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Appendix 1. Tables of parameters and variables

Variable Biological signification Unit

A Density of the adult Ind.m-2

J Density of the juvenile Ind.m-2

Pi Density of plant i Ind.m-2

VA(P1,P2) Reproduction rate of the adult Time-1

VJ(P1,P2) Maturation rate of the juvenile Time-1

sg Juvenile preference for P1 dimensionless

mk Adult preference for P1 dimensionless

Table A1. Name, biological signification and unit of the different variables used in the 

analysis.
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Parameter Biological signification Unit Default value

dJ Mortality rate of the juvenile Time-1 dJ = 1.0

dA Mortality rate of the adult Time-1 dA = 0.6

ri Intrinsic growth rate of plant i Time-1 r1 = r2 = 1.0

ai Predation rate of the juvenile on

plant i

Ind-1.m2.time-1 a1 = a2 = 2.0

bi Pollination rate of the adult on 

plant i

Ind-1.m2.time-1 b1 = b2 = 0.7

ki Conversion efficiency of plant i 

by the juvenile

dimensionless k1 = k2 = 0.8

vi Conversion efficiency of plant i 

by the adult

dimensionless v1 = v2 = 0.9

wi Conversion efficiency of 

mutualism by plant i

dimensionless w1 = w2 = 0.4

Table A2. Name, biological signification, unit and default value of the different parameters 

used in the analysis.
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Appendix 2. Ecological dynamics

(I) One-plant community

Equilibriums 1 and 2 are symmetrical, so we focus on the analysis of equilibrium 1. The 

simplified expressions of densities at equilibrium 1 are:

{P1*(1) =

d A + √d A
2 +

4 dJ d Ab1m
h v1

a1 k1 s
g

2 b1m
h v1

P2*(1) = 0

A*(1) =
k1 r1 P1*(1)

d A − b1 k1m
hw1P1 *(1)

J *(1 ) = A *(1)

b1m
h v1P1*(1)

dJ + a1k1 s
g P1 *(1)

(A1)

We give the feasibility (F) (i.e., the conditions required for the positivity of all densities 

in Eq. A1) and (local) stability (S) conditions of equilibrium 1 in Eq. A2: 

{dJ < d A

a1 s
g

b1m
hw1

(v1

k1w1

− 1) (F)

r1 > 0; dJ > d A (S)

(A2)

The insect cannot support in a stable way a plant with a negative intrinsic growth rate. If adult

mortality is higher than juvenile mortality, the system exhibits unstable oscillations of 

increasing amplitude which eventually lead to extinction of the two species. A strong 
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predation/mutualism ratio for P1 (
a1 s

g

) favors the existence of a stable equilibrium. 
b1 m

h w1

The condition for stability against the invasion of a second plant are presented in the main 

text. 

The direct effects of population j on population i is here defined as the element Jji of the 

Jacobian matrix of the system, and represent the effect of a change in population j density on 

the growth rate of the population i. The Jacobian matrix evaluated at the equilibrium is 

given in Eq. A3:

Jac(1)=[
0 b1w1m

hP1 −a1 s
gP1

a1k1 s
g J −dA a1k1 s

g P1

mh v1b1 A−sg k1a1 J e1m
hP1 v 1 −dJ−a1 k1 s

g P1
]

⏞
P1 A J

(A3)

The adult (resp. juvenile) stage has a positive direct effect on the juvenile (resp. adult) growth 

rate due to maturation and reproduction.

To obtain the sign of the indirect effect that a species A has on species B, transmitted by a 

third species C, we multiply the sign of the direct effect of A on C by the sign of the direct 

effect of C on B. Intuitively, the adult pollinator has a positive effect on the plant's growth rate

while the herbivorous juvenile has a negative effect of the plant's growth rate. Maturation and 

reproduction rates positively depend on the consumption of the plant. An increase in plant 

density increases the maturation of juveniles into adults: this translates in a positive direct 

effect of the plant on the adult growth rate (a1 k1 sg J in the Jacobian matrix). An increase in 

plant density also increases the reproduction term through adult consumption. The direct 

effect of the plant on the juvenile growth rate is mg v1 b1 A – sg a1 k1 J and depends on the 
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balance between maturation and reproduction. However, since we study these indirect effects 

at the equilibrium, dJ/dt = 0 , mg v1 b1 A – sg a1 k1 J = dJ J/P1. Thus, the direct effect of plant 

density on the juvenile growth rate is also positive. To conclude, the indirect effect of the 

juvenile on the adult growth rate, transmitted by the plant, is negative and the indirect effect 

of the adult on the juvenile growth rate, transmitted by the plant, is positive, as we had 

predicted initially.

We now consider the total effects or “long-term effects” of a species change in density on the 

equilibrium  population  density  of  a  recipient  species,  rather  than  on  its  growth  rate. 

Mathematically, the long-term effect of population j on equilibrium density of population i is 

determined by the element (i,j) of the negative inverse Jacobian matrix (Vázquez et al. 2015).

We define U 1=a1 s
g P1 (v1−k 1w1)−dJ w1 and U2=dA−b1 k 1m

h P1w1 . U1 and U2 are

positive because of the feasibility constraints of the equilibrium.

The inverse Jacobian matrix NIJ1 is then expressed as a function of U1 and U2 and is given in 

system (A4)
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NIJ1=[
xP1 , P1

x P1 , A
xP1 , J

x A, P1
x A , A xA , J

xJ , P1
xJ , A xJ , J

]

{
xP1 , P1

=0

xP1 , A
=

−b1m
hP1U 1

J sga1(b1 k1m
h P1U 1+d JU 2)

xP1 , J
=

−P1U 2

U 1 J (b1 k1m
hP1+d J)

xA , P1
=

k1(2d J+a1 k1 P1 s
g
)

b1 k1 m
hP1U 1+dJ U 2

xA , A=
dJ

b1 k1 m
h P1U 1+dJ U 2

xA ,J=
−a1 k1P1 s

g

b1 k1 m
h P1U 1+dJ U 2

xJ , P1
=

d Ad J+a1b1 k1m
h P1

2 sg v1

a1 s
g P1(b1k 1m

h P1U 1+dJ U 2)

xJ , A=
dJ b1m

hw1

a1 s
g
(b1 k1m

h P1U 1+dJ U 2)

xJ ,J=
−b1 k1m

h P1w1

b1 k1m
h P1 U 1+dJ U 2

(A4)

The sign structure of the matrix is the following:

P1 A J

P1 0 - -

A + + -

J + + -

The juvenile stage has a total negative effect on all population densities, especially on the
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adult density. The adult stage has a total negative effect on the plant but a total positive effect 

on the juvenile stage. The plant has a positive effect on each stage of the insect. Interestingly, 

we show that at equilibrium, an increase in either stage density of the insect will decrease the 

plant density. The total effect of the juvenile on the plant is negative as well as the effect of 

the adult on the plant. The positive effect of pollination is overcompensated by the negative 

effect of predation.

In the main text, feasibility and stability conditions (F and S) are expressed as inequalities 

regarding adult and juvenile mortalities. In order to understand those conditions, we 

investigate the effect of each stage mortality on the different densities at equilibrium and 

relate them to the long-term effects previously established. Both adult and juvenile mortality 

have a positive effect on the equilibrium plant density (system (9) in the main text). Using the 

complete expressions of adult and juvenile densities, we show increasing juvenile mortality 

results in increasing both stages densities. This effect, known as “hydra effect”, has been 

shown to occur in both stage-structured populations (Abrams 2009) and antagonistic-

mutualistic networks (Georgelin and Loeuille 2014). This effect can be explained by the long-

term negative effect of the juvenile on all compartment densities: an increase in juvenile 

mortality lessens this negative effect and will increase all densities when the system returns to 

equilibrium, including its own density (negative feedback). Similarly, we show that increasing 

adult mortality results in a decrease in both stage densities, which can be explained by the 

long-term positive effect of the adult on both stages densities.

(I) Two-plants community

The analytical resolution of the ecological dynamics show very complex expressions. 

Consequently, we were able to analyze only the simplest analytical expressions, which lead to
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necessary but not sufficient conditions for coexistence: we only analyzed the positivity of 

density of insect for the feasilibity of equilibrium 3, because it provided simple and 

biologically related expressions.

The stability of the system was studied through the use of Routh-Hurwitz criteria for a 4 

dimensions system: this lead to extremely complex expressions, and again, only some 

necessary conditions could be interpreted. We focus on one particular necessary condition 

(A5).

( b1 v1m
h

a1 k1 s
g −

b2 v2(1−m)h

a2 k2(1−s)g ) ( b1w1m
h

a1 s
g −

b2w2(1−m)h

a2(1−s)g ) > 0 (A5)

This implies that the plant benefitting more from mutualism, compared to predation, must also

be the plant bringing more to the insect through mutualism than through predation.

Let C0 be the left member of this condition. 

C0=( b1 v1m
h

a1k 1 s
g −

b2 v2(1−m)
h

a2 k2(1−s)g ) ( b1w1m
h

a1 s
g −

b2w2(1−m)
h

a2(1−s)g ) (A6)

The indirect effects at equilibrium 3 can be obtained through the inverse Jacobian matrix 

NIJ2, which can be expressed using C0. The negative inverse Jacobian matrix is given in Eq. 

A7, with xi,j being the long-term effect of population j on equilibrium density of population i. 

We put in bold the terms of interest. The effect of plant Pj on plant Pi depends on the sign of 

ri: is ri>0, the plant Pj has a negative effect on Pi. If ri <0, Pj has a positive effect on Pi. Hence, 

if the two plants have source populations, they have an negative effect on each other: it is 

apparent competition. If one plant has an negative intrinsic growth rate (sink population), it 

will benefit from its indirect interaction with the other plant, transmitted by the insect, but it 

85
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87
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will harm the other plant: it is apparent antagonism (or parasitism).
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NIJ2=[
xP1 , P1

xP1 , P2
xP 1, A

xP1 , J

xP2 , P1
xP2 , P2

xP 2 , A
xP2 , J

x A , P1
xA , P2

0 0

xJ , P1
xJ , P2

0 0
]

{
xP1 , P1

=
r 2(a2dJ k2(1−s)g J2

+dA b2(1−m)
h v2 A

2
)

A2 J2P1C0

xP1 ,P 2
=

−r1(a2dJ k2(1−s )gJ 2+ d Ab2(1−m)h v2 A
2)

A2 J2P2C0

xP1 , A
=

a2 J k2(1−s )g−Ab2(1−m)
h v2

A J (a1 e2 k1(1−m)h s v2−a2e1 k2m(1−s)g v1)

xP1 , J
=

a2 k2(1−s)g

A (a1 e2k1(1−m)h s v2−a2 e1 k2m(1−s)g v1)

xP2 ,P 1
=

−r2(a1dJ k1 s
gJ 2

+ d Ae1m
hv1 A

2
)

A2 J2P1C0

xP2 , P2
=

r1(a1dJ k1 s
g J 2+d A e1m

h v1 A
2)

A2 J2 P2C0

xP2 , A
=

Ab1m
h v1−a1 J k1 s

g

A J (a1b2 k1(1−m)h sg v2−a2b1k 2m
h(1−s)g v1)

xP2 , J
=

−a1k1 s
g

A (a1b2 k1(1−m)
h sg v2−a2b1 k2m

h
(1−s )g v1)

x A, P1
=

a2(1−s)g

P1(a1b2(1−m)h sgw2−a2b1m
h(1−s )gw1)

x A, P2
=

−a1 s
g

P2(a1b2(1−m)
h sgw2−a2b1m

h
(1−s )gw1)

xJ , P1
=

b2(1−m)hw2

a1b2(1−m)
hP2 s

gw2−a2b1m
hP1(1−s )gw1

xJ , P2
=

−b1m
hw1

a1b2(1−m)
h
P2 s

g
w2−a2b1m

h
P2(1−s )

g
w1

(A7)

10



We summarize the sign structure of the matrix:

P1 P2 A J

P1 r2 -r1 +/- +/-

P2 -r2 r1 +/- +/-

A +/- +/- 0 0

J +/- +/- 0 0

We describe some complex ecological dynamics in figure B1. We illustrate how the 

equilibrium or steady-state densities of the juvenile stage, P1 and P2 vary with r2 (bifurcation 

diagram). We show how P1 can facilitate the invasion of a population of P2 with a negative 

growth rate in panel A. We illustrate alternative stable states between the two one-plant 

equilibrium with a unstable coexisting equilibrium determining each basin of attraction in 

panel B. On panels C and D, we illustrate limit cycles at the steady state, with doubling 

periods as r2 increases.
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Figure A2.1. Illustration of complex ecological dynamics as bifurcation diagram on the 

intrinsic growth rate of the invader P2 (r2). The different dynamics are obtained by varying 

s and m values. The color code for densities is: P1 in light gray, P2 in dark gray and the 

juvenile in black. Stable equilibriums are in solid lines, and unstable equilibriums are in 

dashed lines. In panel A, the vertical dashed line indicates invasibility threshold of P2 in 

equilibrium 1. Panel D represents the temporal steady state dynamics of P1 for different r2 

values, separated by the vertical lines, corresponding to the cyclic dynamics displayed in 

panel C.

In two different models, Nakazawa (2011) and Ke and Nakazawa (2017) investigate the basic 

prediction that alternative stable states can be generated in stage-structured antagonistic 

systems due to a total ontogenetic diet shift between the consumer stages (Schreiber and 

12



Rudolf 2008). In such systems, a positive feedback caused by apparent competition between 

stage-specific resources emerges. First, they show that interstage resource sharing decreases 

this positive feedback on the resource in the case of antagonistic interactions, then diet 

overlap is overall stabilizing (Nakazawa 2011). In their most recent article in which they 

consider (as we do here) not only a change in diet but also in interaction type (antagonistic to 

mutualistic), they show that the prediction is reversed if there is no interstage resource sharing

since a negative feedback emerges (Ke and Nakazawa 2017). In our model where we combine

both interstage resource sharing and ontogenetic change of interaction type (antagonistic 

juvenile to mutualistic adult) we find that population structure can be stabilizing or 

destabilizing if there is resource sharing: we demonstrate that the plants engage in apparent 

competition (if they are both facultative mutualists i.e. r1 and r2 are positive), and alternative 

stable states can emerge from the now positive indirect effect that a plant has on itself (see the

sign structure of the indirect effects matrix above).
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Appendix 3. Evolutionary dynamics

Expression of the mutant invasion fitness in our stage-structured system

We mathematically determine the relative fitness W(xmut, xres) of a mutant of trait xmut in a 

monomorphic population of trait xres (x = s or m) from the stability of its extinction point (Jmut, 

Amut) = (0,0) in the resident system. If it is stable, the mutant will face deterministic extinction. 

If it is locally unstable, the mutant can invade. Let us first introduce the equations describing 

the dynamics of a rare mutant population in a resident population at equilibrium: 

{
dJmut

d t
=V Amut

(P1
*
res ,P2

*
res)Amut−V Jmut

(P1
*
res , P2

*
res)Jmut−d J Jmut

d Amut

d t
=V Jmut

(P1
*
res ,P2

*
res)Jmut−d A Amut

(A8)

with

{V Amut
(P1

*
res , P2

*
res)=mmut

h v1b1 P1
*
res+(1−mmut)

h v2b2P2
*
res

V Jmut
(P1

*
res , P2

*
res)=smut

g k1a1P1
*
res+(1−smut )

g k2a2P2
*
res

(A9)

where (P1
*
res , P2

*
res ) are the densities of the two plants at the equilibrium set by the 

resident.

From equation system (A8), we determine the Jacobian matrix, evaluated at (0,0):

The equilibrium (0,0) is stable if the Jacobian trace is negative and its determinant is positive. 

Here the trace is always negative as −V Jmut 
(P1

*
res , P2

*
res)−d J <0 . Therefore, the point is 

unstable (i.e. the mutant can invade) provided the determinant is negative. We thus use the 
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opposite of the Jacobian determinant as a proxy for relative fitness. 

Effects of variations in juvenile and adult preferences on plant densities at the evolutionary

singularity.

In order to study the type of singularities in the evolutionary mathematical analysis, we need 

to determine how plant equilibrium densities vary with the value of the singularity (conditions 

20 and 23 of the main text). The demonstration are very similar for juvenile and adult 

evolution so we only present the juvenile case. We assume that the coexistent equilibrium is 

stable at the singularity. At ecological equilibrium, according to system (25) of main text, by 

summing (c) and (d) and dividing by the adult density we obtain:

{V A(P1 ,P2)(s) = d A + dJ

J (s )
A (s)

V J (P1 ,P2)(s) = d A

A (s)
J (s)

(A11)

Let z(s) = A(s) / J(s), we obtain:

{V A(P1 ,P2)(s) = d A +
dJ

z (s)
V J (P1 ,P2)(s) = d A z (s)

(A12)

Deriving the left member of the system (A12), we obtain:

{V A(P1, P2) ' (s) = mh v1b1P1 ' (s) + (1−m)
h v2b2P2 ' (s)

V J (P1, P2)' (s) = k1a1 ( gsg−1 P1(s)+sgP1 ' (s))+k2a2 (−g (1−s)g−1 P2(s )+(1−s)gP2 ' (s))
(A13)

Using the condition (18) of the main text for the evolutionary singularity s*, VJ(P1,P2)'(s*) is 

simplified into:
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V J (P1,P2)' (s*) = k1a1 s*
g P1 '(s*) + k2a2 (1−s*)

g P2 ' (s*) (A14)

Hence, by deriving the right member of the system (A12), we obtain a simple linear system for 

P'1(s*) and P'2(s*) ($15)

{P1 '(s*) = −

(1−m)
h v2b2d A + (1−s*)g k2a2

dJ

z2
(s*)

k2a2(1−s)g v1b1m
h

− k1a1 s
g v2b2(1−m)

h z ' (s*)

P2 '(s*) =

mh v1b1d A + s *g k1a1

dJ

z2
(s*)

k 2a2(1−s)g v1b1m
h

− k1a1 s
g v2b2(1−m)

h
z ' (s *)

(A15)

Solving (A15) for P'1(s*) and P'2(s*) gives:

{P1 '(s*) = −

(1−m)
h v2b2d A + (1−s*)g k2a2

dJ

z2
(s*)

k2a2(1−s)g v1b1m
h

− k1a1 s
g v2b2(1−m)

h z ' (s*)

P2 '(s*) =

mh v1b1d A + s *g k1a1

dJ

z2
(s*)

k 2a2(1−s)g v1b1m
h

− k1a1 s
g v2b2(1−m)

h
z ' (s *)

(A16)

Using the expression of adult and juvenile densities at the coexistent equilibrium (A15) in 

the main text, we obtain a simple expression for z(s) and z'(s):

b1(m *) h−1 v1P1(m*) − b2(1−m*)
h−1v2 P2(m*) = 0 (A17)

Using < y > as a notation for the sign of y, we have 
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{
mh v1b1 P1 ' (s *) + (1−m)

h v2b2 P2 ' (s*) = d A z ' (s*)

k1a1 s*
g P1 '(s*) + k2a2(1−s*)

g P2 ' (s*) = − dJ

z ' (s*)

z2
(s *)

(A18)

Using the positivity of the juvenile equilibrium density (A15), we obtain that

{P1 '(s*) = −

(1−m)
h v2b2d A + (1−s*)g k2a2

dJ

z2
(s*)

k2a2(1−s)g v1b1m
h

− k1a1 s
g v2b2(1−m)

h z ' (s*)

P2 '(s*) =

mh v1b1d A + s *g k1a1

dJ

z2
(s*)

k 2a2(1−s)g v1b1m
h

− k1a1 s
g v2b2(1−m)

h
z ' (s *)

(A19)

Using the condition of stability of the ecological equilibrium (A5), we obtain that 

⟨ a2 (1−s)g b1 w1m
h
−a1 s

g b2 w2 (1−m)
h
⟩=⟨ k2 a2 (1−s)g v1 b1 m

h
−k 1a1 s

g v2b2(1−m)
h
⟩ (A20)

Combining (A19) and (A20), we can express the sign of z'(s):

⟨ z '(s)⟩ = ⟨k 2a2(1−s)g v1b1m
h − k1 a1 s

g v2b2(1−m)h⟩ (A21)

Using the sign of z'(s*) in the expression (A16), we obtain that:

{P1 ' (s*) < 0
P2 ' (s*) > 0

(A22)

With the same steps and logic for the adult preference, we can demonstrate that:

{P1 '(m*) > 0
P2 '(m*) < 0

(A23)
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Appendix 4. Extension of the model considering a Lotka-Volterra 

competition model for the plants 

For analytical tractability, our main study considers linear (hence exponential) growth for the 

plants when the insect is absent. This assumption may appear unrealistic as it implies that 

plants rely on the presence of the insect to subsist in a stable way. In this section, we modify 

our initial model by including direct competition among plants. Because we lose some 

analytical tractability due to the complexity of the equations, we cannot provide a complete 

analysis of this model, but rather test whether the general results we discussed using the 

simple model (main text) hold in this extended model.

Modified equations

{
d P1

d t
= r1 P1(1−

P1+u21 P2

K1

) − sga1P1 J + mhw1b1P1 A (a)

d P2

d t
= r2 P2(1−

P2+u12 P1

K2

) − (1−s)ga2P2 J + (1−m)
hw2b2P2 A (b)

dJ
d t

= V A (P1 ,P2) A − V J (P1, P2) J − d J J (c)

d A
d t

= V J (P1 ,P2) J − d A A (d)

{V A (P1 ,P2) = mh v1b1P1 + (1−m)
h v2b2 P2

V J (P1 ,P2) = sg k 1a1P1 + (1−s)g k2a2P2

(A24)

We now assume that the plants P1 and P2 follow a classic Lotka-Volterra competition model in 

the absence of the insect with Ki the carrying capacity, and uij the competition coefficient 

representing the effect of plant Pi on plant Pj (see system of equations (A24)). This leads to 
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three supplementary possible ecological equilibria where the insect is extinct: two one-plant 

equilibrium and one equilibrium where the two plants coexist in the absence of the insect, 

each at their carrying capacity Ki. We cannot get a tractable analytical expression of the 

equilibrium densities for the cases where the insect coexists with one or two plants.

Effect of diet specialization and diet overlap on the coexistence of plants

We study how diet specialization and niche overlap affect the ecological state of the 

community using bifurcation diagrams in the (s,m) plan, similarly to Fig. 2 of the main text. 

In Fig. A4.2, we consider two competition scenarios:

-Scenario A: no interspecific competition for the plants (u12 = u21 = 0; K1 = K2 = 10).

-Scenario B: asymmetrical competition (u12 = 1.3 and u21 = 0.8; K1 = K2 = 10) in which the

effect of plant P1 on plant P2 is stronger than the opposite – plant P1 is advantaged (and would 

exclude P2 in the absence of the other species). 

We plot the bifurcation diagrams for the three trade-off cases (convex, concave, linear) that 

were considered in the main study, giving a total of 6 bifurcation diagrams. First, we note that 

results of scenario A are very similar to those obtained in the main text. Coexistence is 

favored along the diagonal, meaning that a high diet overlap between the adult and the 

juvenile is required for coexistence of the plants. Depending on the tradeoff shape, this 

requirement is more or less stringent: for example, for a concave tradeoff, less diet overlap is 

needed to have coexistence.

On the contrary, when we consider plant interspecific competition (scenario B), we no longer 

obtain a symmetric bifurcation diagram. The coexistence area is shifted to the right and to the 

bottom, meaning a higher predation rate on P1 is needed to compensate its competitive 

advantage on P2. Overall, this result is however consistent with our predictions and with the 

qualitative rule we propose, stating that a competitivity-vulnerability balance is necessary for 
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coexistence.

Figure A4.1. Changes in community structure in the (s,m) space, for three tradeoff 237
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structures and two plant-competition scenarios. The areas in light blue, yellow, and pink 

correspond to plant community without the insect (respectively P1 alone, P1 coexisting with 

P2, and P2 alone). The areas in dark blue, purple, and brown correspond to plant communities 

with the insect (respectively P1 with the insect, the coexistence of P1, P2 and the insect, and P2 

with the insect). White areas correspond to unstable dynamics which can lead to extinction. 

The diet overlap is maximal (s~m) around the diagonal (solid line). Upper-right and lower-left 

corners correspond to extreme specializations. Panels A, C, E correspond to logistic growth 

for the plant with no interspecific competition (u12 = u21 = 0). Panels B, D, F correspond to 

intra- and asymmetrical inter-specific competition for the plants with P1 being advantaged in 

this competition (u1,2=1.3, u2,1=0.8). A and B: h =g= 1; C and D: h = 1.5, g = 0.5; E and F: h 

= 2.5, g = 1.3. 

Evolution of adult and juvenile diet specialization

Because the juvenile and adult equations are not affected by the extension of the model, we 

obtain the exact same expression of the invasion fitness as in the simple model, although the 

expressions of equilibrium plant densities are of course modified.

Juvenile preference evolution

We obtain that the fitness W(smut, sres) and fitness gradient G(smut, sres) of a mutant smut given a 

resident sres are:

W (smut , sres) = d J

J res*

A res*
V Jmut

(smut , sres) − d A dJ

G(smut , sres)=dJ

J res*
A res*

g ( a1 k1 smut
g−1 P1*(sres) − a2k 2(1−smut )

g−1P2*(sres) )
(A25)
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Because the invasibility criterion does not depend on the plant equilibrium densities, we 

obtain the same conditions on the tradeoff shape, that is the singular strategy is non-invasible 

if and only if g < 1,  i.e. when the tradeoff is concave.

∂G(ssmut , sres )

∂ smut |smut →sres→ s*
< 0 ⇔

dJ

Jres*
A res*

(g−1) g (a1 k1(s *) g−2 P1(s *) + a2k 2 (1−s* ) g−2 P2(s *)) < 0

(A26)

It is convergent if (A27):

C(s*)=g−1 + (1−s*) s* ( 1
P1*

∂P1

∂ sres|sres→s*
−

1
P2*

∂P2

∂sres|sres→s *) < 0 
(A27)

The model does not allow to analytically obtain the sign of 
∂P2

∂ sres|sres→s*
> 0 and

∂P1

∂ sres|sres→s*
< 0 . However, numerically, for a given set of parameters, we can still 

determine the value of the singular strategy as well as its invasibility and convergence 

properties (see pairwise invasibility plots below, Fig. A4.2)

Adult preference evolution

We obtain that the fitness W(mmut, mres) and fitness gradient G(mmut, mres) of a mutant smut given 

a resident sres are:
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W (mmut , mres) = −d A (V Jres 
(mres) + dJ ) + V Amut 

(mmut , mres) V Jres

G(mmut , mres) = h V Jres 
(mres )( b1 mmut 

h−1 v1 P1 (mres) − b2(1−mmut )
h−1 v2 P2 (mres) ) (A28)

As well as in the juvenile evolution, we keep the same fitness gradient expressions depending 

on non-explicit plant equilibrium densities. We obtain that the singular strategy is the 

solution of the following Eq. A29

(A29)b1 (m *) h−1 v1 P1 (m*) − b2 (1−m*) h−1 v2 P2 (m*) = 0

 The non-invasibility criterion A30) is the same as in the simple 

model:  

∂G(mmut ,mres)

∂mmut |mmut→mres→m*
< 0 ⇔

h(h−1)V J res
(mres)(m* h−2b1 v1P1(m*)+(1−m*)

h−2b2 v2 P2(m*)) < 0

(A30)

Hence we obtain that the singular strategy is non-invasible if h < 1, i.e. if the tradeoff on 

adult preference is concave. The convergence criterion is expressed in (A31).

C(m*) = h−1 + (1−m*) m * ( 1
P1*

∂ P1

∂mres|mres→m*
−

1
P2*

∂P2

∂mres|mres→m* ) 0< A31)

Because we do not obtain the analytical expression of P1 and P2  we cannot derive a general 

criterion for convergence and invasibility such as in the simple model. We numerically 

determine such conditions from pairwise invasilibity plots (Fig. A4.2), or based on a direct 

numerical assessment.

We illustrate the different types of singular strategies that can be obtained for the juvenile 

and adult preference evolution with pairwise invasibility plots (Fig. A4.2). We consider the 

same tradeoff scenarios that were used in the simple model (concave, convex, linear), and 
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cases of competition (scenario A and B, detailed above).

We get very similar PIPs for the two competition scenarios: the value of the singular strategy 

is moved to the right in the case of asymmetrical competition, reflecting that it is more 

advantageous to specialize on the more competitive plant. CSS and EBP are obtained for the 

juvenile preference, while we get only repellors for the adult preference. Those results are 

qualitatively very similar to the ones observed in the simple model. 
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Figure A4.2 | Evolutionary dynamics of one stage preference, for two competition 

scenarios. In each PIP, the mutant fitness is negative in the white areas and positive in the 

black, light and dark grey areas. Light grey, dark grey and black, correspond to coexistence of 

the resident insect with plant P1, P2, and both plants respectively. A and B: Continuously Stable 

Strategy (CSS) for the juvenile preference (h = 1.5, g = 0.5, m = 0.8),  with no interspecific 

competition in A (u1,2 = u2,1 = 0) or asymmetrical competition in which P1 is advantaged in B 

(u1,2 = 1.3, u2,1 = 0.8). C and D: Evolutionary Branching Point (EBP) (h = 2.5, g = 1.3, m = 

0.8) for the juvenile preference, with no interspecific competition in C and asymmetrical 

competition in D. E and F: Repellor for the adult preference (h = 1.5, g = 0.5, s = 0.8), with no 

interspecific competition in E and asymmetrical competition in F.

Effect of the adult preference value on the juvenile evolution.

As in the simple model, we numerically compute the singular strategy value for the juvenile 

preference associated with a range of (fixed) adult preference level, i.e. we vary m between 0 

and 1 and compute the corresponding s* in a scenario where the singular strategy is 

convergent (CSS). As in the original model, we observe a positive correlation between the 

evolved juvenile strategy and the fixed adult preference: evolution of the juvenile preference 

leads to a high diet overlap (Fig. A4.3 A).

Effect of the juvenile preference value on the adult evolution

Similarly,  we  numerically  compute  the  singular  strategy  value  for  the  adult  preference 

associated with a range of (fixed) juvenile preference level, i.e. we vary s between 0 and 1 and 

compute the corresponding m* and check that the computed singular strategy is a repellor. 

The result is again consistent with those reported in the main text, i.e. a positive correlation 

between the evolution of the adult strategy and the juvenile preference in terms of values 
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which translates in a negative correlation for the evolutionary outcome: the evolution of 

the adult preference leads to a low diet overlap (Fig. A4.3 B).

Figure A4.3. Correlation between the singular strategy for the evolution of the 

preference of one stage and depending on the fixed preference of the other, non-evolving, 

stage. In A, we observe a positive correlation between the selected juvenile preference and the 

fixed adult preference, because the singular strategy is convergent (g = 0.5). In B, we observe 

a negative correlation between the evolution of adult preference and the fixed juvenile 

preference, because the strategy is divergent  (h = 1.5). Evolutionary directions are indicated 

by dashed arrows. We consider asymmetrical competition between the plants (u1,2 = 1.3, u2,1 = 

0.8). 

Coevolution of adult and juvenile preferences.

We obtain very similar patterns as in the simple model case for the coevolution of adult and 

juvenile  preferences  (Fig. A3.4).  As  for  the  simple  model  case,  the  community  state 

(whether the plant coexist or not with the insect) mainly depends on the juvenile mutation
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rate: we obtain coexistence if it high enough for the juvenile preference to follow the adult

specialization, hence if we have a high enough diet overlap.

Figure A4.4.| Co-evolution of adult and juvenile preferences for the competition model. 

Panels A and B correspond to a concave trade-off for juvenile specialization (g = 0.5, h = 1.5, 

si = 0.65; mi = 0.6, σm = σs = 0.01), while panels C and D correspond to a convex tradeoff for 

juvenile specialization (g = 1.3, h = 2.5, si = 0.6; mi = 0.6, σm = σs = 0.01). Each point of the 

grid represents the average result of 30 replicates. In A and C, we represent the mean diet 

overlap Df at the end of the simulation. In B and D, we represent the final ecological state of 

the community, indicated by the percentage of simulations that end with the coexistence of the 

plants. In D, the hatched areas corresponds to the occurrence of polymorphism of the juvenile 
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trait in more than 50% of the replicates. Here, competition is asymmetrical (u1,2 = 1.3, u2,1 = 

0.8).

The main difference is in the specialization observed in the EBP scenario. In the CSS 

scenario, as with the simple model, the specialization always goes to plant P1. We make this 

difference clearer considering diet separation rather than absolute diet overlap Lf = FA - FJ 

(Fig. A4.5). Positive values of diet separation mean that the adult is more specialized on P1 

than the juvenile, and negative values means that the adult is more specialized on P2 than the 

juvenile. In the simple model (Fig. A4.5 A), for the EBP scenario, the plants were equivalent 

and had the same intrinsic growth rate. Some coevolution scenarios led to the specialization 

on P2, explaining why we had a change in the diet overlap value and a white region along 

the diagonal of the plot. In the extended model (Fig. A4.5 B), the juvenile and adult 

preferences always evolve towards P1 as it is more competitive than P2

Figure A4.5. Comparison of mean diet separation after coevolution of adult and 

juvenile preferences in the EBP scenario for the simple and competition model. Panels 

A and B correspond to a convex trade-off for juvenile specialization (g = 0.5, h = 1.5, si = 

0.65; mi = 

365

366

367
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0.6, σm = σs = 0.01). A corresponds to the simple original model, B to the extended 

competition model with asymmetrical competition (u1,2 = 1.3, u2,1 = 0.8). In purple (resp. 

pink), the two stages prefer plant P2 (resp. P1) and darker levels mean more diet separation. 

371

30



Appendix 5. Structure of the co-evolutionary algorithm

We present here the structure of the co-evolutionary algorithm. The C++ script we used can be 

found in the supplementary files associated with the article.

For each tradeoff case and for each combination of μs and μm in a logarithmic interval from 

10-14 to 10-11, we run 50 independent replicates of co-evolution simulation, proceeding as 

follows:

Initialization: for each tradeoff case, we start with a monomorphic population of insect, whose 

preference traits s and m are chosen such that both the adult and juvenile stage are generalists 

and the community state is the coexistence of the two plants. The co-evolution could lead to 

the loss of one plant. The two following items are then iterated for 10 000 steps.:

1) Establishment of the ecological equilibrium (competition between the different phenotypes 

of insect): the community consists of n (initially n = 1) insect phenotypes defined by their 

adult and juvenile preferences, and i plant species according to the precedent state 

(initially i = 2). A system of 2n+i ODE (2 equations for each phenotype) is solved and the 

extinct phenotypes (those whose population is inferior to 10-10) are removed from the 

community. We record the resulting state of the community, i.e. the density of the plants, the 

number of non-extinct phenotypes (k), their stages density and associated preference trait 

value (si and mi), the mean adult and juvenile preferences as well as their variance in the 

whole population. We use a similarity threshold to determine possible branches in case of 

dimorphism for which we also compute the mean value and variance.

2) Mutational process: for each of the k phenotypes of insect, the number of mutants for each 

preference trait is computed according to the mutation probability and the density of the adult 
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(reproductive) class: mutations are then randomly drawn from a uniform distribution centered 

around the parent trait with a maximum mutation amplitude 0.01. Mutations occur 

independently on both traits, and simultaneous mutations on both the juvenile and adult 

preference can occur, although they are extremely rare (probability of μs * μm). The new 

phenotypes are added to the population with an extremely small density (10-10), in accordance 

with the adaptive dynamics hypothesis. The new population vector is then submitted to the 

establishment of ecological equilibrium, as in process 1).
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