the Yellow Perch Task Group,
which indicate that harvestable biomass for Yellow Perch is Age
2+. In the two regulated fishery scenarios, the fishing quota
is determined using the current stock biomass (Eq. 12) and
the aggregate of effort levels chosen by individual vessels from
the economic model informs fishing mortality (total harvest
divided by stock). The food web then updates biomass levels
for each model group based on the fishing mortality. In the
current model, we assume that there is no value to bycatch.
EwE is initialized using data from 1999 and calibrated using
observed forcing through 2021. The simulation is run for 120
years under each management scenario The 120 year duration
is chosen to allow for the ecosystem model to settle to a new
steady state.

RESULTS

Our results are twofold. We first present the results of the
economic models and then the steady state changes to the
ecosystem that result from differences in fishing behavior in the
three management scenarios.

Economic Impacts of Fishery
Management
We simulated the fishing decisions under open access, IVQ, and
ITQ fishing rules which allows us to compare the time paths of
variables of interest- fishing effort, harvest, stock biomass, and
fishery profit- for each of the management units and their steady
state values (Figure 2). Overall our results align with theoretical
predictions and the existing literature. Effort expended in the
open access model exceeds both the IVQ and ITQ levels of effort
for each management unit and decision period (Figure 2, Panel
A) which aligns with the existing literature. Effort oscillates in
some MUs as vessels choose to fish each year. Since all vessels are
deciding simultaneously whether to fish, the industry overshoots
and undershoots the equilibrium but settles to steady state stock
size, number of vessels participating in the fishery, harvest, and
profit (Table 3).

Under the IVQ and ITQ fishing rules, steady state fishing
effort is significantly lower levels higher compared to the open
access results (Figure 2, Panel A). We find that given our
parameterization, the fishing quota in the ITQ system does not
bind causing differences in harvest levels and stock size between
IVA and ITQ even though the models are initialized with the
identical fishing quotas. Comparing the harvest levels between
the IVQ and ITQ simulations (Figure 2, Panel B), in steady state
under ITQ harvest biomass is slightly larger (1,000 kg greater
in management unit 1, 2,000 kg greater in management unit 2,
6,000 kg greater in management unit 3, and 2,000 kg greater in
management unit 4 than IVQ scenario) because the Yellow Perch
stock biomasses are larger under ITQ (Table 3). This difference
comes from less vessels participating in the fishery under ITQ
and therefore less fishing effort (Table 3). Even if some of the
more efficient vessels purchase quotas from the less efficient
vessels, the efficient vessels are labor or capital constrained, so
do not purchase all the available quota. In the long run, not
meeting the fishing quota results in slightly higher biomass levels
in each management unit under the ITQ system- for example in
management unit 1 the stock biomass is 4.91 million kg in ITQ
scenario, and 4.86 million kg in IVQ scenario).
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FIGURE 2 | Time paths of effort (panel A), Yellow Perch harvested biomass (panel B), Yellow Perch stock size (panel C) under open access, IVQ and ITQ
management scenarios.

TABLE 3 | Whole lake and management unit (MU) values for steady state stock
size (biomass), size of fishing fleet, and fishery profits for fisheries models.

Whole lake MU1 MU2 MU3 MU4

Yellow Perch biomass (1,000 kg)

Open Access 6,128 1,878 1,275 1,484 1,490

IVQ 15,929 4,859 3,372 5,108 2,089

ITQ 16,135 4,914 3,929 5,188 2,102

Number of vessels in fishery

Open Access 21 6 5 5 5

IVQ 34 9 8 10 7

ITQ 22 7 6 7 3

Yellow Perch commercial fishery profit

Open Access $0 $0 $0 $0 $0

IVQ $4,314,737 $1,211,852 $1,153,266 $1,436,926 $512,693

ITQ $6,883,348 $2,013,822 $1,753,586 $2,124,045 $991,894

Ecological Impacts of Fishery
Management
To assess the ecosystem impacts of Yellow Perch harvest and
management, we first simulated the EwE model without fishing
(no fishing mortality) and then simulated the three fishery
scenarios: open access, IVQ, and ITQ, each having a different
Yellow Perch fishing mortality rate determined by the economic
model. The ecological impacts are measured by calculating the
percent change in steady state biomass between the “no fishing”
simulation and each of the three fishery management scenarios.

The results are presented in Figure 3, where species are organized
into general trophic groups- invertebrates, planktivorous fishes,
omnivorous fishes, and piscivorous fishes. The impact to each
of these groups can be linked through food web interactions
to fishing of Yellow Perch through competition and predation.
Some impacts can be linked to fishing decisions within specific
management units as a function of species interactions through
space. Throughout our results we highlight these species
interactions and spatial linkages when possible. Our description
of the results starts with the invertebrate group. The biomass of
amphipods increases by ∼5% under open access, IVQ, and ITQ.
Benthic invertebrate, edible zooplankton, and other invertebrate
biomasses, all three of which are major diet items for Yellow
Perch, do not significantly change across the three scenarios.
Predatory zooplankton, which includes the invasive spiny water
flea (Bythotrephes longimanus), biomass decreases by ∼10% in
all simulations.

Moving to the results of the planktivorous fishes we find that
the biomass results for the IVQ and ITQ scenarios are similar
in magnitude and direction across all species because the harvest
rule in these models are similar (though not identical). In the
three simulations Rainbow Smelt (Osmerus mordax) biomass
is reduced by about 2% in all simulations. Juvenile and adult
Rainbow Smelt primarily inhabit pelagic zones of Lake Erie
(management units 3 and 4). The high Yellow Perch harvest level
in management unit 3 slightly reduces predation on Rainbow
Smelt, but the effect is small because adult Rainbow Smelt have
limited interactions with Yellow Perch which reside in littoral
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FIGURE 3 | Percent changes in steady state biomass from a simulation with no fishing for selected species within trophic groups-invertebrates (A), planktivores (B),
omnivores (C) and piscivores (D) under open access, IVQ, and ITQ management scenarios.

habitats. Yellow Perch predominantly consume Rainbow Smelt
larvae in the littoral zones of all management units. Shiner
species biomass increases under open access and have greater
increases under IVQ and ITQ scenarios. The change in biomass
can be linked to changes higher up the food web. Species that
consume shiners including White Perch, Smallmouth Bass, and
Age 1–2 and 3+ Walleye biomass are all reduced, resulting in
less predation pressure in the littoral zones of all management
units that Shiners inhabit and therefore a larger overall biomass.
Under IVQ and ITQ management Age 0 Yellow Perch biomass
increases by ∼10% and decreases by ∼30% under open access.
The driver of the decrease in biomass is due to fishing mortality
and therefore a smaller spawning stock of Age 2+ Yellow Perch.
This impact is larger under open access. As the three results
are compared to a “no fishing” scenario, why then the positive
change in Age 0 Yellow Perch under IVQ and ITQ? This is also
a food web effect, likely from a reduction in predator biomass
(Smallmouth Bass and Age 3+Walleye) in combination with the
ability to outcompete other species in the model for diet items.

Within the omnivorous fish trophic level, we observe that
the food web interaction between Yellow Perch and Gizzard
Shad (Dorosoma cepedianum) is particularly strong. Yellow Perch
harvest increases Gizzard Shad biomass by over 150% in the
open access and IVQ and ITQ scenarios. The change in Gizzard
Shad biomass can be explained through a reduction in predation
pressure and a reduction in competition for resources. Biomass
reductions in the piscivorous group reduce predation pressure
on Gizzard Shad in all management units, but specifically 1 and
2 which contain the most habitat for the species. Piscivorous
fishes that consume Gizzard Shad (Burbot, Smallmouth Bass, and
Age 3+ Walleye) biomasses are reduced regardless of harvest
level, contributing to this effect. Gizzard Shad is also highly
adaptable in its diet. When facing high levels of competition for

zooplankton they can forage on detritus. Lower biomasses of
juvenile Yellow Perch and Walleye reduce competition for food
so that the species can forage on zooplankton. White Perch are
another species that have a significant food web linkage to Yellow
Perch and their harvest. White Perch biomass decreases with
Yellow Perch harvest, with a larger reduction of White Perch in
the IVQ and ITQ scenarios. This reduction and its magnitude are
linked to changes in the biomass of Age 1 Yellow Perch. Age 1
Yellow Perch compete with White Perch for prey- planktivorous
fishes and plankton- and the greater biomass of Age 1 Yellow
Perch under IVQ and ITQ creates more competition with White
Parch for resources in these scenarios. White Bass populations
increase in all three simulations, with the largest biomass increase
occurring under open access (∼22%). This is a competition effect
with Age 1 Yellow Perch in the food web model. Biomass of Age 1
Yellow Perch decreases in the open access scenario, following the
same rationale as the decrease for Age 0 Yellow Perch- fishing
mortality reduces the biomass of Age 2+ Yellow Perch, the
spawning stock biomass. Age 1 Yellow Perch biomass increases
in the IVQ and ITQ simulations, due to the combination of
two food web effects- one top-down, the other bottom-up. An
increase in Shiner species biomass provides more prey for Age 1
Yellow Perch and a reduction in White Perch biomass reduces
competition for prey (bottom-up). In addition, Age 1 Yellow
Perch are diet items for piscivorous species Smallmouth Bass and
Age 3+ Walleye, both of which have reduced biomasses in all
simulations (top-down).

The largest ecosystem impacts of the Yellow Perch fishery
are found in the piscivore group, which includes several
commercially and recreationally valuable species. Biomass of
Burbot (Lota lota), Lake Trout, Smallmouth Bass, and Age 3+
Walleye are reduced when Yellow Perch are harvested. Burbot
biomass is reduced significantly in each scenario (∼-80%).
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TABLE 4 | Steady state harvest biomasses for all fisheries in Lake Erie.

Harvest (1,000’s of kg)

Open Access IVQ ITQ

Alewife 35.79 35.47 35.48

Burbot 68.85 69.49 69.49

Catfish 274.40 281.57 281.55

Common Carp 229.29 231.82 231.81

Freshwater Drum 942.21 948.24 948.19

Gizzard Shad 273.05 289.12 289.08

Lake Trout 51.86 53.07 53.07

Lake Whitefish 274.36 272.86 272.85

Panfish 0.46 0.46 0.46

Rainbow Smelt 4,668.35 4,714.98 4,715.35

Rainbow Trout 125.67 125.34 125.31

Smallmouth Bass 272.29 260.59 260.59

Sucker species 248.34 245.29 245.29

Walleye 3,335.51 3,580.60 3,579.73

White Bass 453.25 399.53 399.53

White Perch 329.08 265.05 265.40

Burbot primarily consume Rainbow Smelt in the colder, deeper
pelagic zones of Lake Erie. White Bass also consume Rainbow
Smelt, creating a food web interaction. White Bass biomass
increases in all results because they can out-compete Burbot
for invertebrates. Age 3+ Walleye prey on Age 0 and Age 1
Yellow Perch, which have reduced biomasses due to the Yellow
Perch Fishery. In the open access scenario, a larger reduction
in biomass of Age 0 and Age 1 Yellow Perch translates to a
larger reduction in biomass for Age 3+Walleye (Walleye Age 3+
biomass is reduced by ∼50% in the open access and by ∼45%
in the IVQ and ITQ simulations). There is also a competition
mechanism for these impacts. Shiner and Gizzard Shad biomass
increases. These species compete with (and can outcompete)
the larva and juvenile age classes of Burbot, Lake Trout, and
Walleye- Shiner and Gizzard Shad. Age 1–2 Walleye biomass
increase in all simulations, though the increase is larger under the
IVQ and ITQ scenarios (4% increase under open access, ∼22%
increase under IVQ and ITQ). Linking this outcome to the food
web, Age 1–2 Walleye consume Age 0 and Age 1 Yellow Perch
and Shiner species. Under IVQ and ITQ scenarios, these three
groups have increased biomasses, resulting in more resource
availability for Age 1–2 Walleye. The biomass of Age 1–2 Walleye
increases by a smaller magnitude in the open access scenario
because Age 0 and Age 1 Yellow Perch biomass decreases, so
the small change can just be attributed to the increase in Shiner
species biomass.

While the food web effects are interesting and provide insight
into the ecological consequences of a single species fisheries
management approach, there are also potential coinciding
economic impacts to simultaneous fisheries. We find the effects
of changes to species biomass resulting from the Yellow Perch
fishing has implications for the sixteen other commercial and
recreational fisheries that coexist in Lake Erie. Table 4 presents
the steady-state harvest biomasses for each of the coexisting

fisheries under the three simulations. Most fisheries do not
experience major differences in harvested biomass between the
IVQ and ITQ scenarios (because their harvest rules are similar),
but for some species major differences are observed between
open access and the regulated fishery scenarios (IVQ and ITQ).
Most fisheries have a reduced harvest when the Yellow Perch
fishery operates as open access, relative to the IVQ and ITQ
results. However, not all fisheries benefit from management of
the Yellow Perch fishery. Harvested biomass of Lake Whitefish,
Smallmouth Bass, Sucker, White Bass, and White Perch increase
when the Yellow Perch fishery operates as open access. These
results track with the differences in overall percent change in
biomass resulting from the three fisheries management scenarios
summarized in Figure 3. The EwE model does not differentiate
between fishing mortality from commercial and recreational
fisheries, so inferring the economic impacts of changes to harvest
is difficult as information about the allocation of total fishing
mortality between the commercial and recreational fisheries and
their values, specifically the smaller fisheries, are not readily
available. What these results do emphasize, however, is that
almost every fishery in Lake Erie are impacted positively or
negatively by fishing decisions made by the single species
management decisions made by the Yellow Perch fishery.

To illustrate the potential for negative effects of single-species
fishery management, we estimate the economic losses to the
Walleye fishery from changes to Walleye biomass. The Walleye
fishery is one of the other major commercial fisheries in Lake
Erie. The act of removing Yellow Perch from the system reduces
the biomass of Age 3+ Walleye. In the hypothetical case that
there is no Yellow Perch fishery, our model estimates that
Age 3+ Walleye steady state stock biomass is 41.79 million
kg. Assuming no Yellow Perch fishing and a harvest rule of
0.16 for Walleye (from the Great Lakes Fishery Commission
reports), the steady state lake-wide harvested biomass of Walleye
would be 6.7 million kg per year. When the Yellow Perch
fishery is added to the model, the steady state harvested biomass
for Age 3+ Walleye is reduced to 3.34 million kg (open
access), 3.58 million kg (IVQ), and 3.57 million kg (ITQ).
Assuming a price of $3.50 per kg for Walleye, the change
in revenue in the Walleye fishery between “no Yellow Perch
fishery” scenario and the three Yellow Perch fishing management
scenarios are −$11.7 million (open access), −$10.9 million
(IVQ) and −$10.8 million (ITQ) per year. These losses to the
Walleye fishery because of the Yellow Perch fishery are larger
in magnitude than the economic gains from moving from open
access to IVQ or ITQ in the Yellow Perch fishery (Though
comparing a scenario where no fisheries exist is unrealistic,
we want to highlight that because co-existing fisheries can
impact the biomass of other commercially important species
and therefore commercial fisheries, failure to consider the
food web interactions of harvesting a single species can be
economically (and ecologically) more costly to simultaneously
operated fisheries than not managing the system at all. Further,
there may be no “optimal strategy” when designing EBFMs,
but by considering the trade-offs of management decisions can
result in overall benefits to the ecosystem and movement toward
efficient economic outcomes.
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DISCUSSION AND CONCLUSION

There are many arguments for the implementation of EBFM and
fisheries managers have already committed to their adoption.
However, EBFM can be difficult as ecosystems are complex
and to fully assess the ecosystem impacts of management
decisions requires complex models which are time and data
intensive to develop. A critical step in assessing if EBFM would
benefit a system is determining the ecological and economic
consequences of policy for single species fisheries, which focus
on steering fishing behavior toward sustainable harvest of that
species. The problem is that single species management focuses
on that species’ population dynamics but ignores food web
interactions. In a spatially heterogeneous aquatic system with
distinct MUs that have different species stocks, predicting how
the fishing intensity within MUs translates to ecological and
economic impacts on the whole system is critical in evaluating
the effectiveness of proposed EBFM.

Following the fisheries bioeconomics literature to understand
incentives faced by fishing vessels and general framework for
management for many fisheries, we assessed the value of single-
species management in the Lake Erie Yellow Perch fishery
and find that both the IVQ and ITQ systems create positive
and significant but heterogeneous changes to profit across the
four management units. By pairing the steady state results of
behavioral fisheries models to a food web model of Lake Erie, we
simulated the ecological impacts of the fishing pressure in each of
the models to major trophic groups. This analysis does not inform
whether Yellow Perch harvest results in “sustainable” levels of
species but does inform positive and negative impacts to biomass
of all species in the system based on spatial species interactions
and food web effects. While we find that the Yellow Perch
fishery, even when not managed (open access), does not have
catastrophic impacts on any species in the system, but fishing
for the single species does alter the biomass of almost all species
in the food web, including other valuable fish species. We found
these impacts to be consistent across open access, IVQ, and ITQ
models while the results (positive or negative biomass change)
were mixed depending on the model. These findings indicate the
importance of not only quantifying the changes in biomass to
non-target but understanding the linkages between where harvest
occurs and how spatial interactions influence changes to the
food web. These results can also target management actions (i.e.,
stocking or habitat provisions) that may mitigate the negative
effects of fish harvest.

Overall, we find that harvest of Yellow Perch creates significant
impacts to fish species at different levels of the food web.
The most negatively impacted group is piscivorous fishes.
These species have their own valuable fisheries (commercial or
recreational) in Lake Erie, implying that even an “optimally
managed” (IVQ or ITQ model) Yellow Perch fishery does
have the potential to negatively impact other fisheries. Most
notably, the economic losses to the Walleye fishery from the
Yellow Perch fishery- even in the ITQ and IVQ scenarios-
exceeds the losses from allowing the Yellow Perch fishery to
operate as open access. This illustrates the potential benefits
of using an EBFM in the design of fisheries management.

While a framework like the one developed here can be used
to assist policy makers in determining how to meet defined
objectives and observe potential impacts of those objectives
before implementing them in the system. An ad hoc assessment of
ecosystem and paired economic impacts can prevent unforeseen
ecological consequences and potential losses. For example, we
find that any harvest of Yellow Perch results in this negative
effect on multiple piscivorous fish species. We have not assessed
the impact of a Walleye fishery on Yellow Perch biomass, but
presumably there would be some effect in this direction that
should be explored. For managers, this result implies there will
always be trade-offs that need to be evaluated in managing
coexisting fisheries. Using a framework like the one developed
here allows for assessment of the potential outcomes of different
Yellow Perch harvest rules and the related economic impacts
to determine whether ecological and management objectives are
met for all managed fisheries.

One criticism of this work may be that we do not develop
a bioeconomic multi-species fishery model that produces a
dynamically optimal harvest rule. This type of bioeconomic
framework is not used here because it has practical and
computational shortcomings which limits their applicability
to real fisheries management. For example, fisheries are not
managed by a social planner with perfect foresight, harvest rules
are reevaluated and can be adjusted on an annual basis after a
stock assessment. While some of dynamic bioeconomic models
are spatial, the way that space is represented models may not
be appropriate for all systems such as Lake Erie which has
spatial heterogeneity across MUs, affecting species stocks. The
spatial realities of a system like Lake Erie can be more accurately
represented and tracked in an end-to-end ecosystem model.
Environmental and ecological factors are variable and sometimes
stochastic, and socio-economic aspects of a fishery also change
over time- constant and limiting assumptions about economic
factors in an infinite time horizon is a bit unrealistic- which
results in limits the usefulness of results to policymakers who
make decisions under variable year to year conditions. These
factors also require managers to constantly be evaluating and
updating policy in response to changes to the system. While
dynamic bioeconomic models can and have included multiple
species, food webs interactions are spatial and often more
complex than logistic functional forms allow. Brockmann et al.
(2021) show that using logistic functions and ignoring space and
spatial food web interactions result in incorrect predictions about
the ecological consequences of an invasive species introduction
and related impacts to recreational fisheries. Simplifying complex
ecosystems to interactions between just species of interest in the
model runs the risk of overlooking and understanding ecosystem
linkages that could result in undesired outcomes.

Our work is limited and can be extended in several
ways. The economic parameters for individual fishers in the
mathematical models are calibrated based on available data
from the Great Lakes Fishery Commission and do not vary
across the MUs. Individual cost information for participants
in this relatively small fishery are not available to empirically
estimate cost functions. In future work, collaboration with Lake
Erie managers and stakeholders could facilitate more detailed
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spatial parameterization of the model. We performed one
simulation of the Lake Erie ecosystem, assuming a balanced
ecological model. Lake Erie constantly experiences a suite
of simultaneous natural and anthropogenic stresses, such as
nutrient loading, environmental contamination, and invasive
species introductions which may collectively influence food
web dynamics. Further, Lake Erie has multiple commercial and
sport fisheries operating simultaneously. We call for additional
research pairing economic and ecological models to assess
feedbacks between these impacts while incorporating spatial food
web linkages and as much reality about the fishery as possible.
Finally, a natural extension of this work is to include a more
sophisticated representation of decisions made by the fisheries
manager across the MUs, in which they consider the future
impacts of harvest decisions within each unit on the entire food
web or the spatial effects of management rules in each unit.

What are the implications of this work for fishery managers
and policymakers? First and perhaps most importantly,
managing multiple fisheries in a single system will require
evaluating species biomass trade-offs from food web interactions.
If these impacts are known before EBFM is implemented,
managers could target species stocking efforts to mitigate
negative impacts or design fishing zones that lessen the negative
food web effects of harvest. Second, since aquatic ecosystems are
closed systems, decisions made within one management unit have
the potential to affect the entire system. When developing harvest
rules, managers can assess food web connections to develop
strategies within MUs that mitigate the impacts in other MUs.
Finally, failure to consider food web effects of a single species
harvest rule can have more profound economic impacts than if
the single species were not managed at all. Ignoring the food web

effects of harvesting Yellow Perch on Walleye resulted in a larger
economic loss than just to allow open access fishing in the Yellow
Perch fishery. This is important result; here our results are limited
to impacts on other commercial fisheries but more broadly small
changes to the food web may affect ecosystem service production
beyond fisheries, resulting in net welfare losses rather than gains.
Frameworks such as the one developed here allow managers to
simultaneously test the paired ecological and economic effects of
policy in the development of EBFM while considering the spatial
socio-economic and ecological realities of the system. When there
are multiple fisheries and other demands for ecosystem services
in a system evaluating proposed changes to management of any
fishery should weigh the (positive or negative) external impacts
on other aspects of the system to understand the implications for
ecological and social wellbeing.
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