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Abstract

In this paper, we present a simple theoretical, steady‐
state equilibrium, predator‐prey model for the joint

management of marine mammals and a fish species.

As an empirical case, we choose cod and grey seals in

the Nordic‐Baltic Sea countries, and several benefits

and costs related to the latter are considered. We

show that the optimal grey seal population is much

lower than the actual population, and this result is

robust to variations in relevant parameter values.

This result can be explained by the fact that the profit

from harvesting cod is much higher than the net

benefits from grey seals.

Recommendations for Resource Managers

• Consider the implications of joint management of

a fish species and grey seals.

• Consider benefits and costs related to grey seals.
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• Consider the implications of benefits and costs

related to grey seals for the harvest and population

of grey seals in Nordic‐Baltic Sea countries.

• Consider the implications of benefits and costs

related to grey seals for the harvest and stock size

of cod in Nordic‐Baltic Sea countries.

KEYWORD S

cod, grey seals, joint management, Nordic‐Baltic Sea Countries

1 | INTRODUCTION

At a global level, many marine mammal populations are currently recovering due to con-
servation efforts, but interactions with fish stocks frequently generate conflicts (see Magera
et al., 2013) but many marine mammals generate important benefits and costs; therefore, joint
management with fish species becomes important (see ICES, 2021). However, in practical
policy, there are very few examples of the joint management of fish stocks and marine
mammals (see FAO, 2008).1 Fisheries and grey seals in the Nordic‐Baltic Sea countries offer a
good example of management issues related to fish stocks and marine mammals. The grey seal
population in the Baltic Sea is currently recovering at a remarkably high speed. Specifically, due
to successful conservation measures, the grey seal population has increased from approxi-
mately 4000 individuals in the 1970s to approximately 50,580 individuals in 2017.2 Such an
increase in the grey seal population may exert negative impacts on the Nordic‐Baltic Sea
countries due to seal‐induced mortality of fish and damage costs related to the fishing industry
and parasite infections (see Königson et al., 2009; Waldo et al., 2020; Sokolova et al., 2018).
However, grey seals also represent a valuable resource due to activities such as tourism and
recreational hunting (see Bosetti & Pearce, 2003). Furthermore, grey seals may be seen as a
symbol of a healthy marine environment and are often perceived as an intelligent and clever
species, implying that population control through harvesting may be perceived as unethical.

A strand of economic literature investigates human–wildlife conflicts between marine
mammals and fish species. Flaaten (1988) analyzes the interaction between marine mammals
and fish species in the Barents Sea in a model where fishermen are driven by profit max-
imization, while Flaaten and Stollery (1996) investigate the profit loss in the cod and herring
fisheries in Norway associated with an increase in the population of minke whales. Adaptation
strategies for salmon fisheries in Finland under various scenarios for the grey seal population
by using calculated values of the current and future profits are identified in Holma et al. (2014),
while Finnoff and Tschirhart (2003) analyze how the harvest of pollock in the northern Pacific
depends on the population of stellar sea lions. Finally, Boncoeur et al. (2002) investigate how
the optimal size of marine protected areas depends on the interaction between grey seals and
fish species, while Jansson and Waldo (2022) investigate profits in the Swedish fisheries sector
under different assumptions about the grey seal population. However, in this literature, there is
no attempt to discuss the management implications of considering the benefits and costs
related to marine mammals, and this constitutes an important research topic.
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The purpose of this paper is to address this study gap by using cod and grey seals in Nordic‐Baltic
Sea countries as an empirical case. We consider the benefits of grey seal watching and recreational
hunting and damage costs related to the fishing industry and parasitic infections. To focus on the
implications of including these benefits and costs, we use a simple theoretical steady‐state equili-
brium predator‐prey model with grey seals as predators and fish as prey species. The model is used
to formulate several management scenarios for cod and grey seals in the Nordic‐Baltic Sea countries,
including optimal joint management and fixed grey seal populations. To parameterize the model,
the benefits and costs related to grey seals are valued by using simple methods such as benefit
transfer and direct calculations. By using the parametrized model, we are able to generate empirical
results for various indicators for the Nordic‐Baltic Sea countries, including the stock size, harvest and
profit of cod and the population, harvest, and net benefit of grey seals.

Our paper is related to a reasonably large theoretical literature on predator‐prey models (see
Diz‐Pita & Otero‐Espinar, 2021 for a review). In this literature, dynamic adjustment paths for
predator and prey populations are investigated, and it is common to use a Lotka‐Volterra model
(see Wagersky, 1978). Traditionally, this literature has focused on the direct impact of the popu-
lation of one species on the population of the other species and this can be described as a top‐down,
predator‐prey model (see Shi et al., 2017). Topics investigated with top‐down, predator‐prey models
include extinction, global stability, and almost periodical solutions (see Ahmad & Stamova, 2005
and Xu & Chen, 2001). However, a number of recent papers have included feedback effects in
theoretical predator‐prey models (see Jiang & Lu, 2007). A feedback effect arises when the direct
population effects influence another variable that then affects the population of the predator and
prey species. In this paper, we contribute to the literature on theoretical predator‐prey models by
studying the empirical implications of considering the benefits and costs related to the predator;
therefore, we restrict our attention to a top‐down, predator‐prey model.

The rest of the paper is structured as follows. In Section 2, we present a simple theoretical
predator‐prey model, while a number of management scenarios are described in Section 3. The
parametrization of the model for cod and grey seals in the Nordic‐Baltic Sea countries is discussed in
Section 4, and Section 5 presents the empirical results. Section 6 contains a summary and discussion.

2 | THEORETICAL MODEL

The model in this paper is structured around four characteristics. First, in the empirical model, we
investigate one predator represented by grey seals and one prey species represented by cod. However,
the theoretical model is presented in a general way, and therefore, we utilizing the term fish species
instead of cod. Second, we assume that the stock size of the fish species and the grey seal population
are in a steady‐state equilibrium where the change in the stock size or population between time
periods is equal to zero. Thus, we do not discuss adjustment paths toward a steady‐state equilibrium.
The justification for focusing on a steady‐state equilibrium is that we consider several benefits and
costs related to grey seals, which implies that the dynamic adjustment paths toward an equilibrium
may become very complicated. Third, we maximize what has been called the long‐run economic
yield, implying that we only consider the profit and net benefits for one time period and disregard
discounting. Finally, the empirical model covers the Nordic‐Baltic Sea countries, represented by
Denmark, Sweden, and Finland, and we do not discuss the allocation of net benefits among the
countries. Thus, we use terms such as the Baltic Sea and the Nordic‐Baltic Sea countries.

In Table 1, we provide an overview of the components of the model and the associated
assumptions.

BLOMQUIST ET AL. Natural Resource Modeling | 3 of 29
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The assumptions about the signs of the first‐ and second‐order derivatives of the relevant
functions in Table 1 are consistent with basic models in fisheries economics (see Conrad &
Clark, 1987; Clark, 1990) and environmental economics (see Baumol & Oates; 1988; Hanley
et al., 1997), and we do not discuss these below. However, we briefly introduce each benefit and
cost function with the purpose of identifying resource restrictions (Section 2.1) and net benefit
functions (Section 2.2).

2.1 | Resource restrictions

We first discuss the resource restrictions for the fish species. We let xf be the stock size of a fish
species in a steady‐state, while xs is the grey seal population in equilibrium. For the fish
species, we operate with a natural growth function, and we assume that this function depends
only on xf (see Neher, 1990 for a justification). The natural growth function for the fish species
is denoted F x( )f . In addition, grey seals prey on the fish species; therefore, we include a seal‐
induced mortality function in the model. It is assumed that the seal‐induced mortality function
only depends on the grey seal population,3 and this function is denoted by G x( )s . Finally, hf
denotes the harvest of the fish species in equilibrium. Given these facts, the resource restriction
for the fish species in a steady‐state equilibrium becomes:

F x G x h( ) − ( ) − = 0.f s f (1)

From (1), it is clear that for the fish species, the natural growth is equal to the seal‐induced
mortality plus the harvest in a steady‐state equilibrium. Note that we have assumed that F x( )f
and G x( )s are additively separable in the resource restriction, a common assumption in eco-
nomic predator‐prey models (see Getz, 1984). Note that interaction between the fish species
and grey seals is captured with the seal‐induced mortality of fish in our model.

Turning to the resource restriction for the predator, H x( )s captures the natural growth
function of grey seals. The steady‐state equilibrium harvest of grey seals is denoted by hs and
then the resource restriction for the predator becomes:4

H x h( ) − = 0.s s (2)

Thus, for grey seals, the natural growth is equal to the harvest in a steady‐state equilibrium.

2.2 | Objective functions

To identify an objective function, we start with a discussion of the fish species. We assume that
fish are harvested solely for commercial purposes, and pf denotes a constant output price at a

common market in Nordic‐Baltic Sea countries (see Asche et al., 2007 for a discussion of the
price on fish products). CC h x( , )f f is the cost of harvesting the fish species in the Nordic‐Baltic
Sea countries,5 and then the total profit, NBF h x( , )f f , becomes:

NBF h x p h CC h x( , ) = − ( , ).f f f f f f (3)

Turning to the predator, we include the benefit of recreational grey seal hunting in the
model. Following Arnell and Southwick (2015), this benefit is assumed to depend on both the
population and harvest of grey seals, and the benefit function is denoted by HB h x( , )S S . We also

6 of 29 | Natural Resource Modeling BLOMQUIST ET AL.
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include a benefit of grey seal watching, which is assumed to depend on the population of the
predator, and the benefit function is denoted byWB x( )s . Grey seals also impose damage costs
on the fishing industry. The damage costs related to the fishing industry are assumed to depend
on the grey seal population6 and are denoted as ND x( )s . Grey seals also infect fish with
parasites, which generates a damage cost. The damage costs of parasites are assumed to depend
on the grey seal population, and PD x( )s covers this cost.7 Given this notation, the net benefit of
grey seals, NBS h x( , )S s s , becomes:8

NBS h x HB h x WB x ND x PD x( , ) = ( , ) + ( ) − ( ) − ( ).s s s s s s s (4)

Note that from (4), the net benefit of grey seals depends on both the population and harvest
of the species.

3 | SCENARIOS

In this section, we formally describe various scenarios for the management of cod and grey seals in
the Baltic Sea and these scenarios can be described by using the resource restrictions and objective
functions from Sections 2.1 and 2.2. Table 2 provides an overview of the scenarios.

In Section 3.1, we describe scenario 1 (joint management), while Section 3.2 contains a
characterization of scenarios 2–4 (fixed grey seal populations).

3.1 | Joint management

In scenario 1, we investigate joint management of cod and grey seals in the Baltic Sea. Thus, we
maximize the total net benefits from cod and grey seals, NBT h x h x( , , , )f f s s , subject to the
resource restrictions from (1) and (2). Formally, this problem can be written as:

MaxNBT h x h x Max NBF h x NBS h x
Max p h CC h x HB h x WB x ND x PD x

( , , , ) = [ ( , ) + ( , )] =
[ − ( , ) + ( , ) + ( ) − ( ) − ( )]

f f s s f f s s

f f f f s s s s s
(5)

s.t.
(1), (2).

TABLE 2 Scenarios for the grey seal population in the Baltic Sea

Scenario
number Name Description

1 Optimal joint management Joint optimal management of grey seals and cod.

2 Fixed grey seal population,
10,000 individuals

The grey seal population is 10,000 individuals.

The profit of harvesting cod is maximized.

3 Fixed grey seal population, zero The grey seal population is zero.

The profit of harvesting cod is maximized.

4 Fixed grey seal population, the
carrying capacity.

The grey seal population is at the carrying capacity.

The profit of harvesting cod is maximized.

BLOMQUIST ET AL. Natural Resource Modeling | 7 of 29
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Now the following Lagrange function can be set up:

L p h C h x HB h x WB x ND x PD x

λ F x G x h μ H x h

= − ( , ) + ( , ) + ( ) − ( ) − ( )+

( ( ) − ( ) − ) + ( ( ) − ),
f f f f s s s s s

f s f s s
(6)

where λ > 0 and μ > 0 are Lagrange multipliers measuring the marginal user cost of the stock
size of the cod and grey seal population, respectively. By using hf and hs as control variables
and xf and xs as state variables, we obtain the following first‐order conditions:9

L
h

p CC
h

λ= − − = 0,
f

f
f

∂
∂

∂
∂ (7)

L
h

HB
h

μ= − = 0,
s s

∂
∂

∂
∂ (8)

L
x

CC
x

λ
F
x

= − + = 0,
f f f

∂
∂

∂
∂

∂
∂ (9)

L
x

HB
x

WB
x

ND
x

PD
x

λ
G
x

μ
H
x

= + − − − + = 0.
s s s s s s s

∂
∂

∂
∂

∂
∂

∂
∂

∂
∂

∂
∂

∂
∂ (10)

The first‐order conditions for the optimal harvest of cod and grey seals are given by (7) and
(8). For cod, (7) implies that the marginal revenue (the price) is equal to the marginal social
costs of the harvest. The marginal social cost of the harvest is equal to the marginal harvesting
cost plus the marginal user cost of the stock size of cod. According to (8), the marginal social
net benefits of harvesting grey seals is equal to zero. The marginal social benefits of harvesting
grey seals are equal to the marginal benefit of recreational grey seal hunting minus the mar-
ginal user cost of the grey seal population. For the stock size of cod, (9) indicates that the
marginal cost reduction due to an increase in the stock size is equal to the costs of the marginal
growth. From (10), the optimal grey seal population occurs where the marginal net benefit (the
marginal benefit of recreational grey seal hunting and watching minus the marginal damage
costs related to the fishing industry and parasites) is equal to the cost of the marginal growth
plus the value of the marginal seal‐induced mortality of cod.

In total, (1), (2) and (7)–(10) represent six equations with six unknowns (hf , hs , xf , xs , λ,
and μ), and this system can be solved to yield the optimal values of the unknown variables
denoted by h h x x λ*, *, *, *, *f s f s , and μ*. By inserting optimal values of the harvest and stock size of
cod and grey seals in (5), the optimal total net benefit of cod and grey seals under optimal joint
management becomes NBT h x h x*( *, *, *, *)f f s s . We can also find the optimal total harvesting
profit (NBF h x( *, *)* f f ) and the optimal total net benefit from grey seals (NBS h x*( *, *)s s ). In this
paper, we empirically calculate the value of these indicators.

3.2 | Fixed grey seal population

In scenarios 2–4, we analyze three targets for the grey seal population that are potential
management objectives: (a) A minimum viable grey seal population; (b) A grey seal population
at zero; and (c) A grey seal population at the carrying capacity. Now we discuss how these
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population targets can be investigated within our theoretical model and all three management
objectives can be captured within the same framework.

The fixed grey seal population is denoted by x̄ s , and to ensure consistency with scenario 1,
we must ensure that the resource restriction in (2) is fulfilled. Thus, we must find a fixed
steady‐state equilibrium harvest of grey seals, h̄s , which is consistent with the fixed grey seal
population, by using that H x h( ¯ ) = ¯s s . Then, we can insert h̄s and x̄s in the net benefit function
for grey seals from (4) to obtain NBS h x¯ ( ¯ , ¯ )s s , and since the harvest and population of grey seals
are constants, the total net benefit for grey seals also becomes a constant. In the resource
restriction for cod in (1), we can also use the fixed grey seal population to obtain:

F x G x h( ) − ( ¯ ) − = 0.f s f (11)

From (11), one implication of a fixed grey seal population is that the seal‐induced mortality
of cod becomes a constant.

Now the total net benefit of grey seals and cod from (5), with a constant net benefit of grey
seals, can be maximized subject to (11), and to solve this problem, we can set up a Lagrange
function. We let τ > 0 be a Lagrange multiplier, and by using hf as a control variable and xf as
a state variable, the first‐order conditions become:

L
h

p CC
h

τ= − − = 0,
f

f
f

∂
∂

∂
∂ (12)

L
x

CC
x

τ
F
x

= − + = 0.
f f f

∂
∂

∂
∂

∂
∂ (13)

According to (12), the marginal revenue from harvesting cod (the price) is equal to the
marginal social cost. From (13), the optimal stock size of cod occurs where the marginal cost
reduction due to an increase in the stock size is equal to the cost of the marginal growth.

(11)–(13) represent three equations with three unknowns (hf , xf , and τ), and this system
can be solved to yield optimal values for the unknowns, which we denote h x¯ , ¯f f , and τ̄ ,
respectively. By using the optimal values of the harvest and stock size of cod in (3), we obtain
the optimal total profit when the grey seal population is fixed, (NBF h x( ¯ , ¯ )f f ). Furthermore,
since the total net benefit of grey seals is constant, the total net benefit of cod and grey seals is
given by NBT h x h x( ¯ , ¯ , ¯ , ¯ ) =f f s s NBF h x( ¯ , ¯ ) +f f NBS h x( ¯ , ¯ )s s . In this paper, we identify
NBF h x( ¯ , ¯ )f f , NBS h x( ¯ , ¯ )s s , and NBT h x h x¯ ( ¯ , ¯ , ¯ , ¯ )f f s s empirically.

However, in scenarios 2–4, we have three different fixed grey seal populations. In scenario 2,
the grey seal population is set at the minimum viable level as defined in the EU Habitats
Directive for a good environmental status (see European Union, 1992). According to SwAM
(2018), this population‐level is 10,000 individuals, which is also recommended by HELCOM
(2006), who provides regional guidelines for grey seal management in the Baltic Sea. The po-
pulation target in scenario 2 can be treated in the theoretical model from above without any
modifications.

Scenario 3 captures the situation in which the grey seal population is equal to zero, which
implies no harvest of grey seals. Thus, we obtain that the total net benefit of grey seals is equal
to zero (NBS (0, 0) = 0). Furthermore, we assume that the seal‐induced mortality of cod is zero
when the grey seal population is zero; thus G (0) = 0. In scenario 3, we use these facts in
(11)–(13).

BLOMQUIST ET AL. Natural Resource Modeling | 9 of 29
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In scenario 4, the grey seal population is set at the carrying capacity. This target can be
justified by the current management regime, where such a grey seal population is re-
commended by HELCOM (2006). Within our model, a grey seal population at carrying capacity
can be found from the growth function for the species. However, a population at the carrying
capacity implies that the harvest of grey seals is zero; thus, the net benefits of grey seals become
NBS x(0, ¯ )S . We use these facts when solving (11)–(13) in scenario 4.

3.3 | Costs of nonoptimal joint management

From our model, optimal joint management generates an economic gain to Nordic‐Baltic Sea
countries compared with scenarios 2–4, but the size of this gain depends on the target for the
grey seal population. We, therefore, calculate the cost of nonoptimal joint management as a
function of the grey seal population, which can be defined as:

F NBT h x h x NBT h x h x= *( *, *, *, *) − ( ¯ , ¯ , ¯ , ¯ ).f f s s f f s s (14)

In this paper, we calculate F for various values of the fixed grey seal population and,
consequently, the harvest.

4 | FUNCTIONAL FORMS AND PARAMETER ESTIMATES

To quantify the outcome under the scenarios in Table 2, we must specify functional forms and
estimate parameter values for the relations included in the theoretical model from Sections 2.1
and 2.2. Table 3 contains an overview of the assumed functional forms and parameter values.

Below, we describe only very briefly the assumed functional forms illustrated in Table 3.
However, we verbally describe the parameterization of each function for cod and grey seals in
the Baltic Sea in Sections 4.1–4.9, while details can be found in Supplementary Appendix A.
The parameter values are summarized in Table 3 and include a benchmark value and upper
and lower bounds. The benchmark value is the result obtained from estimation of each
parameter, while the upper and lower bounds are created due to uncertainty about the esti-
mated parameter. In Supplementary Appendix A, we discuss sources of uncertainty for each
parameter value, but the upper and lower bounds are created by varying the benchmark value
by ±50%.10 Note also that some of our parameter values can be validated by comparison with
the results from other studies, and this comparison can also be found in Supplementary
Appendix A. Finally, when necessary, we use an official exchange rate to convert all monetary
values into Euro, and we deflate all monetary measures to 2014 values by using a Danish
Consumer Price Index from Statistics Denmark (available at https://www.dst.dk/en/).

4.1 | Natural growth of cod

Now we discuss how a natural growth function for cod in the Baltic Sea was estimated. From
Table 3, it is clear that we assume a conventional logistic specification, where rf is the intrinsic
growth rate and Kf is the carrying capacity. To estimate this growth function, we use time
series data on the stock size11 and harvest of cod in the Baltic Sea for the period between 1988
and 2018, and based on these data, we can calculate time series for natural growth. Then, the
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observations for natural growth and stock size can be directly used to estimate a logistic growth
function by using ordinary least squares (OLS). This estimation procedure is labeled the or-
dinary approach. However, one potential problem with the ordinary approach is endogeneity of
the estimated logistic growth function (see Ekerhovd & Gordon, 2013; Gordon, 2015). Speci-
fically, the stock sizes on the right‐hand side of a logistic growth function depend on the harvest
if this variable is used in stock assessments. Furthermore, the harvest is also used to calculate
the observations for natural growth on the left‐hand side of the growth function. Thus, an
endogeneity problem may arise, implying that the ordinary approach may generate biased
estimators. An instrument variable (IV) approach may solve this problem. However, several
different methodologies exist for obtaining stock estimates, and endogeneity is only a problem
if the harvest is used in the stock assessments. The stock assessment for cod in the Baltic is
based on a stock synthesis approach where both harvest data and harvest‐independent data
from scientific surveys are used. To investigate whether endogeneity arises with the ordinary
approach, we use information from scientific surveys to undertake an IV regression of the
logistic growth function. The results with the IV approach show that endogeneity is a minor
problem for cod in the Baltic Sea. Specifically, the difference between the parameter values with
the ordinary and IV approaches is very small (approximately 2% for both rf and Kf ). This
difference is within the upper and lower bounds for the intrinsic growth rate and carrying
capacity reported in Table 3; therefore, it is reasonable to use the parameter estimates generated
with the ordinary approach in our paper.

4.2 | Natural growth of grey seals

As indicated in Table 3, we also assume a logistic growth function for grey seals, where rs is the
intrinsic growth rate and Ks is the carrying capacity. To estimate a logistic growth function, we
use data for the population and harvest of grey seals in the Baltic Sea for the period between
2003 and 2017 to calculate a time series for natural growth. By using the observations for the
natural growth and grey seal population, we can then estimate a logistic growth function by
using the ordinary approach described in Section 4.1. To do so, we use OLS, but compared with
cod, an additional problem is that the population and harvest of grey seals is measured by the
number of individuals. To ensure consistency with the measurement unit for cod, we have
therefore convert the population and harvest of grey seals into weight; here, we use the average
weight of one grey seal in the Baltic Sea.12 Note that the population is measured by counting
the number of grey seals. Thus, the stock assessment is independent of the harvest of grey seals,
which implies that the endogeneity issue described in Section 4.1 is a minor problem for grey
seals.

4.3 | Seal‐induced mortality of cod

Following Jost et al. (1999), we assume a quadratic seal‐induced mortality function, where gs is
a mortality parameter for cod (see Table 3). However, we do not have sufficient information for
estimating the mortality parameter with statistical methods; therefore, we follow Vestergaard
(1996) and use one observation for total mortality and the grey seal population to calculate gs.
To obtain a measure for the total seal‐induced mortality of cod in the Baltic Sea, we use
information from Hansson et al. (2018). Specifically, for grey seals, we have data on the
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population, the total consumption of fish, and the share of cod in the diet of an average
individual for 2013, and this information can be used to calculate one observation for the total
seal‐induced mortality for cod. For the grey seal population, we use the observation for 2013
from the time series described in Section 4.2. Thus, we are able to calculate the seal‐induced
mortality parameter for cod, but from Table 3, it is clear that the parameter is low, which
implies that the interaction between cod and grey seals is small within our model.

4.4 | Price of cod

We assume that the price of cod is constant and independent of the harvest. To measure the
price, we use landing prices received by Swedish vessels for cod harvested in the Baltic Sea for
the period between 2008 and 2016. The average of these observations is our measure for the
price.

4.5 | Cost of harvesting cod

We adopt a formulation of an industry cost function where the stock size of cod is included.
The specific formulation, which can be found in Table 3, was used by Arnason et al. (2004), and
cc is a cost parameter for harvesting cod in the Baltic Sea. Note first that the harvest of cod is a
private good, while the stock size of cod is a public good, which is common for all Nordic‐Baltic
Sea countries. This fact implies that we cannot estimate cost functions that include both the
stock size and harvest for each country separately and then aggregate these relations. Thus, we
must aggregate the total cost and harvest observations for the Nordic‐Baltic Sea countries and
then estimate a common cost function. Another issue is that we do not have cost observations
for Finland; therefore, we chose to use the total industry costs for Swedish vessels harvesting
cod in the Baltic Sea. Then, we upscale these costs to cover all three countries by using
aggregated national harvest shares for cod in the Baltic Sea. Note that we have access to cost
observations for Denmark, but nonetheless, the total costs for Danish vessels are found by
upscaling the costs for Sweden to ensure consistency with the cost observations for Finland. To
ensure consistency with the cost observations, we also measure the harvest of cod by vessels
from Finland and Denmark by upscaling observations for Swedish vessels. Finally, as men-
tioned in Section 4.1, we have information about the stock size of cod in the Baltic Sea. Thus,
we have all necessary information to estimate the industry total cost function for harvesting cod
in the Baltic Sea countries reported in Table 3 by using OLS. We use a method that is similar to
the ordinary estimation approach described in Sections 4.1 and 4.2. Note that even though the
harvest and stock size enter on the right‐hand side of the cost function as independent vari-
ables, endogeneity is a minor problem since the costs are measured by using surveys among
Swedish vessels.

4.6 | Benefit of grey seal watching

Following Trapper (2006), we operate with a benefit function where the square root of the grey
seal population enters and, as indicated in Table 3, wbs denotes the benefit parameter for grey
seal watching. Again, we must use one observation for the total benefit of grey seal watching
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and the grey seal population to calculate the benefit parameter. To measure the total benefit of
grey seal watching, we use Bosetti and Pearce (2003) and conduct a benefit transfer. An
introduction to benefit transfer is provided by Westra and Boutwell (2013), but the basic idea is
to transfer a monetary measure from a study site to a policy site; we undertake what has been
labeled an uncorrected benefit transfer (see Johnston et al., 2015). To identify the willingness‐
to‐pay (WTP) for grey seal watching per tourist per day in southwestern England in 1999 (the
study site), Bosetti and Pearce (2003) use contingent valuation. Bosetti and Pearce (2003) also
report the capacity per day of grey seal tourism in southwestern England, and thus we can
calculate a WTP per day for grey seal watching. Next, we assume that grey seal watching occurs
during a given number of days per year, implying that we can calculate the total benefit of grey
seal watching. Bosetti and Pearce (2003) also report the number of grey seals in southwestern
England, and we can use the average weight of one grey seal in the Baltic Sea to arrive at a
measure for the grey seal population in weight. Thus, we are able to calculate wbs.

4.7 | Benefit of recreational grey seal hunting

Following Fedler and Ditton (2001), we assume a benefit function of grey seal hunting where
the square root of the population and harvest enters, and as indicated in Table 5, the benefit
parameter is denoted by wbs . To find this parameter, we must also use one observation for the
total benefit of recreational grey seal hunting, the grey seal population, and the harvest of grey
seals. In calculating the total benefit, we obtained access to data generated in a survey con-
ducted by the Finnish Wildlife Agency about recreational grey seal hunting in Finland. We
undertake an uncorrected benefit transfer since a monetary value for Finland (the study site) is
transferred to all Nordic‐Baltic Sea countries (the policy site). In the Finnish survey, the re-
spondents reported the costs of one recreational grey seal hunting trip in 2017. Next, we assume
that one grey seal is killed per recreational hunting trip, and this assumption is roughly
confirmed in the Finish data set. By using the number of harvested grey seals described in
Section 4.2, we can then obtain a measure for the total cost of recreational grey seal hunting.
Next, we assume that the total benefit is equal to the total costs, and this condition holds under
open‐access in recreational grey seal hunting. Open‐access is a common assumption in the
literature on recreational hunting (see Gren et al., 2018). Thus, the total cost of recreational
hunting becomes an approximation of the total benefit, and from Section 4.2, we also have
information about the population and harvest of grey seals; therefore, we are able to calculate
the benefit parameter of recreational hunting.

4.8 | Damage cost to the fishing industry

Here, we assume a quadratic damage cost function, which is commonly used in the environ-
mental economic literature (see Hanley et al., 1997). From Table 3, nds denotes a damage cost
parameter for the fishing industry, and again, we must use one observation for the total damage
costs and grey seal population to calculate the parameter. To find the total damage cost to the
fishing industry, we use Waldo et al. (2020), who measures the total damage costs to the
Swedish fishing industry caused by grey seals. We undertake an uncorrected benefit transfer
since a monetary measure for Sweden (the study site) is transferred to all Nordic‐Baltic Sea
countries (the policy site). The damage costs in Waldo et al. (2020) consist of three components:

BLOMQUIST ET AL. Natural Resource Modeling | 15 of 29
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(a) costs of damaged gear; (b) costs of increased working time; and (c) value of lost catches. The
damage costs in Waldo et al. (2020) are from 2013 to 2014, and we take an average of these cost
observations. However, Waldo et al. (2020) identify the total loss to the Swedish fishing in-
dustry and do not explicitly distinguish between fish species, but we obtained access to the data
set behind the study. From the data set, we can derive the total damage cost for cod, but
another problem is that Waldo et al. (2020) only identify damage costs for the Swedish fishing
industry. Thus, as in Section 4.5, we must upscale the damage costs for Sweden to cover all
Nordic‐Baltic Sea countries by using the national harvest shares. Regarding the grey seal
population, we use an average of the observations for 2013 and 2014 described in Section 4.2.
Thus, we can calculate the damage cost parameter for cod in the Baltic Sea.

4.9 | Damage cost of parasites

To ensure consistency with the damage cost function for the fishing industry, we also assume a
quadratic damage cost function of parasites, and pds is a damage cost parameter (see Table 3).
Again, we must use one observation for the total damage costs and population of grey seals to
calculate pds. Sokolova et al. (2018) investigate the spatial pattern of grey seal‐related liver
worms in cod in the Baltic Sea, Skagerak and Kattegatt in 2016 and 2017, and find that the
conditions of the heavily infected Baltic Sea cod were approximately 15% lower than in un-
infected fish. In this paper, we use this result and assume that 15% of the biomass of cod is lost
due to parasitic infections. By using observations of the stock size of cod described in
Section 4.1, we can measure the loss in the biomass of cod due to parasitic infections. Next, we
can value this biomass loss; here, we use the price of cod discussed in Section 4.4.13 This
approach generates a measure for the total damage cost related to parasites, and from
Section 4.2, we also have relevant information about the grey seal population; therefore, we can
calculate the damage cost parameter.

5 | RESULTS14

In Section 5.1, we describe the results for scenarios 1–4 when using benchmark parameter
values,15 while Section 5.2 contains a summary of the sensitivity analysis. The loss of non-
optimal joint management is discussed in Section 5.3. Note that we include observations for the
actual stock size and harvest of cod and the actual population and harvest of grey seals as a part
of the results.16 These values are used for comparison with the results in scenarios 1–4, and we
report observations from 2017.17

5.1 | Benchmark values

The results for scenarios 1–4 when using benchmark values for the parameters are summarized
in Table 4.

From Table 4, we obtain three main results under joint management. First, the optimal grey
seal population is much lower than the actual population, while the optimal harvest of grey
seals is larger than the actual harvest. Second, the actual stock size and harvest of cod are much
lower than the optimal stock size and harvest. Third, under joint management, the total profit

16 of 29 | Natural Resource Modeling BLOMQUIST ET AL.
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from harvesting cod is high compared with the total net benefits from grey seals, and the high
profit implies that the total net benefit of joint management of grey seals and cod is reason-
ably high.

Turning to fixed grey seal populations (scenarios 2–4), these have a large effect on the net
benefits of grey seals, as indicated in Table 4. Indeed, when the grey seal population is set at the
carrying capacity (scenario 4), the total net benefit of the predator becomes a large negative
number. The explanation for this result is the large damage costs related to the fishing industry
(2,800,000 Euro) and parasitic infections (24,900,000 Euro) in scenario 4. However, compared
with joint management, a fixed grey seal population has almost no effect on the stock size,
harvest, and profit of cod (see Table 4). The explanation for this result is a low interaction
between cod and grey seals (see Section 4.3).

5.2 | Sensitivity analyses

Next, we report the results of the sensitivity analysis under joint management. Here, we set one
parameter value at the upper or lower bound while keeping the other parameters at the
benchmark value (see Table 3). We use the sensitivity analyses to investigate the robustness of
our results from Section 5.1,3 and Table 5 reports the results obtained when varying the
parameters in the resource restrictions.

From Table 5, varying the carrying capacity and intrinsic growth rate for cod has a large
effect on the stock size and harvest of this species. Furthermore, varying the carrying capacity
for cod has a large effect on the total net benefits of cod and grey seals, while varying the
intrinsic growth rate has only a minor effect on the total net benefits (see Table 5). Compared
with cod, varying the carrying capacity and intrinsic growth rate for grey seals has only a minor
effect on the population and harvest of this marine mammal. Furthermore, varying the seal‐
induced mortality parameter has only a minor influence on all indicators and as in Section 5.1,
the explanation for this result is the low interaction between cod and grey seals within our
model. The low interaction also implies that varying the intrinsic growth rate for cod has only a
minor influence on the population and harvest of grey seals, and a similar result is obtained for
cod when varying the intrinsic growth rate for grey seals. We may also consider the robustness
of our results for the grey seal population. From Section 5.1, we have that the optimal grey seal
population is below the actual population, and from Table 5, this result is robust to variations in
the parameters in the resource restrictions.

Table 6 summarizes the results obtained when varying the parameters in the profit function
for cod and net benefit function for grey seals.

Table 6 shows that varying the price and harvesting cost parameter for cod has a large effect
on the stock size and harvest of this species. Furthermore, varying the benefit parameters
related to grey seal watching and recreational hunting has a reasonably large effect on the
population and harvest of this marine mammal (see Table 6). However, since the total net
benefit of grey seals is low (see Table 4), the effect of varying the benefit parameters for grey
seals on the total net benefits of cod and grey seals is small. For the damage cost parameters
related to the fishing industry and parasites, we achieve similar results. Furthermore, since the
interaction between cod and grey seals is small within our model, varying the price and
harvesting cost parameter of cod has almost no effect on the population and harvest of grey
seals, and varying the relevant parameters for grey seals has almost no effect on the stock size
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and harvest of cod. Finally, from Table 6, it is clear that the actual grey seal population is higher
than the optimal population for all parameter variations.

5.3 | Costs of nonoptimal joint management

Finally, we report the results for the cost of deviating from joint management by varying the
grey seal population as described in (14). Figure 1 shows the total loss in the net benefits, while
the slope of the curve can be interpreted as the marginal loss.

From Figure 1, we see that the numerical value of the marginal cost increases as we deviate
from the optimal grey seal population. Regarding the total loss from nonoptimal joint man-
agement, we obtain a reasonably small total loss (less than 400,000 Euro) when the derivation
of the grey seal population from the optimal level is low (less than 3500 individuals).

6 | SUMMARY AND DISCUSSION

The purpose of this paper is to investigate joint management of marine mammals and a fish
species when including several benefits and costs related to the former. As an empirical case,
we use cod and grey seals in the Baltic Sea, and we incorporate the benefits of recreational
hunting and grey seal watching, as well as damage costs related to the fishing industry and
parasitic infections caused by grey seals. For cod and grey seals in the Baltic Sea, we identify
various management scenarios, including optimal joint management (scenario 1) and various
fixed grey seal populations (scenarios 2–4). In scenario 1, we show that the optimal grey seal
population is much lower than the actual population, while the optimal harvest is larger than
the actual harvest. Furthermore, the actual stock size and harvest of cod are lower than the

FIGURE 1 The total cost of nonoptimal joint management, 1000 Euro
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optimal values. In scenarios 2–4, fixed grey seal populations have a large effect on the total net
benefit of the predator when the population is high. However, compared with joint manage-
ment, fixed grey seal populations have only a minor effect on the stock size, harvest, and profit
of cod. When parameterizing the model for the Baltic Sea, the benefits and costs related to grey
seals are valued by using simple methods such as direct calculations and uncorrected benefit
transfer, implying that many of our parameter values are highly uncertain. Therefore, we
conduct sensitivity analyses by varying each parameter estimate separately by ±50%, and we
are able to show that our empirical results are to a large extent robust to variations in the
parameter values.

To focus on the benefits and costs related to grey seals, we make at least five simplifying
assumptions, and it is useful to discuss the implications of relaxing these. First, in our model,
the resource restriction for grey seals is independent of the stock size of cod. However, it can be
argued that the resource restriction for grey seals should include a function that captures the
addition to the grey seal population caused by cod. To examine this issue, we consider joint
management and assume that the addition to the grey seal population only depends on the
stock size of cod. Here it seems reasonable to assume that the marginal addition is positive and
nonincreasing in the stock size of cod. Thus, the addition to the grey seal population becomes a
benefit related to cod; therefore, the optimal stock size of cod tends to increase. The addition to
the grey seal population arguably also depends on xs, but it seems reasonable to assume that
this effect is captured in the carrying capacity in a logistic growth function. Despite this fact,
including an addition to the grey seal population may potentially influence our results.

Second, we assume that the damage costs related to the fishing industry and parasites
depend only on the grey seal population. However, it seems reasonable to assume that the stock
size of cod also affects these damage costs. To discuss this issue, we consider joint management
and assume that the marginal damage costs are positive and nondecreasing in the stock size of
cod. Then, an additional marginal cost arises for the stock size of cod, and this tends to imply a
decrease in xf. Assume further that interaction between cod and grey seals occurs such that the
marginal damage costs of the grey seal population are nondecreasing when the stock size of cod
increases. Then, the grey seal population tends to decrease; therefore, when including the stock
size of cod in the damage costs, both xf and xs tend to decrease.

Third, we assume that the seal‐induced mortality of fish depends only on the grey seal
population but normally the stock size of cod affects the mortality. To address this issue we
consider joint management and assume that the marginal seal‐induced mortality function is
positive and nondecreasing in the stock size of cod, implying that xf tends to decrease. Next, we
assume interaction between cod and grey seals in the sense that the marginal seal‐induced
mortality function is nondecreasing in xf. Then, the grey seal population also tends to decrease
when including the stock size of cod in the mortality function. Thus, including the stock size of
cod in the mortality function potentially affects our results.

Fourth, we present a steady‐state equilibrium predator‐prey model in which the long‐run
economic yield from cod and grey seals is maximized. As always in resource economics, it
seems more relevant to use a dynamic model where adjustment paths toward a steady‐state
equilibrium are considered. However, according to Diz‐Pita and Otero‐Espinar (2021), the
following problems may arise in conventional dynamic, predator‐prey models: (a) An adjust-
ment path toward a steady‐state equilibrium may not exist; (b) An adjustment path toward a
steady‐state equilibrium may not be unique; and (c) An adjustment path toward a steady‐state
equilibrium can be sensitive to parameters and starting values. Compared with traditional
predator‐prey models, we include benefits and costs related to grey seals in our model;
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therefore, it seems reasonable to postulate that the abovementioned problems is larger in our
paper than in traditional predator‐prey models. This provides a justification for using a static
model as we do in this paper.

Finally, although we consider several benefits and costs related to grey seals, we none-
theless exclude relevant monetary values. As an example, grey seals are a symbol of a healthy
marine environment since they were close to extinction in the Baltic Sea in the 1970s. Fur-
thermore, many people are opposed to population control through hunting since grey seals are
perceived as being intelligent and clever. These facts indicate that an existence value can be
important and including such a benefit will tend to increase the optimal grey seal population.
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ENDNOTES
1 Two exceptions are Norway and Australia, where comprehensive joint management plans for fish species and
marine mammals have existed for several decades (see Melding til Stortinget, 2020; Goldsworthy et al., 2019).

2 The grey seal population in 2017 can be obtained by using the number of counted seals from HEL-
COM (2018).

3 In theoretical predator‐prey models, it is common to assume that the predator‐induced mortality of the prey
species depends on the stock size of both the predator and prey (see Getz, 1984). However, as a simplification,
we assume that the seal‐induced mortality of fish only depends on the grey seal population.

4 In theoretical predator‐prey models, it is common to include an increase in the grey seal population caused by
the fish species in (2). However, as mentioned by Jost et al. (1999), it is useful to exclude this effect in
empirical models to avoid double counting since G(xs) is included in (1). We chose to follow this advice in this
paper.

5 Since the stock size of the fish species is included in the cost function, we assume that harvesting cod occurs
in a search fishery (see Neher, 1990). Significant marginal stock costs have been found for cod in many
empirical papers (see Arnason et al., 2004).

6 It can be argued that the damage costs to the fishing industry should depend on both the grey seal population
and the stock size of fish. However, for simplicity we assume that the damage costs to the fishing industry
only depend on the grey seal population.
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7 The fact that the damage cost of parasites depends on the grey seal population is confirmed in Beddington
(1975), Haarder et al. (2014), and Lunneryd et al. (2015). However, it can be argued that the stock size of fish
also affects the damage costs of parasite. Nonetheless, for simplicity, the stock size of fish is disregarded in the
damage cost function related to parasites.

8 Even though ND(xs) and PD(xs) capture fisheries‐related costs, they are included in the net benefit function
for grey seals because they depend on the grey seal population.

9 We assume an interior solution for the control and state variables.

10 A common way for identifying upper and lower bounds is to vary the benchmark value with ±1.96 times the
standard error. However, for many of our parameters, we cannot identify a standard error; therefore, we vary
all estimated parameter with ±50%.

11 Note that the stock size of cod is measured by using the spawning stock biomass and not the total biomass.

12 Thus, we have constructed a biomass model. However, an alternative is to use an age‐structured model;
examples can be found in Tahvonen (2008), Tahvonen et al. (2013), Diekert et al. (2010), and Skonhoft et al.
(2012). Nonetheless, biomass models are easier to apply than age‐structured models; so as a simplification,
we restrict attention to the former.

13 Parasitic infections mainly affect the quality of fish meat and, therefore, the price. However, we value the
biomass loss related to parasites by using the market price and this yields the same results as when fish
quality affects the price.

14 Note that we convert the population and harvest of grey seals back into individuals by using the average
weight of one grey seal in the Baltic Sea since this is the common way to express these variables for marine
mammals. Note also that the measurement units for the parameter values in Table 3 differ, but when
generating results, we ensure that all parameter values are measured in the same units.

15 We performed several checks of our solution Four sets of simulations using different starting values are
conducted to verify that the solutions are independent of the initial values. In addition, two different
MATLAB solvers for nonlinear equations (fsolve and lsqnonlin) are applied to verify that the solutions
represent a maximum. We have also confirmed that the resource restrictions in (1) and (2) are fulfilled and
we determined that interior solutions for our control and state variables yield a higher net benefit than
corner solutions in all relevant cases.

16 The actual profit of cod and net benefits of grey seals could also have been reported. However, irrespective if
we use the actual harvest of cod and grey seals or calculate a steady‐state harvest of cod and grey seals by
using the stock size of cod and population of grey seals, we obtain a large negative profit and net benefit. The
explanation for this result is that the assumed functional forms summarized in Table 3 imply that our model
has a limited scope for the control and state variables for which it can be used.

17 We could have used observations for 2014 since we deflate all monetary measures to values from this year.
However, we use observations for 2017 since there is a reasonably large decrease in the harvest and natural
growth of cod between 2014 and 2017; and we want to use the most recent observations.

18 Thus, we focus on the size of the effect of varying a parameter value. An alternative is to discuss numerical
comparative static results and therefore focusing on the sign of the effect of varying a parameter value. The
numerical comparative static results are reported in Supplementary Appendix B and all results are in line
with the expectations.
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SUPPORTING INFORMATION
Additional supporting information may be found in the online version of the article at the
publisher’s website.
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