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In this appendix, we sketch the important steps of the derivation of the selection gradient in the
three models we use. Further details about the method used can be found in van Baalen and Rand
(1998), Lion and Gandon (2009), and Lion (2009).

S1 DERIVING THE SELECTION GRADIENT

In a host population infected by a single parasitic strain, the expected dynamics of the density of
infected hosts p; follows

dpi _

dt
where 7 is the transmission rate, P the probability that infection occurs globally (with propagule
survival o), and ¢ is the rate at which individuals are removed from the infected class (i.e. oy = 1
in the SIS and SIRS model, and 6; = d 4+ a5 in the SI model with empty sites). At equilibrium, we
find that the global density of susceptible hosts pg and the local density of susceptible hosts gg,r are
linked through the relationship

[B1((1 = P)gs/r + Pops) — d1lpr

(1~ P)gsys + Pops = L. (1)
Br

Assuming that ecology takes place over a fast time-scale (i.e. mutations are rare), one can assume

that a mutant parasite will arise in a population at ecological equilibrium. Its per-capita growth rate

will be (Boots and Sasaki, 1999)

)\J:ﬁj((l—P)qS/J+PUpS)—5J

where (3 is the transmission rate for the mutant parasite, and d; is the rate at which individuals
are removed from the infected class. The total infection strength depends on the global density of
susceptible hosts pg and on the local density ¢g/;. The latter measures how many susceptible hosts a
mutant parasite has in its neighbourhood on average.

Assuming further that selection is weak (i.e. mutations have small phenotypic effects, so that the
mutant trait is close to the resident trait), the selection gradient is given by the first-order approxi-
mation of ;. We obtain

A)\J = ABJ((l - P)qS/[ + PO’pS) - A(Sj + (1 - P),B[AQS/J

where A is a short notation for 9/d¢” evaluated at ¢’ = e. Using equation (1), this can be rewritten as

5
ANy = ﬁjAﬁJ —Ady + (1= P)BrAgs - 2)

Hence, the selection gradient only depends on the resident parasite’s traits 8y and 07, on the marginal
effects of the mutation on the transmission rate, on the death (or recovery) rate, and on the local
density of susceptible hosts experienced by a mutant parasite.

This allows the selection gradient to be split into a non-spatial component AS,,,, = d;/8;AL— A,
and a spatial component (1 — P)B1Aqg/;. In a well-mixed population (P = 1), the second term on



the right-hand side vanishes, and we recover the classical result that evolution should proceed as to
maximise the ratio 8/4. In a spatially structured population, however, we need to compute the term
Agg/ s, which measures the local competition of mutant parasites for susceptible hosts. A first-order
spatial approximation of this competitive term is derived belowfor the three epidemiological models
we consider.

S2 FINDING THE CONDITION FOR PARASITE PRUDENCE UNDER A
CONCAVE-DOWN TRADE-OFF

Generally, we obtain expressions for Agg,; of the form

106 Ap Ad
AQS/J__EB (T‘FUF)?—T?
where k > 1. Together with equation (2), this implies that any candidate ESS is a solution of
(A6/6) Kk—(1—P)r—(1— P)uF’

all terms in the equation being evaluated at ¢/ = e (i.e. in the neutral model). When P = 1, this
collapses to
A _ B

Ad 6

which is the marginal value theorem. This implies that the ESS is the value of e at which the ratio 3/
is maximised. Using the notations 5 = f(z) and 6 = x for notational simplicity, this means that when
dispersal is global, the ESS is the zero of g(z) = 2 f'(z) — f(x). Now assume that the function is such
behaved that such a zero exists and is unique. Biologically meaningful trade-off function will usually
satisfy this criterion, but the function will need to be concave-down and monotonously increasing. Let
us denote xg the zero of g(x). It is straightforward to show that g(x) is a monotonously decreasing
function of z which is positive when x < xy and negative when z > x.

Returning to equation (3), this implies that the ESS in the spatial model will be lower than in the
non-spatial model when the left-hand side is larger than 1, or equivalently, when uwF > 0. This allow
us to derive conditions (7), (8) and (10) in the main text without computing exactly the candidate
ESS.

S3 THE BASELINE MODEL: SIS MODEL

S3.1 Monomorphic population

Here, we show how to compute the equilibrium density gg/g7, which proves useful in the simplification
of the expression for the selection gradient in section S3.2. In the monomorphic population, the
dynamics of pairs ST and I are given by

d x -

% = yp1r + pss((1 = P)Béqr ss + PoBpr) — psr(y + (1 = P)B(¢ + ¢qp)s1) + Pofbpr)
d —

% = —2vypy1 + 2ps1B((1 — P)(¢ + a1/s1) + Popr),

where ¢ = 1/n is the inverse of the number of neighbours of each site on the network, and ¢ = 1 — ¢.
Adding the second equation and twice the first equation yields at equilibrium

0 =2pss((1 — P)B¢qy/ss + Pobpr) — 2vpsi.
Using the fact that pssqr/ss = as/sipsr and pss = ps — psr, we can rearrange this equation and
obtain an exact expression for gg/gr as a function of gg/r and pg. Using the fact that at equilibrium

(1= P)gsr + Pops = : (4)
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we can further express the equilibrium density gg/g; in the monomorphic population in function of
gs/r only. We find that, at equilibrium,

bqs/s1 = qs)1- (5)

S3.2 Dimorphic population

The per-capita growth rates of I and J individuals are

A1 = (1—P)Brqs/r + PoBips — i
and
A;=(1~=P)Bsqs;; + PoByps — ..

In the neutral model (8; = B8; = B8, 71 = 75 = ), it follows that at equilibrium ¢g/,; = qg/;. In
the model with selection, if the mutant is rare and the resident population is at equilibrium, we have
Ar = 0, and we can Taylor-expand the invasion fitness Ay around the neutral point. This gives

ANy = [(1 = P)gg/r + Pops]AB + (1 — P)BAqgg, ;s — A,

which can be futher simplified using equation (4) as
ANy = %Aﬁ + (1~ P)BAgs/; — A, (6)

Note that although the global density pg is fixed by the resident trait, the local density gg/; will
depend on the reproductive effort of mutants.
Equipped with this first expression for invasion fitness, we will now derive the expression of Aggy ;.

T
Let p be the vector of pair densities (ps J PIJ PJ J) . The dynamics of p is given by

dp
— =M
dt p7
where M = My + PoM;. From van Baalen and Rand (1998) and Lion and Gandon (2009), we know

that

—(1=P)Bs(¢+ ¢as/s5 — Das/55) — (1 = P)Broarss; — s VI Vg
M, = (L= P)(Br+ Bs)¢a1/s1 =7 0
2(1 = P)Bs(¢+ ¢q15.7) 0 —2vy

The mortality terms are simple to understand because mortality is density-independent in this model.
Therefore, a term of the form ~;pr; indicate the contribution to the dynamics of the death of a I
individual in a IJ pair. For reproduction events, some further explanation is needed. First, the matrix
M) only collects the contributions of local reproduction events, hence the factor (1 — P). Second, the
first column of M derives from a bookkeeping of all possible reproductive events that may affect a pair
SJ. Consider for instance the transition SJ — JJ, which yields the term in the lower left-hand side
corner of the matrix. Then, the susceptible individual can be infected either by the infected individual
in the pair (at rate 8;/n = ¢f;) or by a J individual connected to the susceptible individual in the
SJ pair, which occurs at rate (n — 1)/nq;/5;8s. The factor 2 on the last line of My comes from the
fact that pairs are counted in both directions (Rand, 1999), hence pairs JJ are counted twice.
Computing M is a bit more complex, but we obtain the following expression

_ 4s/s
(Baps + Bror) + 4 psby 00

M, = ISIT 3101 + Brpi 00

as)J

2pyB 0 0

The term on the first row gives the rate at which a pair SJ is altered by long-distance reproduction
events; either the pair is destroyed when a random [ or J individual infects the susceptible individual in



the pair, or it is created from a S'S pair through long-range reproduction of a mutant. This affects the
dynamics of SJ pairs by a term 8;pspss, which can be rewritten because py = pSJ/qS/J. The term on
the second row gives the rate at which a I.J pair is created when a random resident individual infects
the susceptible individual in a SJ pair, or when a random mutant individual infects the susceptible
individual in a ST pair. The contribution to the dynamics is then Bypspsr + Brprpss which can be
rewritten using the same trick as above. Finally, the term in the third row gives the rate at which
pairs JJ are created through long-distance infection by mutants of the susceptible individual in a SJ
pair. Assuming the mutant is rare, the expression of M7 can be further simplified using p; =~ 0

B ds/s
Brpr + o5 psBs 00

M, = ijjﬁJpl-Fﬁlpz 00
0 0 0

At neutrality (8 = fr = 8, 77 =71 = 7, and qs/1 = qs;j), the expression of the invasion matrix M
can be simplified, and we can compute the left and right eigenvector of the neutral matrix associated
with eigenvalue 0. For the left eigenvector, we find v = (2 1 1), and we know the right eigenvector

T
is the vector u = (qS/J ar/J qJ/J) (van Baalen and Rand, 1998; Lion and van Baalen, 2009).
Further algebra yields

_ _ T
w=(gsyr B (Popr+ (1- P)darsss) “E2(1— P)(6 + dayyss))

Note that this gives in particular an equation for the nearest-neighbour relatedness r = ¢;,; (Lion
and Gandon, 2009; Lion, 2009) as a function of ¢;/g;-

Assuming that the local densities equilibrate on a fast time scale compared to the global density of
mutants, the invasion matrix M can be approximated as a constant matrix whose dominant eigenvalue
is the per-capita growth rate of the mutant when rare, that is, the invasion fitness (van Baalen and
Rand, 1998; Ferriere and Le Galliard, 2001; Lion and van Baalen, 2009). The selection gradient is

then given by
vAMu

Ay =———,
VY

where AM = AMy + PyADM,; is the first-order effect of selection on the invasion matrix.

Assuming the mutant is rare and the resident population is on the monomorphic attractor, the
only variables that will be affected by a change in reproductive effort are 3, v, gs/; and the triple
local densities ¢;/5;. Using the expressions for w, v and M, we obtain after some rearrangements
and simplifications an expression for A)\; as a function of AB, Ay, Agg/; and Agg/s; (note that
Ags/sg = —Aqryss —Aqy/sy). The coefficients of the A terms are all evaluated in the neutral model.

Along with equation (6), this gives a system of two equations with two unknowns A); and Aggy ;.
Solving the system yields an expression for Agg,; that depends on qg/r, ps = 1 —pr, qs/51, q1/57 and
qj/s7- Further simplifications are possible, because pg and gg/s7 can be expressed in terms of gg/;
(equations (4) and (5)), because qr/s;7 = 1 — qy/57 — qsys7 = 1 — 4555 — 4s/s1, and q;/5; can be
expressed in terms of nearest-neighbour relatedness r = ¢;,; using the expressions of the eigenvector
u. Putting everything together we finally obtain

Y AB  Ary
1+Qs/1+Pa<p—S— )T {5_7}’ (7)

as/1

BAgs) g = —
which is the equation given in the main text.

S4 THE ROLE OF HOST IMMUNITY: SIRS MODEL

We now extend the model of section S3 by assuming that infected individuals become immune (R)
when they recover. Loss of immunity (R — S) occurs at rate p The per-capita growth rate of
individuals of type i = I or J takes the same form as previously

Ai = (1 = P)Bigs/i + PoBips — i

4



If follows that, in a monomorphic population, equation (4) still holds true in this model. From the
expression for invasion fitness Ay, we find that the selection gradient in the SIRS model also follows
equation (6).

Now, in order to describe the invasion dynamics in more detail, we need to track four pair densities
psJ, Prj, pjg and pry. We shall restrict my attention to the limiting case P = 0. In this case we
obtain the following invasion matrix

—B1(¢ + Panyss — Pdoysy) — Brdgryss — V7 0 0 p
M- (B + Br)¢aryss =" 0 0
2B5(¢ + éqnr/s7) 0 —2vy 0

BrPGuss. VI Yo P

As previously, we can compute the eigenvectors of the neutral invasion matrix associated with eigen-
value 0 and we find

+
v= (212 1 1 2)
and T T
UZ(QS/J a4 qR/J) =<% bqrys; &+ 480 ﬁ(l—WS/SJ)) :

Using the perturbation analysis of section S3, we find

AX; =ABqg[2(v + p)bas/ss + pDar/sg + 200ar 55 — 27(D + ¢ay/5.)]

— AY2(y + p)asyg + (a1 + 2qr)5)] )

after neglecting the terms in Ag;/g; with ¢ = S,I,J, R. We can simplify things further by noting

that, from the expression of u, we have qg,; = /8, ¢q1/55 = a1/5, ¢ + ¢45/55 = Q3705 $qs5/57 =
L — (v + p)qrys/7- Furthermore, we have q;/; = 1 —qs/7 — qryy — 4570 = 1 — as/1 — qryy — 44/7-
Assuming that, in the neutral model, gr/; ~ qr/; and qr/s; ~ qr/sr, we are left with the task of
computing the equilibrium density of gg/g; in the monomorphic model. I show below that this yields
an implicit expression in function of gr,r. After some rearrangements and simplifications, we obtain

i
L+ qryr + (u+1)gs/1

Ap qu ’ )

{(T +u(r —qrr + CII/R)) B 7“7

which yields the equation given in the main text. Combining equations (6) and (9), we find that the
ESS in a viscous population (P = 0) is the solution of

BAGs ;= —

(AB/B) _ L+qpyr+ (u+1)gs;r —r (10)
(Av/v)  1+qp+ (u+V)asyr) —r+ulgrr —ar—7)’

where u = 2d/p. Extensive simulations suggest that ¢; /1 —q1/r < ¢ (results not shown), and because
r > ¢ (Lion and Gandon, 2009; Lion, 2009), we find that the right-hand side of equation (10) is greater
than 1. For a concave-down trade-off between § and -+, this implies that the ESS for P = 0 is lower
than the ESS for P = 1.

The equlibrium value of ggr/g; in the monomorphic population remains to be calculated. The
starting point is the equation for the dynamics of pgr pairs. At equilibrium, this gives

Ypst + pprr — (p + Bbar/sr)Psr = 0.

Using the fact that q;/srPsr = qr/s1Ps1, dr/1PI = 41/RPR, and qg/; = 7/ 3, We obtain

- p
Pqr/s1 = qs/1 + §(QR/R - QS/R)£~ (11)

Now, the dynamics of RR pairs is simply

dprr
dt

= YPRI — PPRR,



which gives at equilibrium
_ 7
/R =" di/R (12)
Furthermore, the dynamics of the global density of R sites is

dpr

dt = YPI — PPR,

so we have at equilibrium, using the fact that q;,rpr = qr/1p1

g_BZQI/R

br 7 QR/I.
It follows from equation (12) and (13) that
qr/R = qR/I (14)
Putting equations (11)-(14) together, we obtain
GBCIR/SI =4qs/1 +4r/1 — 4S/R>
and because qg/r + qr/r + qr/r = 1, we have finally, using equations (12) and (13) once more

2y +p

Par/s1 = qsy1 — 1+ qr/1

which can be used in equation (8) to obtain equation (10).

S5 THE ROLE OF HOST DEMOGRAPHY: OSI MODEL

In this section, we extend the SIS model studied in section S3 by taking into account host demography.
Susceptible hosts can reproduce into neighbouring empty sites at rate b, or die at rate d. Infected
individuals die at rate d + « where « represents disease-induced mortality (i.e. virulence). The traits
affected by host exploitation are 8 and «. The strategy of the resident parasite yields rates f; and
ay, and the traits of individuals infected by a mutant parasite are 5; and .

T
Again, the dynamics of the vector of pair densities p = (po 7 PSJ PIrJ DJ J) is given by

dp
E = Mp,
where the invasion matrix M is
—bgs)os — (d+ ay) d+ (1 - P)Brogoss + PﬁJpsZ;% d+ ar d+ oy
M — $b4s/0. X 0 0
0 (1= P)(Br + Br)¢ar/ss + PBrpr + PBip1 ;15/@ —2d—aj—ay 0
0 2B85(Pps+ (1= P)(é+ 9¢q5/57)) 0 —2(d+ ay)

with

- 7 I q
X =—2d—ay = PBpr = (1= P)Bréays; — (1 = P)Bs(¢ + $ay/ss — d4s)s5) = PBips+ Pﬁmsqiﬁ’

As in sections S3 and S4, we compute the left and right eigenvectors of the invasion matrix associated
with eigenvalue 0 in the neutral model, and find

v:(2 vg 1 1),

where vg has a complicated expression, and
T
u = (qo/f as/1 4r/J QJ/J) .

6



With some tedious algebra, we can compute the first-order effect of selection on the invasion matrix,
and solve for Agg, s exactly as we did previously. Neglecting all terms of the form Ag,/,., we obtain

Aq
AQS/J - ?7
where
K = B[Pps(2¢,/s +vsqs/s) + as/1(Ppr + (1 — P)v.u)]
and

Aq = qg/1[Aaqy); — ABFg].

The calculation above readily gives the following expression for Fjg

d+ « - -
Fg = 3 [a5/0 + (vs — 2)(qy/5 — dqs/s1 + as/1 + Pps(eas/sr — qs/s))]s

which gives conditions (8) and (10) in the main text with the notations u = vg — 2 and 7 = q;/;.
Under a concave-down trade-off, this is enough to predict under which conditions host exploitation
should evolve to a lower level than predicted by non-spatial theory, but to compute numerically the
ESS, we need some expressions for v.u, vg, and r. We have

V.U = 2q,/; +Vsqs/r + 4170 + 4570,

and vg can be computed from the neutral matrix. From the neutral pair dynamics, relatedness is
computed using pair approximation as

Basr
d+ao’

r=qy5=¢1-P)

Hence, r = ¢ when dispersal is local (P = 0), which is an underestimate of the “true” value, but this
approximation performs fairly well for higher values of P.

To sum up, we have fully expressed the selection gradient in terms of quantities that need to
computed in a monomorphic population with the resident traits at equilibrium, and we can numerically
integrate the pair dynamics (using standard pair approximation) to find these equilibrium values. By
repeating this procedure, we can find the ESS. This is how we produced the plain curve in figure 1b
in the main text.
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