Received: 25 February 2022 | Accepted: 16 November 2022

DOI: 10.1111/nrm.12363

@? Natural Resource Modeling WiLEY

Time delays and pollution in an open-access

fishery

Harald Bergland' I
Pal Andreas Pedersen®

1School of Business and Economics,
Campus Harstad, University of Tromse -
The Arctic University of Norway,
Harstad, Norway

*Department of Mathematics, Faculty of
Science and Technology, Norwegian
University of Life Sciences, As, Norway

*Nord University Business School, Bode,
Norway

Correspondence

Purnedu Mishra, Department of
Mathematics, Faculty of Science and
Technology, Norwegian University of
Life Sciences, P.O. Box 5003, As N-1432,
Norway.

Email: purnedu.mishra@nmbu.no

Funding information
Norges Forskningsrad,
Grant/Award Number: 239070.; Norges
Milje- og Biovitenskapelige Universitet

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and

Purnedu Mishra? |

Arkadi Ponossov’ | John Wyller?

Abstract

We analyze the impacts of pollution on fishery sector
using a dynamical system approach. The proposed
model presupposes that the economic development
causes emissions that either remediate or accumulate
in the oceans. The model possesses a block structure
where the solutions of the rate equations for the
pollutant and the economic activity act as an input for
the biomass and effort equation. We also account for
distributed delay effects in both the pollution level and
the economic activity level in our modeling framework.
The weight functions in the delay terms are expressed
in terms of exponentially decaying functions, which in
turn enable us to convert the modeling framework to a
higher-order autonomous dynamical system by means
of a linear chain trick. When both the typical delay
time for the economic activity and the typical delay
time for the pollution level are much smaller than the
biomass time scale, the governing system is analyzed
by means of the theory for singularly perturbed
dynamical systems. Contrary to what is found for
population dynamical systems with absolute delays, we
readily find that the impact of the distributed time lags
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is negligible in the long-run dynamics in this time-scale
separation regime.

Recommendations for Resource Managers

« Resource managers should be aware of the dynami-
cal interrelations between fisheries and pollution,
also those that are time delayed.

« Time lags between biological, economic, and envir-
onmental variables are affecting the time paths of
these variables.

« In the long run, the impact from distributed time
lags have a negligible influence on the long-run
dynamical evolution.

« Neither the past history of economic activities nor
the past history of pollution growth can affect the
fishery dynamics in the long run.

« More empirical and theoretical research are needed
to increase our understanding of the interrelation
between fisheries and pollution.

KEYWORDS
distributed delay systems, geometric perturbation theory,
pollution, slow—fast fishery dynamics

1 | INTRODUCTION

Marine pollution is a widespread problem affecting the ocean health, the health of marine
species, food security, and quality, and it contributes to climate change. As reported by Halpern
et al. (2008), Islam and Tanaka (2004), Jones and Reynolds (1997), Todd et al. (2010), Vikas and
Dwarakish (2015), and Lu et al. (2018), marine pollution is increasing and causes negative
effects on commercial fisheries. A discussion of different forms of emission of pollution into the
marine environment and their potential to be broken down can be found in Watson
et al. (2016).

An interesting and early contribution discussing self-cleaning abilities of ecosystems can be
found in Haavelmo (1971). Similar analyses of the self-cleaning models are found in Keeler
et al. (1971), Strem (1971), d'Arge (1971), and Smith (1972). More recently, similar models have
been analyzed by several authors (see, e.g., Bergland et al., 2020, 2019; Chevé, 2000; El
Ouardighi et al., 2014; Flaaten, 2018; Forsund & Strem, 1980; Perman et al., 2011; Prieur, 2009;
Tietenberg & Lewis, 2014; Toman & Withagen, 2000; Watson et al., 2016). Bergland et al. (2019)
proposed a model to investigate the impact of pollution with self-cleaning ability and economic
development on a modified fishery model. The current work extend this model to understand
the impact of bioeconomic time delays.
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In a dynamic analysis of the interaction between pollution and fisheries, possible time
delays are relevant. For the self-cleaning ability of waste both the present state as well as the
past history are expected to influence the ongoing remediation capacity. Also for the growth of
fish resources it is reasonable to expect that pollution history matters. Furthermore, when it
comes to both fishermen and consumers, their behavior is affected by the present and the
former economic conditions.

Economists have for a long time been engaged in modeling time delays in macro- and
microeconomic models to reveal the consequences for the existence and stability of equilibrium
states in economic systems. An early contribution dealing with this problem can be found in
Frisch and Holme (1935). Examples on more recent papers focusing on time delays in
economic models are Keller (2010), Bianca et al. (2013), and Gori et al. (2018). In bioeconomics,
several authors have analyzed the effects of absolute time delays both in single-population
models and in predator—-prey models (see, e.g., Bretschger & Smulders, 2018; Chakraborty
et al., 2011, 2012; Ferrara et al., 2019; Gazi & Bandyopadhyay, 2008; Kar & Chakraborty, 2010;
Martin & Ruan, 2001; Yuan et al., 2016; Q. Zhang et al., 2011; Y. Zhang et al., 2014). These
papers show that the incorporation of absolute time delay effect results in a more complicated
dynamics than what one obtains in standard population dynamical systems without delay. The
incorporation of time delays in bioeconomic models is also found in more detailed discrete time
simulations (see, e.g., Dolder et al., 2020; Gomes et al., 2021). Dolder et al. (2020) assume a
given rate of delay when they simulate the fish population movement in space and time,
whereas Gomes et al. (2021) assume an absolute time delay in the way temperature affects the
biological efficiency for fish species. Notice that such absolute time delays are often motivated
by specific biological mechanisms (e.g., gestation period or reaction time related to for instance
reproductive or consumption behavior). The problem with absolute time delays is that in
economic and biological systems it is not possible to give a precise estimate of the time lags,
however. On the basis of this observation, it is argued that distributed time delay effects provide
more realistic descriptions in economic-growth models. See, for example, Guerrini et al. (2020;
and some of the references therein).

This serves as a motivation for the present study:

We analyze how a single species open-access commercial fishery is affected by marine
pollution. Our model which is expressed in terms of a dynamical system is based on the
simplifying assumption that production per capita in the economy grows with an exogenous
given rate, and reaches an exogenous given saturation level in the long run. Furthermore, we
assume that marine emissions are explained by means of this growth. Our objective is not to
explain economic growth, but to analyze the possible consequences of economic growth for
fisheries.

The modeling framework which we will present possesses a block structure: The solutions
of the rate equations for the pollutant and the economic activity act as an input for the biomass
and effort equation. This structure is reflected in the analysis of the existence and stability of
the equilibrium states.

The proposed dynamical model deals with possible impacts of distributed time delays
(instead of absolute time lags) on the fishery concerned. We incorporate these effects by
expressing the pollutant level as a weighted decomposition of the instantaneous pollutant level
and the corresponding time history of this level. The same type of decomposition applies to the
economic activity state. We furthermore assume the weight functions in these delays to be
modeled by means of exponentially decaying functions. This type of time delay modeling
means that all earlier states matter, but the nearest history carries most weight. Similar ideas
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concerning the ways time delays may influence the dynamics are found in Guerrini et al. (2020)
analyzing economic growth. The assumption of exponentially decaying weight functions,
enables us to convert the governing system of equations to a higher-order autonomous
dynamical system by using the linear chain trick (LCT; Cushing, 2013). The resulting
dynamical system is investigated with respect to existence and stability of equilibrium states.
Moreover, using this conceptual way of treating time delays makes it possible to consider
separation of time scales related to the different variables. More specifically, we expect the
typical timescale for the biomass evolution to be much greater than the typical delay time scales
for the pollutant and economic activity level. In this time-scale separation regime we show that
the modeling framework becomes a singularly perturbed dynamical system. This system is
analyzed by means of the Fenichel theory for singularly perturbed systems (Fenichel, 1979) and
its generalization to multiple time scales (Cardin & Teixeira, 2017). We explore and illuminate
important features of the modeling framework by means of the outcome of this asymptotic
analysis and numerical simulations and show that the impact of the time history is negligible in
the long run. Also here the block structure of the model plays an important role. As far as we
know, this type of analysis has not been carried out for similar models earlier.

The present paper is organized as follows: In Section 2 we discuss our modeling framework
in detail which is a modified version of Bergland et al. (2019). We transform the original system
to a dimensionless system by means of scaling in Section 3 and introduce the aforementioned
timescale separation regimes from the view point of bioeconomics. Section 4 is devoted to the
analysis of the subsystem describing the economic-growth and pollution part of the model,
whereas we carry out the analysis of the full model in Section 5. The analysis shows that the
results obtained in Section 4 can be used as input in the full model presented in Section 5.
Section 6 contains concluding remarks and a list of problems for future investigations.
Appendix A contains the proof of the persistency property of the model. In Appendix B we deal
with the application of the well-known Fenichel theory for one-parameter singularly perturbed
dynamical systems to the economic-growth and pollution block of the modeling framework,
whereas the same problem is addressed for the full modeling framework in Appendix C.

2 | MODELING FRAMEWORK

Our model consists of two main parts. One part models economic activity (production per
capita) Y (t) and stock of pollutant in the marine environment S (t), whereas the other part
describes a modified fishery model that constitutes the impact of pollution and economic
growth on the fish stock X (t) and dynamic effort variable E (). Without any time lag effects
involved, the actual model reads

%:rX(l— X+ﬁs]—qXE, d—E: k(gPX — c)E,

dt K dt 0
ds dy _

= =0 Y—((S;a,b), —=g(Y-Y

% $o(S; a, b) o g( )

with nonnegative initial conditions X (0) > 0, E(0) > 0, S(0) > 0, Y(0) > 0. The last two
equations in the model (1) account for the assumption that production and consumption
activities are responsible for the emission of harmful substances in the marine environment,
and model the pollution absorptive capacity of the environment. The instantaneous change in
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the production of pollution in the marine ecosystem is proportional to the production per capita
Y with an emission rate ¢,. The nonmonotonic function p represents the remediation capacity
function which is given as

S+a

p(S;a,b) = b a,b> 0. ()

The remediation capacity function p which models the pollution absorptive capacity of the
environment, thus depends on the size of the pollutant density. It constitutes a two-parameter
family of functions parameterized by means of the remediation parameters a and b. Here the
nonnegative function p is a twice differential function of S and has a global maximum value at
a unique point S = Spax = va® + b> — a. Here we notice that o(Smax; @, b) = 1/2Smax.
Furthermore, p is a strictly increasing function for 0 < S < Sy.x and strictly decreasing for
S > Smax- Notice that the function p also satisfies the homogeneity properties, that is,

(S a b
p(S; a,b)_Cp(C, ok C) for all real C. 3)
Hence, when the pollution level S is below the threshold value Sy, , the self-cleaning ability of
the environment will increase with S. However, when exceeding this pollution threshold, the
self-cleaning ability is expected to decrease and is negligible if pollution concentration in the
marine ecosystem is high enough. A notable feature is that the remediation capacity function
evaluated at Sp,,x is inverse proportional to Spay.
The last equation in the model (1) states that the change in production (and income) per capita
is governed by the economic-growth function f(Y; Y ) = Y — Y and the economic-growth rate g,
where the parameter Y is the unique zeros of the economic-growth function f. Moreover,
lim,_ ., Y (¢) = Y. Notice that the function f satisfies the homogeneity property, that is,

f; ) =cf (%, %) for all real C, 4)

where C is a positive parameter. It is worth mentioning that parameters Y and C have the same
dimension." The assumption of modeling an exogenous growth rate seems adequate as the
production from the fishery only is assumed to contribute marginally to the total economic activity
in the society. At the same time, we assume that emissions from fishing activities are insignificant
compared with emissions from overall production and consumption in the economy.

For the other part of the model we assume a modified logistic growth equation for the
development of the fish biomass with the negative term —3S incorporated to account for the
impact of pollution on the fish biomass. The parameter r measures the intrinsic growth rate of
fish biomass and K is the carrying capacity. The coupling parameter 8 is referred to as the
growth-retardation parameter. The model next considers the fish harvesting H where the fish
supply from the harvesting follows the Gordon-Schaefer production function H = gXE. The
instantaneous change in the effort variable E is assumed to be the proportion of the time-
dependent sector profit 7 = PH — cE, where P is the time-dependent unit product fish price
and ¢ cost per unit price of fishing effort. The assumptions for the function P that represents the
time-dependent marginal willingness to pay for fish products, include market
demand-income-mechanisms and negative impact on fish demand due to pollution.
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Inspired by the conjecture that the distributed delay framework appears to be more realistic and
meaningful in the biological as well as in the economical context, we incorporate distributed time
delays in the different modeling blocks of the model (1). First, we assume that the prehistory of the
cleaning ability will affect the pollutant level S and should therefore be accounted for in the model
extension. We take this property into account by making the replacement

p(S;a,b) = po(S; a,b) + (1 —p)p({S); a,b), 0<p<1 (5)

in the pollution equation of the model (1). Here (S) is the temporal mean defined as

(S)(t) = f_ o, (t — 5)S(s) ds,

o (6)
o, () > 0, foay(t)dtzl.

Thus, the new pollution equation which accounts for the prehistory of cleaning ability reads

% = oY — n[pp(S; a,b) + (1 — p)p((S); @, b)]. ™

Next we take into account the impact of the distributed time delay in the saturation term of the
fish biomass equation in (1). We do this by making the extension

g:rX
dt

X wS + (1 — w){S)
(1_E_'8 < )—qXE, 0<w<l, (8)

of the biomass equation. Here the positive parameters r, K, and 8 have the same meaning as in
wS+ (1 —w(S) .

(1). For a nonzero (8 the term ,8# in (8) thus measures a possible loss in fish biomass
depending upon the accumulated pollution and its corresponding past history. Notice that this
term is a convex combination of the instantaneous effect of the pollution (modeled by means of
S and the time history of the pollution development, represented by the mean value (S)). The
convexity parameter w measures the degree of influence of the distributed time delay effect: For
@ = 1, no such effect is present, whereas for the other extreme case w = 0 the impact of the
pollution effect on the wild fish population solely depends on the past history.

Regarding the price function P in the model (1), we assume that the price of the fish
product is affected negatively by pollution and positively by economic activity (income per

capita). The time-dependent marginal willingness to pay function P reads
P=P+axY+(0—-x)Y)), a>0, 0<x<l1. )

Here (Y) is the temporal mean of the economic activity level Y defined as

(Y)(t) = j: a,(t — 5)S(s)ds,

o (10)
a4, (t) > 0, fo () dt = 1.
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Moreover, we have assumed that the price function P depends on the pollutant density S and
its corresponding time history (S), that is,

P =Ay — aiBy(vF(S; By) + (1 = v)F({S); By)), 0<v<1. (11)

Here F is defined as

F(x; xo) =

X + Xo

and

A0>O, BQZO, a1>0.

We have imposed the constraint

a By < Ay, (12)

which ensures that the function P; is positive for all t. Thus we have assumed that distributed
time lags are present in both the pollution level S and the income level Y in a way similar to the
time lag effects in the biomass-pollution part of the modeling framework when it comes to the
marginal willingness to pay function P.

The case v = 1 means that the effect of the past pollution history is negligible. To model P,
we tacitly assume that accumulated pollution concentration affects the quality of the fish
products and that it reduces the consumers beliefs in paying higher prices for the fish products.
Therefore we assume that P, decreases for accumulating harmful substances in the marine
ecosystem and it saturates to level Ay — a;By > 0. Here the positive constant A, measures a
fixed market price for per capita income (Y). The nonnegative parameters a¢; and B, are
responsible for modeling the consumers beliefs in the fish products. It promotes the willingness
of consumers to pay less prices for such harmful fish products (Chen et al., 2015; Fonner &
Sylvia, 2014; Garzon et al., 2016; Wessells & Anderson, 1995; Whitehead, 2006). Here we also
assume that the history of pollution might affect the demand for fish, by incorporating a
distributed time effect (0 < v < 1).

With the assumption that the higher the income per capita, the higher aggregated demand
for fish is, we model per capita economy production or the general income level per capita by
mean of state variable Y. We model the positive influence of income level per capita Y on
consumers demands for fish products that also includes a possible time delay income effect and
an ordinary income impact on fish demand. By inserting the expression (9) for P into the rate
equation for E in the model (1), we end up with the distributed time delay equation

9E [y — aBo(WE (S; Bo) + (1 — WF((S); Bo))
dt (13)

+a(xkY + (1 —x)(Y)))gX — c]E

for the effort variable E. Regarding the temporal evolution of the economical activity level
(production per capita), we retain the same rate equation as in the model (1), that is, we
assume that
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& _ev-v) (14)

with an economic-growth rate g.
By making the additional assumption that the weight functions in the mean values (S) and
(Y) defined by (6) and (10) are exponentially decaying functions, that is,

_ [0, t<o,
O(y(t) = ye_yt’ (>0 (15)
and
o, t<o,
% (0) = ue Mt >0, (16)

the LCT produces the rate equations

d(S) _ B
7S =y (S —«S)) 17)
and
ay) _ v
” =u(Y —(Y)) (18)

for the mean values (S) and (Y). See Cushing (2013) for a detailed exposition on LCT.

To summarize, the modeling framework consists of the pollution dynamics equation (7),
the fish biomass equation (8), the effort equation (13), and the production and income equation
(14). The rate equation (17) for the mean value of the pollutant density and the rate equation
(18) for the mean value of the economic activity level represent past history in the respective
model variables. Thus our model comprises a 6D autonomous nonlinear dynamical system. The
biological and/or economical interpretation of variables and the parameters of the proposed
model are summarized in Table 1.

3 | GENERAL PROPERTIES OF THE MODEL
3.1 | Scaling and general properties of the model

We start out by observing that the exponentially decaying integral kernels «, and a,, defined by
(15) and (16) obey the scaling laws

al/sy(f) = r_lay(fr_l)a X /e, (r) = r—la‘u(fr—l),

=1y, g =ml
19
o, t<o, (19
at) = de~d, t> 0.
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TABLE 1

(7), and (14) and rate equations (17) and (18)

Variables/

parameters

S momom R oK o<

R 2 ™

vl

7
a
Ao
By

19

k

Biological/

economical interpretation

Interpretation of variables and parameters associated with the fishery-pollution models (8), (13),

Measurement

units (dimensions)

Time T

Total production value per capita C

The harmful substance density (stock of pollutants) M

Fish population density M
Carrying capacity of the fish biomass M
Production volume (harvest) in fishery MT-!
Effort (capital and labor) input in fishery E
Market value of fish cM™
Intrinsic growth rate for the biomass T!
Pollution effect on biomass growth 1

Fixed harvest efficiency rate E7'T!
Economy growth rate T
Long-run production value per capita C
Emission (pollution) rate MCIT!
Remediation (natural absorptive ability) rate T!
Remediation capacity parameter M
Remediation capacity parameter M
Pollution-demand impact fishery CM™2T
Income-demand impact fishery M!
Potential fish price cCM!
Price-saturation constant pollution M

Cost per unit effort CE'T!
Weight of instantaneous versus delayed remediation capacity 1

Weight of instantaneous versus delayed pollution effect on biomass 1

growth
Weight of instantaneous versus delayed market pollution effect 1
Weight of instantaneous versus delayed market income effect 1

Friction parameter in effort adjustment

EC™!

Note: The fundamental units are T for time (e.g., year, month), M for mass (e.g., tons, kg), E for effort (e.g., employee, capital),
and C for currency (e.g., Euro, Yuan, etc.).
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The scaled exponentially decaying kernels oy /¢, and oy /¢, are normalized functions. Thus they
can be used as weight functions in integrals that define the temporal means (6) and (¥) of 6
and 1, respectively, that is,

O = [ a-06)ds
e (20)
WO = [ ayy - 9pEads

where the functions (6) and (y) are defined in Table 2. Notice here that we can define (6) and
(¥) by means of (20) for any normalized integral kernels a, and a, that satisfy the scaling laws
(19). We interpret the dimensionless parameters ¢, and ¢,: T, = 1/y is the decay time of the
weight function «, in the temporal mean (S) of the pollutant density S, whereas T, = 1/r is the
logistic timescale of the biomass X. Thus the ratio ¢, is the ratio between these two time scales:
g, = T, /T.. For ¢, we gete, = T, /T,, where T, = 1/u is the decay time of the weight function
@, in the temporal mean (Y') of the economical activity level Y. Thus ¢, and g, parametrize the
temporal delay effects in our modeling framework. These two parameters (and consequently
also the three timescales 7, T,, and T;) will play a crucial role in the forthcoming analysis.

By means of the substitutions defined in Table 2 we readily derive the nondimensional
version of the distributed delay system

§ =87 n,0,9,0),®)), 1 =04 n,6,9,6), ), (1)
6 =HEn,6,9,6), @), P =K(n,6,9,6),®) (22)

consisting of Equations (8), (7), (13), and (14). Here F, G, H, and K are the functions defined as

G(€,1,6,9,(0), W) =% — nEVF(6; ) + 1 — V)F((6); )]

FhElp + (= W] — Ko @4
K& 1,6, %,(6), ) = 1 f@; %). (26)

Here the notation ' means differentation with respect to the time variable 7. Table 2 summarizes
the definitions and the interpretations of all the dimensionless variables and parameters involved
in the nondimensionalization process of our modeling framework. Imposing the homogeneity
assumptions (3) and (4) on the economic-growth function f and the remediation capacity p
we get

F@w =Cf(Cy; o), C= % 27

R(6, 1) =4(6; 1, %) = ap(ab; a, b)). (28)

The nondimensional version of economic-growth function f defined in (14) is obtained as
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TABLE 2 Bioeconomic interpretation of the dimensionless variables 7, &(7), 7(z), 6(t), (6)(7), ¥ (r), and
(¥)(1), and the parameters (i =1,2,..,10),t, ®, g, and g, in the models (23)-(32)

Variable/parameter definition Interpretation

T=rt Dimensionless time (time ¢ divided by the logistic time scale r~1)

§@=Xx1)/K
n(@) = qE@)/r
6(1) = 5(t)/a
O@) =(S)1)/a
= [ aije,(r = 9)6(s)ds
'lp(‘[) = QOY(I)/VG
B = (V)(1)/ra
= f_; o176, (T — )0(s) ds

h = Pa/K
n=¢/ra?

% =b/a
n=g/r

%= 9,Y /ra
¥% = kqKAo /¥

¥, = kayBogK /¥
% =Bo/a

Y% = kagKa, /g,

Dimensionless fish stock population
Dimensionless effort variable

Dimensionless pollution density

Mean value of dimensionless pollution density

Dimensionless economic activity variable

Mean value of dimensionless economic activity variable

Biomass growth damage rate

Relative remediation rate

Remediation capacity parameter

Relative economic-growth rate

Relative long-run emission

Potential revenue per unit effort in fishery
Pollution-demand impact

Demand parameter pollution

Income-demand impact

Yo = ke/r Relative unit cost of effort in fishery

L=%/7 Emission-remediation ratio

g =rly Relative decay time of mean pollutant density (S)

g = rfu Relative decay time of mean economical activity (Y’)

R AES 2R (29)

Similarly when the remediation capacity function p is given as (2), we readily find that the
nondimensional remediation capacity function R reads

60+1
R p) = e (30)
3

The distributed delay systems (21)-(30) possess the following persistency property: If
%> %, [PR(0, %) + (1 — p)Rmax], Where Rpax = R(Omax; 33) is the maximal value of the
function R(6; ), 6 > 0, then any solution of the systems (21) and (22), which starts within
the region
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Z={(&1,6,9,0),®)): £>0,7>0,08>0,(6) >0,
%> 1 [PRO, 7)) + (1 = P)Ranax], ) > O}, (D

remains in r for all 7 > 7%, where 7* < 0, that is, ¥ is invariant under the solution flow of the
systems (21) and (22). For the sake of completeness we have relegated the details of this proof
to Appendix A (Theorem 1).

The mean values (6) and () given by (20) satisfy in accordance with the LCT the linear
rate equations:

g0 =0 —(0), &) =9 — @) (32)

if the weight functions a, and a, are given as the exponentially decaying functions (15) and
(16), respectively.

The dimensionless parameters ¥, ¥, ¥ ¥ ¥ Yoo Vo5 Yoo Yoo and 7, associated with the
modeling frameworks (21)-(32) are positive. Standard theory for dynamical systems guarantees
that autonomous dynamical systems (21)-(32) are locally wellposed (Arnold, 1988;
Guckenheimer & Holmes, 1983) and that any solution of the dynamical systems (21)-(32)
will be a continuous function of the parameters ¥, ..., y,. Furthermore, we classify model
parameters into three groups based on their role in the dimensionless modeling framework:

o Group 1: Parameters influencing the economic-growth and pollution part of the
dimensionless model: y,, ¥, 7,, and %.

« Group 2: Parameters associated with economic growth and the pollution affecting the fishery
part of the dimensionless model: ¥, 7,, %, and %,

 Group 3: Parameters affecting the fishery part of the dimensionless model: 3, and y,,,.

In the forthcoming analysis we refer to the parameter ¢t = % as the emission-remediation
2

ratio. By restoring to the original dimensional parameters we readily find that
_5 _ QOY

14 Sa
Notice that the inequality (12) which is a sufficient condition for positive willingness to pay
translates into the condition

(33)

Y% 2V (34)

We observe that the functions H and K defined by means of (25) and (26), respectively, are
independent of £ and 7. This means that we can view the solutions of the subsystem

6" ="H(E 1, 6,9, (0), (%)) =9 — KIPR(6; 1) + (1 — pIRUOY; B,
P =K1, 6,9,(0), ¥)) = 1, F@; %), (35)
£,(0)' = A, 1, 6,9, (0)) = 6 — (6), &, ()’ = B, 7,6,9,(6)) = P — ()

as input functions to the subsystem

§ =8F(,1,0,9,00), @), 1 =nG(En,06,1h,(0), ¥)).
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We further notice that the component functions H, K, and A in (35) are independent of the
mean value (). This means that the solution of the subsystem (35) can be determined by first
obtaining the solution to the 3D system

0'=H(E 1, 6,9,6), ®)) =9 — KIPRE 1, 6; 1) + A — pP)RUO); W],
P =K1, 6,9,(0), ¥)) = 1, F¥; %), (36)
Ey <6>, = -A(g’ n, 65 Eb, <6>7 <11b>) =0 - <9>:

and thereafter finding the temporal mean (i) by solving the linear rate equation
() = B(E,7,6,,6), ®) =9 — @), (37)

using ¥ as an input function. Figure 1 summarizes schematically the relationship between the
different blocks in the present model.

The asymptotic limit &; — 0*; i = y, u of the systems (21)-(30) is of particular interest from the
viewpoint of bioeconomics: According to the previous discussion of the logistic timescale 7, and the
delay time scales T, and T}, we observe that the parameter regime 0 < ¢; < 1; i = ¥, u is equivalent
with the time separation regime T, < T;, T, < T,. This regime can be analyzed directly by means of
the standard theory for singularly perturbed problems (Fenichel, 1979). If we impose the additional
scale separation ¢,/¢, =y/u <1« T, < T, (which can be motivated from viewpoint of
bioeconomics), we end up with the two-parameter singularly perturbed system. Multiscale singularly
perturbed dynamical systems can be dealt with using a generalization of Fenichel's theory (Cardin &
Teixeira, 2017). In subsequent sections we will deal with these two parameter regimes.

4 | THE ECONOMIC-GROWTH AND THE POLLUTION
PART OF THE MODEL

Here we discuss the properties of (35) and examine the impact of Group 1 parameters and delay
weight parameter p on the dynamics of the subsystem (35). We start out by studying the
existence of equilibrium points. An equilibrium point E4 = (6,, ¥, (6), (¥,)) must satisfy

FIGURE 1 Schematic representation of the blocks in the models (21)-(30)
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Y, = (¢,) = ¥ and (6), = 6, without any restriction. Hence the equilibrium problem boils down
to a study of the equilibrium states (6,, ;) of the 2D system

=9 —BRE: 1), P =1fW;n%. (38)

We make use of the properties of this system when dealing with the study of the slow-fast

regime (0 < g <« 1) of (35) and (36). By utilizing the input parameters ¢ = % and y32, the
2

equilibrium condition boils down to the study of the equation

6+1 _ %
62 + 7/32 72 ‘

(39)

We denote the possible solutions of this equation as 6,. Let us define a function
I': (0, 0) = (0, c0) such that

J1+72+1
(=17 = %% (40)

and introduce the subsets Zyon, Zeq 1, Zeg,2, and C defined as

Zun={(2.0) € R t>r[n]}
eqz_{( ) e[RZ, = << r[y3]}

eql_{( L) ere 0<¢<1‘[y3]}
c={() erue=rl]}

Here the curve C represents the nontransversality condition ¢ = R(@e; y32) and R’(Ge; y32) =0.

(41)

Notice that the region Z,,, produces no equilibrium points whereas the parameter region Z¢q»
produces exactly two equilibrium points. Z.,; is the region which gives rise to one negative
equilibrium point.

Now, let us assume that (y32, l) € Zeg1 U Zeg,1 U C which means that we are guaranteed the

existence of at least one equilibrium point (and maximum two equilibrium points) of the type
(6, ¥5) of the 2D system (38). The stability problem of (38) can be resolved with the help of the
Jacobian matrix

KR Gy 1
lez[ 2 o } _y4]. (42)

The eigenvalues of the above stability matrix are computed as —y,R'(6,; ;) and —y,. Hence we
conclude that the equilibrium point (6,, %) is locally asymptotically stable if R'(6,; ) > 0

whereas it is saddle point if R'(6,; 3) < 0. In the case R'(6,; 3,) = 0, the 2D subsystem (38)
experiences a saddle-node bifurcation at the equilibrium point (&, %). For R'(6,; 3,) = 0, we
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have a unique solution 8, = 6,,x. Figure 2 shows a numerical example with the phase portrait

of the 2D system (38) in the case when we have two equilibrium points, that is, (y32 l) € Zego-

Let us assume (y32, l) € Zq2 U C which means that we are in a regime for which the

subsystem (36) has at least one positive equilibrium point E; = (6,, ¥, &), where 6, satisfies
(39). The Jacobian matrix for the 3D subsystem (36) at [E; is given as

® | —7(l—=p)R,
) 57 0
I3 =1 b |- (43)
~— 0 -
o | Ey

where J,(p) is the 2 X 2-block matrix given as

PR @) 1
JJ%P):( PY . & ] (44)

Y '

Here and in the sequel we will often make use of the abbreviation R, = R'(6,; ;). The
eigenvalues of (43) are given as

1 ! ! !
Ar=——I[Q + ,pR's) + \/(1 + 1, PR'e,)? — 4R'ps¢, ],

2, (45)
M= =Y < 0.

Thus the spectral properties of Jlgp) show that equilibrium [E; is asymptotically stable if
R'(8:; 1) > 0 and a saddle point if R’(6,; ;) < 0. The transition state R'(6,; ;) = 0 corresponds

N

0.8

0.6

0.4

0.2

FIGURE 2 Nullclines of pollution 6 (red curve), production variable ¢ (black curve), and arrows showing
the direction of the vector field to the system (38) for the input parameters y, =y, =y, =1,% = 11,1 = 1.1
Here the equilibrium point E; = (0.11, 1.1) (corresponding to R’'(&; y;) > 0) is locally asymptotically stable and
E, = (0.78, 1.1) (corresponding to R'(6,; y5) < 0) is a saddle point.
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to a saddle-node bifurcation. This means that the weight parameter p does not change the
stability properties as compared with the case p = 1. Thus the stability properties of the 2D
subsystem (38) carry over to the 3D subsystem (36). We notice that J%=Y = J,, where J, is
given by (42). The system (36) becomes a decoupled system in the case p = 1, in which the
dynamical evolution of the state variables 6 and ¢ is governed by the 2D system (38), whereas
the mean value () can be computed by solving the linear rate equation ¢,(0)" = 6 — () by
direct integration treating © as an input function obtained by solving (38).

Similarly, we linearize the 4D subsystem (35) around the equilibrium E,4 to resolve the
stability problem. One can easily compute the eigenvalues of the following Jacobian matrix to
examine the stability of subsystem (35) at the equilibrium point E4 = (6,, ¥, &, %):

0
¥ 0
I = 0 |, (46)
,,,,,,, froreeetene
0 — 0 i1
Eu L Eu

Here we have tacitly assumed that the (;/32 l) € Z¢q2 U C which means that we are in a
regime for which the subsystem (35) has at least one positive equilibrium state E,. Now by
exploiting our findings for the Jacobian matrix J%’ we can conclude that the weight parameter
p € (0, 1) does not affect the stability of E4: The eigenvalues of Jlgp ) are given as

1
Ay = —5[(1 + %,PR’g)) + \/(1 + 1,PR'e))* — 4R'p,¢,,
¥
1 (47)
/13:—)/4<0, /14:——<0
Eu

are strictly negative if the positive slope condition R’(&,; ;) > 0 is satisfied whereas one of the
eigenvalues is strictly positive if R'(8; 33) < 0. We also find that one eigenvalue becomes zero if
R'(6; 73) = 0. Therefore the equilibrium [E, is locally asymptotically stable if R'(&; 33) > 0,
whereas it will be a saddle point for the case R'(6; ;) < 0. Simple computation reveals that
points located on the curve C correspond to a saddle-node bifurcation. It is worth noting that
also in this case qualitative properties of the subsystem (35) follow the dynamical properties of
the 2D subsystem (38).

In Figure 3 we present numerical results associated with a subsystem (35) which support
the outcome of the present stability analysis. Here we have selected a set of parameter values
H=%=7%=1,p=08,%5 =11 and depicted the dynamical evolution of the associated
subsystem variables. In Figure 3a, we observe that the solution starting from the initial data
IC; = (0.6, 0.6, 0.3, 0.3) quickly converges to the equilibrium point E,; = (0.11, 1.1, 0.11, 1.1).
However, the solution starting from initial data IC, = (1.2, 0.6, 0.3, 0.3) gives rise to a saddle-
node bifurcation that corresponds to an unstable equilibrium point E4, = (0.78, 1.1, 0.78, 1.1).
Here we see that the dynamical variable 3 and its temporal mean () converge to the
equilibrium value ), = 1.1. However, the variable 6 and its temporal mean (6) increase as time
progresses (see Figure 3b). Obviously these findings are consistent with our theoretical
outcomes. Here a moderate initial production per capita promotes stability. On the other hand,
the accumulated pollution goes unbounded when the initial per capita production is high
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FIGURE 3 Numerical illustration of the subsystem (35) with ¢, = 1.0. (a) Small perturbation (IC) in
pollution 6 (red curve) and economic activity ¢ (violet curve) with its temporal mean converges to stable
equilibrium E, = (0.11, 1.1, 0.11, 1.1). (b) Uncontrolled pollution in case of high initial pollution. (c)
Uncontrolled pollution in case of initially high economic activity.

enough. A similar situation is depicted in Figure 3c when initial production per capita exceeds
a certain threshold.

4.1 | Slow-fast analysis

The subsystem (35) shows that the economic activity ¢ and the pollution level 6 do not depend
on the past history of the economic activities. Therefore we will not include the equation of
temporal mean () when studying the slow-fast progression analysis of the subsystem
associated with the economic activity and the pollution part. A detailed mathematical analysis
of a slow—fast version of the subsystems (35) and (36) is appended in Appendix B.

Here we show that numerical simulations of the dynamics of the slow-fast version of the
subsystem (36) (i.e., the scaled subsystem B2) confirm the mathematical findings in Appendix B.
This is illustrated in Figure 4. Here we have used , =y =% =1,p =0.8,¢, = 0.01, and
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FIGURE 4 Numerical illustration of the subsystem (B2) with ¢, = 0.01. (a) Small perturbation (IC) in the
pollution 6 (red curve), the economic activity 3 (violet curve) and pollution temporal mean () is attracting. (b)
Uncontrolled pollution in case of initially high economic activity. Moreover, the economic activity ¢ stabilizes as
time progresses.

¥ = 1.1 as input parameters. The initial data used in the computations leading to Figure 4 is
given as (0.6, 0.6, 0.3). This simulation suggests that the variable (8) increases very fast
following the dynamics of the layered problem until it reaches the attracting 2D equilibrium
surface M defined by

M={(6,9, () € RYI A, 7,6, 9, (6), () = 0}

={(6.9.(6) € RY(6) = 6) “8)
of R3. During this initial phase the variables 6 and ¢ stay almost constant. In the second phase
they approach very slowly the asymptotically stable equilibrium on the slow manifold M% as
predicted by the reduced problem. In Figure 4b one can see that ¢ (red curve) approaches its
equilibrium value %, = 1.1 slowly. Moreover, the mean value (6) (yellow curve) rapidly
converges to 6 (blue curve) following the dynamics of the fast subsystem on the slow-manifold
M?“. However, 6 grows unbounded following the dynamics of the differential algebraic equation
(DAE) problem. These numerical simulations suggest that a small singular parameter
0 < &, < 1 in (B2) does not destroy the qualitative properties of the subsystem (36).

From a bioeconomic point of view our analysis demonstrates that the bioeconomic time
delay does not harm the stability of the slow—fast subsystem involving the pollution-economic
part of the proposed model. Numerical simulations suggest that the mean variables ({8), (¥))
are quickly attracted to equilibrium values (6., ¥,).

To conclude, we observe that the impact of the distributed time delay in the pollutant
density and the economic activity is negligible in the long run in the time-scale separation
regime T,, T, < T;, contrary to what is observed in models incorporating absolute time lags
(Bretschger & Smulders, 2018; Chakraborty et al., 2011, 2012; Ferrara et al., 2019; Gazi &
Bandyopadhyay, 2008; Kar & Chakraborty, 2010; Martin & Ruan, 2001; Yuan et al., 2016; Q.
Zhang et al., 2011; Y. Zhang et al., 2014).
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5 | ANALYSIS OF THE FULL SYSTEM

In this section we first discuss the existence and stability of equilibrium points of the full
systems (21)—(30). If any such equilibrium points exist, then they must be in the form

(g’ n, es ¢s <6>7 <7vb>) = (ge’ Nes 687 Y55 ee’ J/S)’ (49)

where 6, is a solution of Equation (39). This equation possesses no solutions if (L, )/32) € Zhon
(t = %/1,), where Z,, is defined by means of (41). Therefore the original nondimensional

systems (21)—(32) has no equilibrium states if ([, yf) € Zhon. In the complementary parameter
regime, that is, when (l, yf) € Zeq1 U Zeg2 U C, Equation (39) has at least one solution and

maximum two solutions. This means that (L, )/32) € Zeq1 U Zeg2 U C is a necessary condition

for the systems (21)-(32) to have equilibrium states. We keep this condition in mind during the
upcoming analysis of the proposed model.

In Section 5.1 we study the possibility of having equilibrium points of the system located in
the hyperplanes £ = 0 and 7 = 0 with the corresponding stability properties, whereas we in
Section 5.2 deal with conditions ensuring the existence of equilibrium points in the first
orthant. In the latter subsection we address the stability of the interior equilibrium points. The
stability assessment of the equilibrium points (49) is inferred from the spectral properties of the
Jacobian matrix. We also illustrate the theoretical findings by means of numerical simulations
in these subsections.

5.1 | Existence and stability of equilibrium points in the hyperplanes
E=0andn =0

The equilibrium problem consists of investigating solutions of the system
gef(ge’ 7737 68’ J/S’ 697 7’5) = 07 neg(‘gg’ 77e, ee: )/57 6@7 7/5) = 05
where the functions F and G are defined by means of (23) and (24), respectively.
Assume that £, = 0. We readily find that G(0,7,, &, %, 6., ;) = =¥, < 0 from which it
follows that the only possibility for having an equilibrium point in this case is that 7, = 0.
Hence the equilibrium point in the hyperplane £ = 0 is

QO = (09 O, eey VS’ 665 7/5) (50)

For the purpose of investigating the stability of Qy, we first derive the Jacobian J¢ evaluated at
Qo. Simple computation reveals that

1 — 0. 0o
O% o : O2x4 .
Js(Qo)=1|____ 0 — Yo T . (51)
O4x2 ' Jip
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where 0,,x,, denotes the zero m X n matrix. The eigenvalues of the Jacobian matrix (51) are
given by means of (47) and

/15 =1- }/166, A6 = Yo <0 (52)

from which we arrive the following conclusions: If 6, < yl_l, then the equilibrium point Q, is
unstable, regardless of the sign of the slope parameter R'(6,; ). In the complementary regime
6, > yl_l, Qo will be asymptotically stable if R'(6,; ;) > 0 and a saddle point if R'(6,; 35) < 0.
The transition states 6, = y~! and R’(6,; ;) = 0 represent bifurcation points for which the
stability assessment cannot be based on the linearization procedure.

In Figure 5, we numerically illustrate the stability of the equilibrium point Qy and try to
examine how the pollution and the economic activity part affect the fishery dynamics. Here we
observe that for a certain set of parameter values and initially low pollution density, the
economic activities and the pollution level are sustained and remain in the vicinity of their
respective equilibrium values (6, 1,). We also observe the eradication of the fish biomass
together with a vanishing of the harvesting effort consistent with the stability properties of the
equilibrium point Q. In the case the pollution goes uncontrolled we notice a rapid extinction of
the fish population and the vanishing of the harvesting effort (see Figure 5b).

Let us next consider the hyperplane # = 0. In this case we either get{, =1 — 3,6, or§, = 0.
The former value of , produces the equilibrium point

Ql = (1 - 7/166’ 05 eea )/5a ee’ 7/5) (53)

To get a positive £, we must impose the restriction 6, < 1. It is important to notice that
Qo = Qq if 46, = 1. Let us consider the regime R(0; ;) < % < R(Bmax; 15) (corresponding to

2
(L, y32) € Zeq,2) for which we have two positive solutions of Equation (39), 6, = 6; and 6, = 6,
(6 < 6y) corresponding to R'(6;; y3) > 0 and R’ (6y; ) < 0, respectively. Notice that if ,6, < 1,
we will have y,6; < 1 Thus we will have the coexistence of two equilibrium points of the type
Q; for the case 1,6, <1 and 6, < 6.

We next compute the Jacobian J¢ evaluated at Q:

_5(3 _éc i Al
Is@)=1_0 6G(Q) : (54)
O4><2 ngp)
Here
A, = _7/1w§e 0 - - w)‘fe 0
0 0 0 0
and

GQ) =860+ 1% — 1BF 6 %) — ho
and &, is defined in (53). The eigenvalues of the stability matrix (54) are given by (47) and

A3 =—1 - 716e) <0, 44=6(Q.
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FIGURE 5 Dynamical behavior of nondimensional systems (21)-(32) in the vicinity of the equilibrium point Qq
in the high biomass damage regime. Input parameters: , = 3.5, , =, =11, =1, =11, =2,% = 1,% = 0.5,
% = 0.1,%, = 1,¢ = g = 1. (a) Initial condition (0.4, 0.4, 0.6, 0.6, 0.6, 0.6) belongs to the attractor basin of Q,. The
fishery sector is wiped out and the effort vanishes. (b) Initial condition (0.4, 0.4, 1.2, 0.6, 0.6, 0.6) does not belong to
the attractor basin of Qg . The fish stock is depleted very quickly and the pollution grows uncontrolled due to high initial
pollution production. Here & represents fish biomass, 7 is the effort variable, © measures the concentration of pollution,
and 9 is the economic activity.

Following the spectral properties of submatrix J§ we are in the position to claim that Q, is an
asymptotically stable equilibrium if R'(&; y) > 0 and G(Q;) < 0. The latter condition is
equivalent with the restriction

Yo
0<¢ <
© T %+ %¥r — 1F 6 ) (55)

imposed on ¢, since by (59) in Remark 1 the condition
Yo + ¥s¥ok — 1 F (G 1) > 0

always is fulfilled.

Figure 6 demonstrates the impact of the pollution on the stability properties of the
equilibrium point Q;. In Figure 6a we observe that a small perturbation around Q; does not
harm its stability. Notice that this long-run evolution of the pollution level makes the fishery
unprofitable, thus resulting in a vanishing of the effort even though the fish stock has not gone
extinct. However, Figure 6b shows that an initially high pollution level also causes the
extinction of the fish biomass. This means that the solution is attracted towards the
equilibrium Q.

5.2 | Existence and stability of positive equilibrium points

Here we discuss the existence and stability of positive equilibrium points, that is, equilibrium
points of the type (49) for which &,, 7,, 6, > 0. By using the equilibrium condition
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FIGURE 6 Dynamical behavior of nondimensional systems (21)-(32) in the vicinity of the equilibrium
point Q; in the high pollution-demand impact regime. Input data: y, = 2.5, , = 3.5,, =y, = 11,9, =1,
%s=11,%=2,%=0.5,%=01,%,=1,¢ = g = 1. (a) Initial condition (0.4, 0.4, 0.6, 0.6, 0.6, 0.6) (moderate
initial pollution level) belongs to the attractor basin of Q;. The fish stock & is sustainable, whereas the economic
effort 7 vanishes. (b) Initial condition (0.4, 0.4, 1.2, 0.6, 0.6, 0.6) does not belong to the attractor basin of Q;. The
fish stock £ is depleted very quickly, the effort vanishes 7, and the pollution 6 level grows uncontrolled due to
the high initial pollution level.

F=1-§-1-%n6=0, G=%& —1%EFG:; %) + %P — 1o =0,

we express £, and 7, in terms of 6,

Yo
ne=1-§-nb, &= -
‘ R A A A (56)
According to Remark 1 the restrictions
0<& <1 =16, ¥+¥h—1HFG@s;y) >0 (57)

will always be fulfilled. This means that we are guaranteed the existence of positive equilibrium
points Q, provided the subsystem (36) has at least one positive equilibrium point.

Remark 1. We notice that the first inequality in (57) is equivalent to the boundedness
condition

X, +BS. <K (58)

for the equilibrium biomass X, and the equilibrium pollutant density S, (corresponding
to £, and 6,, respectively) when restoring to the dimensional parameters. The result (58)
shows that X, is bounded by the carrying capacity K whereas S, is bounded by K /. The
second inequality in (57) is the nondimensional version of the positive marginal
willingness to pay, that is, the condition,
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P =A, + azY — a1 By

‘— > 0.
S. + By (59)

By restoring to the dimensional parameters, we find that the equilibrium effort E, and
the equilibrium population density X, (corresponding to Equation 56) are given as

r c B c
E,=—|1-— - =S|, X.=—.
e q[ qKPe K e} e qu (60)

Here P, is the marginal willingness to pay given as (59), also interpreted as the market
value per unit catch. We notice that the equilibrium biomass X, and the equilibrium
fishery effort E, are determined by fish value, cost, harvest efficiency, and growth
parameters in a similar manner as in the standard Gordon-Schaefer model (e.g.,
Clark, 2010; Flaaten, 2018; Hannesson, 1978). For instance, it follows that the special case
with no biomass growth damage (8 = 0) our equilibrium (corresponding to the effort and
stock level) is referred to as the bioeconomic equilibrium of the unregulated open-access
fishery in the standard Gordon-Schaefer model. The cost-value ratio (%) is crucial when

determining the profitability in the fishery, and thereby the equilibrium biomass and the
equilibrium fishery effort. If X > X,, fishing is profitable and the effort increases causing
a reduction of the biomass. As soon as X falls below X, fishing becomes unprofitable and
the effort will be withdrawn.

Now to determine the stability of the positive equilibrium point Q, we first derive the
Jacobian matrix J¢ evaluated at this point. We readily obtain

_ge _ge i Ae

J6(Qc) = | Ge(Qe) 0 1 7° (61)
O4x2 i JZ(fD}
where
A, = _V1w§e 0 _71(1 - w)ge 0
CNREVF B ) wKEm, —1EQ = VF 65 %1 —1)E,
and
gg(Qe) =%+t VsV — 77F(ee; 73) (62)

The eigenvalues of stability matrix (61) are given by

A = -%[ge + JEE - 4G:Q)] (63)

and those eigenvalues which can be extracted from submatrix Jle’ ), that is, the expressions (47).

From Remark 1 we know that G:(Q,) > 0 (see condition 57). We observe that eigenvalues 17
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remain negative if the condition £, > 4G:(Q,) is satisfied. Combining this condition with (57)
we get the following restriction:

. (64)

1 NiZ
F(6,; %) > ?[7/6 + oy — ]
7

which ensures negative values of 1;. Here the structure of the function F (6,; ) is defined in
(12). Remark 2 gives a detailed bioeconomic interpretation of the condition (64). It is
noteworthy that the condition (64) is interlinked with the stability dynamics of the fisheries and
economic effort part which are automatically satisfied if the condition (57) is satisfied.
Assuming that the condition (64) is fulfilled, the stability assessment of the positive equilibrium
point Q, simplifies the study of the slope of the remediation capacity R evaluated at 6,: Q, is a
locally asymptotically stable equilibrium if the positive slope condition R’(6,; ;) > 0 holds true.
A saddle-node bifurcation occurs when R’(6,; ;) = 0. Q. becomes unstable if R'(&; ;) < 0. We
illustrate this result numerically. To this end, we run simulations for a set of parameters
satisfying the restrictions stated in (56) which ensure the positivity of the equilibrium point Q,.
In Figure 7, one can easily see how an initially high pollutant level may alter the dynamics of a
stable equilibrium point. In Figure 7a, we observe that a small disturbance of the equilibrium
point Q, does not harm the stability of the system. However, an initially high pollutant density
promotes uncontrolled pollution which may harm the stability of the system. It is worth
mentioning that a high initial pollution level may give rise to the bifurcation from the interior
equilibrium point Q, to the fisheries-effort eradication equilibrium point Q, (see Figure 7a).

We also signify the effect of Group 3 parameters on the stability of the interior equilibrium
point Q,. We numerically observe that Group 3 parameters have no impact on the equilibrium
value of the state variables 6, 1. Therefore we only capture the time evolution of state variables
¢ and 7 in the upcoming simulations.

(a) (b)
1 ; ; 45
= =
T =11 — AT il /|
o9y — 351 —l A
08 1 3l 1
07 S8 1

251 1
0.6

05 $e=11
15¢ 1
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0.3 1 -/ |
—n =0
02 05l SN
e \

01 \ . \ 0 I I

0 5 10 15 20 0 1 2 3 4 5 6 7 8 9 10
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FIGURE 7 Dynamical behavior of nondimensional systems (21)-(32) in the vicinity of the equilibrium point Q,.
Parameter values are y; = 0.7,, =, = 1.1, %, =1, =11,%5=2,7,=1,%=05,%=01,%,=1¢ =g = 1.
(a) Initial condition (0.4, 0.4, 0.6, 0.6, 0.8, 0.8) representing a moderate initial pollution level belongs to the attractor
basin of Q.. The fish stock & and economic effort 7 are sustained and remain stable for the small perturbation. (b) The
initial condition (0.4, 0.4, 1.2, 0.6, 0.8, 0.8) representing a high initial pollution level results in rapid extinction of the
fish stock & and a vanishing economic effort 7, whereas the pollution level 8 grows unbounded.

85UB017 SUOWLLIOD BAIER1D) 3|qedldde au Aq peusenob a.e sajoe YO ‘8sn JO Sa|ni 1o} AkeiqiT 8ul|uO AB|IM UO (SUOIpUOD-pLE-SWLBIALIOD A8 |IM°ARRIq 1 [U UO//SAIY) SUORIPUOD PUe swiia | 8L) 88S *[2202/2T/80] Uo Ariqiauliuo 8|1 ‘S80S 8317 JO AISPAIUN AQ 962T WIL/TTTT OT/I0P/W00 A3 1M Afelq i pul|uo//SANy Wo14 papeo|umoq ‘0 ‘Sty2686T



BERGLAND ET AL. Natural Resource Modeling @ | 25 of 39

Remark 2. By restoring to the dimensional parameters, we find that the inequality (64)
translates into the boundedness condition

1 rc

PR<—|—.
¢ 2gK\V k (65)

Here E, is the marginal willingness to pay defined by means of (59). We notice the
appearance of the market value per unit, in addition to the harvest efficiency (q), the
growth parameters (r and K), and the friction in effort adjustment (k) in this expression.
We conclude from the above analysis that the equilibrium Q, is asymptotically stable as
long as the market value P, in the fishery is below this threshold level and for small and
moderate values of the equilibrium pollutant level.

5.3 | Slow-fast analysis

In this subsection we apply geometrical singular perturbation theory to investigate the
dynamics of slow—fast progression in the original system. We discuss different cases depending
on the values of parameters u and y.

531 | Casel.T,~T,<T,

This subsection is devoted to study the slow—fast progression dynamics of the systems (21)-(32) under
the time-scale separation T, ~ T, << T;. This regime can be investigated by means of Fenichel's
theory (Fenichel, 1979) and its generalization to multitime-scale problems (Cardin & Teixeira, 2017)
for slow-fast systems. The application of this theory to our model is relegated to Appendix C.

Here we focus on how the numerical simulation matches the theoretical findings presented
in Appendix C. To this end we consider the flow of the slow part of the system (35) (i.e., the
subsystem C1) on the 4D critical manifold M, defined by

Mo =1{(,7,6,9,(6), ¥)) € R°: (6) = 6, () = 9}. (66)

This evolution is governed by the system

=60 -E—n—-10), 1" =10 —-rF6: n) + K& — n,

0 =9 — RRE: 1), ¥ = 1,7 ). ©7)

Here we see that the economic activity variable 3 evolves independently of the remaining state
variables as time progresses. Moreover it is always attracted to its equilibrium 3, = . We recall
the results obtained in previous sections to determine the stability of equilibrium points of the
system (67): If 6, = 6; be the solution of (39) for which R'(E, ) > 0, then the interior
equilibrium & = (§,,7,, 6), %) of the system (67) is locally asymptotically stable whereas the
other equilibrium point &, = (&,,7,, 6, %) corresponding to the negative slope condition
R'(6., 75) < 0 is unstable within the framework of the model (67). Notice that this stability
result is independent of ¢,. The mathematical analysis carried out in Appendix C suggests that
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the impact of distributed delay over the long period of time is negligible in the time-scale
regime T, ~ T, < T,.

To illustrate the mathematical observations appended in Appendix C we run numerical
simulations for the same set of parameter values and initial data underlying the computations leading
to Figure 7. We observe a rapid attraction of fast variables (6) and (i) towards their equilibrium
points. The slow variables evolve very slowly and almost look like constant in this phase (see
Figure 8).

In Figure 9, we present numerical results for the regime 0 < ¢, = ¢, < 1 showing
the temporal evolution of the biomass £ and the effort variable 7 by assuming the
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FIGURE 8 Temporal evolution of slow variables of the singularly perturbed system (67). Parameter values

(except &, = g, = 0.01) and initial data are the same as in Figure 7a,b. Here £ represents fish biomass,  is the
effort variable, 8 measures the concentration of pollution, and ¢ is the economic activity.
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FIGURE 9 Temporal evolution of slow variables of the reduced system (67) on the critical manifold M.

Parameter valuesare y; = 1.1, 7, =5,=11,%,=1,%5=11,%3=2,%,=1,%=0.5,% = 5,7, = 1,6 = g, = 0.0L.
The initial condition is the same as in Figure 7a. Here & represents fish biomass, 7 is the effort variable, 6 measures the
concentration of pollution, and ¢ is the economic activity.
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pollution-economic activity block as input information to the fishery part. In Figure 9a we
observe the well-known oscillations where the profitability in the fishery determines the effort,
and the following harvest volume causes biomass variations. Figure 9 displays the temporal
evolution of the slow variable which is evolved on slow manifold M, . These simulations
demonstrate how a general trajectory of the system (67) is attracted towards the slow manifold.

532 | CaselLT,<T,<T,

Finally, we study the dynamics of the full systems (21)-(32) in the time-scale separation regime
T, < T, < T;. This means that ¢, < ¢, (&r <y < u). We use the slow-fast analysis carried
out in Section 4.1 to conclude that the dynamical evolution decomposed into the three phases
described in that subsection: In the first phase the temporal mean variable associated with
economic activity, (), evolves on the fastest time scale T,, with the remaining variables
(&,1, 6,9, (6)) being constant. The 5D subspace

M ={(1,6,9,0), ¥) €R: ¥) =}

of R® acts as a normally attracting hyperbolic manifold. The dynamical evolution in the next
phase takes place on M, and is governed by the system

£ = EFE D, 0,9, @), 0 =nG(E 1.6, %,(6), (h),
6= H(E 1. 0.9.40). ¥)., ¥ = K(E 7, 6,%.(6), ). 68)
£,(6)' =6 — (),

which is a singularly perturbed system with ¢, as a perturbation parameter. As ¢, — 0, the
asymptotic approximation of the dynamical evolution prescribed by (68) decomposes into two phases:
The first phase consists of the evolution of the mean value of the pollution on the intermediate time
scale T, with the remaining variables (, 7, 6, ¥) being constant and the 4D subspace

Mo ={(§,7,6,9,(6), ®)) € R®: (6) = 6, (%) = ¥}

of M, acting as a normally attracting hyperbolic manifold. The final phase consists of the slow
evolution of S = (¢, 7, 6, 1) on the manifold M,. The 4D autonomous governing system (67)
acts as the reduced problem on M, for the slow dynamical systems (21)—-(30) which is already
discussed in the previous sections. Now we consider following transformations:

T=1/e, (@) =§(), @) =n(), x@ =06(n),
YD) = P(0), Q@) =O)(1), (IND) = ) (D),

and letting ¢, = 0 in dynamical systems (21)-(30) we get the intermediate problem on M;
=0, &):0’ X =0, =0, <5(>:X_<X>a

where ~ denotes the time derivative with respect to the intermediate time variable 7. The other
variables remain constant on this time scale. Similarly, the associated layered problem is given by
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A=0, Y=0, ©=0,% =0, (0) =0, () =¥ — ().

Here * denotes the time derivative with respect to ¢ where time variable £ = ¥/¢, and other
state variables are transformed similarly as in (B1). Notice that M; and M, are the critical and
two-critical manifolds on which the intermediate and the reduced problems of systems
(21)-(30) are defined, respectively. Notice that M; and M, are also the equilibrium points of
the layered and the intermediate problem of the systems (21)-(30). By appealing to Theorems
A, B, C, and Corollary 1 in Cardin and Teixeira (2017) we conclude that for small parameters &
and ¢,, there is an invariant manifold M(ZE"‘E’) under the flow of the systems (21)-(30) which is
the perturbed counterparts of the manifold M, with Hausdorff distance O(g, + ¢,) and, it is
diffeomorphic to M,. Moreover, the stability property of Mg%gr) is inherited from the attracting
critical manifold M,. We omit the proof of multitime-scale convergence results for the
slow—fast systems as these results follow directly from Theorems A, B, and C in Cardin and
Teixeira (2017).

We finally run simulations for the singularly perturbed original systems (21)-(30) in the
parameter regime 0 < ¢, <¢, < 1. The outcome of these simulations is summarized in
Figure 10. Here we observe that the mean variables (6) and (i) converge to the trajectories of 6
and ¥ very quickly, respectively. However, the slow variables evolve very slowly on the same
time interval in comparison. These variables remain almost constant in the initial phase (see
magnified view in Figure 10a). However, in the long run the slow variables converge to their
respective equilibrium values. The numerical findings thus agree surprisingly well with the
predictions deduced by means of the theory for singularly perturbed systems, even though
g€, = 5¢, in the numerical simulations. We conclude that neither the past history of economic
activities nor the past history of pollution growth will affect the fishery dynamics in the long
run in this time separation regime. Moreover, high initial pollution level gives rise to
uncontrolled pollution growth which in turn promotes unprofitable fisheries and could be the
reason for the extinction of the fish biomass.
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FIGURE 10 Temporal evolution of slow variables of the singularly perturbed systems (21)~(30). The
parameter values (except &, = 0.05, g, = 0.01) and the initial data are the same as in Figure 7a,b. Here §
represents the fish biomass, 7 is the effort variable, 6 measures the concentration of pollution, ¥ is the economic
activity, and 7 is the time scale for the equivalent fast system of the original models (21)—(30).
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6 | CONCLUDING REMARKS AND EXTENSIONS
6.1 | Main results

In the present paper we have investigated a conceptual causal bioeconomic model describing
the impact of pollution on a fishery using a dynamical system approach. We have accounted for
distributed time histories in both the pollution level and the economic activity level in this
modeling framework. This means that the fundamental model assumes the form of a
distributed time delay system. The model decomposes into two subsystems. The first subsystem
which describes the interaction between the pollution and the economic activity plays the role
as an input to the second subsystem which is defined as rate equations for the fish stock density
and the effort variables.

The model is converted to a 6D autonomous dynamical system by means of the LCT when
assuming the weight functions in the time delay terms to be exponentially decaying functions
(Cushing, 2013). Existence and stability of equilibrium states are investigated. We also identify
the characteristic time scales for these time lags and investigate the dynamical evolution as a
function of these time scales. When the former time scales are much smaller than the logistic
time scale, the modeling framework becomes a singularly perturbed dynamical system. We
have analyzed this system using Fenichel's theory (Fenichel, 1979) and its generalization to
multiscale problems (Cardin & Teixeira, 2017) together with numerical simulations. On the
basis of this analysis and the simulation results we conclude that the prominent feature to be
observed is that the impact of the distributed time lags is negligible in the long-run dynamical
evolution, contrary to what is found for population dynamical systems with absolute time lags
(Bretschger & Smulders, 2018; Chakraborty et al., 2011, 2012; Ferrara et al., 2019; Gazi &
Bandyopadhyay, 2008; Kar & Chakraborty, 2010; Martin & Ruan, 2001; Yuan et al., 2016; Q.
Zhang et al., 2011; Y. Zhang et al., 2014). Hence, our model analysis adds to the existing
literature knowledge of how distributed time delays affect short- and long-run development of
stock and effort in an open-access harvesting model.

6.2 | Possible extensions

Here we will point to possible extensions and modifications of the present modeling framework
which could be topics for future research.

First, in the present paper we have assumed that the emission rate ¢, in the pollution
equation is constant, compare Equation (7). A natural extension of this assumption consists of
modeling the emission rate by means of a strictly decreasing, which is bounded from above and
below. The motivation for assuming a decrease in the emission rate as a function of the
pollutant density and the economic activity goes as follows: First, when the production
increases (which implies a higher income in the economy), it seems reasonable to expect that
the individuals' preferences for reducing the pollution become relatively more important. If
such reasoning holds, the environmental policies will become stricter. Second, an increase in
emissions may also lead to an increased willingness to implement stricter environmental
standards to avoid the negative impacts from pollution. However, it is reasonable to believe that
the emission rate remains positive and saturates when assuming such decreasing effects.

Second, we have assumed the time histories to be modeled by means of exponentially
decaying functions. We have argued that this assumption mimics a realistic time history when
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it comes to economic activity and pollution emission. We do not exclude the possibility that
other time histories can be relevant, however. One possible future research topic consists of
assuming that the time histories can be modeled as a Taylor - polynomial multiplied with an
exponentially decaying function. This type of time history can model situations where certain
times in the past carry more weights than others when it comes to the influence of the time
history on the present situation. The LCT is applicable in this case. See Cushing (2013). It will
produce a higher hierarchy of ordinary differential equations (ODEs). Here a detailed
numerical examination of the change in the temporal development of the state variables would
be of interest. One should, however, be aware of that the change to this type of weight function
will not alter the fundamental stability properties of the detected equilibrium states. Notice also
that the time-scale separation regimes which also in this case can be analyzed by means of
Fenichel's theory for singularly perturbed dynamical systems (and its extension to multiscale
problems) will also lead to the conclusion that the impact of the delay effects on the dynamical
evolution will be negligible in the long run.

The argument for this proceeds in the same way as in Sections 4 and 5. Notice that it is
possible to extend the LCT method to generally distributed time lags as suggested in Ponosov
et al. (2004). However, in this case LCT may produce an infinite dimensional system of ODE:s,
so that it may be a mathematical challenge to perform stability analysis, and there is no
guarantee that the properties of the present model would be preserved under such a far-
reaching generalization. However, if the lag distribution is polynomial-based, the LCT gives a
finite-dimensional system, and the stability analysis can be performed in the standard way, as
explained above.

Third, a natural and well-motivated extension consists of incorporating spatial effects in the
modeling framework. This means to consider effects like local as well as nonlocal
advection—diffusion effects in the description of the biomass evolution as well as in the
pollutant movement. We believe that such spatial effects are not present in the rate equations
for the economic activity and the effort variables. Here we could follow the same line of thought
as in Marciniak-Czochra et al. (2017) and Heilmann et al. (2018). This means that the modeling
framework assumes the form of an ODE-reaction diffusion coupled model with advection
effects incorporated. The key problem here will be to detect linear instabilities of equilibrium
states as a route to pattern formation. The outcome of this process is expected to be stationary
spatial patterns, standing, and traveling waves, and possibly also chaotic spatiotemporal
patterns. It will thus be of interest to find out if the resulting system permits coherent structures
like stable traveling wave solutions. The role of such structures in the pattern-forming process
should be examined. Here we should notice that nonlocal diffusion effects incorporated in the
biomass and the pollutant equation in a way analogous to Cheng and Yuan (2017) could result
in the existence of traveling waves. Another interesting problem for further investigation is to
study the proposed model under biomass diffusion as an optimal fisheries management
problem. The main idea is to investigate the effects of optimal control of biomass diffusion
processes in the emergence of spatial heterogeneity through diffusion-driven instability.
Optimal control in harvesting and diffusion in the emergence of spatial heterogeneity can be
studied based on the footprints of William and Xepapadeas (2010).

Fourth, we will expect that the determination of the maximal remediation capacity as well
as other parameters will be subject to uncertainties, and thus the stochastic processes should be
included in the modeling framework. Hence the modeling framework becomes a system of
stochastic differential equations. Following the thoughts as in Evans (2012) and
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©Oksendal (2003), the model can be rewritten as an autonomous dynamical system of first-order
equations with the stochastic effects accounting for additive noise terms in the system.

In addition to more sophisticated and realistic assumptions regarding the pollution and the
cleaning abilities of the ecosystem, alternative and more reasonable assumptions regarding the
economic behavior and the functioning of the fish market also represent possible model
extensions. For instance, modifications of Verhulst's population growth model and the
Gordon-Schaefer harvest production function which are discussed in Hannesson (1978),
Clark (2010), Flaaten (2018), or Eide (2018), could be incorporated in the model formulation.

Seeking for an overall welfare optimal resource allocation, environmental, and fishery
policies based on the predictions derived from a model like ours would also be an interesting
task for future research.

To sum up, our comments regarding possible extensions may serve as a relevant
background for future studies concerning marine pollution and fishery resources within the
framework of bioeconomic models.
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ENDNOTE

! This specification means the existence of a unique long-run saturation level for the production per capita
given by Y, which can be interpreted as the equilibrium state in output per worker in accordance with the
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Solow growth model (Solow, 1956). Our model does not explicitly include factors affecting the level of
economic growth.
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APPENDIX A: PERSISTENCY PROPERTY OF THE SYSTEMS (21)

AND (22)

Regarding persistency of the solutions of the systems (21) and (22), we have the following
result:

Theorem 1. Consider the systems (21) and (22) under the assumptions (23)-(26), where
f and g are defined in (27) and (28), respectively, f satisfies properties (a) and (b) and p
satisfies properties (a)—(e) from Section 2.

If . > 7, [PR(0, 15) + (1 — p)Rmax], where Rmax = R(Omax; %) is the maximal value of
the function R(6; ), 6 > 0, then any solution of the systems (21) and (22), which starts
within the region

Z={(¢1,6,9,),®): §>0,1>0,6>0,(6) >0,

> %[pR(0, 75) + (1 — p) R, @) > O}, (AD)

remains in T for all T > t*, that is, T is invariant under the solution flow of the systems (21)
and (22).

Proof. First of all we notice that
1. If the solution % (7) of the equation 3’ = )qf”(z,b; ¥%), see (36), is positive for some

75 > 0, then 1 () remains positive for all T > 75; any solution ¥ (z) of this equation
approaches the only equilibrium point ¢ = ¥ of this equation if 7 — cc.
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2. If for some 7, the components & and # of the solution of the systems (21) and (22) are
positive, then they remain positive for all 7 > 7, even if the other components may be
negative.

The first statement follows from the assumption that f(i; %)>0 if 0<% <y and
f@; %) < 0 if > y. Therefore, (t) is strictly increasing on the interval 0 < ¢ < y and
strictly decreasing on the interval ¥ > y. Thus, ¥, is the global attractor for all solutions
Y (1), which also cannot cross the line p = 0.

The second statement follows from the general properties of dynamical systems of the
Lotka—Volterra type, see, for example, Bergland et al. (2019, Appendix B, Lemma 2).

These two facts, together with the observation that the equations for 6 and (8) are
independent of &, , and (i), make it possible to simplify the problem by only considering
the subsystem (36). For instance, proving the invariance of the region

2 ={(6,(6),9): 6>0,(0)>0,% > p,[pR(0, 1) + (1 — p)Rmax|} (A2)

under the solution flow of the subsystem (36) will justify the statement of Theorem 1.

Let P* = (6(t*), (B)(t*), Y (t*)) € Z for some 7* < 0. Assume that there exists 5 > 7*
such that the trajectory, which starts at P* hits the boundary 0%’ of the region X’ at g for
the first time. Evidently, the trajectory cannot hit the face

{ = KPR, %) + (1 — p)Rmax], € > 0,(6) > 0}

of 0%', because the component ¥(r) of the solution monotonically approaches
% = %,[PR(0, 73) + (1 — p)Rmax] > ¥ (t*). Therefore, it must be either the face

{6=0,(6)>0,9 > )2 [pR(O, 7/3) + (1 — p)Rmaxl} (A3)
or the face
{(6)= 0,020, 2 BIPRO, %) + (1 — p)Rmasl} (Ad)

If the trajectory hits the face (A3) at 7 = 5, then 6'(f) < 0, because 6(f) = 0 and
0(t) > 0 for t* < 7 < §. On the other hand, (6)(7) > 0, and we obtain

0'(m) =9 (@) — %[PR(O(@), ) + 1 — p)R(O) (), )]
=9(@) — [PRO, %) + 1 — p)R(O) (@), )]
>P(m) — 163 [PR(O, 7/3) + (1 = p)Rmax] > 0,

which contradicts the property 6’(z) < 0. Hence, the trajectory never hits the face (A3) of
the boundary 0%’.

Finally, if the trajectory hits the face (A4) at =175, then (6)'(g)=
y(6(n) — (B)(1)) <0, because (0)(f) = 0 and (6)(r) > 0 for t* < 7 < 7. Therefore,
0 < 6(m) < (B () = 0, so that O(z) = 0, which means that the trajectory hits the face
(A3), which is impossible. Hence the theorem is proved. O
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We conclude this section with two remarks.

1. If p =1 (no delay in the variable 0), then Theorem 1 converts to Theorem 1 in Bergland
et al. (2019).

2. Under assumptions of Theorem 1, all components of the solution of the systems (21) and
(22) remain positive, once the initial values of all components are positive. This ensures the
property of persistence of the model. However, if the condition (A1) is violated, then the
component 6 may become negative after a finite time, so that the model is not persistent.
This is, for example, always the case if p = 1 (no delay in the variable 6), see Bergland
et al. (2019, Appendix B, Lemma 1).

APPENDIX B: SLOW-FAST ANALYSIS OF THE ECONOMIC-GROWTH
AND POLLUTION BLOCK OF THE MODELING FRAMEWORK
Following Fenichel (1979) we first rescale the problem (36) by means of the transformation:

s=1/g, As)=E(1), Y(s) =n(1), O(s)=0(r),

W(s) = P(0), (O)(s) = (O)(2). (BL)

Here s is the fast time scale. We readily find that

@ = eyH(A’ Y’ G’ lp’ <®>a <lp>)9
¥ =¢,LA,Y,0,%,(0),(¥)), (B2)
(©y=A(A, Y, 0,¥,(0), (¥)),

where * denotes the derivative with respect to fast variable s. Letting e, — 0 in (35) and (B2) we
get the following DAE:

0 =HE 1, 6,9,(0) =% — 1 [pR(6; ) + 1 — p)RO); B,
P = KEn, 0,9, 0), () = 1, F@; 1), (B3)
0=A¢,7,6,9,(0), )

and the following reduced fast subsystem containing the fast variables only, that is,
0=0, ¥=0, (0)=AA,Y,0,¥(O)P), (B4)

where © and W are regarded as parameters. The system (B4) is also referred to as the layered
system. Both the systems (B3) and (B4) capture some information of the full system, but with
limited validity in phase space and time. However, a global picture of the dynamics can be
retrieved by matching the solutions of both systems. Now we apply the singular perturbation
theory that defines the slow manifold of (B2) as the equilibrium of the fast subsystem (B4). This
manifold is given as the 2D subspace M® defined by means of (48). M is also referred to as a
critical manifold or a critical surface. Following Fenichel's theory (Fenichel, 1979) we first check
the hyperbolicity of the critical manifold. Now to have hyperbolicity we derive stability of
equilibrium points of the fast subsystem we have A, (£, 1, 6, ¥, (6), (¥))ligy=¢ = —1. Therefore
M* is normally attracting hyperbolic manifold. Hence for a small ¢, > 0, there exists an
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invariant manifold M¢ for the system (B4) which implies the persistence of the slow manifold
M¢. The slow manifold M¢ has the same smoothness and stability properties of the critical
manifold M. Therefore for a small sufficiently small ¢, > 0, the flow on perturbed slow
manifold Mg is diffeomorphic to the associated flow on the critical manifold M.

Let us discuss the slow-fast dynamics of the limiting slow system (B3) in terms of
dynamical system theory. On the slow surface M* (defined by Equation 48) the dynamical
evolution of slow variables 6 and @ is governed by means of the 2D subsystem (38). One can
easily verify that the dynamical evolution of slow variables associated with the DAE problem
(B3) on the critical manifold M* matches the dynamical behavior of the 2D subsystem (38).

We then combine the results obtained for the two limiting systems (B3) and (B4) to
conclude about the properties of the slow-fast subsystem (B2). The above analysis suggests that
accumulating the perturbation parameter ¢, from zero to a small finite value does not destroy
the geometric properties which are related to the qualitative dynamics of the layered and the
reduced system. The layered problem captures the fast progression of the dynamic variable (6)
towards (or away from) the slow manifold M? whereas the reduced problem (B3) yields a good
approximation of the slow progression of the variables 6 and i on the attracting critical
manifold M“. Figure Bl summarizes the geometrical interpretation of the results discussed
above.

Finally we consider the scenario with the separation of time scales T, <« T, < T;, which

means that ¢, < ¢, < 1, where g, = T, /T, = r/u, &, = T, /T, = r/y. We conveniently express

this time separation in terms of ¢ = % = % < 1 from which it follows that g, = ¢y. The
14

dynamical evolution decomposes into three phases in this case: In the first phase we have a

rapid attraction of the integral curves of (35) towards the 3D subspace M? of R* defined as

M ={(6, 9, ), ) € R*: B(&, 1, 6,9,(6), () = 0}
={(6,9,(0), (¥)) € R*: () = ¢}

(a) (b)
(0

— M

p (00 2) 0= (6) : Mo

FIGURE B1 (a)Geometrical interpretation of the one-dimensional attracting slow manifold M of the layer
system (B4). (b) An invariant manifold M¢ implies the persistence of the slow manifold M.
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asymptotically as g, — 0. Notice that the other state variables remain constant in this
asymptotic limit. In the second intermediate phase the dynamical evolution will take place on
Mb®. This result follows from the fact that MP always is an attracting normally hyperbolic
manifold of the subsystem (35). The dynamical evolution on M? is governed by means of the
3D system (B2), which is as shown in the previous paragraph a singularly perturbed system in
its own right with ¢, as a perturbation parameter. The outcome of the analysis of this system in
the asymptotic limit £, — 0 goes as follows: The system (B2) predicts that we have a rapid
attraction described by means of (B4) of the integral curves towards the subspace M? of M? of
the mean value (6) in which the remaining state variables 8 and i are constant, followed by a
temporal evolution on M“ by means of the 2D system (36).

APPENDIX C: SLOW-FAST ANALYSIS ON THE TIME SCALE

T, ~T, < T, OF THE MODELING FRAMEWORK

Here we assume the time-scale separation T, ~ T, < T, which means that u ~ y > r which
gives g, ~ ¢,. For the sake of simplicity we put T, = T, (¢<u = y) in our calculations. In this case
the system of interest is given as

E = EF(E,6,9,(0), ), 0" =19 7, 6,9, (6), B)),
6" = H(E. 1, 6,9, (), ), ¥ = K(E 1,6, 9, (6), @), )
6,(8)' =6 — (O), e, = P — B),

where F, G, H, K are defined in (21). Here’ denotes derivative with respect to 7. We rescale the
system (C1) to the dynamical system

A=, AF(A,Y,0,¥,(0),(¥), T=¢YG(A,Y,0,%(0),(¥)),
O=¢,H(AY,0,¥,(0), W), ¥=¢KA,Y,0,V¥,(0),(¥)), (C2)
(©)=0 —(©), (¥)=" - (¥),

where the fast time variable s and the state variables (A, Y, ©, ¥, (@), (¥)) are defined by (B1).
Here * denotes the derivative with respect to the variable s. Equations (C1) and (C2) are referred
to as the slow and fast systems, respectively. Notice that (C1) is equivalent with (C2) for g, > 0.
When letting &, = 0 in (C1) and (C2) we get the reduced DAEs:

'=EF(E 1, 6,9, 0), ), 1" =nG(E 1, 6,9,(0), (),
&' =H(&7,6,%,6), ), ¥ =K n,6,9,6), @), (C3)
©)=6, @) =1,

and the layered system

A=0, Y=0, 6=0, ¥=0, )

(©)=0 - (0), (¥)=¥ — (W)
Our main aim is to analyze (C3) and (C4) by applying geometric perturbation theory. We first
observe that the reduced system (C3) predicts that the dynamical evolution takes place in the
four dimensional subspace M, of R® defined by means of (66). M, is also referred to as the
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slow manifold or critical manifold (Fenichel, 1979). Notice the role of Mj: It plays the role as
the equilibrium state of the subsystem

(©)=0-(0), (¥)=Y—(P)

of (C4). On the fastest time scale, the state variables £, , 6, and ¥ are constant, in accordance
with the system (C4). The slow manifold M, is a normally attracting hyperbolic manifold.
From Fenichel's first theorem it follows that for a small ¢, > 0, there exists a invariant manifold
M., for the system (C1) which implies the persistence of the slow manifold M,. The slow
manifold M., has the same smoothness and stability properties of critical manifold M.
Therefore the flow on the perturbed slow manifold is diffeomorphic to the associated slow flow
on the critical manifold for sufficiently small ¢, (Fenichel, 1979).
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