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1 Derivation of MoveSTIR

The text below is taken directly from [[l] to orient readers.

MoveSTIR begins from a simple compartmental host-parasite model that tracks Susceptible and Infected
host density and the density of the Pathogen in the environment. We make the following assumptions: i)
the force of infection (FOI) experienced by a susceptible host is a linear function of pathogen density in the
environment B8P, where § is the transmission rate that combines rates of acquisition and contact, ii) infected
hosts deposit pathogen at rate A, iii) the pathogen decays in the environment at rate v, iv) the pathogen is
well-mixed in the area where contact and acquisition occur, and v) the infection process does not substantially
deplete the pathogen in the environment [2; B]. These assumptions provide a reasonable starting point for
MoveSTIR but can be readily adjusted to account for non-linear FOI or extended to account for states such
as Exposed and Recovered. For simplicity, we also assume that Infected hosts recover at rate « and are
immediately Susceptible.

The following equations describe the infection dynamics in a host population

s

— = —pP I

i BPS +~

dI

= BPS =l (81)
dP

& N —vP

7 A v

where we initially assume a constant population size of S + I = H and no births or deaths. Equation @
is applicable to both microparasites (e.g., bacteria and viruses) or macroparasites (e.g., helminths) with a
simple life cycle [e.g., B].

We can equivalently express equation @ as a renewal equation [, namely

WU~ spws) + 1)
O _ spmysio) 1) (52)

P(t) = Po(t) + /Ot )\I(u)e—V(t—u)du

In equation @, I(u) gives the density of infected individuals at some previous time u, u < ¢t. The function
e V(=4 defines the pathogen survival function in the environment, assuming that the pathogen decays at
a constant rate v. We could readily replace e=**~%) with any survival function reflective of the pathogen of
interest ©(t — u). The parameter Py(¢) is the density of pathogen present at time 0 that are still present at
time ¢.
dI(t)

We can then substitute in the expression of P(t) to re-write =5~ as a function of I(u)
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%(tt) = S(t)8 /0 M (u)e™ " du — 41 (t) 5

where we assume Py(t) = 0.

The function h(t) = Bfot M(u)e V=% dy is the per capita FOI at time ¢t. The FOI h(t) is a rate with
units time™. As such, h(t) defines the FOI felt by an individual at a given moment after accounting for the
time-dependent accumulation and decay of all pathogens previously deposited by infected hosts. Importantly,
h(t) lets deposition rate () and contact formation and acquisition of the pathogen (both encapsulated in 3)
vary independently, and allows for a continuum between direct contact (when u ~ t) and indirect contact
(when u < t). However, equation @ does not i) clearly separate contact formation and pathogen acquisition,
ii) explicitly account for contact duration, or iii) account for directional differences in transmission risk due
to the order of when individuals visit locations. We extended equation @ to consider directional interactions

occurring at the individual level.

A pairwise view of the force of infection (FOI)

Consider a single individual 7 moving through space. At each moment, the individual experiences a FOI
dependent upon the full history of infected individuals that previously or presently share its current location.
Let I(u,z) be the number of infected hosts in location = at time w. If there are H — 1 other hosts in the
population, we can write I(u,x) = Zf;ll O, (u) ()01, () (). The function d,, ) (x) is an indicator function

that is defined as

1 if the location of host j at time w is = (i.e., zj(u) = x)
5acj(u) (:L’) =
0 otherwise

Similarly, d7,(.)(1) is the indicator function

1 if host j is infected at time u (i.e., I;(u) = I)
0 otherwise
Taken together, this means that host j at past time u only gets “counted” toward the FOI experienced by
focal host ¢ at time ¢ if they are infected and shedding pathogen (I;(u) = I) at time u and in the same
location z (z;(u) = ).
We can then update h(t) to consider the contributions from other individual hosts to the FOI felt by a

focal host 7 at time ¢ in location z.



46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

t H-1

hilt,@) = B / Zm](u )01,y (DOt — w)du

- Z / xj(u)( YA (I) Ot —u)  du

Acqulbltlon Contact Deposition Pathogen decay

Sum over 1nd1v1duals
where 8’ is now an acquisition rate (i.e., an uptake rate times per pathogen probability of infection) as we
have conditioned on contact with the term d, (. (). Consider a single term in the summation, h;.;(t,x) =
fo B840, u) ()N, () (1)O(t — u)du. We can define this term as: the FOI felt by individual 4 # j at time ¢
in location = due to individual j’s previous infection history in location x, up to time ¢. This quantity is a
rate with units time™' and encapsulates pathogen acquisition, contact formation, pathogen deposition, and
direct and indirect transmission. Contact duration is explicitly accounted for by the integral over 4, (. (z),
which specifies how long host 4 is in contact with host j in the past (indirect) or present (direct). Finally,
we can more explicitly account for the area of location x by re-writing (', () () as B@(xj(u),x) [B; 6],
where /3 has units 2:2-U0its (¢ o %jr) The function ®(z;(u), z) is the contact function and is a probability

time

density function that integrates to one over the spatial domain of interest with units 1/area units [[].

2 PMoveSTIR in continuous space

In the main text, we derive PMoveSTIR assuming that hosts are contacting each other within some area of
transmission A,, which we can conceptually think about as a grid cell on a gridded landscape. While this
conceptually simplifies the problem, it is more general to consider the case of continuous space where we
define contact as potentially happening when present or past host j is (was) within some distance r of host
i at its present location [[]. The output we want from this alternative version of PMoveSTIR is the function
h* (x,t), which is the force of infection per unit area at point z on the landscape (e.g., h* (x,t) might have
units day " 'm~2). Integrating this function over different areas will yield estimates of force of infection felt
by host i from host j for any area of interest on the landscape.

Let’s start with the situation where a host 7 is occupying some circular area A, , where = is the center
of the area and p is the radius of the area. A contact can occur when host j (past or present) is in the area

Ay p+r Where r is our epidemilogically relevant contact distance and r >> p. The force of infection felt by

host ¢ from host j as time ¢ in area A, , is given by

t
hij(t, Az,p) = / BN (1) (A, p) 0 () (A ptr) O (t — ) du. (S5)
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where, consistent with the main text, §;i(t)(Aw, p) is a Bernoulli random variable that determines whether or

/

not host 4 is located in area A, , at time ¢ and (511_ (w) (Ax’pﬂ) is a Bernoulli random variable that determines

whether or not host j is in area A ,4, at time u. The variables z;(t) and z;(u) indicate the locations of
host 7 and j at time ¢ and u, respectively. The parameter 5’ = #;H and indicates our assumption that
encounters are equally likely within an area A; ,4,. The parameter A is the pathogen shedding rate of host j
and v is the pathogen decay rate once deposited in the environment. As in the main text, we are computing
maximum transmission risk and assuming that host j is always infected at any time wu.

We can envision simulating many different movement trajectories for host i and j and take the expectation

of hij(t, Az p). We obtain

t
hiej(t; Az p) :/ B'AE[0;, (1) (Ax,p)0% ) (A o) |O(t — u)du. (S6)

We can rewrite equation @ as

x p !
et Apy) = - /\/ [pi(Azp, )Dj (A ptr, w) + Cov(dy, (1) (A p), 0y () (A, ptr))]O(t — w)du, (ST)
zptr J—co

where the force of infection felt by host ¢ from host j is the related to the utilization distributions of the two
hosts and their covariance within an area (in actuality, two nested areas).

For simplicity, consider hosts moving independently. In this case, we can write

t
B i(t Ay,) = B2 K Ds(Asp )05 (A ptrs )] Ot — u)dlu (S8)

where p;(Az p,t) is the probability of host i being in area A, , at time ¢t and p;(Ag p+r, u) is the probability
of host j being in area A, ,+, at time wu.
Now we want to calculate hy,_;(t, Az ) in the limit as p — 0. For equation @, we can divide both sides

by A, , and take the limit as p — 0 (such that A, , — 0). Doing this we obtain

B s(tx) = B2 [ (s )y (A w)]O(t — w)du = /A [ il t) / L Llvuae( - wdi (89

where f;(z,t) and f;(z,t) are the probability density functions of space use for host 7 and host j, respectively.

The term fx c, . indicates that we are integrating over all spatial locations x within the area A, ,. Note

*

that the units on f;(x,t) or f;(z,t) are per area, such that the force of infection izu_j (t,z) has units per



*

89  time per area as opposed to h;,_;

(t, Az p) which has units per time. Conceptually, for h}, ;(t, A, ,) we have

90 already integrated over area so we cancel out the per area units.

91 Assuming a stationary process and that O(t — u) = e V(=% we can write equation @ as
7% 5/>\
hiej(t,x) = —[fi(x) fitx)dx] (S10)
v XeAaz,r
92 Furthermore, if we assume that the space use of host j is relatively uniform within the transmission area

93 A, , we can simplify to

7 % 6/A
hi;(t,z) = T[fi(x)fj(fﬂ)WQ] (S11)
94 Remembering that 5’ = B/ALT = B/m"z, we get
7 ﬁ)‘
hic;(t,2) = —=[fi(2) fi(2)] (512)
95 Integrating fL;Q_j (t,z) over some area of interest centered at x would yield h, ;(t, Az q) = 67 XEAua fi () f5 () dx]-

96  This is reminiscent of the equation 17 in [f] where a limiting case of the mean encounter rate of two indi-
97  viduals moving according to an Ornstein-Uhlenbeck movement process is proportional to the inner product
98  of their utilization distributions.

99 Including correlation in movement into this formulation of PMoveSTIR is more theoretically and empir-

100 ically challenging, and we leave this task for a later paper.

101 3 Deriving PMoveSTIR given an assumption of statistical station-
102 arity

103 We now derive the PMoveSTIR model from equation 1 in the main text. First, we simplify equation 1 in the
104 main text by assuming that the depositing host is always infectious and shedding pathogen at a constant
105 rate. This assumption is equivalent to building a contact network and also represents the structural form of
106 FOI needed to compute pathogen invasion thresholds such as Ry [see [1].

107 Second, we consider probabilistic space use (i.e., we know where an individual is at a given time and

108 location with some probability) and re-write equation 1 in the main text as

t
hicj(t, ) Z[ BN, (1) (2) 0, ) (2)O(t — w)du (S13)
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where J;i(t) (x) is a random variable that specifies whether host 7 is in location z at time ¢ (defined equivalently

for j). This means that h;;(t, ) is also a random variable, and we can express its expected value as
t
haﬁwr:mmﬁwm:/“ﬁnmaﬂmawwmmfmm. (S14)

Interpreting this expectation, we are asking: if we simulated some movement process thousands of times,
what is the probability that host 7 is in location z at time ¢, and host j was in = at a previous time u?
While this is a simple mathematical extension to the MoveSTIR equation @, it is a significant conceptual
advance as it provides the mathematical structure necessary to link FOI directly with UDs and partition the
contributions of spatial overlap and non-independent movements on FOI, as we describe next.

For two random variables Y and Z, E[Y Z] = E[Y|E[Z] + Cov(Y, Z). We can therefore write equation
as

ics(tea) = [ SENBIE, (200, (@O — i
= Aﬁx)\/_ [E] ;i(t) (f)]E[CS;j(u)(x)] + COU(‘s;i(t) (z), ;;j(u) (2))|0(t — u)du (S15)

- Ii)\/_oo[pi(x,t)pj(x,u) + C’ov(égi(t)(x), 6;j(u) (x)]O(t — u)du

where we use the fact that the expectation of an indicator variable is a probability [7]. The terms p;(z,t)
and p;(x,u) give the probabilities that host ¢ and j are in location x at times ¢ and u, respectively, and
can also be written as p;(x,t) = fxeAm fi(x, t)dx where f;(x,t) is the probability density of host i using the
point k at time ¢ and the integral is over the area of transmission A, (defined equivalently for host j). Thus,
we have obtained an equation that links the transient utilization distributions f;(x,t) and f;(x, ) with the
spatio-temporal FOI. The parameters ﬁN and A are the acquisition and deposition rates respectively, and A,
is the area of transmission at location z. Cov(é!ci(t)(x), 5;]@) (x)) gives the covariance in how host ¢ and j at
time ¢ and u are using area x. Finally, ©(t — u) gives the survival probability of a pathogen at time ¢ that
was deposited at time u.

Equation accounts for heterogeneity in space and time, but the model can consider other scenarios,
such as uniform space use or UDs that are stationary in time. In terms of the novelty of equation , we
note that [Il] in Appendix 9 considered a special case of PMoveSTIR looking at home-range overlap, but
they did not link this equation to UDs and ignored covariance in movement.

To derive equation 2 in the main text that assumes stationarity in utilization distributions, we start with
equation . If we assume a stationary utilization distribution, the time indexes on p;(z,t) and p,(x,u) are
irrelevant — the logic here is that, by definition, the mean of a stationary distribution is independent of time

so pi(x,t) = pi(x) and p;(z,u) = p;(x). Therefore, we can write
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ey (t.) = 400 [pxx)pj(x) [ et-wdus [ o,y (a), ;j(uxx))@(t—u)du].

In addition, given stationarity, h, ;(t,) does not depend on time, such that

Hiey) = 2o o) [ ot udut [ o 0,8,y )60 - Wi

Moreover, given stationarity, we know that Cov((;;i(t)(x), 5;j(u) (z)) just depends on the time lag s = t—u

and not specific time stamps. Thus, we can write

i) = 40 o) [0+ [ ol g (0.0 @O (19

The term Cov(d;,, ) (), (5;1,(,678)(3:)) is the (lagged) covariance between the occupancy random variables
8,y (@) and (5;]_(]675)(5(}) for any time k where the time lag is s. Given the assumption of statistical sta-
tionarity, the covariance between the occupancy random variables of host ¢ and host j does not depend on

absolute time k or k — s, but just the time lag s.

We can then write the term Cov (6, (@), 5;.]_(,678) (x)) as

COU(%@(/@)(x)vJéj(k—s)(x)) = 5D( ;ci(k)(w))SD((s.;j(k—s) (I))COT(‘s;,-,(k) (I)a5./@j(k—s) () (S17)

where SD is the standard deviation of the random variables of occupancy of location z for host ¢ and
j. Since the marginal distribution of host i’s occupancy (marginalizing over host j’s occupancy) follows

a Bernoulli distribution (i.e., host ¢ can only be in or not in location z with some probability), then

SD( \(x) = /pi(x,k)(1 —pi(x,k)). Because we are assuming stationarity (specifically, wide-sense
zi(k)

stationarity), p;(z, k) = p;(x) and we get /p;(x)(1 — p;(x)) = o;(x). The same holds for host j. We can

then write

)\{ i(x)pj(:zz)/o @(s)derai(z)oj(x)/o Cor(égi(k)(x),5;j(k_‘g)(:c))@(s)ds . (S18)
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4 Deriving general PMoveSTIR results when space use is uniform
and transmission is from direct contact

Here, we derive the general PMoveSTIR results from an assumption that space use is uniform and transmis-

sion is primarily from direct contact. First, we can re-write equation as

A, A e A A e
Wiy = NG [ st 3= 45 [ pla 90l
Atot Atot 0 Atot Atot 0 (Slg)
FOI contribution from FOI contribution from
spatial overlap non-independent movement
where we substituted p;(z) = p;(z) = Ifjt because both hosts are using space uniformly. Moreover,

oi(z)oj(x) = \/ﬁmt(l - ﬁmt)\/ftmt(l - ﬁmt) = ft‘”t(l - Ximt). Finally, as defined in the main text,
COT(d;i(k) (z), 5;j(k_s) (z)) = p(z, 5).
Further, we assume that the pathogen survival function ©(s) is a step function with a survival probability

of one when lag s < T and zero when s > T. With these assumptions, we can write equation as

* () = B\ _
“_j( ) B Atot Atot Atot Atot

T
A, A, T A, (1 Ay )/0 p(xvs)d‘g]’ (S20)

The correlation term p(z,s) will be exactly p(z,s = 0) when lag s = 0 (in words, p(z,s = 0) is the
correlation in two hosts’ space use with a time lag of 0) and near p(z, s = 0) when lag s is near zero. When
pathogens are strictly directly transmitted, T is small relative to the duration of time hosts spend in an area
of transmission and we can reasonably approximate p(x,s) = p(z,s = 0) from 0 to T (assuming p(z, s) is

continuous in s). We can then write equation as

A, A A A
hi_(x) = B'\T Lo 4 221 - 2 )p(x, s =0) (S21)
i y .
J Atot Atot Atot Atot
———
Contribution due Contribution due
to spatial overlap to non-independent movement

which is the equation we provide in the main text.

5 Deriving analytical results for the messy follow-the-leader model

In this section, we derive the analytical results for the messy follow-the-leader model discussed in the main

text. Our goal is to derive the equation



167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

py(Np — 1)
(npNp — 1)(Nn(np — py) + py)

Pmessy(T,8=0) = (S22)

that describes the lag 0 correlation within the area of transmission (1/n,) between two hosts in the follow-
the-leader model. The parameter N, describes the number of patches on the landscape between which hosts
can move, each patch is composed of n,, areas of transmission that hosts can co-occupy (think about these
as grids within a patch), and py is the probability of hosts following the leader as they move over a time
step. Dominant hosts always move randomly within and between patches. If a sub-dominant host does not
follow the dominant host, they also move randomly.

To calculate the correlation in space use for host ¢ and j in any location where transmission can occur

Cov(i in z,j in x) .
SH( in2)SDG 1) Here, we use the notation

x on the landscape we need to calculate Cor(i in x,j in z) =
i in x to refer to the random 0/1 variable of host ¢ being in location z or not (same for host j). We know

that the probability of a host being in any particular area of transmission z is [¢ in z] =

Nhlnp (equivalently

for host j). Note that we use the notation ‘[]” to refer to a probability statement [e.g., in §]. Since 4 in  is

a random Bernoulli variable, SD(i in z) = ﬁ(l - Nhlnp ). Further, we know that

Cov(iin x,j in ) = E[i in z,j in ] — E[i in 2] E[j in z]

=[iin z|j in z|[j in 2] — [i in z][j in 2] (S23)
1 1 1

=l inx|j inx —
[ |j ]Nhnp Nhnp Nhnp

To solve for [¢ in x|j in z], we first need to think about the probability of host ¢ and j being together

anywhere on the landscape — [together]. We can write

[together| = Z [i in z|j in z][j in ]

z€All areas of transmission
where an area of transmission is any location « of area 1/n, within a patch. Since hosts are using areas of
transmission randomly (note that this is true even though their space use is correlated through following the

leader), [i in z|j in z][j in z] is the same for all x. We can then write

[together] = Npn,[i in x| in z|[j in z]

= Npnpli in z|j in ] (S24)

Nhnp
=[i in z|j in z]

So the probability of being together in the same area of transmission anywhere on the landscape ([together])
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is the same as the conditional probability of host i using an area of transmission x given host j is using that
area. Thus, calculating [together] will give us [¢ in x|j in x].

We can calculate [together| by thinking about the messy follow-the-leader model as a discrete-time,
discrete-state Markov chain. In particular, consider two states that two hosts can be in at any time —
Together (T), and Not together (NT). In each time step, we can write down the transition matrix A (a
column-wise stochastic matrix) of moving between these two states given the messy follow-the-leader model

as (note the letters above and to the left of the transition matrix just indicate the states for helpful reference)

T NT
— 1 1 1 1 1 1 1 1 1 1
A= T pfnfpnfpnpﬂ‘(l—pf)nprththhnp FpaNihNihNhnp (825)
1

NT pr(l— osiny) + (1 =pp)(L = 5o g w Namp) - (1= 5o 55 Namy)

Let us interpret the T" — T transition probability. Consider two hosts together in the same area of trans-
mission at time ¢. The probability that they are still together in some area of transmission in time ¢ + 1 is
given by answering two questions: i) does the subordinate individual follow the leader (py) and, if so, do the

hosts end up in the same area of transmission within the patch that they move to (ps----n,)? and ii) does
P

np

the subordinate individual not follow the leader (1 —py), but just through random movement the two hosts

move to the same patch and end up in the same area of transmission ((1—p f)ninLNihNLhN nnp)? The other
p ''p

transition probabilities are defined using similar logic.
Using A, we can now calculate the long-run stationary probability of the two hosts being together by
obtaining the right eigenvector of A with the corresponding eigenvalue of 1. Doing this, we get the column

vector (normalized to sum to 1)

1
Nin(np—ps)+ps

1 — 1
Nn(np—ps)+pys

where the stationary probability of being together somewhere in an area of transmission on the landscape is

1

[together] = [¢ in x|j in 2] = Ni(np—pr)+ps°

Combining everything, we get

10



202

203

204

205

206

207

208

209

210

212

213

214

215

216

217

218

Cor(i in 2) Cov(i in z,j in x)
or(iinx,jin z) =
) SD(iin 2)SD(j in x)

_ 1 1
D Nhnp N;,,np

[together] Nhln

1 1
Nhnp( - Nhnp)

( 1 ) 1 o 1 1
_ Nh(np_pf)"’pf Nhnp Nh,ny Nhn;n (826)

Nhlnp( - Nhl’ﬂp)
_ pr(Nn —1)
(npNn — 1)(Nn(ny, — pg) +py)

= Pmessy (€, 8 =0).
6 Scaling up to the population-level for the follow-the-leader model

Here we show how given the messy follow-the-leader model described in the main text, we can derive an
explicit equation for the basic reproductive number Ry that links correlation in movement can directly to
population-level disease dynamics.

We will start by writing down a discrete-time, individual-level Susceptible-Infected-Recovered model
where we are tracking the probabilities that host ¢ is in state S, I, or R — p; s(t), pi1(t), and p; r(t)
respectively. We assume there are H total individuals in the population and let H_; be the set of all
individuals, excluding the ith individual. Just as in the follow-the-leader model described in the main text
and Appendix 5, we assume individuals are moving across a gridded landscape with Npn, total grids/areas
of transmission where infection can occur. We do not track exactly where individuals are on the landscape,
just their infection status.

We can think about the messy follow-the-leader model as a network model where individuals are nodes
and edges are defined by the average force of infection between individuals felt by their interactions over the
entire landscape. Following [g] and [[10], a non-linear, mean-field approximation of the individual probabilities

of being Susceptible, Infected, or Recovered is

pis(t +dt) =p; s(t) H (1 — Prob. i infected by )
JjEH_;

pir(t+dt) =p;s(t)[l — H (1 — Prob. 4 infected by j)] + p;.1(t)(1 — Prob. recover) (S27)
JeH_;

pi.r(t +dt) = p; r(t) + pi,1(t)(Prob. recover)

The term Prob. ¢ infected by j can be written as 1 — exp(—p;, 1 (t)FOI;;dt), where FOI;,; is the average

force of infection 7 feels from j in the follow-the-leader model across the entire landscape. Prob. recover =

11
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1 — exp(—~dt), where v is a per capita recovery rate.

We can approximate exp(—p;,1(t)F'Ol;jdt) ~ 1—p; 1(t) FOI;;dt for small dt. The product [[;cy ,(1—
p;,1(t)FOI;;dt) can be expanded and dropping second order terms or higher we can write HjeH_i(l —
pji(t)FOLijdt) = 1 =3,y  pj1(t)FOIi;dt. Similarly, we can approximate Prob. recover = ydt for
small dt. Ultimately, this allows us to write the approximate “mean-field” equation for the individual-level

probabilities
pi,s(t +dt) = pis(t)[1 — Z pj1(t)FOI;;dt]

JEH_;

pi,I(t + dt pz S Z p] I FOIH—jdt +pz I( )(1 - Wdt) (828)
jeEH _;

pi,R(t + dt) = pi7R(t> + pi,[<t)’7dt

which we can further re-write as

dpi,s(t)

dt = _piS Z Pj, I FOIM—]

jeH,
dpi1(t)
—a = Pus(t ) Y pis()FOLij — pia(t)y (529)
JEH_;

pi,r(t)

: -

I pi,1(t)y

This is a continuous-time, linear approximation of equation , and is useful for assessing how Ry
depends on correlated individual movement.

Before deriving Ry, we need to define FOI; ;. From the PMoveSTIR theory for direct transmission,
random space use, and correlated movement (equation 8 in the main text), we know that average force of
infection felt by 4 from j in location x is

A, A A, A,

hi =B\ Ca 1-
“_j( ) 6 ™ Atot Atot M Atot( Atot

)ola.s =0)| . (330)

For the follow-the-leader model, A, = (1/n,) and A = & = Nhn . Letting ' Amn =8
(strictly for notational simplicity), we have
1 1 1 1
h} 1— =0
i) = Al o + (= s =)

1

Across the entire landscape consisting of Nyn, areas of transmission, FOI;; = h} H]( z)Npn, = [m

(1- Nhlnp)p(sc, s = 0)]. We multiply by Nyn, because we are adding the FOI together across all possible

locations of transmission on the landscape and they are the same across the entire landscape for the follow-
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the-leader model.
With the functional form of FOI;;, we can compute Ry from equation using a standard next
generation matrix approach where Ry is the spectral radius of F(—U)~! [11]. For the follow-the-leader

model and equation ,

-y 0 0
0 —y - 0
v=| (531)
i 0 0 el

with dimension H x H. F is also of dimension H x H and is given by

01 1 - 1
101 - 1

F=FOL ;| ($32)
111 - 0

We pull the FOI;; term out because all pairwise interactions in the follow-the-leader model have the

same FOL. It is then easy to see that the spectral radius of F(—U)~!, and thus Ry, is

p _ (H-1)FOIL (H = 1)Blxm + (1= g )p(e,s = 0)]
- _
v v

By letting n, =1 (i.e., host social decisions are happening on the same scale as the area of transmission)
and plugging in equation for pmessy(x, s = 0) we get the equation for Ry for the follow-the-leader model

with SIR dynamics as given in the main text.

7 Direct transmission and Ornstein-Uhlenbeck movement

Consider the Ornstein-Uhlenbeck process of movement with social correlation as described in the main text.
Here, we illustrate how we can use this model to exactly calculate CRS(z) for direct transmission.
Without loss of generality, let = be a grid cell with area A, = 100m? bounded from -5 to 5 m along the

x and y directions. Then marginal probability of host 1 using location x is

5 5 [e%s} o)
pi(x) = / / / / MV N (x|p, A)dxidyrdaadys
y Y

x1=-—5 1=—5 Jxrog=—00 2=—00

and host 2 using location x is
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260

261

262
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264

265

266

267

268

269

270

271

272

00 0o 5 5
pa(z) = / / / / MV N (x|p, A)dz1dy,dzodys
rx1=—00 Jyj=—o0 Jxo=—5 Jys=—>5

The joint probability of both host 1 and host 2 using location x at time lag s = 0 is
5 5 5 5
pi2(z) = / / / / MV N (x|, A)dxidyrdeadys
z1=—5Jy1=—5 Jaxa=—5 Jys=-5
We can then define the pairwise correlation surface at time lag 0 p(z,s = 0) as

oy p12(®) — p1(x)pa(w)
Pl s =0 = @)

for any location x, where o1(z) = v/p1(2)(1 — p1(z)) and o2(x) = \/p2(x)(1 — p2(x))

We illustrate these calculations for two hosts moving according to an OU process with ¢ = 150m, social
attraction & = 0.9, and home range centers u = [0 0 0 0]’ (ignoring ¢ for the moment as this rate does not
matter for the long-term stationary probability). The value of ¢ is chosen such that the 95%-100% home
range sizes are approximately 0.3 km? - 1 km?, similar to what we might expect for female white-tailed deer
in western Tennessee, USA. The marginal UDs for host 1 and host 2 are obviously identical and are shown in
Fig. @A computed across a landscape-level grid with 10m by 10m grid cells (A, = 100m?). Fig. @B shows
the pairwise correlation surface p(x,s = 0) across the gridded landscape. While there are some noticeable
spatial patterns apparent in the correlation surface (this is because the variance in space use is decreasing
more quickly then the covariance in space use as we move away from the home range center), the correlation
surface is similar across this portion of the landscape considered here — p(z, s = 0) & 0.0028 for all 10m by 10m
locations x on the landscape (ranging from between 0.0018 - 0.0032 across this portion of landscape). Finally,
from these two surfaces we can compute the CSR(x) for direct contact: o1(z)oa(x)p(x,s = 0)/p1(z)p2(z)
(Fig. @C) We see that across the entire landscape non-independent movement is contributing orders
of magnitude more to FOI then spatial overlap and that the greatest relative effect of non-independent
movement to FOI comes away from the home range center (Fig. @C) For areas with higher joint, marginal
use — such as the home range center — it will matter less for FOI whether additional social factors are
also pulling individuals into these areas. Thus, FOI is driven more by spatial overlap in areas with higher

probability of use.
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8 Indirect transmission and Ornstein-Uhlenbeck movement

The OU process we use in the main text can be written as [[12]
x(t + At) ~ MVN(p+ e B2 (x(t) — p), A — e BA A~ B'AY) (S33)

where MV N specifies a multivariate normal distribution. We can recognize equation as the conditional

distribution of a multivariate normal distribution with the following form

[1]x2 = a] = MVN(p; + 212555 (a — p13), B11 — S12X55 Bon)

/ /
where the joint MVN for [X1 X2] has a mean [Nl Nz] and a variance-covariance matrix of

211 212
221 2:22

We can then write the joint distribution for x; = x(t + At) and x2 = x(t) as

x(t + At A e BALA
( ) ~mvN ([ ) (S34)

x(t) to| e BAA A

Here, p, and p, are identical vectors and are the home range centers for the hosts. The matrix B = cI is
the diagonal matrix of drift coefficients given in the main text and A is the variance-covariance matrix.

From the main text, recall that the vector x(¢) is a 4 x 1 vector that contains the locations of both host 1
and host 2. Thus, A is a 4 X 4 matrix that contains a standard deviation parameter o and a social attraction
parameter £ that induced correlation between hosts. For simplicity, we assume that parameters do not differ
among hosts.

Armed with equation , we can now exactly calculate the probability of host 1 at time ¢ + At = ¢’ and
host 2 at time ¢ both being in location @, p1 at ¢.2 at ¢(x). Without loss of generality, say that location z is
the area of transmission with A, = 100m? bounded by -5 and 5 m in both the x and ¥ direction, then

A e—BAt

5 5 o co oo oo 5 5 x(t') w1 A
P1at t/,2 at (@) = / / / / / / / / MV N( | ’ BA )dwl,t,’dyl,t’d$2,t'dyzt’dwl,tdyl,tdwltdy&t
5J-5Jc0)oSoo oS5/ 5 x(t) e~ BALA A

H2

This equation looks intimidating, but it is just a specific marginal over a multivariate normal distribution and

is easy and fast to compute (we used the multivariate_normal in Python’s scipy). We can then calculate
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plx,s = At) as

_ _ Prat .2 at ¢(2) — pr(x)p2(x)
e =20 = o1(2)aa(2)

where we recognize that given stationarity, p;(z) and o;(z) do not depend on ¢ or ¢'.
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Figure S1: A. The stationary utilization distribution (UD) of a host following an Ornstein-Uhlenbeck (OU)
process with o = 150m, social attraction £ = 0.9, and an attracting home range center at x = 0 and y = 0.
Probabilities of use are computed from the UD over 10m x 10m grid cells. Contours illustrate the elliptical
nature of the OU UD, consistent with a multivariate normal distribution. B. The correlation surface for two
individuals with social attraction £ = 0.9 moving according to the OU process. C. The relative contribution
of non-independent movement to FOI compared to spatial overlap (the ratio between these two quantities).
On all plots, the red dot indicates the home range center p.
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