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1. Introduction

Ecologically‐conscious fishery resources management is currently a major issue all over the world.

Designing and carrying out an appropriate management plan of migratory fish species in a river, which

are major inland fishery resources, requires comprehending hydrological and hydraulic characteristics

of their habitats and migration processes. An example of such fish species is Plecoglossus altivelis

(Ayu) living in Japan, which is a key aquatic species in the country from economical, ecological, and

cultural viewpoints [1‐3]. Huge transverse hydraulic structures installed across river cross‐sections,
which are often equipped with fishways to improve passage efficiency of fishes, serve as physical
barriers for upstream fish migration [4]. A weir not equipped with any fishways or those with poorly
designed fishways possibly fragments a river into hydraulically disconnected reaches [5]. Operating a

large dam for human activities would significantly alter its downstream river environment and lead to

regime shifts of hydraulic [6] and ecological conditions in rivers [7], both of which critically affect life

histories of migratory fishes [8‐9]. Establishment of an effective management strategy for the

migratory fish species should consider complex ecological and environmental systems that affect their

migration and habitation. Ecosystem dynamics is inherently subject to stochastic enviromnental noises

resulting from complex internal and external interactions [10‐11]. From this standpoint, stochastic

process models can potentially serve as effective mathematical tools to analyze, predict, and control

both local swimming behaviour and global population dynamics of migratory fish species.
Fish migration in water bodies have often been analyzed with individual‐Uased models that track

movements ofindividual fishes in water bodies [12, 13]. \mathrm{M}\mathrm{o}\mathrm{s}\mathrm{t} of such models have to a priori specify
the swimming velocity as a function of hydraulic variables, which would actually be dynamically and

adaptively controlled by the individual fish itself during its migration process. Yoshioka et al. [14]
proposed a mathematical model of upstream fish migration of individual fishes in 1‐D rivers based on

a stochastic differential equation (SDE) combined with a dynamic programming principle [15]. Their

mathematical model assumes that the optimal swimming velocity of individual fishes is the minimizer

of a value function based on both biological and ecological considerations. Finding the optimal
swimming velocity reduces to solving a Hamilton‐JacoUi‐Uellman equation (HJBE), which is a

nonlinear and nonconservative partial differential equation (PDE) [15]. Mathematical and numerical

analyses on solutions to the HJBE governing upstream fish migration from the viewpoint of viscosity
solution [16] have been performed [17, 18]. The authors also analyzed stochastic population dynamics
of released migratory fishes in a river system subject to predation pressure from waterfowls and

fishing pressure from human using a different HJBE derived from an economic and ecological value

function [19]. Both of the mathematical models, which are the migration dynamics models and the
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population dynamics models, have individually been developed and analyzed; however, we consider

that some links can be found between the two models, which is a main motivation of this paper.
The main objective of this paper is to present the above‐mentioned migration dynamics model and

population dynamics model, and to consider links between them The rest of this paper is organized as

follows. Section 2 briefly introduces a stochastic control theory to derive an HJBE from an SDE based

on a dynamic programming principle. Section 3 presents the migration dynamics model and the

population dynamics model discussed in this paper. Section 4 presents demonstrative computational
examples of these models focusing on their applìcations to fishery resources management in Hii River,
San‐in area, Japan. Section 5 discusses links between the two models. Section 6 concludes this paper

and presents future perspectives of our research.

2. Stochastic control theorv

2.1 Stochastic differential equation

To formulate the upstream fish migration, all the processes and random variables are defined on the

usual filtered complete probability space with a right‐continuous filtration \mathcal{F}_{t} [15]. Consider an n

‐dimensional real‐valued continuous stochastic process \mathrm{X}_{t}=[X_{\mathrm{i},t}] (1\leq i\leq n) in the bounded

domain  $\Omega$\in \mathbb{R}^{n} with the boundary \partial $\Omega$ where  t(\geq 0) is the time. The boundary (isr2 contains the

absorbing boundary \partial$\Omega$_{\mathrm{A}} and the reflecting boundary \partial$\Omega$_{\mathrm{R}} , which do not intersect with each other.

The stochastic process \mathrm{X}_{t} is assumed to be a controlled Markov process. It is assumed that the initial

condition \mathrm{X}_{0}^{\cdot}=\mathrm{x}=[x_{i}] is deterministically specified at the time t=0 . The governing equation of

\mathrm{X}_{\mathrm{t}} in the domain  $\Omega$ is the Itô�s SDE

\mathrm{d}\mathrm{X}_{t}=\mathrm{a}(t,\mathrm{X}_{t},u_{l})\mathrm{d}t+b(t,\mathrm{X}_{t},u_{l})\mathrm{d}\mathrm{B}_{l} (1)

where \mathrm{B}_{\mathrm{t}}=[B_{i,t}] is the n ‐dimensional standard Brownian motion [15], u_{t} is the control variable

that belongs to an admissible set of control \ovalbox{\tt\small REJECT}=L^{\infty}([0,+\infty ) ;U) with the range U, \mathrm{a}=[a_{i}] is the

n ‐dimensional drift coefficient vector, b=[b_{i,j}] is the nx n ‐dimensional diffusivity matrix that is

assumed to be non‐negative definite. The infinitesimal generator A^{u} associated with the SDE(I) is

expressed for generic sufficiently regular function \emptyset= $\phi$(s,\mathrm{x}) as

A^{u} $\phi$=\displaystyle \sum_{i=1}^{n}a_{i}\frac{\partial $\phi$}{\partial x_{i}}+\sum_{jj,=1}^{n}D_{i,j}\frac{\partial^{2}\emptyset}{\partial x_{i}\partial$\kappa$_{j}} (2)

with D_{i,j}=\displaystyle \frac{1}{2}\sum_{k=1}^{n}b_{i.k}b_{k,j} . The variable u_{\mathrm{t}} is assumed to be a Markov control.

2.2 Value function

In the stochastic control theory, the objective function to be maximized through choosing an

appropriate control variable u_{t} is expressed as [15]

v(s,\displaystyle \mathrm{x},u)=\int_{s}^{\overline{T}}f(t,X_{\mathrm{t}},u_{t})\mathrm{d}t+g(\overline{T},X_{\overline{T}}) , \overline{T}=\dot{\mathrm{m}}\mathrm{f}(T, $\tau$) (3)

with the first hitting time  $\tau$ defined as
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 $\tau$=\mathrm{m}\mathrm{f}\{t|t>s,\mathrm{X}_{s}=x,\mathrm{X}_{l}\in\partial$\Omega$_{\mathrm{A}}\} (4)

where f and g represent the profit (or the cost) per time unit and that gained at the terminal time

T , respectively. The goal of the stochastic control problem is to find an optimal control u=u^{*}\in \mathscr{K}
that maximizes an expectation of the objective function. The maximized objective function umder the

expectation is referred to as the value function, which is expressed as

 $\Phi$(s,\displaystyle \mathrm{x})=\sup_{u\in ff}\mathrm{E}[v(s,\mathrm{x},u)]=\mathrm{E}[v\left(s,\mathrm{x},u & *\right)] (5)

with

u=\displaystyle \mathrm{a}r\mathrm{g}\max_{u\mathrm{e}A}\mathrm{E}[v(s,\mathrm{x},u)] (6)

where \mathrm{E} represents the expectation.

2.3 Hamilton‐Jacobi‐Bellman equation

Application of the dynamic programming principle [15] to the value function in (5) leads to the

goveming equation of the value function  $\Phi$ , which, is the HJBE expressed as

\displaystyle \frac{\partial $\Phi$}{\partial s}+\sup_{u\in U}\{A^{u} $\Phi$+f(s,\mathrm{x},u)\}=\frac{\partial $\Phi$}{\partial s}+A^{u} $\Phi$+f\left(s,\mathrm{x},u & *\right)=0 \mathrm{i}\mathrm{n}  $\Omega$ (7)

subject to the boundary conditions

\displaystyle \frac{\partial $\Phi$}{\partial \mathrm{n}}(s,\mathrm{x})=0 for 0<s<T and \mathrm{x}\in\partial$\Omega$_{\mathrm{R}} (8)

and

 $\Phi$(s,\mathrm{x})=g(s,\mathrm{x}) for 0<s<T and \mathrm{x}\in\partial$\Omega$_{\mathrm{A}} , (9)

and the terminal condition

 $\Phi$(T,\mathrm{x})=g(s,\mathrm{x}) \mathrm{i}\mathrm{n}  $\Omega$ (10)

where \displaystyle \frac{\partial}{\partial \mathrm{n}}=\sum_{i=1}^{n}n_{i}D_{i,j}\frac{\partial}{\partial x_{j}} and \mathrm{n}=[n_{i}] is the outward normal vector on the boundary \partial $\Omega$ . For

stationary problems where the coefficients and value functions are time‐independent, (7) reduces to

 A^{u} $\Phi$+f(s,\mathrm{x},u^{*})=0 \mathrm{i}\mathrm{n}  $\Omega$ (11)

subject to the boundary conditions (8) and (9).

3. Mathematical model

3.1 Mitration dvnamics model

The SDE that governs horizontally 2‐D swimmmng behaviour of individual fishes in a river reach is

considered in this section. In the domain  $\Omega$\in \mathbb{R}^{2} of shallow water flows, the 2‐D stochastic process

\mathrm{X}_{t} describes a position of an individual fish at each time t . The swimming velocity \mathrm{u}_{t}=(u_{1,\mathrm{t}},u_{2,t})
of the fish is considered as a control variable. The governing equation of the process \mathrm{X}_{t} is given as
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\mathrm{d}\mathrm{X}_{l}=(\mathrm{V}(t,X_{t})-\mathrm{u}_{t})\mathrm{d}t+b(t,X_{t},u_{l})\mathrm{d}\mathrm{B}_{\mathrm{t}} (12)

where V is the 2‐D flow velocity vector and the 2‐D square matrix b modulates stochastic

swimming behaviour ofthe fish. The SDE(12) is a spatially2‐D extension ofthe 1‐D model [17]. The

positive direction of \mathrm{u} is taken opposite to that of V to focus on upstream fish migration.
Experimental results suggest that the diffusivity matnix D would be a decreasing function of the

swimming speed |\mathrm{u}| [20]; however, here it is assumed not to depend on |\mathrm{u}| for the sake of

simplicity. It is also assumed that the coefficients V and b are time‐independent given functions,
which can be valid when considering the migration with significantly shorter timescale than

hydrological changes of river flows.

The range U of the control \mathrm{u} is set as the 2‐D closed ball

|\mathrm{u}|\leq u^{(\mathrm{M})} , (13)

which is based on the trivial fact that the fish has a biologically determined maximum swimming
speed u^{(\mathrm{M})} . Yoshioka et al. [17, 21] considered an HJBE associated with the 1‐D model assuming
unbounded u^{(\mathrm{M})} and found that to well‐pose the problem requires regularization of a nonlinear term,

which �artificially� truncates the swimming speed. Therefore, boundedness of u^{(\mathrm{M})} is a reasonable

assumption from both mathematical and biological viewpoints.
The value function  $\Phi$= $\Phi$(\mathrm{x}) , which is assumed to be time‐independent, is set as

 $\Phi$(\displaystyle \mathrm{x})=\sup_{\mathrm{u}\mathrm{e}\ovalbox{\tt\small REJECT}}\mathrm{E}[v(\mathrm{x},\mathrm{u})] (14)

with the objective function

v(\displaystyle \mathrm{x},\mathrm{u})=-\int_{0}^{r}f(\mathrm{u}_{\mathrm{t}})\mathrm{d}t+g(\mathrm{X}_{ $\tau$}) (15)

where

f(\displaystyle \mathrm{u}_{t})=\frac{1}{m+1}|\mathrm{u}_{l}|^{m+1} (16)

with m\geq 1 represents the consumed physiological energy per time during the migration, which is

assumed to be an increasing and convex function of the swimming speed following the theoretical and

experimental results [22, 23], and g(\mathrm{X}_{ $\tau$}) represents the profit obtained when approaching the

absorbing boundary \partial$\Omega$_{\mathrm{A}} at the first hitting time  $\tau$ . The absorbing boundary \partial$\Omega$_{\mathrm{A}} is decomposed
into the upstream boundary \partial$\Omega$_{\mathrm{A}\mathrm{U}} where the flow is inward (\mathrm{V}\cdot \mathrm{n}<0) and the downstream

boundary \partial$\Omega$_{\mathrm{A}\mathrm{D}} where the flow is outward (\mathrm{V}\cdot \mathrm{n}>0) . The reflecting boundary \partial$\Omega$_{\mathrm{R}} in the present

case represents the wall boundary where the flow does not penetrate (\mathrm{V}\cdot \mathrm{n}=0) . It is also assumed that

no profit is obtained at the downstream boundary \partial$\Omega$_{\mathrm{A}\mathrm{D}}(g=0) .

Application of the dynamic programming principle to (14) leads to the HJBE

\displaystyle \sum_{i=1}^{n}(V_{i}-\mathcal{U}_{i}^{*})\frac{\partial $\Phi$}{\partial x_{\dot{ $\eta$}}}+\sum_{:}^{n}D_{i,j}\frac{\partial^{2} $\Phi$}{\partial x_{i}\partial x_{j}}-\frac{1}{m+1}|\mathrm{u}|^{m+1}ij=1=0 \mathrm{i}\mathrm{n}  $\Omega$ (17)

with the optimal swimming velocity \mathrm{u}^{n} as a function of the gradient ofthe value function \nabla $\Phi$ :
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\displaystyle \mathrm{u}^{*}=-\frac{\nabla $\Phi$}{|\nabla $\Phi$|}\mathrm{m}\mathrm{j}\mathrm{n}\{u^{(\mathrm{M})},|\nabla $\Phi$|^{\frac{1}{m}}\} in  $\Omega$ . (18)

The gradient \nabla $\Phi$ thus determines both the direction and magnitude of the optimal swimming
velocity \mathrm{u} . Heuristically, the fish swims with the maximum swimming speed u^{(\mathrm{M})} where |\nabla $\Phi$| is

larger than u^{(\mathrm{M})} and swims with the speed |\nabla $\Phi$|^{\frac{1}{m}} when |\nabla $\Phi$| is smaller than u^{(\mathrm{M})}.

3.2 Population dvnamics model

The stochastic process model for annual population dynamics of released P. altivelis in a river is

presented following Yaegashi et al. [19]. Let (0,T) with the terminal time T be a period during
which the population dynamics of released P. altivelis in a river is considered. The initial time t=0

and the terminal time t=T are set in the spring and the autumn within a year, respectively. The total

biomass of P. altivelis in this river at the time t is denoted as the 1‐D non‐negative continuous

stochastic process X_{\mathrm{t}} . The initial condition X_{0} at the time t=0 , which is the release amount of the

juveniles, is assumed to be deterministic. This is valid for the case where most part of the population
of P. altivelis in the river is introduced through intensive release events. The initial population X_{0} is

expressed as X_{0}=NW_{0} where N is the number of individuals released at the time t=0 and W_{0}
is the average weight of the juveniles at that time. The governing Itô�s SDE of the stochastic process

X_{\mathrm{t}} is given as

\mathrm{M}_{t}=(a(t,X_{l})-l_{l}X_{t})\mathrm{d}t+b(t,X_{l})\mathrm{d}B_{\ell} with l_{t}=R+k(u_{l})+$\chi$_{\{l\geq T_{\mathrm{c}}\}}c_{\mathrm{t}} (19)

and the growth‐curve based Verhulst model [24, 25]

a(t,x)=r(1-K^{-1}X_{t})X_{t} and b(t,x)= $\sigma$ X_{t} (20)

where B_{\mathrm{t}} is the 1‐D standard Brownian motion [15], R is the natural mortality rate, k(u_{t}) is the

predation pressure from a waterfowl as a function ofthe effort to reduce the pressure u=u_{t} , c is the

fishing pressure from human, T_{\mathrm{c}}<T is the opening time of harvesting P altivelis, and $\chi$_{s} is the

characteristic function for generic set S . The capacity K
, the intrinsic growth rate r , and the noise

intensity  $\sigma$ are positive model parameters. The noise intensity a implicitly models influences of

the natural and artificial environmental changes in the river to the population dynamics as a

multiplicative noise.[26]. Assuming that the population dynamics is limited by the released amount

rather than by the enviromnental capacity, the parameter  K is expressed as [19]

K=M_{0}=mNW_{0} (21)

with a positive constant m . This assumption can be valid for a river where the population ofreleased

P. altivelis dominates the natural counterparts and they do not saturate in the habitat.

The variables u and c are taken as the controls variables in the model. The admissible set of

the controls u and c are \mathrm{a}=L^{\infty}([0,+\infty) ;U) and  C=L^{\infty}([0,+\infty) ;C) , respectively. The range

U and C ofthe controls u and c are specified as

U=\{u|0\leq u\leq 1\} and C=\{c|0\leq c\leq c_{\mathrm{M}}\} , (22)

respectively where c_{\mathrm{M}} is the maximum fishing pressure. The objective function to be maximized
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v=v(s,x,u,c) is assumed to represent the profit of the local fishery cooperatives. The objective
function is proposed as

v=\displaystyle \int_{s}^{T}\{-f(u_{t})+$\chi$_{\{t\geq T_{\mathrm{c}}\}} $\theta$ c_{t}X_{\mathrm{t}}\}\mathrm{d}t- $\eta$ X_{0} (23)

where f(\geq 0) with f(0)=0 is an increasing function,  $\theta$ is the price of matured P. altivelis per

weight and  $\eta$ is the cost of larval P. altivelis per weight, both of which are assumed to be constant.

The first and second integrands of Eq.(23) are the cost of operating countermeasures to exterminate
the predator and the total benefit of harvesting P. altivelis, respectively. The term - $\eta$ X_{0} represents
the cost to buy larval P. altivelis to be released at the time t=0 . The two functions k(u) and f(u)
on the control variable u are simply specified as

k(u)=k_{0}(1- $\alpha$ u) and f(u)=0Xl , (24)

respectively where k_{0} is the predation pressure from the waterfowl without any coumtermeasures, a

with 0<a\leq 1 modulates efficiency to decrease the predation pressure with the control u , and  $\omega$

modulates the cost to decrease the predation pressure.

The value function is presented as

 $\Phi$(s,x)=\displaystyle \sup_{u\in Z/,c\in \mathcal{C}}\mathrm{E}[v(s,x,u,c)] (25)

whose governing HJBE is

\displaystyle \frac{\partial $\Phi$}{\partial s}+\sup_{u\in$\theta$^{!},c\in \mathcal{C}}\{A^{u,c} $\Phi$-f(u)+$\chi$_{\{s\geq T_{\mathrm{c}}\}} $\theta$ cx\}=\frac{\partial $\Phi$}{\partial s}+A^{u.\mathcal{C}} $\Phi$-f(u^{*})+$\chi$_{\{s\geq T,\}}$\theta$_{\mathcal{C}^{*}}x=0 in  $\Omega$ (26)

where the optimal controls  u^{*} and c^{*} via the value function  $\Phi$ as

 u^{*}=1(k_{0} $\alpha$ r- $\omega$\geq 0) , u^{*}=0 (Otherwise) and c^{*}=c_{\mathrm{M}}( $\theta$ x- $\gamma$\geq 0) , c^{*}=0 (Otherwise) , (27)

respectively where  $\gamma$=x\displaystyle \frac{\partial $\Phi$}{\partial x} . Both of the optimal controls are thus the bang‐bang type. The domain

of the population of P. altivelis x is set as  $\Omega$=(0,L) with L(>0) determined later. Substituting

u=u^{*} and c=c into (26) fully specifies the HJBE in the domain  $\Omega$ . The terminal condition for

the HJBE is set as  $\Phi$_{s=T}=0 and the boundary conditions as V_{\mathrm{x}=0}=0 and \displaystyle \frac{\partial $\Phi$}{\partial x}|_{x=L}=0 . Solving the

HJBE yields the optimal controls u^{*} and c^{*} over (0,T)\mathrm{x}(0,L) .

4. Applications

4.1 Studv area

Demònstrative application examples of the migration dynamics model and population dynamics model

focusing on P. altivelis in Hii River, San‐in area, Japan are presented. Population ofthe fish in the river

is thought to have been considerably decreasing due to degradation of river environment by dam and

weir constructions and excessive predation pressure from waterfowls: Phalacrocorax carbo (Great
Cormorant) [27, 28] (Photo. 1). The total length of the mainstream and the catchment area of Hii

River are 153 (km) and 2,070 (km2), respectively [29]. Hydrological characteristics of Hii River is
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Photo 1: P. altivelis (left panel) and P. carbo (right panel).
(The photo \mathrm{o}\mathrm{f}P. carbo is taken from \mathrm{h}\mathrm{t}\mathrm{t}\mathrm{p}://\mathrm{w}\mathrm{w}\mathrm{w}.yunphoto. \mathrm{n}\mathrm{e}\mathrm{t}).

described and analyzed in detail in Sato et al. [30, 31], and not explained in this paper. Two

downstream brackish lakes named Lake Shinji and Lake Nakaumi from upstream are connected to the

river. Being different from the cases of the rivers that directly flow into the sea, hatched larvae of P.

altivelis are thought to descend to Lake Shinji; however, it is not well‐known where they survive

during winter season.

4.2 Migration dvnamics model

The HJBE for the migration dynamics model is applied to numerical computation of spatial
distribution of the optimal swimming velocity of individual P. altivelis in the downstream area of

Yoshii Weir installed at a midstream reach of Hii River, which is a weir to control channel erosion with

the width of 80 (m) and the height of 3 (m) (Photo 2). A field survey carried out by the authors during
June, 2015 found that the mainstream of Hii River has a number of weirs and Yoshii Weir is relatively
larger one among them. Photo 3 shows fishways currently that are installed to Yoshii Weir. The

previous Yoshii fishway consisted solely of the pool‐type fishway. Downstream pools of this fishway
suffered from severe depositions of fine soil particles. This might be due to its geometry of shaping
flow recirculation that traps the particles. Such depositions were considered to be a cause of degrading
fluid transport capacity of the fishway, which might have further lead to degradation of its attraction

ability and passage efficiency for migratory fish species. The downstream part of the pool‐type
fishway was renovated in 2013 in order to reduce the sediment deposition. Around the same time, the

nature‐like fishway was installed at the same side of the weir so that migratory fishes can more

efficiently find the way to passage the weir. Currently, Hii River Fisheries Cooperatives, who manage

fishery resources in middle and upstream reaches of Hii River, are concerned with attraction ability
and passage efficiency of the renovated Yoshi Weir. Assessing attraction ability and passage

efficiency of the weir is therefore a highly important issue.

A2‐D time‐independent shallow water flow field in the domain is numerically computed with the

2‐D shallow water equations using the verified finite element/volume scheme [32]. The computational
domain was extracted from Google Earth (Google Inc., Mountain View, Calif.) has been discretized

into 57,443 triangular elements and 113,609 nodes using the free software named VORO (available at

http://wwwyss‐aya.com/voro.html). The HJBE is numerically solved with a 2‐D counterpart of the

Petrov‐Galerkin finite element scheme [33] that has already been verified with simpler HJBEs. The
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maximum swimming speed u^{(\mathrm{M})} is set as 2 (\mathrm{m}/\mathrm{s}) , which is approximately same with the burst

swimming speed observed at laboratorial experimental results [34]. The parameter m for the cost

function is set to be 3 considering the identification result based on laboratorial experiments [17]. The

downstream‐end of the domain is considered as the downstream boundary \partial$\Omega$_{\mathrm{A}\mathrm{D}} . The entrance of the

pool‐type fishway and the top of the nature‐like fishway where the individual fishes can passage are

considered as the upstream boundary \partial$\Omega$_{\mathrm{A}\mathrm{U}} . The remaining parts of the boundary \partial $\Omega$ is considered

as the reflecting boundary \partial$\Omega$_{\mathrm{R}} . The value function  $\Phi$ is specified as  $\Phi$=0 on \partial$\Omega$_{\mathrm{A}\mathrm{D}} and

 $\Phi$=P_{0} ( = const >0 ) on \partial$\Omega$_{\mathrm{A}\mathrm{U}} where P_{0} is the ecological profit to be gained on \partial$\Omega$_{\mathrm{A}\mathrm{U}} . The

parameter P_{0} is set as P_{0}=20,000(\mathrm{m}^{4}/\mathrm{s}^{3}) . Preliminary computational investigations implied that

the optimal swimming velocity \mathrm{u}^{*} does not significantly depend on the P_{0}>10,000(\mathrm{m}^{4}/\mathrm{s}^{3}) ; namely,
\mathrm{u}^{*} is almost independent of P_{0} when it is sufficiently large. This tendency of \mathrm{u}^{*} is consistent with

the theoretical analysis results for the 1‐D model [18]. A steady state numerical solution is computed
with a Picard iteration method for solving nonlinear equations.

Figures 1(\mathrm{a}) through 1(\mathrm{d}) show the computational results with the migration dynamics model.

Figures 1(\mathrm{a}) and 1(\mathrm{b}) present the computed flow field based on the shallow water equations, which

qualitatively agree with field observation results. Figures 1(\mathrm{c}) shows the computed value fUnction

whose maximum value is normalized to 1 and the optimal swimming velocity vectors. Figure 1(\mathrm{d})
shows the expectation of the first hitting time  $\tau$ of the individual fishes from each point in the

domain  $\Omega$ to either of the two open boundaries (the entrance of the pool‐type fishway and the top of

the nature‐like fishway). Figure  1(\mathrm{d}) indicates that the computational results show that the first hitting
time has a sharp interior layer along the downstream of Yoshii Weir. As indicated in Figure 1(\mathrm{c}) , this

is considered to be due to that individual fishes are attracted to the currents from Yoshi Weir serving
as a reflecting boundary. The computational results imply that the current from the pool‐type fishway
is too weak to attract the migrating fishes. The individual fishes at downstream of the layer may be

able to find the entrance of the pool‐type fishway with non‐zero, but very small probability. In

addition, the flow speed in the nature‐like fishway is too high for fishes to ascend: exceeding almost 3

(\mathrm{n}\sqrt{}\mathrm{s}) , which is larger than u^{(\mathrm{M})}=2(\mathrm{r}\mathrm{r}\sqrt{}\mathrm{s}) . The presented computational results suggest a possibility
that the current fishways are not effectively working as passages for P. altivelis.

Photo 2: Plane view of Yoshii Weir and associated fishways.
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the pool‐type fishway (right panel). Both of the

photographs are taken from downstream.

Figure 1: Computed water depth (upper left panel), water surface elevation and horizontal flow

velocity vectors (upper right panel), value function and the optimal swimming velocity vectors (lower
left panel), and first hitting time to the fishways (lower right panel).
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4.3 PoIJulation dvnamics model

The population dynamics model is applied to numerical computation of optimal strategy for harvesting
and extermination of P. carbo in order to sustain released P. altivelis population in Hii River. Table 1

summarizes the parameter values determined based on information from officers in Hii River Fishery
Cooperatives. On the other parameters, the natural mortality rate R is estimated as 4.6\times 10^{-3}

(1/\mathrm{d}\mathrm{a}\mathrm{y})[35] . The value of a is estimated as 0.50 [19]. The maximum fishing pressure c_{\mathrm{M}} is set

as 0.01 (1/\mathrm{d}\mathrm{a}\mathrm{y}) following Yaegashi et al. [19] and it has preliminary been checked that this parameter
does not significantly affect quality of the value function and the controls than the other parameters.
Assuming that the SDE (19) with k=c_{\mathrm{M}}=0 admits a non‐trivial and non‐singular probability

density for large T[36] ,
the range ofthe noise intensity  $\sigma$ is set as  0.04\leq $\sigma$\leq 0.32(1/\mathrm{d}\mathrm{a}\mathrm{y}^{1/2}) . The

value of the parameter k_{0} is estimated from an exact solution to a deterministic counterpart of the

SDE(19) with c_{\mathrm{M}}=0 and given X_{0} for each computation ] 19[ . Based on the weights of matured

and released P. altivelis [37, 38] the parameters r
,  $\sigma$ , and  X_{0} are set as 6.8\times 10^{-2}(1/\mathrm{d}\mathrm{a}\mathrm{y}) , 0.18

(1/\mathrm{d}\mathrm{a}\mathrm{y}^{1/2}) , and 2,250 (kg), respectively. The domain of the population of P. altivelis x is set as

 $\Omega$=(0,6.0\times 10^{4}) (kg) and is uniformly discretized into a mesh with 300 elements and 301 nodes.

The time increment for temporal integration is 0.01 (day). The HJBE(26) is numerically solved with

the verified Petrov‐Galerkin finite element scheme [33]. Increasing computational resolution in space

and time does not significantly affect the computational results presented below.

The optimal management strategy is numerically computed for a set of parameters as a

demonstrative example. Figures 2(a) through 2(c) plot the computed value function  $\Phi$ and the

optimal controls  u^{*} and c^{*}, respectively. Figure 2(a) shows that the value function  $\Phi$ does not

have spurious oscillations, indicating that the numerical scheme can reasonably handle the HJBE.

Figure 2(b) shows that the optimal strategy for the extermination of P. carbo is to intensively reduce

the predation pressure mainly after the opening time  T_{\mathrm{c}} except the terminal time T
,

and before the

opening time T_{c} for the case of small biomass of P. altivelis. Figure 2(c) indicates that the optimal
harvesting strategy is to harvest P. altivelis after the opening time T_{\mathrm{c}} except for small population x.

Table 1: Specified values ofthe model parameters in the population dynamics model.

\overline{\frac{T(\mathrm{d}\mathrm{a}\mathrm{y})T_{\mathrm{c}}(\mathrm{d}\mathrm{a}\mathrm{y})m(-)W_{0}(\mathrm{k}\mathrm{g}) $\eta$(\mathrm{y}\mathrm{e}\mathrm{n}/\mathrm{k}\mathrm{g}) $\theta$(\mathrm{y}\mathrm{e}\mathrm{n}/\mathrm{k}\mathrm{g})}{180905.49.4\times 10^{-3}4.4\times 10^{3}4.0\times 10^{3}}}

\bullet u1 \bullet c0.01
口 0 口 0

10^{4} 0 6.0\times 10^{4}

x (kg) x (kg) x (kg)
Figure 2: Computational results of (a) value function  $\Phi$

, (b) optimal effort to reduce the predation
pressure  u^{*}, and (c) optimal fishing pressure c^{*}
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5. Links between the two models

The migration dynamics model and the population dynamics model deal with the dynamics of fishery
resources in rivers based on different spatial and temporal scales. The migration dynamics model

tracks local swimming behaviour of migratory individual fishes in river flows, while the population
dynamics model assesses temporal evolution of the population of the fishes in rivers as habitats. There

should be some links between the two models since they describe the same dynamics from different

viewpoints. The authors consider that it is possible to see the population dynamics model as a

coarse‐scaled migration dynamics model. Spatially‐distributed statistics, such as ascending probability
and first hitting time of individual fishes for physical barriers, computed with the migration dynamics
model would be used for identifying the model parameters r, K, and  $\sigma$ in the population dynamics
model. In addition, the above‐mentioned two statistics are directly related with migration rate of the

fishes between habitats partially fragmented by physical barriers. Considering hydraulic regimes at

and around the physical barriers can support reasonably evaluating their attraction ability and passage

efficiency. A multi‐habitat counterpart of the population dynamics model, as presented in the literatureJ

[39], can then be developed with such local and crucial ecological information.

6. Conclusions

A stochastic control theory was applied to dynamic mathematical modelling of local migration and

global population dynamics of migratory fishes in river environment. The migration dynamics model

assumed an energy minimization principle to determine the optimal swimming velocity of individual

fishes in shallow water flow fields. The population dynamics model considers temporal biomass

changes of released fishery resources in river environment subject to harvest by human and predation
from waterfowls. Linkages between the two models were discussed focusing on physical barriers

installed across river cross‐sections.

Future researches will address mathematical and numerical analyses of the models, their further

practical applications, and their improvements for more realistic analysis of fishery resources

dynamics. For example, objective functions, coefficients, and parameters involved in each

mathematical model should more close to realistic based on available field survey data and testimonies

from field workers. So far, Yoshioka et al. [40] addressed identification of more. biologically
reasonable cost function for the migration dynamics model, which has been applied to a number of

migratory fish species.

Acknowledgements

This research is supported by the River Fund in charge of The River Foundation and JSPS Research

Grant No.  15\mathrm{H}06417 . A part of this research includes research results from the short‐stay researcher

project in 2015 of Institute of Mathematics for Industry, Kyushu University, Japan. We thank to

officers of Civil Engineering Department of the Government of Shimane Prefecture, Hii‐River Fishery
Cooperatives, Yonago Waterbirds Sanctuary, and the Ministry of Environment for their valuable

comments and providing data. We also thank to Dr. Kayoko Kameda of Lake Biwa Museum and Mr.

Kohei Yokota, Master course graduate student of Graduate School of Agriculture, Kyoto University
for his helpful comments on the mathematical modelling presented in this paper.

144



References

[1] MAFF (2015) Statistics of catch and production amoumts of aquatic resources in Japan during
2015. \underline{\mathrm{h}\mathrm{t}\mathrm{t}\mathrm{o}://\mathrm{w}\mathrm{w}\mathrm{w}.\mathrm{m}\mathrm{a}\mathrm{f}\mathrm{f}.\mathrm{g}\mathrm{o}.\mathrm{i}\mathrm{D}/\mathrm{i}/\mathrm{t}\mathrm{o}\mathrm{k}\mathrm{e}\mathrm{i}/\mathrm{s}\mathrm{o}\mathrm{h}\mathrm{A}\mathrm{o}\mathrm{u}/ $\epsilon$ \mathrm{v}\mathrm{o} $\sigma$ \mathrm{v}\mathrm{o}\mathrm{u}\mathrm{s}\mathrm{e}\mathrm{i}\mathrm{s}\mathrm{a}}\mathrm{n}_{-}13/----\cdot Last accessed on July 11,
2015. (in Japanese).

[2] Takahashi, I. and Azuma, K. (2006): The Up‐to‐now Knowledge Book of Ayu, Tsukiji‐shokan,
Tokyo. (in Japanese).

[3] Tanaka, Y., Iguchi, K., Yoshimura, J., Nakagiri, N., and Tainaka, K. (2011) Historical effect in

the territoriality of ayu fish, Journal of Theoretical Biology, 268(1), pp.98‐104.
[4] Iwasaki, A. and Yoshimura, C. (2012): Effect of river fragmentation by crossing structures on

probability of occurrence of freshwater fishes, Joumal of Japan Society of Civil Engineers, Ser.

Bl, 68(4), pp. \mathrm{I}_{-}685-\mathrm{I}_{-}690.
[5] Grill, G., Dallaire, C.O., Chouinard, E.F., Sindorf, N., and Lehner, B. (2014) Development of new

indicators to evaluate river fragmentation and flow regulation at large scales: a case study for the

Mekong River Basin, Ecological Indicators, 45, pp. 148‐159.

[6] Wang, Z.B., Van Maren, D.S., Ding, P.X., Yang, S.L., Van Prooijen, B.C., De Vet, P.L. M.,

Wmterwerp, J.C., De Vriend H.J., Stive, M.J.F., and He, Q. (2015) Human impacts on

morphodynamic thresholds in estuarine systems, Continental Shelf Research (in press).
[7] Holt, C. R., Pfitzer, D., Scalley, C., Caldwell, B. A., and Batzer, D. P. (2014) Macroinvertebrate

community responses to anmual flow variation from river regulation: An 11‐year study, River

Research and Applications. (in press).
[8] Braaten, P.J., Elliott, C.M., Rhoten, J.C., Fuller, D.B., and McElroy, B.J. (2015) Migrations and

swimmmng capabilities of endangered pallid sturgeon (Scaphirhynchus albus) to guide passage

designs in the fragmented Yellowstone River, Restoration Ecology, 23(2), pp.186‐195.
[9] Pess, G.R., Quinn, T.P., Gephard, S.R., and Saunders, R. (2014) {\rm Re}‐colonization of Atlantic and

Pacific rivers by anadromous fishes: linkages between life history and the benefits of barTier

removal, Reviews in Fish Biology and Fisheries, 24(3), pp.881‐900.
[10] Doyen, L., Thébaud, O., Béné, C., Martinet, V, Gourguet, S., Bertignac, M., Fifas, F., and

Blanchard, F. (2012) A stochastic viability approach to ecosystem‐Uased fisheries management,

Ecological Economics, 75, pp.32‐42.
[11] Dubois, L., Marhieu, J., and Loeuille, N. (2015) The manager dilemma: Optimal management of

an ecosystem service in heterogeneous exploited landscapes, Ecological Modelling, 301,

pp.78‐89.
[12] Fujihara, M. and Akimoto, M. (2010) A numerical model of fish movement in a vertical slot

fishway, Fisheries Engineering, 47(1), pp. 13‐18.

[13] Gómez‐Mourelo, P. (2005) From individual‐based models to partial differential equations: An

application to the upstream movement of elvers, Ecological Modelling, 188(1), pp.93‐111.
[14] Yoshioka, H., Unami, K. and Fujihara, M. (2015) Mathematical and numerical analyses on a

Hamilton‐JacoUi‐Uellman equation governing ascending behaviour of fishes, RIMS Kôkyûroku,
1946, pp.250‐260.

[15] \emptysetksendal, B. (2007) Stochastic Differential Equations, Springer.
[16] Fleming, W.H. and Soner, H.M. (2006) Controlled Markov Processes and Viscosity Solutions,

Springer Science+Business Media.

[17] Yoshioka, H., Unami, K., and Fujihara, M. (2015) A1‐D Hamilton Jacobi‐Bellman equation for

ascending behaviour of individual fishes, Proceedings of Annual Conference of JSIAM,

145



pp. 194‐195. (in Japanese).
[18]Yoshioka, H. and Shirai, T. (2015) On analytical viscosity solution to a 1‐D

Hamilton‐JacoUi‐Uellman equation for upstream migration of individual fishes in rivers,

Proceedings of EMAC2015, p.52.
[19] Yaegashi, Y., Yoshioka, H., Unami, K., and Fujihara, M. (2015)Numerical simulation on optimal

countermeasure for feeding damage by great cormorant to inland fisheries based on stochastic

control theory, Proceedings ofAsiaSim2015, pp.46‐53.
[20] Onitsuka, K., Akiyama, J Matsuda, K., Noguchi, S., and Takeuchi, H. (2012) Influence of

sidewall on swimming behavior of isolated Ayu, Plecoglossus altivelis altivelis, Journal of Japan
Society for Civil Engineers, Ser.Bl, 68(4), pp.I‐661‐I‐666. (In Japanese with English Abstract).

[21] Yoshioka, H., Unami, K., and Fujihara, M. (2015) A conforming finite element scheme for

Hamilton‐Jacobi‐Bellman equations defined on connected graphs, Proceedings of the 20th JSCES

Conference, Paper No.F‐9‐3, pp. 1‐6.

[22] Castro‐Santos, T. (2005) Optimal swim speeds for traversing velocity barriers: an analysis of

volitional high‐speed swimming behavior of migratory fishes, Journal of Experimental Biology,
208(3), pp.421‐432.
Hinch, S.G. and Rand, P.S. (2000) Optimal swimming speeds and forward‐assisted propulsion:
energy‐conserving behaviours of upriver‐migrating adult salmon, Canadian Joumal of Fisheries

and Aquatic Science, 71(2), pp.217‐225.
[24] Bhowmick, A.R., Chattopadhyay, G., and Bhattacharya, S. (2014) Simultaneous identification of

growth law and estimation of its rate parameter for biological growth data: a new approach,
Journal of Biological Physics, 40(1), pp.71‐95.

[25] Bhowmick, A.R. and Sabyasachi B. (2014) A new growth curve model for biological growth:
Some inferential studies on the growth of Cirrhinus mrigala, Mathematical Biosciences, 254,
pp.28‐41.

[26] Doyen, L., Thébaud, O., Béné, C., Martinet, V, Gourguet, S., Bertignac, M., Fifas, F., and

Blanchard, F. (2012) A stochastic viability approach to ecosystem‐Uased fisheries management,

Ecological Economics, 75, pp.32‐42.
[27] Yamamoto, M. (2008) What Kind of Bird is the Great Cormorant, Japanese Union of Inland

Fishery Cooperatives, 46\mathrm{p}\mathrm{p} . (in Japanese)
[28] Yamamoto, M. (2012) Stand face to face with Great Cormorant II, Japanese Union of Inland

Fishery Cooperatives, 41pp. (in Japanese).
[29] MLIT (2015) Hydrology ofHii River.

\mathrm{h}\mathbb{R}0://\mathrm{w}\mathrm{w}\mathrm{w}. mlit. \mathrm{g}\mathrm{o}.\mathrm{i}\mathrm{D}/\mathrm{r}\mathrm{i}\mathrm{v}\mathrm{e}\mathrm{r}/toukei c \mathrm{h}\mathrm{o}\mathrm{u}\mathrm{s}\mathrm{a}/\mathrm{k}\mathrm{a}\mathrm{s}\mathrm{e}\mathrm{n}/\mathrm{i}\mathrm{i}\mathrm{t}\mathrm{e}\mathrm{n}/\mathrm{n}\mathrm{i}\mathrm{h}\mathrm{o}\mathrm{n}_{-}\mathrm{k}\mathrm{a}\mathrm{w}\mathrm{a}/87072/87072-1.\mathrm{h}\mathrm{t}\mathrm{n}4.
Last accessed July 25, 2015. (in Japanese).

[30] Sato, H., Takeda, I., and Somura, H. (2012) Secular changes of statistical hydrologic data in Hii

river basin, Journal of Japan Society of Civil Engineers, Ser.Bl, 68(4), pp.1387‐1392. (in
Japanese with English Abstract)

[31] Sato, H., Takeda, I., and Somura, H. (2014) Secular changes of statistical dry‐season discharges
in Hii river basin, Journal of Rainwater Catchment Systems, 19(2), 51‐55. (in Japanese with

English Abstract)
[32] Yoshioka, H., Unami, K., and Fujihara, M. (2014) A finite element/volume method model of the

depth averaged horizontally 2‐D shallow water equations, International Journal for Numerical

Methods in Fluids, 75(1), pp.23 -41.

146



[33] Yoshioka, H., Unami, K., and Fujihara, M. (2014) Mathematical analysis on a conforming finite

element scheme for advection‐dispersion‐decay equations on connected graphs, Joumal of Japan
Society of Civil Engineers, Ser.A2, 70(2), pp.I‐265‐I‐274.

[34] Onitsuka, K., Akiyama, J., Yamamoto, A., Watanabe, T., and Waki, T. (2009) Study on burst speed
of several fishes living in rivers, Joumal of Japan Society of Civil Engineers, Ser. \mathrm{B} , 65(4),
pp.296‐307. (In Japanese with English Abstract).

[35] Miyaji, D., Kawanabe, H., and Mizuno, N. (1963) Encyclopedia of Freshwater Fishes in Japan,
Hoiku‐sha, pp. 108‐114. (in Japanese).

[36] Grigoriu, M. (2014) Noise‐induced transitions for random versions of Verhulst model,
Probabilistic Engineering Mechanics, 38, \mathrm{p}_{\sim}\mathrm{p}.136-142.

[37] Hii River Fishery Cooperative (2015) Personal Communication with the first author of this paper

during 2015.

[38] Murayama, T. (2010) Why population of Ayu anmually changes?, River Works to Grow up Ayu
(Furukawa, A and Takahashi, I, Eds Tsukiji‐shokan, pp.165‐174. (in Japanese)

[39] Unami, K., Yangyuoru, M., and Alam, AH.M.B. (2012) Rationalization of building micro‐dams

equipped with fish passages in West African savannas, Stochastic Environmental Research and

Risk Assessment, 26(1), pp. 115‐126.

[40] Yoshioka, H., Yaegashi, Y., Unami, K., and Fujihara, M. (2016) Identifying the cost function for

upstream migration of individual fishes in 1‐D open channels based on an optimal control theory,
Journal of Japan Society of Civil Engineers, Ser.Bl, 60. (in press).

147




