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Throughout the following paragraphs we use the following notation:

partial derivative of function f with respect to ¢

partial derivative of function f with respect to

number of individuals in group A with k contacts

number of individuals in group A

number of individuals with &k contacts

total number of individuals

probability for an individual in group A to have k contacts
probability generating function (PGF) of p 4 (t)

average number of contacts of A individuals

probability for an individual to have k£ contacts
probability generating function (PGF) of py ()

average number of contacts of individuals

probability for a new individual entering the population to
have k contacts

probability generating function (PGF) of py ()

number of links coming from A individuals

number of links

number of links coming from A individuals and pointing
to B individuals

probability for a link starting from an A individual to point
to an B individual

Note that A and B correspond to the stages passed through during an infection, e.g., S for susceptible, I
for infected etc.. As long as no ambiguities arise, partial derivatives with respect to time/spatial variables are
denoted by a dot/prime throughout the manuscript, otherwise standard notation is used.

*Paul-Ehrlich-Institut, Federal Institute for Vaccines and Biomedicines, Paul-Ehrlich-StraBe 51-59, 63225 Langen, Germany,
kamch@pei.de



Equations for the SID model

We consider an epidemic of a disease that is transmitted at a rate, r, and from which infected individuals die
at a rate u. The demographics of the background population are determined by a birth rate n; and a death rate
12. This leads to the following equations for the evolution of the number of susceptible and infected individuals
with k (infectious) contacts:

Sk = —rpsrkSk new infections
+m Npr — 125k natural birth and death
+mg'(1,£)(Sk-1 — Sk) contacts made with new nodes

—12(kSk — (k4 1)Sk+1) contacts lost from dying nodes
—upsi(kSg — (k+1)Skg+1) contacts lost from nodes dying from infection

I =  +rpsrkSk new infections
—(n2 + p) 1y death due to natural causes and disease
+mg (1,¢)(Ix—1 — Ij) contacts made with new nodes
—no(klx — (k+ 1)I;1q) contacts lost from dying nodes
—uprr(kly — (k+1)Ix+1)  contacts lost from nodes dying from infection.
In summary
Sk = —rpsikSk+mNpx — n2Sk +my (1,4)(Sk-1 — Sk) — (2 + pps1) (kSk — (k +1)Sky1) (1)
I = +rpsikSy — (n2 + )k +mg (1, ) (Te—1 — Ix) — (02 + ppi1r) (kg — (k + 1) I11). 2

Note that these equations imply that individuals who enter the population at a rate n; are susceptible and have
k contacts with a probability of p; by which they are randomly linked to individuals already present in the
population. The following calculations rely on this random establishment of new contacts; however, other
patterns of contact establishment, for example preferential attachment to nodes with respect to degree, could
also naturally be implemented. Individuals dying from natural causes at a rate of 7y are assumed to have an
average number of contacts as found in the total population and do not show preferences to have contacted
susceptible or infected individuals.

The terms in equations (1) and (2) which contain pg; and p;y imply approximations which mediate the
transition from more general pair models to individual based probability generating function approaches [1].
The number of susceptible individuals with k£ contacts decreases due to infection at a rate proportional to the
transmission rate r and the number of links between them and infected individuals Mg, 1 (Mg, = [SkI] in
pair model notation, analogous for contacts lost from individuals dying from infection). Equations (1) and (2)
assume that the probability for a link starting from a susceptible or infected node to point to an infected node is
independent of the starting node’s degree k, i.e.

kS, Mgy

_TMSkI ~ —TMS[ Zk /CSk = _TEkSk = —Tpsjk‘sk (3)
kI, (/{—I— 1)Ik+1 My
—u(Mpr— M ~ —uM — = —pu——: kI, — (k+ 1)1,
pu(Mr, 1 Lonl) uMrr <Zk A Skl 7 (kIy — (k+ 1) I y1)
= —,upH(ka — (k + 1)Ik+1). “4)

Therefore, pg; and p;r are not explicitly dependent on the starting node’s degree k, they however reflect differ-
ent average contact behavior within the group of susceptible and infected hosts (cf. Fig. 1 of this document and
of the main manuscript, for an in detail discussion of the connection between pair models with moment closure
and individual based PGF models considering also performance issues cf. [1]).



Adding up the contributions of Sy and [ for all k results in equations for the total number of susceptible
and infected hosts:

S = mN —rpsiMs — 128 )
I = rpsiMs — (n2 + p)l. (6)

To close this set of equations we also need to derive equations for pgy and p;y;, as well as for the probability
generating functions (PGF) gg(z,t) and gr(x,t).

We start with the probabilities for a link starting from a susceptible or infected individual to point to an
infected individual, psy and py;, respectively. This takes into account that there are different probabilities for
susceptible and infected individuals to have infected contacts (cf. Fig. 1). Following the argument in [2] we
write the evolution equations for pg; = Mg;/Mg and p;; = My;/M; in terms of links among susceptible and
infected hosts:

) _ Ms; _ Ms 7
Dsr 7Ms 7MSPSI
) M My

= S 8
PII M, M[pH (8)

for which expressions are derived in the following paragraph. From the definition of Mg and M7 equations for
their temporal evolution can be derived as

Mg = kS ©)
k
M= Y ki (10)
k
After substitution from equations (1-2) this results in
Ms = —rpsrS(g§(1,t) + gs(L.6)) +mg (L O)(N +8) — (212 + ppsr) Ms (11)
M; = = T‘pSIS(gg(l,t) + giq(l, t)) + mg’(l,t)[ — (2m2 + p+ puprr)Mj. (12)

The temporal change in Mg and M7 is affected by the epidemic process (first contribution), contacts made
from new nodes as well as contacts of new nodes for Mg (second contribution) and by dying nodes and their
bi-directional contacts (third contribution).

Following arguments analogous to those in [2] one can show that the probability generating function of the
joint probability to find a susceptible node with £ — ¢ links to susceptible nodes and ¢ links to infected nodes is
generated by gs(zspss+xrpsr) = gs(xs(1—psr)+xrpsr). This relies on the assumption that the number of
contacts from susceptible hosts to susceptible and infected hosts is binomially distributed with probabilities pg
and pgs = 1 — psr. The probability for a susceptible node that was reached from an infected node (i.e., chosen
with probability proportional to the number of contacts pointing to infected nodes 7) to have (i — 1) contacts

. . . . L(zs(1—
to infected nodes and & — i contacts to susceptible nodes is generated by 25 (@s( gg) f{)) +erpsr), Therefore, the
S
average excess degrees of a susceptible node that was reached from an infected node to susceptible or infected

nodes are

9 gs(xs(l —psr) +xrpsr) gs(1,t)
0g7(S) = =(1— 13
0 g5(xs(1 —psr) + xrpsr) ge(1,t)
Ogr(l) = — = . 14
s1(I) B, 7s(0) _— pSlgg(l’t) (14)

Bookkeeping of the changes in the numbers of links among susceptible and infected hosts due to the epidemic
and demographic process results in:



Ms; = —rpsiMg(8s7(I) — 657(S))  change due to epidemic spread:
change in the number of susceptible nodes rpsr Mg due to the
epidemic times their average excess contacts to susceptible and
infected nodes

—rMgr discount for link along which the infection spread
—uMgy link loss due to disease progression
—2mo Mgy link loss due to natural death
+mg (1,6)1 link addition due to birth
M= 2rpsiMsds (1) change due to epidemic spread:

change in the number of susceptible nodes rpgr Mg due to the
epidemic times their average excess contacts to infected nodes
(bi-directional)

+2rMgy add link along which infection spread (bi-directional)
—2uMrr link loss due to disease progression
—2noMrr link loss due to natural death.

In summary this results in

Msr = —rpsiMs(8s1(I) — 6s1(S)) — (r + p)Msr — 202 Msr +mg (1,¢)] (15)
1/ 17t B
= —r(2psr — 1)pSIMSz?21 t; —(r+ p+2m)Mgr +mg' (1,¢)1 (16)
S 9
M = 2rpsiMgdsi(I) + 2rMsy — 2uMrr — 292 My (17)
/! ].,t
= 2rp2S]MSg,5( )+27"M51 —2(p 4 1m2) M7, (18)
gS(lat)
which finally leads to
1 —/
) ge(l,t 1.t
psi = rpsi(l—psi) }g( - (r+ wpsr(1 = pst) +m P ( )(I - (N +S)psi) (19
gS(Lt) MS

. IMS g,g’(lvt) IMS JMS gil(lvt)
prr = r——psi(2psr — pi1 = o, P+ 2repsr — L = pro)pr+mT s
M[ ( )gg’(l,t) M[ M[ ( ) " I

Iprr(20)

psr and prr are not explicitly dependent on the node degree k. However, they describe the probabilities for
a link that starts from a susceptible or infected node to point to an infected node. Infected nodes have, on
average, a higher degree than susceptible nodes as long as the epidemic does not die out (cf. Fig. 1 of the
main manuscript). To close the set of equations we also need to derive equations for the probability generating
functions (PGF) gg(z,t) and g7 (z,t) which correspond to the probabilities to find individuals with & contacts
among the susceptible and infected hosts, respectively, i.e., psi and pji. From the definitions of the PGFs we
obtain

gs(x,t) = ( - p5k> x (21)
2\
Iy i
gr(z,t) = > (f - Ip1k> ", (22)
k



which results in

ds(at) = —rpsi(egs(e.t) — g1 gs(e ) + m g (9. 1) — g5(z 1)

—m (1l —2)g'(1,0)gs(x,t) + (02 + ppsr)(1 — z)gs (@, 1) (23)
i(et) = rpsi ey 1) — ds(1L g, 1)

—m(1 —z)g'(1,t)g1(z, t) + (n2 + pprr)(1 — z) g7 (2, t). (24)

The probability generating function g(z, t) of the total population’s degree distribution py reads

g(%,t) = u%(g(xat) - gf(xvt» + 771(57(93:75) - g(ZC?t)) - 771(1 - x)g'(l,t)g(:v,t)

I
119 (z,t)). (25

S
+m2(1 — )¢’ (z,t) + p(1 — ﬂr)(ﬁpsw’s(x, D+

Noticing that equations (19) and (20) contain gg(x, t) and its derivatives only for x = 1 suggests that the set
of partial differential equations can be reduced to a set of ordinary differential equations including the moments
of pgy. expressed by gi(1,t) = (k)s and g%(1,t) = (k*)s — (k)s. The m'" partial derivative of g(z,t) with
respect to x at x = 1 and its derivative with respect to ¢ can be written as

1,t) = E kE(k—1)...(k—m+1) _E k(k—1 k—m+1)— 2
dg (1,1) m )PSk )-( m )S (26)

gg )(1,t) = Zk —1)...(k— m+1p5k—zk - 1).. (k—m+1)<S—SPSk> @7

k

in which pgj, can be derived by substitution from equations (1) and (5) to be

. S, S
— |2 _ = 28
DSk ( 5 SPSk) (28)

N
= —rpsr(k—(k)s)psk + Ulg(]jk —psk) + (k) s(psk—1— psk) — (2 + ppsr) (kpsk— (K + 1)psi41)-

Due to the first term (i.e. —rpgsrkpsk) in equation (28) equations for the temporal evolution of g(m)(l, t) (or
the m*" moment of pgy,) will depend on g(m+1) (1,1), i.e. the next higher order moment of pgy. This results in
a hierarchy of ordinary differential equations for g(m) (1,t) (or the moments of pgy, respectively).

Complementarily to the figures shown in the main manuscript, Fig. 1 shows the time evolution in the
probabilities pgr and pyy in comparison with the values expected under random mixing My /M. The deviations
are a clear indicator of local clustering of infected cases.
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Figure 1: Evolution in the probabilities of contacts from susceptible or infected hosts to be made with infected
hosts pgr (green) and py; (red) in comparison with the total fraction of contacts with infected hosts M /M
(black). Parameters were chosen analogous to Fig. 1 in the main manuscript, i.e., average number of contacts
(k) =3, pp, = <k>k;!_<k), transmission rate of » = 0.2 and a recovery rate of ;= 0.1 (initial conditions were
ps1(0) = prr(0) = M;(0)/M(0) = I(0)/N = 0.001). Note that infected hosts are more likely to link to
infected hosts than expected by random mixing (i.e., My/M), whereas susceptible hosts are less likely to do

so. This is a consequence of local clustering of infected cases.

Equations for the SI,I,D model

We extended the equations of the SID model to accommodate two infected stages, I; and [5, with transmission
rates of 7; and 79, which cease at rates p; and po, respectively. The equations for the number of individuals
with k contacts who are in the classes .S, I or I read accordingly:

Sk = —(ripsn +r2psi,)kSk + mNDE — 128k +mg (1,£)(Sk—1 — Sk)

—(m2 + p2psn, ) (kSk — (k + 1)Sk41) (29)
Ly = +(rwsn +12psn)kSk — (2 + ) T +mg (1, 8) (Lig—1 — Tig)

—(m2 + popn ) (Kl — (b + 1) I1gy1) (30)
Ly, = g — (2 + po) Lo +mg (1,6) (Jog—1 — Iok)

—(n2 + poprr,) (klak — (k4 1) Iog41). (31)



In terms of the total number of susceptible and infected individuals of either stage, the equations read (after
adding up the contributions for all k)

S = mN — (rips1, + rops,)Ms — 128 (32)
Iy = (ripsn +repsn)Ms — (12 + )1 (33)
Iy = il —(n2+ p2)ls. (34)

To derive the probabilities p 4 g for links from A to point to B we again use

. M AB M A
35
PAB = M i PAB (35)

with A, B € {S, I, I2}. Analogous to [2] and to the case of the SID model, we derive that the average excess

degree of a susceptible node that was reached from an infected node (either of I; or I type) to susceptible

or infected nodes are ds7(I1) = psi, 5551 t; ds1(I2) = psr, gsgl t; or 0s7(S) = (1 — psr, — psh)isg 2

respectively. This relies on the assumption that the number of contacts from susceptible hosts to susceptible,
primarily and latently infected hosts is multinomially distributed with probabilities psy, , psr, and psg = 1 —
ps1, — Psi,- With this, we can write down the contributions that change the numbers of contacts among
susceptible and infected hosts of either stage (i.e., M4, Map, A, B € {S, I, I5}) and summarize as

Mg = —(ripst, +rapsn)S(g8(1, 1) + gs(1,1) +mg (L )(N +5) — (202 + popsr,)Ms (36
My, = (rpsh +72ps1,)5(95(1L,t) + gs(1,8)) +mg (1, )11 — (202 + p1 + popr, i) M, (37)
My, = My +mg (1)1 — (202 + p + popr,n,) M, (38)
Msy, = —(ripsn, + rapsn)Ms(6s1(I1) — 651(S)) = (r1 + p1)Msr, — 2neMsy, +mg (1, )1 (39)
= —(rpsn +72ps1,)(2psn + Psn, — 1)Msz§8:g — (r1+ p1 + 2m2) M, +mg'(1,) 17 (40)

Msr, = —(ripsn, + T2p512)Ms5SI(I2) — (r2 + p2)Msr, + p1Msr, — 2neMsr, +mg (1)l (41)
= —(rpsp + 7“219512)10512]\459 8 2 p1Msr, — (r2 4 po + 2m2) Msr, + mg (1, t) I (42)

Mpr, = 2(ripsn + repsn,)Msdsr(l) + 2ri Mgy, — 2p My, 1, — 202 My, 1, (43)
= 2(rpsn +repsi,)psn Ms gig, t; +2r1Msr, — 2(m +n2)Mp 1, (44)

Mpi, = (ripsn +7ropsn,)Msdsi(I2) + raMgr, — (u1 + po) M1, + My, — 202 My, (45)

= (rpsp + szSIQ)PSIQMszz&t; +roMsr, + piMp, — (p1 + p2 +202)Mp,  (46)

My, = 2paMr 1, — 2(p2 + 12) M, 1, (47)



From this, the equations for psr,, psr,, 1 1,» P1, 1, and py, 1, can be derived to be

) /! 1,t
psr, = (ripsn +repsn)(1 —psr — psb)g,s El t; + (ripsn, + repsi,)psn
S\
g'(1,t)
—(r1 + 1 — pepsn,)psn +m Vs (I = (N + S)psr,) (48)
. g'(1,t)
Psr, = (rpsn + 12PSn)PSt, + pipsn — (2 + plo — fopsn,)PSt, + M Vs (I2 = (N + S)ps1,)(49)
. Ms g5(1,t) Mg Mg
pnn, = (mpsn +m2psn)(2psn — pnn) My gz i (ripsn, + T2pSIg)M7hp11]1 +2r; mpszl
—/
g'(1,1)
(1 — - 50
(1 — popn1,)Pnn —m A t)phh (50)
- - Ms g5(1,t) Mg Mg
Pnr, = (rmpsn +r2psn)(Psn, — Phi,) M, gs(1,0) (ripsn, + m2ps1,) A, Phi, + 172 My PSI,
g(1,t
+upnn — p2(l —prn)Pnn —mS (L,1) DIy (51)
gjl (17 t)
. M; g'(1,t
p[g[z - N1M7[:(2p11[2 - p[g[g) - H2(1 - p[z[g)p[z]g — N WPIQIQ‘ (52)
Again, to close the set of equations, we need to derive the probability generating functions
A A
ga(z,t) = zk: (A’f _ ApAk> 2% with A € {S, I, I}, (53)
to conclude with
) TPSI, + T2PSI. N, _
st t) = PSHETPSE) (o (o) aSgh(e,t) +m s (3l t) — g (1)
—m (1 —2)g'(1,t)gs(x,t) + (2 + peps,) (1 — x)gs(z, t) (54)
. r1psn + repsI
gIl(x7t) = _( 11—1 2)(Msgh($7t) —CCngg(.ﬁ,t))
—m (1 —2)g'(1,t)gr, (x,t) + (N2 + pepr ) (1 — 2)g7, (2, 1) (55)
) I
912(x7t) = Mlg(gh (:L‘,t) - 912(x7t))
—m (1 —2)g' (1,8)g1, (2, ) + (2 + peprn,) (1 — x)g7, (2,1). (56)

Note that the global quantities can be easily derived from these equations

Ny =
N =
M =

g(.%',t) =

mNDr — 12Nk, — polog +mg (1,¢)(Ng—1 — Ni) + n2(kNg — (k 4+ 1) Ni41)
—p2(psr, (kSk — (K + 1)Sk41) + prino (Kl — (k+ 1) Igg1) + pror, (klog — (k4 1)Iop11))(57)

(m —m2)N — pal> (58)

2mg (1,4)N — 2nog’ (1,t)N — 2us My, (59)
I

M2ﬁ2(9($, t) = g (z,1) + m(g(z,t) — g(z,1)) —m(l —2)g'(1,t)9(=,1)

I
N

I

S
+772(1 - x)g/(x, t) + /1’2(1 - x)(fprg/S(CU, t) + Nphlzglll (I, t) + p12129/12 (.73, t)) (60)

N



Transient contacts

Transient contacts are considered analogous to [3] by swapping of partners at a rate of p. That means that the
identity of each contact of a node changes at a rate of p, i.e., highly connected nodes are more likely to establish
new contacts. Transient contacts affect the probabilities for links originating from A nodes to point to B nodes
pap via an additional term

Mp Mp Mp
—PPAB (1 - M> +p(1 —PAB)W =p (M - PAB) (61)

in the differential equations with A, B € {S, 1,11, I5}. An example of the impact of transient contacts on
epidemics is shown for the SID case in Fig. 2.

10000 10000
Weak concurrency Strong concurrency
8000 10 lifetime partners 8000 10 lifetime partners
6000 6000
4000 4000
2000 2000
0 20 40 60 80 100 0 20 40 60 80 100
t t
10000 10000
Strong concurrency Strong concurrency
8000 100 lifetime partners 8000 1000 lifetime partners
6000 6000
4000 4000
2000 K 2000
0 0
0 20 40 60 80 100 0 20 40 60 80 100
t t

Figure 2: The impact of various levels of concurrency and transience in contact behavior is shown for epidemics
with a transmission rate of » = 2, a progression rate of = 1 and birth and death rate of = 0.02. The scenarios
of weak and strong concurrency refer to the degree distributions as shown in Fig. 3 of the main manuscript, i.e.,
with (k) = 1.3 and (k) = 1.75, respectively. Contacts change at a rate p so that the number of lifetime partners

is 92 4 (k) = 10,100 and 1000.



Networks with node age

To distinguish between the topological changes introduced by demographic and epidemic processes, we focus
on network evolution under a demographic process without an epidemic. In this case, the equation (25) reduces
to

g(ft,t) = 771(?($7t) - g(:ﬂ, t)) - 771(1 - m)gl(lvt)g(:Ea t) + "72(1 - :v)g’(x,t), (62)
which can equivalently be written as
0 _ 0 _ 0
5:9(:t) = m(g(e,t) = g(z, 1)) —m - 2)7-g(L,t)g(z,t) + 121 - 2) 5—g(z,1). (63)
p=0.0r=0.0 p=0.1r=0.2

1.0y 1.0y
40.8] 0.8
0.6/ 0.6}
0.4y 0.4}
0.2} 0.2l

000 20 40 60 80 100

>

(), () L A A VA Vv~
0 20 40 60 80100

time t

Figure 3: Time evolution of the probability generating function g(x, t) for a network that originally has a scale
k:"‘fe_%
Liv <67 %)
of (k) = 3. Nodes enter and leave the network with the original distribution, i.e, g(x,t) = g(z,0) at a rate
of 1. Contour plots interpolate between 0 and 1 lightening up in steps of 0.1. The left panel shows the time
evolution of g(x, t) without an epidemic process; the right panel shows g(x, t) under an epidemic with p = 0.1

and » = 0.2 (for details cf. [4]).

free degree distribution of p, = (v = 1.615, k = 20) with an average number of contacts per node

Figure 3 shows that the topological change observed in the total network can largely be attributed to the
interaction with the epidemic process. To study whether this also applies to nodes of different age, a, we further
analyze the contact behavior of nodes, taking into account their age. For this case study, we restrained our
analysis to the simplest demographic scenario of identical birth and death rates, independent of time ¢ and age
a,i.e., 7 = n1 = 1 and in consequence a constant population size of N. The population density N (a,t) with
respect to age is described by the following equation [5]

0

0
%N(a, t) + aN(a, t) = —nN(a,t) (64)

10



G(x,a,0) G(x,a,200)

Figure 4: G(x, a,t) and g,(x, t) at the initial stage ¢ = 0 (blue) and ¢ = 200 (green) of a network that originally
k

has a scale free degree distribution p;, = L’“ﬂ% (y = 1.615, & = 20) with an average number of contacts
yl€e K

per node of (k) = 3. Nodes enter and leave the network with the original distribution, i.e., g(z,t) = g(z,0)
at a rate of n = 0.01. Differences mainly arise at G(0,a,t) = w and g,(0,t) = ]]\\[}’((i’t?, respectively.
Although the original network does not have nodes without contacts, i.e., g(0,0) = g(0,¢) = pg = 0, nodes
without contacts are introduced by the demographic process. In the case of a Poisson degree distribution with
same average degree, G(x, a,0) (resp. gq(,0)) and G(x, a, 200) (resp. gq(x, 200)) are indistinguishable (data

not shown).

in which the number of individuals between the ages of a; and ay is given by the integral of N(a,t) over
[a1,as]. With initial and boundary conditions of N(a,0) = Nne™"® and N(0,t) = nN, this results in a
population with a stable exponential age distribution, i.e., N(a,t) = Nne="* [5].

The population density can also be studied for individuals with a certain number of contacts, k, i.e., for
Ni(a,t), resulting in

%Nk(a,t) + %Nk(a,t) = —nNg(a,t) + n%gj(l,t)(Nk_l(a,t) — Ni(a,t))
—n(kNg(a,t) — (k + 1) Ngy1(a,t)). (65)

Assuming a constant total population, N'(¢) = [ N(a,t)da = N, we further define

G(z,a,t) = Z Nk‘g\(;’t) ab = %Z Ni(a,t)zk (66)
k k

which changes according to

(LG (@, a,t) + (1 — 2) 2 Gl.a,1). (67)

& Gr,a,1) + oG, 1) = nGla,a,1) + (1~ 2) -

da B oz”
This equation can be solved with the initial and boundary conditions G(z, a,0) = ne~"g(z,0), G(1,a,t) =
ne~"* and G(z,0,t) = ng(z,t). Note that the probability generating function g,(z,t) for the conditional
probability to have k contacts at age a is given by

N N N,
galw,t) = ]\f((f ’f))ﬂf’“ = a1 2= MaT) o e, a, 1), (68)
k ’ ’ k

11
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Figure 5: Time evolution in the degree distributions for several sub-populations at ¢ = 100: The degree distri-

Lk
bution of the original network and of newly entering individuals p, = £—¢r_ (v = 1.615, k = 20, blue),
yl€ K

the current degree distribution in the network py, (black), the current degree distribution of individuals (at least)
of age 100 (green) in comparison to a Poisson distribution with average (k) = 3 (grey) are shown.

The probability generating function g~ (x, t) for the conditional probability to have k contacts, given a minimal
age of a, can be written as:

g>a(z,t) = e"“/ G(x,d  t)dd. (69)

Figures 4 and 5 demonstrate the age dependent topological consequences of the demographic process for a
network that originally has a scale free degree distribution. Although the average degree is constant for all age
groups, there are differences in the distributions of contacts. Newly introduced nodes show a heterogeneous
contact pattern that becomes more centered on the average number of contacts with increasing age. However,
the degree distribution of the total population does not converge over time towards a Poisson distribution. As a
consequence of the presence of a few highly connected nodes, the distribution of contacts in the total population
has a higher variance than expected for a Poisson distribution with the given average degree (data not shown).

Agent-based simulations

Agent based simulations were performed using NetLogo V4.0.4 [6], some code fragments were used from the
model “Virus on Network” that is included in the software’s model library [7]. Each simulation starts with the
generation of a random network with a certain degree distribution followed by the simulation of the epidemic
process on this network.

Two methods have been used to generate the initial random network:

e Generation of Poisson networks

<k>ke—<k>

Poisson networks defined by a degree distribution p, = ~~——— were generated by assigning (k) N/2

links between randomly chosen nodes [8].

e Generation of random networks with a given degree sequence

All random networks, except for Poisson networks, were generated from their degree sequence using the
algorithm described in [9].
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After infecting an initial fraction of random nodes, the simulation of the epidemic process on the random
network is done according to the following pseudo-code until the epidemic dies out:

For each simulation step

1. each infected node progresses with a probability of 1 (or p; and uo, respectively) to the next infected
stage (or death),

2. each infected node spreads disease to each of its susceptible contacts with a probability of r (or ; and
ro, respectively),

3. each node gives birth to a new node with a probability of n; and k contacts are randomly connected to
already present nodes with a probability of pg,

4. each node dies with a probability of 72 (including its links),

5. for each (undirected) link another random (undirected) link is chosen with a probability of p/2 after
which the nodes at their ends are swapped (note that p/2x number of (undirected) links x number of
changed (directed) contacts per swap/number of directed contacts =p).

Note that all parameters x (u, @1, 2, 7, 71, T2, 71, 72 and p) were scaled to be sufficiently small to
satisfy 1 — e™" = x < 1 for each simulation step to comply with constant rates of progression/exponentially
distributed waiting times in each compartment. In the exploratory studies, we found that there was a good
trade-off between simulation precision and simulation time if the probabilities for transmission and recovery
per simulation step are 0.02 and 0.01, respectively (other parameters scaled accordingly, cf. Fig. 1 of the main
manuscript). The parameters in the simulations on HIV epidemics in Fig. 2 of the main main manuscript were
scaled analogously, i.e., r1, r2, (1 and po were translated to probabilities of 0.0276, 0.001, 0.041 and 0.0012 per
simulation step, respectively. This corresponds to simulation time steps of 0.01 years. While the computation
time for the partial differential equations took seconds or minutes on a current typical desktop computer, the
computation time for agent-based models took hours per run, i.e., days for a reasonable sample size.
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