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A. Non-dimensionalization of population dynamics under fisheries strategies with reserves

The life history of individual fish, determined by their growth rate g; (i = N, H, M), fecundity b; (i = H, M),
their natural mortality (uy and ug for the nursery and the growth habitat) and the fishing mortality (g gr)
caused by harvesting, determine the fish population dynamics in different habitats (i = N for the nursery
habitat occupied by smaller juveniles, ¢ = H for the harvested area in the growth habitat occupied by larger
juveniles and adult individuals, i = M for the marine reserve in the growth habitat). The population is
characterised by 3 density functions n;(¢, s) in the different habitat parts (¢ = N, H, M) that depend on the

(unscaled) fish individual body size s and time t. The dynamics of these density functions are given by:

W.FQN(FN)(W = —MN’I’LN(t,S) {Al]
87”‘(;(;’5) + gH(FH)amLéS’S) = —(pc + pa)nm(t,s) [A.2]
an]\/é(tt?S) + gM(FM)W = _,UGnM(t: 8) [AB]

As discussed in the main text, fish individuals born in the nursery habitat with body size (sp) will switch
to the growth habitat once their body size reaches the threshold value (ss). Therefore, the number of fish
individuals which reach the threshold value (ss) in the nursery habitat equals the sum of fish individuals
that switched to both harvested and marine area in the growth habitat. By allocating fish individuals that

switch proportional to the size of the two areas in the growth habitat, we have
gu(Fa)nu(t,ss) = (1 —c)gn(Fn)nn(t, ss) [A.4]

gr (Far)nar(t, ss) = cgn (Fn)nn (t, ss) [A.5]

After reaching maturity at the threshold body size s,,, adult fish individuals from the marine reserve

and the harvested area in the growth habitat go back to the nursery habitat to reproduce. Thus, we have

gn(Fn)nn(t, sp) = b(Fr) /OO n(t,s)ds+ b(Far) /OO na(t, s)ds [A.6]

m
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Eqgs. A.4-A.6 represent the corresponding unscaled boundary conditions of fish population dynamics shown

in Egs. A.1-A.3. Given that fish individuals are born at body size s, and mature at body size s,,, the total

number of fish individuals are

/ | ny(t, s)ds

sp
in the nursery habitat,

/ ng(t,s)ds
Ss

in the harvested area of the growth habitat, and

/ na(t, s)ds

in the marine reserve. Correspondingly, the total fish biomass in the three different areas are

/ ’ sny(t, s)ds

Sb

in the nursery habitat,

/ sny(t,s)ds

in the harvested area of the growth habitat and

/ snp(t, s)ds

in the marine reserve. As discussed in the main text, in the absence of any foraging on food resources, the

dynamics of the food resource density in the nursery habitat (Fl), in the harvested area (Fg) and the

marine reserve (Fjr) in the growth habitat are given by

df;
dt

= D; — OF, i=N,H M

Including the foraging by fish, the dynamics of the food resource densities are given by:

dF 55

=N :DN—HFN—aNFN/ ny(t, s)ds
dt sy
F o0

ddTH :DH—GFH—CLHFH/ nH(t,S)dS
F o0

ddZw:DM—GFM—aMFM/ na(t, s)ds
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To non-dimensionalize the model, we define

and

Wg =

s — 5
Sm — Sp
Ss — Sp
Sm — Sb

Thus, the density functions ny(t,s), ng(t,s) and nys(t, s) can be rescaled to density functions my (¢, w),

mp(t,w) and mys(t, w) by the following transformation:

mi(t,w) = (Sm — sp)ni(t, sp + (Sm — sp)w),

These transformations lead to the following identity:

/ .
wi

m;(t, w)dw = /

w2

w1

SpF(Sm—sp)w2

i=N,H M

(Sm — sp)ni(t, sp + (sm —Sb)w)d< 5— S )

Sm — Sb

n;(t, s)ds

spF(sm—sp)w1

Using these identities we can derive the PDEs for my (¢, w):

ompy (t,w)

ot

= —(8m — sp)gn (FN)

= —gn(Fn)

= (Sm — Sb)

onn(t, sy + (Sm — sp)w)

omy <t,

ot

8?2]\[(15, Sp + (Sm — sb)w)

S — Sp

Sm — 3b>

Os

_gN(FN) omp (t,w)

Sm — Sp ow

and similarly for mg(t,w) and mps (¢, w):
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68 - /‘I’NmN(t’w)

- MNmN(tv w)

— (ug + pa)mu(t,w)

Omp(t,w)  gu(Fu) dmu(t,w)
ot S — Sb ow
Ompy (t,w) _ ~ gm(Fum) Oma(t, w)
ot Sm — Sp ow

- MGmM(tv w)
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Defining
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_ €

gn(Fn) = ¢ —anFy
Sm — Sp

3 €q

gu(Fr) = agFy
Sm — Sp

_ €g

gm(Fu) = an Far
Sm — Sp

harvested area and the marine reserve in the growth habitat are then given by

dF Ws

LN =Dy —0FNy —anFn mN(t,w)dw
dt 0

dFy agFg [

—— =Dy —-0Fyg — t,w)d
L H =3¢ |, mp (t, w)dw

dF F 0
dt c "

and the dynamics of the size-dependent density functions of the fish population are given by:

omp (t,w)
ot

N (Fx)ma(t,0) = b(Fy) /1 T ma(t, w)dw + b(Fa) /1 " mar(t, w)dw

_ omn(t,
+ QN(FN)W = —unmn(t,w)

omp (t,w)
ot

omp (t,w)

e —(pa + pE)me(t,w)

+gu(Fg)
gu(Fp)mu(t,ws) = (1 — c)gn (Fn)mn (¢, ws)

oms(t, w)
ot

Omas(t, w)

+ gn (Far) B

= —pemu(t, w)

Gm (Far)ma (8, ws) = cgn (Fn)m (t, ws)

B. Scaling time, food and population abundance

Define the following scaled variables:

t'=t/t"
Fy =Fn/Fy
Fy = Fu/F

the rescaled model equations for the dynamics of the food resource densities in the nursery habitat, the

[A.10]

[A.11]

[A.12]

[A.13]

[A.14]

[A.15]
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Fy = Fu/Fiy

myy(t,w) = mar(t, w)/m*

Substituting these in the model equations yields:

dF],V t* % 1! * s [
o= FKrDN —t"0Fy — tan Fym ; miy(t, w)dw
dFl,

B,
DH—t*HF}{—t*aH H m*/ m/y (t, w)dw

at ~ Fy 1—c w,

7 :@DM—t OFy —t om /ws mhy (t, w)dw

Imly (t, w) om/y (t, w)
ot ow

iy (Fx )miy (£,0) = £°5(Fy) /1 g (£, w)duw + £b(Fay) /1 (1, w)duw

= —t*gn(Fn) — tunm/y(t, w)

omly (t, w)
ot

t* G (Frr)mly (t, ws) = (1 = o)t gn (Fn)miy (t, ws)

Oy (t, w)

— t" (e + pr)mip (8 w)

om'y, (t, w)
ot

om'y, (t, w)

oy~ tHemiy(tw)

= —t"gar(For)

t*gar (Eap)myy (t, ws) = t*cgn (Fy)m/y (t, ws)

where

t#5i(F) = ' Ff —9 o, F!
Sm — Sb

and

t*b(FH) = t*FEebaHF}{, t*b(FM> = t*FE\k/[GbaMFM.
Choosing the scaling such that

v L p gt — Dt
F, Fj, F;, Dy NTYHZ M T EN
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[A.16]

[A.17]

[A.18]
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t'm" = — —m =
anN aNt*
PEY = U, =t Fy = Sm %
egaN
Then
Dy (t)? = Zm =2
egaN
and hence
Sm — Sb
t* = A.19
egaNDN [ ]
—sp)D
By = Ff = By = | S 0Dy [A.20]
€gaN
D
mt = | —9N [A.21]

The rescaled model is:

dFy S, — Sb

Ws
=1-0,| 2 F, —F’/ "ot w)d
dt’ cqanDy N N 0 mN( 7w) w

dFy Dy Sm—5y o ag/anFy [®

=i g [Sm TSy GHIANTH t,w)d
dt' Dy eqanDy 2 1-¢ /w i ( w)dw
dFy;, Dy Sm— Sy oy am/anFy [*

= -0 Fy, - = t,w)d
dt’ Dy eqan Dy M c we miy (£, w)dw

om/y (t, w)
ot!

om/y (t, w) B S — Sb

= _—F, m
N ow HN eganDn

miy (t, w)

($m = sp)ey anr
€g anN

om’y (t, w) ag -, Om/y(t,w) Sm — Sp
T T Ty iy e )y O el (tw)

aH ap

(8m — sp)ey anr

Fymly(t,0) = —
Ny (t,0) ¢ N

o0 o0
FI’LI/ mly (t, w)dw + F]'\J/ mhy (¢, w)dw
1 1

omy (t, w) ay ., Omy(t,w) Sm — Sb
Iy (L W) aM gy Oty (L, W) Sm T Sb 1
ot anN M ow HG 6gaNDNmM( 7W)

— Fymiy (t,ws) = cFymiy (8, ws)
an

Defining scaled parameters as in Table 1 (see Methods), vy~ (Fn) = Fn, yu(Fr) = quFr and var(Fir)
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79 = qupF, substitution in the model equations yields:

dF N Ws

80 P 1—06FN — YN (En)my (¢, w)dw [A.22]
0
F 1 oo
o dFu _ pr — 0Fy — 7/ i (Frr)mp (t, w)dw [A.23]
dt 1-c Ws
82 di;TM = pyp — 5FM — i/ ’)/M(FM)mM(t,’w>d’LU [A24]
omy(t,w ompy(t,w
M + ’YN(FN)L) = —nnmy(t,w)
ot ow
o [A.25]

v (Ew ) (4.0) = Bra(Fn) [t w)dw -+ e (Far) [ a8, 0)dw

omp (t, w) Omg(t,w)
@ TmFn)—p = (e + nm)mu(t w)

5 [A.26]
Y (Fr)mu(t,ws) = (1 — c)yn(Fn)mn(t, ws)

oms(t, w) Omas(t, w)
SIOMAS ) o) MAS )
5t + v (Fr) Em nama (t, w)

85 [A.27]

Y (Far)mar(t, ws) = eyn (En)my (t, ws)

86 In this rescaled model, equations A.22, A.23, and A.24 describe the dynamics of the food resource
&7 density in the nursery habitat, in the harvested area of the growth habitat, and in the marine reserve.
ss Equations A.25, A.26 and A.27 describe the dynamic of the size-dependent density functions of the
go population, including the boundary conditions at the scaled birth size w = 0 in the nursery habitat (in
o eq. A.25), and at the switching size w = w, from the nursery habitat to the harvested area in the growth

ot habitat (in eq. A.26) and the marine reserve (in eq. A.27).
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Fig. S1. Equilibrium states and maximum and minimum values occurring during population
oscillations of total fish biomass in the nursery habitat (top), and in the harvested area and the
marine reserve (bottom) as a function of the marine reserve size. Thick solid lines represent stable
equilibrium states, thin solid lines represent maximum and minimum values during population

oscillations. Dashed lines represent unstable equilibrium states. See Methods for calculation details.
Parameter values as in Table 1 in the main text.
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Coefficient of variation in total number of individuals
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Fig. S2. Heatmaps showing the coefficient of variation of the total number of individuals in the
population during ecological dynamics without evolutionary change in the body size at habitat
shift w (top row; with ws = 0.374, corresponding to the evolutionary stable value in the absence
of a marine reserve; see Fig. 4 in main text) and when the body size at habitat shift evolves over
time (bottom row) for different values of the background mortality in the harvested area and the
marine reserve (parameter ng) and the fishing mortality in the harvested area (parameter ny) in the
absence of a marine reserve (left) and when the marine reserve covers 10% and 30% of the growth
habitat (middle and right panels, respectively). Other parameter values as given in Table 1 in the
main text.
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Fig. S3. Ecological dynamics of total fish biomass (top), adult density (middle) and resource
density (bottom) in the nursery habitat, the harvested area and the marine reserve following the
establishment of a marine reserve at t = 50 (the reserve does not exist yet during the time interval
in grey, t = 0 — 50), when the marine reserve covers 10% (left, ¢ = 0.1) or 30% (right, c = 0.3) of
the growth habitat. Evolutionary change in the body size at habitat shift does not occur, which is
constant at w, = 0.374, corresponding to the evolutionary stable value in the absence of a marine
reserve (see Fig. 4 in main text). Mortality rate in nursery habitat equal to ny = 0.5 (compare with
Fig. 4 in main text where ny = 1.0), other parameter values as given in Table 1 in the main text.
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Fig. S4. Eco-evolutionary dynamics of total fish biomass (top row), adult density (2nd row) and
resource density (3rd row) in the nursery habitat, the harvested area and the marine reserve and the
body size at habitat shift (bottom row) following the establishment of a marine reserve at ¢t = 1000
(reserve does not exist yet during the time interval in grey, t = 0 — 1000), when the body size at
habitat shift evolves over time and the marine reserve covers 10% (left, ¢ = 0.1) or 30% (right,
¢ = 0.3) of the growth habitat. Notice that the ecological cycles with a period of approximately 10
time units that are visible in Fig. S3 show up in this figure as solidly colored areas with decreasing
amplitude over time. Mortality rate in nursery habitat equal to ny = 0.5 (compare with Fig. 4 in
main text where ny = 1.0), other parameter values as given in Table 1 in the main text.
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Fig. S5. Eco-evolutionary dynamics of total biomass, the number of adult individuals and the
resource density in the nursery habitat, the harvested area and the marine reserve and the body size
at habitat shift in case of large genetic variance (20 = 0.4) before (time interval in grey, ¢ = 0 — 1000)
and after the establishment of a marine reserve (t = 1000 — 7000). Comparison of dynamics with
changing values of marine reserve size (Left: ¢ = 0.1; Right: ¢ = 0.3). Parameter values given in
Table 1 in the main text. Compare with Fig. 3 in the main text.
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Average yield of total biomass per unit time
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Fig. S6. Heatmaps showing the average yield per unit time in terms of total biomass during
ecological dynamics without evolutionary change in the body size at habitat shift wg (top row; with
wy = 0.374, corresponding to the evolutionary stable value in the absence of a marine reserve; see
Fig. 4 in main text) and when the body size at habitat shift evolves over time (bottom row) for
different values of the background mortality in the harvested area and the marine reserve (parameter
neg) and the fishing mortality in the harvested area (parameter ngy) in the absence of a marine
reserve (left) and when the marine reserve covers 10% and 30% of the growth habitat (middle and
right panels, respectively). Other parameter values as given in Table 1 in the main text.
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Fig. S7. Heatmaps showing the average yield per unit time in terms of adult biomass only during
ecological dynamics without evolutionary change in the body size at habitat shift ws (top row; with
wy = 0.374, corresponding to the evolutionary stable value in the absence of a marine reserve; see
Fig. 4 in main text) and when the body size at habitat shift evolves over time (bottom row) for
different values of the background mortality in the harvested area and the marine reserve (parameter
n¢g) and the fishing mortality in the harvested area (parameter ngy) in the absence of a marine
reserve (left) and when the marine reserve covers 10% and 30% of the growth habitat (middle and
right panels, respectively). Other parameter values as given in Table 1 in the main text.
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