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Abstract

Many models have assessed how marine reserves protect fish populations
and – under certain conditions – simultaneously increase yield. Only re-
cently have models considered the effects of fishing-induced habitat damage
by assuming reduced population growth in fishing areas. Even though it
is understood that fish movement patterns affect the functioning and de-
sign of marine reserves, fishing-induced changes in movement patterns, as
a response to decreased habitat quality, have not been studied in this con-
text. Our work explores how harvesting-induced movement behaviour of fish
can affect optimal yield and size of a marine reserve. Our model is based
on reaction-diffusion equations and recent advances in their application to
strongly heterogeneous environments with sharp transitions in environmen-
tal conditions. We model movement behaviour in response to harvesting and
habitat destruction via increased diffusion rates and increased preference for
protected areas, and implement reduced reproduction as an effect of habitat
degradation. We find an alternative mechanistic explanation for the empir-
ical observation that high fish mobility may not decrease fish density inside
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a reserve. We also find that movement-behavioural responses of fish to har-
vesting can decrease the economic value of protected areas and increase their
conservation value. For maximum sustainable yield, we find that a low har-
vesting rate and small protected area are optimal when fish show a strong
preference for protected areas as a response to fishing efforts. On the other
hand, a high harvesting rate and a large protected area are optimal if fish
respond to harvesting by a strong increase in movement rates in fishing areas.

1 Introduction

Fish stocks are declining worldwide, thereby threatening the survival of many
fish species and decreasing fisheries’ yield (Hutchings, 2000). Marine reserves
or, more generally, marine protected areas (MPAs), have been suggested
and established to protect stocks and secure yield through spill-over effects
(Harrison et al., 2012). Both of these functions of MPAs depend on the
movement behaviour of fish, but in antagonistic ways. Simply speaking, if
fish tend to stay within a MPA, the chance of population persistence inside
the MPA is enhanced but spill-over, and thereby potential yield outside the
MPA, is reduced, and vice versa. One aspect that has previously received
only marginal attention is that the establishment of an MPA and the resulting
spatial pattern of fishing effort itself may influence the movement behavior of
fish, thereby affecting the performance of the MPA. In this work, we present
and analyze a spatially explicit model for fish population dynamics in the
presence of MPAs and harvesting. In particular, we consider the feedback—
due to movement behavior—between the location and intensity of harvesting
and the performance of the MPA.

Even though various types of movement patterns of fish have been de-
scribed and classified (Grüss et al., 2011; White, 2015), their effect on the
efficiency of MPAs is not fully understood. Based on their review of larval and
fish dispersal distances, Green et al. (2015) give various rule-of-thumb guide-
lines for the design of networks of reserves, but detailed movement behaviour
on small scales is not considered. Moreover, fishing can damage habitat by
removing and altering resources and structure (Coleman and Williams, 2002;
Fogarty, 2005; Hiddink et al., 2007; Olsgard et al., 2008). Such damage may
not only reduce productivity and recruitment but also induce changes in the
movement behaviour of fish since some species of fish adapt their movement
to local conditions (Grüss et al., 2011). Since empirical work is difficult at the
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relevant scales, models play an important role in exploring these relationships
and informing the design of MPAs (Botsford et al., 2001).

Neubert (2003) was the first to apply reaction-diffusion equations to ques-
tions of reserve design. He showed that MPAs arise as solutions of an optimal
control problem. Under certain conditions, the MPA is located at the centre
of a good habitat, which is surrounded by a hostile environment, and the tran-
sition between MPA surrounding fishing area is fairly sharp. The conditions
are that the dispersal scale of the fish is not too small compared to the overall
size of the habitat. Empirical data show that fishing effort often concentrates
at the edge of a MPA so that the transition is indeed very sharp (see, e.g., Fig-
ure 1 in Moberg et al. (2015)). Moeller and Neubert (2013) presented the first
study on how harvesting-induced reduction in productivity affects the value
of MPAs. In particular, they gave conditions for a MPA to be economically
advantageous—under different tax scenarios—over not having any protected
areas. They considered a single reaction-diffusion equation for the density
of the fish stock. They modelled the effects of habitat damage through har-
vesting by a reduction in net per-capita stock growth according to harvesting
effort. Movement of fish was modelled by simple diffusion, independent of
effort. Kelly et al. (2016) also considered a reaction-diffusion model for fish
density and allowed the movement behaviour of fish to vary in space and
time. This modelling framework could include harvesting-dependent move-
ment, but the applications by Kelly et al. (2016) focus on constant diffusion
and spatio-temporally varying advection to represent different water current
patterns. The question of fisheries-induced movement behaviour was not ad-
dressed. So far, only one study on the effect of altered movement behaviour
exist to our knowledge. Moberg et al. (2015) considered a discrete-space two-
patch model and determined the evolutionarily optimal rate of movement of
fish between the two patches, as well as the corresponding optimal harvesting
strategy.

Langebrake et al. (2012) studied a different aspect of fish movement and
MPAs. Their study was inspired by the following empirical observation.
Claudet et al. (2010) measured the relative density of fish within and out-
side a MPA for species with different mobility. This relative density was no
lower for fish with high mobility than for fish with low mobility. Theoretical
models, however, predict that since individuals of species with high mobility
leave the MPA more frequently, the relative density of these species within
versus outside the MPA should be lower than for species with low mobility;
see references in Langebrake et al. (2012). Claudet et al. (2010) speculated
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that a strong tendency to stay in the reserve could explain this effect. Lange-
brake et al. (2012) showed that a sufficiently strong preference for reserves in
their model was indeed a mechanism by which the density inside the reserve
would not decrease with mobility. Langebrake et al. (2012) did not study
the implications of differential movement or habitat preference on the effi-
cacy of marine reserves. They also considered relatively simple population
dynamics of constant recruitment and linear mortality. These assumptions
allowed them to analytically prove most of their results instead of relying on
numerical methods.

In our work, we combine ideas from Langebrake et al. (2012) with those
from Moeller and Neubert (2013) to analyze the effect of fisheries-induced
habitat degradation and its movement-behaviour consequences in fish on
the optimal size of a MPA and the corresponding effort. We build on our
own analysis of structured population models in heterogeneous landscapes
(Alqawasmeh, 2017; Alqawasmeh and Lutscher, 2019). We considerably ex-
tend the model by Langebrake et al. (2012) in three ways.

1. Instead of density-independent recruitment, we consider recruitment to
be a concave function of stock size. Langebrake et al. (2012) already
suggested that their model should be evaluated with non-constant re-
cruitment. With constant recruitment, the fish stock can never become
extinct; the implicit assumption is that recruits arrive from elsewhere.
This setting may yield only limited insights into harvesting outcomes.

2. Instead of an unstructured population, we consider a two-stage popu-
lation of immature juveniles and reproductive adults. This distinction
seems necessary since some fish have relatively long immature stages,
and since larger (i.e., older) fish are often selectively (or exclusively)
harvested (Millar, 1992; Tsikliras and Polymeros, 2014).

3. We allow for a more general description of movement behavior at the
edge of a MPA. Between a MPA and its surroundings, sharp tran-
sitions in environmental conditions, called interfaces, may occur (see
above). Such sharp transitions are difficult to accommodate in classi-
cal reaction-diffusion equations. We use recent modelling advances to
include interfaces and the movement behavior of individuals near them
(Ovaskainen and Cornell, 2003). These conditions reflect differences in
movement rates on either side of an interface and habitat preference
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by individuals. When the movement rates on either side of an inter-
face are identical, our conditions reduce to those used by Langebrake
et al. (2012), but when movement rates differ, this difference needs to
be reflected in the interface conditions (Maciel and Lutscher, 2013).

Basic foraging theory would suggest that fish movement should change from
exploitative to exploratory movement behaviour as resources decrease and
risk increases (e.g., due to decreased habitat complexity) and that individuals
should preferentially choose more suitable over less suitable habitat. In a
reaction-diffusion model, we would therefore consider the diffusion coefficient
to be an increasing function of habitat degradation, and thereby also of
harvesting effort. Similarly, we consider habitat preference for the MPA to
be increasing with harvesting effortin the surrounding area. These population
and movement dynamics aspects in our model are considerably more complex
than in the model by Moeller and Neubert (2013), however, our optimization
approach is much simpler than their tax-based optimization in that we simply
optimize yield at steady state.

We explain our model in detail in the next section. Then we study how
individual behaviour of fish at interfaces affect the steady state of the model
and various characteristic quantities (e.g., yield and abundance). Finally, in
Section 4, we show how the optimal size of the MPA depends on the various
model aspects.

2 Model

For the population dynamics component, we divide the population into re-
productive adults and immature juveniles. Adults produce juveniles at a rate
that decreases with total population density. Juveniles mature and become
adults. Individuals at either stage die at a stage-specific rate. We denote
the density of juveniles and adults by u and v, respectively. These densities
satisfy the equations

u̇ = f(u, v), v̇ = g(u, v), (1)

with

f(u, v) =
rv

1 + ρuu+ ρvv
− (m+ µu)u, g(u, v) = mu− µvv. (2)
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Here, we denote by r the maximum growth rate, by m the maturation rate
and by µu,v the stage-specific death rate (all these rates are per-capita rates).
By a simple rescaling, we may choose the weights, ρu,v, in the density-
dependent growth rate to equal unity. Our model is a continuous-time
version of the discrete-time model in Neubert and Caswell (2000). Other
density-dependent effects are certainly possible, but we will focus our work
on movement behaviour instead.

For the spatial aspects, we consider a habitat consisting of marine pro-
tected (MPA) and unprotected (UPA) areas. We follow previous authors
and choose the simplest possible but meaningful set-up, where space is rep-
resented by the one-dimensional variable x, and a MPA (UPA) is an inter-
val of length L1 (L2). Specifically, we choose the MPA to be located at
x ∈ [−L1/2, L1/2] and the UPA at x ∈ [−L/2,−L1/2] ∪ [L1/2, L/2] with
L = L1 + L2. This set-up can represent a single period of length L of a pe-
riodic coastline with alternating MPAs and UPAs of the respective lengths
(Botsford et al., 2001; Langebrake et al., 2012). It can also represent a single
domain of length L with a MPA at the center. In spatially-explicit optimal
harvesting problems, the location of a MPA often happens to be at the center
of a bounded domain (Moeller and Neubert, 2013; Kelly et al., 2016). We
will use both points of view in our analysis.

The population-dynamics parameters in (1) are assumed constant within
each habitat type but may vary between the two types. We will denote the
values of the parameters by indices 1 and 2, i.e., µv1 for the death-rate of
adults in a MPA and µv2 in the UPA, and similarly for the other parameters.
Harvesting in UPAs is included into the death rates. Throughout, only adults
will be harvested, i.e., µv2 is replaced by µv2 + h, where h is the per-capita
harvesting rate. Within each habitat type, individuals move randomly with
stage- and habitat-specific diffusion coefficients. We denote by ui(t, x) and
vi(t, x) the spatial densities of juveniles and adults in the MPA (i = 1) and
UPA (i = 2). Then we have the equations

uit = Duiuixx + fi(ui, vi), vit = Dvivixx + gi(ui, vi) (3)

with x ∈ [−L1/2, L1/2] for i = 1 and x ∈ [−L/2,−L1/2] ∪ [L1/2, L/2]
for i = 2. Subscripts t, x denote partial derivatives, subscripts i denote the
habitat type. Diffusion coefficients Dui, Dvi may vary between life stage and
habitat type.

At an interface between MPA and UPA, a juvenile (adult) chooses to move
to the MPA with some probability αu (αv). Then the matching conditions
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for juveniles at L1/2 read

u1
(
t, L−

1 /2
)

= kuu2
(
t, L+

1 /2
)
, (4)

Du1

∂

∂x
u1
(
t, L−

1 /2
)

= Du2

∂

∂x
u2
(
t, L+

1 /2
)
, (5)

with ku = αu

1−αu

Du2

Du1
. Superscripts ± indicate one-sided limits from the right

and left, respectively. The conditions at −L1/2 are analogous with left- and
right-hand limits interchanged. The conditions for adults are the same with
indices u replaced by v. These conditions were derived by Ovaskainen and
Cornell (2003); Maciel and Lutscher (2013), and their effects have since been
studied intensively (Maciel and Lutscher, 2015; Alqawasmeh and Lutscher,
2019; Yurk and Cobbold, 2018).

Our focus in this work is on qualitative aspects of the positive steady state
of the reaction-diffusion system in (3) with interface conditions in (4)-(5). We
shall denote the steady-state densities by u∗i and v∗i . Since there is generally
no explicit analytical expression for this steady state (but see Section 3.2),
most of our work will rely on numerical simulations. We summarize several
analytical results that underlie and justify our approach here. Existence and
uniqueness of solutions of a similar system was recently shown by Maciel
et al. (submitted). It was also shown that the linearized system (at zero)
admits a dominant eigenvalue that determines the stability of the trivial
solution. The system is monotone (or order-preserving) and has bounded
solutions, so that when the trivial state is unstable, there exists a (smallest)
positive steady state, and this positive state is stable. Stability conditions for
the trivial solution were recently given by Alqawasmeh and Lutscher (2019),
together with a detailed analysis of the minimal speed of traveling waves in
a periodic habitat. Since the system is invariant under the transformation
x 7→ −x, steady-state solutions are also symmetric, and we can reduce the
system to the spatial domain x ∈ [0, L/2] with no-flux boundary conditions
at 0, L/2 and interface conditions only at L1/2. For our numerical scheme, we
simulated the time-dependent problem with a simple, fully discrete, explicit
solver until the solution reached the unique (smallest) stable positive steady
state.

In Figure 1, we illustrate some typical spatial profiles of the steady state
and demonstrate how these profiles depend on the harvesting rate. We ob-
serve the discontinuity at the interface between MPA and UPA. The density
of adults (solid lines) is decreasing in space in each patch in all cases. The
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(a) h = 0.3 (b) h = 1.5

(c) h = 5 (d) h = 10

Figure 1: Steady-state solutions for juveniles (dashed) and adults (solid) in
MPAs (0 < x < 2) and UPAs (2 < x < 8) for different values of harvesting
rates (h). Parameter values are: L1/2 = 2, L2/2 = 6, ri = 6, mi = 6,
µui = µvi = 0.25 (i = 1, 2), Du1 = Dv1 = 1, Du2 = Dv2 = 2, and αv,u = 0.5.

density of juveniles (dashed lines) is patch-wise increasing when harvesting
is small, but decreasing when harvesting is large. Overall density clearly
decreases as harvesting increases. We chose no-flux boundary conditions at
both ends of the interval, so that the solution corresponds to one half pe-
riod of the solution on the infinite line with periodically arranged MPAs and
UPAs.

Our model has a large number of parameters so that a complete analysis
of all aspects is impossible. We concentrate on the movement behaviour of
adults since we assume that their ability to detect environmental conditions
and adjust movement behaviour is more highly developed than in juveniles.
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We will fix juvenile movement behaviour to be equal in MPA and UPA or
faster in UPA (see introduction) and not consider any movement bias towards
MPA in juveniles. We conducted a few numerical simulations that seemed
to indicate that if juveniles’ movement behaviour is similar to that of adults,
the qualitative aspects of our results do not change.

3 Individual behaviour and density patterns

In this section, we study how the movement behaviour of individuals af-
fects certain aspects of the population density at steady state. Specifically,
we adapt the four indicators from Langebrake et al. (2012) to our model.
We show, as did they, that neglecting individual movement behaviour at in-
terfaces (i.e., setting ku = kv = 1 in our model) produces patterns that are
inconsistent with the empirical data from Claudet et al. (2010); see introduc-
tion. Including this movement behaviour, however, gives consistent patterns
and provides mechanistic explanations for how these patterns arise.

The four indicators from Langebrake et al. (2012) are based on an un-
structured population; we adjust these indicators to reflect our assumption
that only adult fish are being harvested. The four quantities are as follows.

1. Adults yield is the number of mature fish caught in the UPA per unit
of time, at steady state. It is given by

Y =

∫ L
2

L1
2

hv∗2 (x) dx, (6)

where h represents the harvesting rate and v∗2 (x) is the steady-state
solution for adults in model (3) when x ∈ [L1/2, L/2].

2. Adults abundance in UPA is

A0 =

∫ L
2

L1
2

v∗2(x)dx. (7)

3. Total adults abundance in MPA and UPA is

A = A0 + A1 = A0 +

∫ L1
2

0

v∗1 (x) dx, (8)

where v∗1 is the component of the steady-state density in the MPA,
x ∈ [0, L1/2].
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4. Adults log ratio is defined as the logarithm of the ratio of the average
steady-state densities

R = ln

(
A1/L1

A0/L2

)
. (9)

We begin our investigation of these four indicators with the effect of harvest-
ing rate, and then turn to the effects of the movement rates.

3.1 The effects of harvesting and diffusion

As could be expected, adults yield shows a unique maximum at some in-
termediate harvesting rate (Figure 2(a)). A low harvesting rate gives a low
yield, whereas a high harvesting rate leads to a low steady-state density (see
Figure 1), which in turn gives a low yield. As expected, abundance in fishing
areas and total abundance are both decreasing with harvesting (Figure 2(b)
and (c)).

When adults have a higher movement rate than juveniles, adults abun-
dance in UPA is higher (Figure 2(b)) but total adults abundance is lower
(Figure 2(c)). The higher movement rate pushes adults from the MPA into
the UPA where they are harvested so that yield increases (Figure 2(a)). As
adult abundance in MPA and UPA decreases with harvesting, the log ratio
increases (Figure 2(d)). Hence, the relative decrease in abundance inside the
MPA is smaller than outside.

We now fix the harvesting rate and plot the four indicators as a function
of diffusion rates; see Figure 3. Since there are four diffusion coefficients,
we have to make choices. We concentrate on the movement of adults and
keep juvenile movement rates fixed. For adults, we choose to vary Dv1 = D

and fix the ratio β =
Dv1

Dv2
. When β > 1, adults move faster inside the MPA,

when β < 1, they move faster outside. Adults yield and abundance in fishing
grounds increase with adults movement, see panels (a) and (b), whereas
total abundance and log ratio decrease, see panels (c) and (d). If β > 1, then
adults move faster in MPAs than outside, which in turn means that adults
leave the MPA more quickly and get harvested. Hence, yield and abundance
in the UPA increase where as total abundance decreases.

Langebrake et al. (2012) considered the same scenario (for an unstruc-
tured population) with continuous interface conditions, i.e., k = 1, see their
Figure 3. While the shapes of their curves are qualitatively similar to ours,
the order of the three curves with respect to the ratio of diffusion rates is
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(a) (b)

(c) (d)

Figure 2: Effect of harvesting on adults yield (Y ), adults abundance (A0),
total adults abundance (A) and adults log ratio (R). The three curves
correspond to three different movement scenarios: juveniles move faster
(Dvi = 0.5Dui , dotted); both groups move equally (Dvi = Dui , dashed);
and adults move faster (Dvi = 2Dui , solid). Other parameter values are as
in Figure 1, except here mi = 5 (i = 1, 2).
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reversed. For example, higher movement of adults inside the MPA decreased
yield in their model, whereas it increases yield in our model. This difference
can be explained in terms of patch preference at the interface. If adults move
faster inside the MPA, i.e., β =

Dv1

Dv2
> 1, but the density is held continuous

at the interface, i.e., kv = αv

1−αv

Dv2

Dv1
= 1, then necessarily αv > 0.5, i.e., adults

must have a preference for the MPA. Therefore, fewer adults leave the MPA
and can be harvested. We study the effect of patch preference, or movement
bias at an interface in more detail.

3.2 Biased Movement

So far, we considered unbiased movement at the interface for both juveniles
and adults (i.e., αu,v = 0.5). In Figure 3(d) we found that the relative den-
sities of adults in MPAs versus UPAs decreases as adult mobility increased.
The corresponding result by Langebrake et al. (2012) was the motivation
for their study because it contradicts empirical findings, e.g., Claudet et al.
(2010); see introduction. Claudet et al. (2010) suggested that a bias in
movement toward MPAs is the main reason why higher movement rates do
not lower population densities inside MPAs relative to outside. Langebrake
et al. (2012) tested this idea and showed that a sufficiently high preference
for MPAs resulted in an increasing relationship between the log ratio and dif-
fusion. Their interface conditions, however, included only the term α/(1−α)
and not the quotient of the diffusion coefficients; see ku in (4).

The plots in Figure 4 show that the qualitative behaviour of our model is
the same as that in Langebrake et al. (2012) with respect to movement bias
at the interface. When adults have a small preference for MPAs (αv = 0.75),
yield and abundance increase with diffusion rate (panels (a) and (b)) where as
total abundance and log ratio decrease (panels (c) and (d)). When preference
for MPAs is high (αv = 0.9) these trends are reversed. At some intermediate
threshold value of αv, all four indicator quantities are constant with respect to
D. When the preference for the MPA is too small, the net flux at the interface
will be away from the MPA; when the preference is high, the net flux will
be into the MPA. With higher diffusion rates, individuals will encounter the
interface more frequently, so that its effect is stronger. As a result, abundance
of adults outside the MPA (and hence also yield) will decrease with diffusion
at high enough preference for the MPA.

We can calculate the threshold value explicitly by looking for steady-state
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(a) (b)

(c) (d)

Figure 3: Effect of adults movement on the four indicator quantities. The
three curves correspond to different values of the ratio β =

Dv1

Dv2
. When adults

move faster in MPAs (β > 1, solid), Y and A0 are higher (top panels) than
when movement is equal (β = 1, dashed) whereas A and R are lower (bottom
panels). When adults move faster in UPAs (β < 1, dotted), the order is
reversed. We chose h = 1 and all other parameter values as in Figure 2.
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(a) (b)

(c) (d)

Figure 4: Effect of adults movement on the four indicator quantities. The
three curves correspond to different values of adults habitat preference rate,
αv. When preference for MPAs is weak (αv = 0.75, dotted), Y and A0 are
increasing functions of D, whereas A and log ratio are decreasing. When
preference is strong (αv = 0.9, solid) the trends are reversed. At some inter-
mediate threshold (α∗

v = 5/6, dashed), the quantities are independent of D.

Parameter values are ri = 2.9, αu = 0.5, β =
Dv1

Dv2
= 0.5 and h = 1. Other

parameters are as in the previous figure.
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solutions for which each population is spatially constant in each patch type.
Diffusion does not affect spatially constant solutions, which also automati-
cally satisfy the no-flux boundary conditions at x = 0 and x = L/2. The
matching condition at the interface x = L1/2 will then give us the threshold
value for the parameter.

A steady-state solution that is constant in the MPA satisfies

r1v
∗
1

1 + u∗1 + v∗1
− (m1 + µu1)u

∗
1 = 0, m1u

∗
1 − µv1v∗1 = 0. (10)

We find the explicit expressions

v∗1 =

(
r1m1

µv1 (m1 + µu1)
− 1

)(
m1

m1 + µv1

)
and u∗1 =

µv1
m1

v∗1. (11)

We obtain analogous expressions for u∗2 and v∗2 in the UPA by replacing
indices 1 with 2 and µv1 with µv2 +h. We combine these expressions with the
matching condition at the interface to get

u∗1 = kuu
∗
2 = ku

(
µv2 + h

m2

)
v∗2, (12)

and

u∗1 =
µv1
m1

v∗1 = kv

(
µv1
m1

)
v∗2. (13)

Equating these two conditions and substituting the expressions for ku,v, we
find that steady state solutions are piecewise constant if and only if

αu
1− αu

Du2

Du1

(
µv2 + h

m2

)
=

αv
1− αv

Dv2

Dv1

(
µv1
m1

)
. (14)

Substituting parameter values from Figure 4 into this formula and solving for
αv, we obtain the threshold value α∗

v = 5
6

that corresponds to the constant
dashed lines in the Figure.

Hence, our model supports the hypothesis by Claudet et al. (2010) that a
sufficiently strong movement bias towards a MPA produces density patterns
that are consistent with empirical observations; see introduction. These re-
sults are the same as those by Langebrake et al. (2012), which shows that
they are robust with respect to several model assumptions. Even in our more
complex, stage-structured model, the threshold value of movement bias that
leads to the correct qualitative behaviour can be calculated explicitly.
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Langebrake et al. (2012) used different diffusion coefficients inside and
outside MPAs in their model but did not include the diffusion coefficients
into the matching conditions of the density at the interface. Numerous
studies report habitat specific movement behaviour of fish (Grüss et al.,
2011), and much empirical work on patch preferences is available in ter-
restrial systems (Schultz and Crone, 2001; Reeve and Cronin, 2010). Maciel
and Lutscher (2013) demonstrated that several population-dynamic aspects
of these reaction-diffusion equations in patchy landscapes are consistent with
intuition only when the diffusion coefficients are included into the interface
conditions. With the inclusion of diffusion rates in our matching conditions
(parameters ku,v), we can also obtain a critical diffusion ratio, β∗, from solv-
ing formula (14) for β = Dv1/Dv2 .

Figure 5 shows that for β > β∗, Y and A0 are increasing functions of
diffusion of adults whereas A and log ratio are decreasing, i.e., inconsistent
with the observations from Claudet et al. (2010); see introduction. For β <
β∗, the patterns are reversed and consistent with observations. For β = β∗,
the quantities are independent of diffusion of adults.

Hence, we found a second mechanism that explains the empirical ob-
servation that relative densities inside versus outside of an MPA need not
decrease with fish mobility, as simple theoretical models predict. Namely, if
the ratio of the movement rates is relatively low, i.e., fish move faster out-
side than inside an MPA, then relative fish densities increase as movement
rates increase as (absolute) diffusion rates increase. Moreover, as the ratio
of movement rates decreases, the threshold value of habitat preference (α∗

v

above) decreases. Hence, the two mechanisms (high preference for MPA and
relatively lower diffusion rate in MPA) act synergistically.

3.3 Harvesting-dependent movement behaviour

Habitat characteristics such as degradation or noise levels arguably depend
on the intensity of harvesting. Consequently, the behavioural response of
fish to harvesting could depend on harvesting levels. We use our model to
explore how harvesting-dependent movement affects yield and abundance.
Specifically, we assume that movement rates outside MPAs and preference
for MPAs increase as harvesting increases. In this section, we only consider a
movement-behaviour response to harvesting; reproduction is unaffected. In
the next section, we will also include a feedback of harvesting on reproduc-
tion.
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(a) (b)

(c) (d)

Figure 5: Effect of adults movement on the four indicator quantities. The
three curves correspond to different ratios of diffusion coefficients β =
Dv1/Dv2 . When the ratio is small (β = 1

9.5
solid), Y and A0 are decreas-

ing functions of D, whereas A and log ratio are increasing. When the ratio is
large (β = 1

5
dotted) the trends are reversed. At some intermediate threshold

(β∗ = 1
7.5
, dashed), the quantities are independent of D. Parameter values

are: ri = 5.2, mi = 5, Du1 = 5, Du2 = 7.5, αu = 0.5 = αv and as in the
previous figure, unless otherwise noted.
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We consider the following simple relations for adults habitat preference
and diffusion coefficients in fishing areas

αv (h) = 1− e−sh

2
, h ≥ 0, (15)

and
Dv2 (h) = Dmax − (Dmax −Dv1) e

−s̃h, h ≥ 0, (16)

for some ‘sensitivity’ parameters s, s̃ ≥ 0 and Dmax > Dv1 . Without harvest-
ing (h = 0), fish move at the same rate inside and outside MPAs and have no
habitat preference. As fishing activities increase, adults mobility in fishing
grounds and preference to MPAs increase.

In Figure 6, we illustrate how our four indicators are affected by harvesting-
dependent movement (compare Figure 2). We consider three scenarios: (i)
only habitat preference depends on harvesting rate (s > 0, s̃ = 0); (ii) only
movement rates depend on harvesting rate (s = 0, s̃ > 0); and (iii) both pro-
cesses depend on harvesting rate (s, s̃ > 0). We did not include the curves
of the null model (s = s̃ = 0) because they cannot be distinguished from the
curves in scenario (ii).

We find that if (at least) habitat preference depends on harvesting rate,
yield and abundance decrease whereas total abundance and log ratio increase
compared to when there is no dependence. In other words, when fish respond
to harvesting by a showing a high preference for staying in the MPA, then
yield decreases and therefore the economic value of the MPA might decrease.
The effect is more pronounced when diffusion rates in UPAs increase with
harvesting as well. The effect can be so strong that total adult abundance
may even increase with harvesting at very high harvesting rates (Figure 6,
panel c). The mechanism behind this effect is similar to previous cases: With
increased harvesting, adults will increasingly stay in or move to the MPA and
not be available for fishing. Under these conditions then, what is the optimal
harvesting strategy?

4 Maximum sustainable yield

In this final section, we ask which combination of MPA size and harvesting
rate results in the maximum sustainable yield at steady state. In addition to
the scenario in the previous section, we now include a feedback of harvesting-
induced habitat degradation on population reproduction.
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(a) (b)

(c) (d)

Figure 6: Effect of harvesting on adults yield (Y ), adults abundance (A0),
total adults abundance (A) and adults log ratio (R). The three curves cor-
respond to three different scenarios described in the text. (i) Only habitat
preference depends on harvesting rate: s = 0.1, s̃ = 0 (dotted). (ii) Only
movement rates depend on harvesting rate s = 0, s̃ = 1 (dashed). (iii) Both
processes depend on harvesting rate: s = 0.1, s̃ = 1 (solid). Parameter values
are: Du1 = Du2 = Dv1 = 1, Dmax = 2, and as in Figure 2 unless otherwise
noted.
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The population dynamics equations are as in (3). However, harvesting-
induced habitat degradation now also leads to decreased productivity in the
UPA. There are many ways in which this decrease can be modelled. We
choose to replace the reproduction term r2v2(1 + u2 + v2)

−1 by

r2v2(1 + (1 + ŝh)(u2 + v2))
−1

for some sensitivity parameter (ŝ > 0) . This term could reflect an increase
in intra-specific competition in the UPA that is degraded by harvesting rate.
The spatial set-up in this section is as follows. We consider the interval
[−L1/2, L1/2] as a single MPA of length L1 surrounded by a UPA of length
L2/2 on either side. The total length, L = L1 + L2 is fixed. The interface
conditions at ±L1/2 are exactly as in (4) and (5) with habitat preference and
movement rates of adults depending on harvesting rate according to (15)-
(16). The difference to the previous scenario is that we now choose hostile
boundary conditions at the end of the UPA at x = ±L/2. This choice follows
previous work by Moeller and Neubert (2013). Mathematically, the system
is equivalent to a system on the interval [0, L/2] with no-flux conditions at
x = 0. We use MPA length, L1, and harvesting rate, h, as our free parameters.

When the MPA is small, its productivity for the UPA is small, and conse-
quently, yield is low for a given harvesting rate. When the MPA is large, the
UPA is small and therefore yield is as well. We use our numerical schemes
to find the optimal size of the MPA and the corresponding maximum yield
and harvesting rate for different values of s, s̃ and ŝ.

The top plots in Figure 7 show how the maximum sustainable yield (MSY,
solid) arises for intermediate length of the MPA while the corresponding
harvesting rate (dashed) increases with MPA length. The bottom plots show
how MSY depends on the length of the MPA and the harvesting rate. Habitat
preference of adults (αv) is more sensitive to harvesting in the plots on the
right, so that MSY and corresponding harvesting rate decrease.

Three parameters measure the extent to which harvesting affects the three
processes that we are interested in:

1. s measures how sensitive adults preference for MPA is to harvesting;

2. s̃ measures how sensitive adults mobility in the fishing grounds is to
harvesting;

3. ŝ measures how sensitive reproduction is to the damage in the habitat.
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(a) (b)

(c) (d)

Figure 7: Maximum yield and harvesting rate as function of MPA length (L1).
Top row: Maximum yield (solid, scale on left) and corresponding harvest rate
(dashed, scale on right). Bottom row: Yield (color bar on right) as a function
of harvest rate and MPA size. Left column: sensitivity of adult preference
to MPA is small (s = 0.1). Right column: sensitivity is large (s = 0.3).
Other parameter values are L2 = 1 − L1, mi = 5, ri = 6, µui = µvi = 0.25,
Du1 = Dv1 = Du2 = 0.1, Dmax = 2, s̃ = ŝ = 0.1 and αu = 0.5.
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Table 1 shows how maximum yield, MPA size and corresponding harvesting
rate vary with changes in these three sensitivities. In addition, we calculated
total effort as the product of the optimal harvesting rate with the length of
the UPA (L2 = 1− L1).

We observe that MSY decreases with sensitivity to harvesting in each of
the three parameters. However, whereas MPA size and optimal harvesting
rate decrease with sensitivity of preference for MPA (s) and of growth rate
(ŝ), they both increase with sensitivity of movement rates (s̃). Total effort
also decreases in the first two cases but decreases in the last. When s in-
creases, adults tend to stay in the MPA more and cannot be harvested. A
smaller MPA length is sufficient to sustain the stock and a smaller harvesting
rate is required to entice the fish to leave the MPA. While the lower harvest-
ing rate is distributed over a larger region, the total effort decreases. When
ŝ increases, reproduction outside the MPA decreases more severely with har-
vesting. Smaller harvesting rates minimize the negative impact. A smaller
MPA is sufficient. As before, total effort decreases. When s̃ increases, adults
tend to move faster in UPA. This increased movement rate can push them
back to the MPA or to the hostile boundary where they leave the system.
Harvest rate has to be increased to catch fish before they leave the UPA.
This requires a larger MPA to sustain the stock. Despite the fact that the
length of the UPA decreases, the total effort increases.

In summary, we found — unsurprisingly — that increased sensitivity to
harvesting in the three focus aspects decreased the MSY of the fishery, but
the details differ. If fish react to harvesting mostly by increasing movement
rates in UPA, then the best strategy is to harvest at a high rate so that fish
get caught before they leave, but this then requires a large MPA to sustain
the stock. If fish react to harvesting mostly by high preference for the MPA
or by strongly reduced reproduction, then the best strategy is to harvest at
a low rate, which, in turn, requires only a smaller MPA.

5 Discussion

Marine protected areas can protect fish stocks that are declining under in-
creasing fishing pressure (Mosquera et al., 2000) and can also support fish-
eries in adjacent areas via spill-over effects (Hilborn et al., 2004). From the
intense debate on the ecological and economic implications of MPAs (Bohn-
sack, 1993; Mosquera et al., 2000; Botsford et al., 2001; Roberts et al., 2001;
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Table 1: Maximum yield, MPA size, harvesting rate and total effort as func-
tions of sensitivity parameters: (a) with s̃ = ŝ = 0.1, (b) with s = 0.2 and
ŝ = 0.1, and (c) with s = 0.2 and s̃ = 0.1. Other parameter values are as in
Figure 7.

(a)

s Maximum Yield MPA Size Harvesting Rate Total Effort

0.1 1.6791 0.475 4.4 2.31
0.2 1.5716 0.35 2.1 1.365
0.3 1.5231 0.25 1.4 1.05

(b)

s̃ Maximum Yield MPA Size Harvesting Rate Total Effort

0.1 1.5716 0.35 2.1 1.365
0.3 1.4318 0.40 2.4 1.44
0.5 1.3551 0.425 2.7 1.5525

(c)

ŝ Maximum Yield MPA Size Harvesting Rate Total Effort

0.1 1.5716 0.35 2.1 1.365
0.2 1.5063 0.30 1.8 1.26
0.3 1.4579 0.275 1.6 1.16
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Gell and Roberts, 2003; Gerber et al., 2003; Lester et al., 2009), it is clear that
dispersal patterns of fish affect the function of a MPA and its optimal design
(Lockwood et al., 2002; Almany et al., 2013). With a single MPA, a sufficient
number of recruits must remain within the MPA to ensure the persistence
of the stock, whereas a large number of exports to fishing areas increases
the yield. For networks of reserves, the persistence condition is different;
see Hastings and Botsford (2006). While many different dispersal patterns
for fish have been documented (White, 2015; Grüss et al., 2011), theoretical
studies on potential consequences for the efficacy of MPAs in this direction
are rare; see e.g., Green et al. (2015). Fishing-induced habitat degradation
arises in many ways (Coleman and Williams, 2002; Fogarty, 2005; Hiddink
et al., 2007), most obviously in bottom trawling (Olsgard et al., 2008), but
has only recently been included in theoretical studies of optimal design of
MPAs (Moeller and Neubert, 2013). When fish adjust their movement be-
haviour to local habitat quality, then fishing itself has the potential to alter
movement behaviour, and thereby the functioning and optimal design of
MPAs. In this work, we presented a first theoretical model to evaluate some
of these feedback effects.

Our model is a substantial extension of the model by Langebrake et al.
(2012). We include age structure, density dependence, and the complete in-
terface conditions from Ovaskainen and Cornell (2003). Our first result is the
confirmation that the results by Langebrake et al. (2012) continue to hold
in our model, and are therefore robust to model formulation. Our second
finding is that differential movement rates between MPA and UPA provide
an alternative mechanism to resolve the difference between the theoretical
prediction and empirical observation from Claudet et al. (2010) about rela-
tive densities of fish inside and outside MPAs; see introduction. In a second
step, we include feedbacks from harvesting on (i) movement behaviour, and
(ii) also on reproduction. At first, we show that even if harvesting only af-
fects movement behaviour (i.e., increased preference for MPA and increased
diffusion rate in UPA), a MPA may lose some of its economic value but en-
hance its conservation value (Figure 6). Finally, we determined the optimal
size of a MPA and optimal harvesting rate in terms of MSY when harvesting
also negatively impacts reproduction. We showed how—depending on which
feedback mechanism is the strongest—the optimal state could be higher har-
vesting rates and a larger MPA or lower rates and a smaller MPA.

Our modelling approach is based on reaction-diffusion equations, which
have been used successfully in many areas of spatial ecology in general and
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in marine reserve design in particular (Neubert, 2003; Moeller and Neubert,
2013; Kelly et al., 2016). A common feature of the optimal control problems
studied by these authors is that solutions have fairly sharp interfaces between
fished and unfished areas, i.e., the fishing effort changes on a scale much
smaller than the mean dispersal distance of the fish. In that case, it is
reasonable to assume that fish can exhibit movement preference at such an
interface, and that the movement preference would depend on the difference
in habitat quality. Our model includes all these features and mechanisms,
i.e., it allows fish to adjust movement behaviour in the UPA and at the
interface according to habitat quality, and it can account for degradation-
reduced population growth.

We did not cast our question into an optimal control problem, but asked
the simpler question of maximizing yield. Still, we found that the MSY
occurred when a MPA was present. However, comparing the two top plots
in Figure 7, it is conceivable that when the sensitivity of preference with
respect to harvesting is very high, a reserve may not be optimal. When fish
react to harvesting-induced damage by (almost) not leaving the MPA at all,
then there is no spill-over effect and hence no positive effect on yield. It is
interesting to note that the increase in mobility outside the reserve and the
preference for the MPA at the interface have opposite effects on the optimal
size and effort (Table 1). When fish are highly mobile outside the MPA, they
may return to the MPA or leave the entire area more quickly. In the second
case, they are lost from the population. Therefore, a high effort is put on
catching most fish that leave the MPA before they leave the entire domain.
It would be interesting to study whether and how the latter result changes
when the boundary conditions are not hostile, as in the model by Kelly et al.
(2016), and to apply the optimal control framework to our model.

Our model assumes that harvesting, where it is allowed, is uniform. We
make this assumption since it often arises under certain conditions from op-
timal control models that do not make these assumptions (Neubert, 2003).
It is a relatively straight forward extension to choose, say, two different har-
vesting levels outside an MPA, as they arise as nearly optimal under other
conditions (Neubert, 2003). As long as the interface region where parameter
values change is small, our model can be adapted. When gradients in param-
eter values are less steep so that there is no sharp interface, our approach
does not apply. Instead of habitat preference at an interface, one would
have to implement a preferred movement direction (“advection” or “taxis”)
over a larger region in order to model the effect that fish move as to stay in

25



high-quality habitat. The modelling approach by Kelly et al. (2016) could
be adapted to that case. The difference between the two comes down to a
question of scales: does the environment change on scales that are small or
large compared the mean dispersal distance of the fish? Bottom trawling
creates disturbances that have relatively sharp edges; other effects such as
noise and pollution are much more gradual.

It remains to be seen to what extent and how our modelling approach
can be combined with an optimal control framework. In such a framework,
optimal effort solutions often show the phenomenon of “fishing the line”,
where fishing efforts concentrate at the boundary of the reserve to catch all
the fish that are leaving the reserve. Such a concentration of effort leads to
a large change in model parameters on a very small spatial scale, but does
not give piecewise constant parameter functions. It might be possible to
formulate interface conditions for very narrow bands at the MPA boundary
and study their effects. It is even possible the high concentration of fishing
effort at the perimeter of an MPA would deter fish from leaving the MPA.
A model that includes our movement-behaviour responses of fish to such a
high concentration of effort might uncover scenarios where the “fishing the
line”-strategy is not optimal.
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