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Abstract

The spread of parasites and pathogens is shaped by their transmission to new hosts
and often inherently linked to the spatial structure of host populations. Transmission
modes are typically classified as either horizontal — between individuals — or ver-
tical, from parent to offspring. While some parasites rely exclusively on one mode,
many use both. We investigate how transmission mode impacts the spread of a par-
asite in different spatially structured metapopulations with variable habitat size and
host dispersal propensity depending on infection status. We find that patch size dis-
parities together with infection dependent dispersal result in local infection prevalence
that deviates from single patch expectations, whereby the nature of this deviation dif-
fers depending on transmission mode. This work systematically shows how parasite
transmission mode alters infection spread through spatially structured environments
and highlights that transmission modes can have distinct impacts on the evolution of

host-parasite dynamics with potential consequences for disease management.
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1 Introduction

Parasite transmission is an essential part of host-parasite dynamics, as parasites
balance the exploitation of the current host with transmission to the next to achieve
optimal lifetime fitness (Anderson and May 1982; Ewald 1983; Massad 1987). Similar
to virulence, transmission of a parasite is the result of combining multiple parasite
and host traits, such as the parasite’s ability to infect and establish in a new host and
the host’s immune defense (Antonovics et al. 2017). In general, transmission mode is
broadly categorized as either vertical, meaning the parasite transmits from parent to
offspring, or horizontal, where parasites transmit from one host to the next, indepen-
dent of relatedness. While some parasites predominantly use one transmission mode
(e.g., vertically transmitted endosymbionts in arthropods (Hurst and Frost 2015);
horizontal transmission of measles (Getahun et al. 2017) or rabies virus (Hankins
and Rosekrans 2004)), others spread through a mix of modes (see (Ebert 2013) for
a review), and for many, the full range of transmission pathways remain yet to be

identified (Antonovics 2017).

The overarching categories of transmission mode can be further subdivided to
specify the nature of parasite transmission in more detail (Antonovics et al. 2017).
For instance, vector-borne, airborne, or environmentally transmitted diseases all
transmit horizontally, but follow different dynamics when transmitting to a new host.
Horizontal transmission of pathogens that spread via vector species, like Malaria or
Dengue virus (Meibalan and Marti 2017; Cattarino et al. 2020), or parasites that
are passed through sexual contact between hosts, such as Chlamydia or Gonorrhea
(Da Ros and da Silva Schmitt 2008), are often modeled as frequency dependent. The
underlying assumption is that each infected individual makes a constant number of
potentially infectious contacts per unit time, for example, the number of sexual con-
tacts in a population or the biting rate of a mosquito. Then, the chance of becoming
infected primarily depends on the frequency of infected individuals in a population.
The spread of other horizontally transmitted parasites is better described by density-

dependent (mass-action) transmission. This applies whenever contact rates between
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individuals change with host density, as is the case in airborne diseases, when released
droplets or aerosols can infect more hosts the more host individuals are present

(McCallum et al. 2001; Begon et al. 2002; Thrall et al. 1993).

Transmission of a parasite is inherently linked with spatial structure, as host
populations tend to be distributed across different habitats and parasites need to
move directly or indirectly to encounter susceptible hosts. Incorporating space into
host-parasite dynamics yields key insights into epidemiology and parasite ecology
(Riley 2007; Guégan et al. 2005). For instance, metapopulation models have shown
that connectivity between patches shapes local oscillatory infection dynamics (Xia
et al. 2004). Similarly, specific levels of dispersal in a metapopulation can maintain
infections that would not persist in a single well-mixed population (Hagenaars et al.
2004) or limit infection to isolated subpopulations (Post et al. 1983). The most
tractable metapopulation framework is a two-patch model, in which dispersal con-
nects patches that may differ in size (as in mainland-island systems). Two-patch
models have been applied widely to examine how various ecological processes play out
in a spatially structured environment (Grumbach et al. 2023; Szildgyi and Meszéna
2009; Cressman and Kiivan 2013; Acevedo et al. 2015). Extending these two patch
models to randomly generated networks of multiple interconnected patches allows
for increased realism while maintaining interpretability of the core dynamics. For
instance, randomly generated networks have been used to estimate epidemiological
disease waves (Lang et al. 2018; Lloyd and Jansen 2004) and population persistence
in fragmented landscapes (Grilli et al. 2015). Such network models can provide a
baseline for understanding dynamics arising in metapopulation models that add more
biological complications, such as locally variable infection rates (Acevedo et al. 2015)

or stage specific extinction risks (Sutherland et al. 2014).

It is well established that transmission mode is a key determinant of parasite
spread and persistence within a single patch (Lipsitch et al. 1995, 1996). However,

existing spatially structured models typically focus on a single transmission mode
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inspired by a host—parasite pairing of interest (Lloyd and Sattenspiel 2009; Fulford
et al. 2002; Hickson et al. 2012; Gaff and Gross 2007; Zeng et al. 2023), which limits
general insights across systems. The few cases examining parasites with multiple
transmission modes, usually involving at most two, demonstrate that transmission
can strongly shape spatial patterns of infection (Shaw et al. 2019; Fulford et al. 2002;
Berngruber et al. 2015; Ryder et al. 2007).

Thus, a priori expectations of whether and to what extent different transmission

modes shape parasite spread across space remains unexplored.

Here, we adopt a systematic approach to examine how commonly consid-
ered parasite transmission modes — frequency-dependent horizontal transmission,
density-dependent horizontal transmission, vertical transmission, and corresponding
mixed-mode transmissions — interact with spatial structure to shape parasite spread
and prevalence. Extending classical SIS (susceptible-infected-susceptible) frameworks,
we develop spatially explicit UIU (uninfected—infected—uninfected) models. Here, we
adapt the terminology to account for the fact that, under exclusive vertical trans-
mission, uninfected individuals are per definition never ’susceptible’. To establish
baseline expectations for how transmission mode, host dispersal and spatial structure
influence infection spread, we analyze parasite dynamics across one-patch, two-patch,
and randomly generated network scenarios. This study aims to advance fundamental
understanding in spatial epidemiology and inform future theoretical and empirical
work on parasite invasion and disease dynamics, which also highlights the importance
of transmission mode for host-parasite dynamics and its potential for evolutionary

adaptation.

2 Material and methods

To investigate how transmission mode of a parasite influences infection dynamics in
space, we adapt several UIU models to compare a total of five different transmission

modes: (1) frequency-dependent horizontal transmission (FD), (2) density-dependent
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horizontal transmission (DD), (3) vertical transmission (V), (4) mixed-mode trans-
mission with frequency-dependent horizontal and vertical transmission (FD+V) and
(5) mixed-mode transmission with density-dependent horizontal and vertical trans-
mission (DD+V) (figure 1). In the following, we derive the infection dynamics for a
parasite using mixed-mode transmission, as this includes all components of the indi-
vidual transmission modes. The detailed derivations for each individual transmission
mode are provided in Supplementary Information S1. We first detail the dynamics

within a single isolated patch, before adding spatial structure to our model later.

2.1 Single patch dynamics

We assume a well-mixed, asexually reproducing population of uninfected and infected
individuals, denoted by U and I, respectively. Total population size N is calculated
as N = U + I. We can describe the infection dynamics in a population infected with

a parasite that can transmit both horizontally and vertically as

d
E:OtUU+OL](1*BU)I+[LI*97dUU79NU,

ar e
E ZOé]BvI—FQ—,U,I—d]I—QNI.

Here, « is the per capita growth rate and d the baseline mortality for uninfected and
infected individuals, as indicated by the subscript y and j, respectively. We assume
that both fertility and mortality can differ with infection state, as infected individuals
may experience higher mortality and reduced fertility compared to healthy con-
specifics. The population is subject to density-dependent mortality, where increased
crowding in the environment results in higher mortality. This effect is scaled by the
parameter #, modulating the strength of density-dependent mortality.

Individuals can inherit the parasite (vertical transmission) or get infected during
their life (horizontal transmission). Vertical transmission efficiency is denoted by £,
representing the proportion of offspring that inherit the parasite from an infected par-
ent. The remaining proportion 1 — (3, consists of offspring that did not inherit the

parasite due to vertical transmission failure and is instead added to the number of
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uninfected individuals in the population. Horizontal transmission is captured by infec-
tion rate ). In cases where horizontal transmission is frequency dependent, Q takes
the form of cﬁh%U , where c is the encounter rate between individuals. The prob-
ability of encountering an infected individual is given by the frequency of infected

individuals in the population, %, and upon contact, horizontal transmission of the
parasite occurs with horizontal transmission efficiency 8;,. When horizontal transmis-
sion is density-dependent, 2 takes the form of ¢8,IU. In this case, the transmission
of infection increases as population density grows (density-dependent or mass-action
infection). Thus, the rate of new infections is proportional to the number of infected
and uninfected individuals in the population IU and scaled by the contact rate and
transmission efficiency of the parasite ¢f;. Infected individuals can recover and lose
the infection at rate u. See figure 1 for a flow diagram corresponding to equations 1

and table 1 for a list of all symbols.

2.2 Dynamics with spatial structure

To determine how infection dynamics can differ in a spatially structured system, we
consider a set of distinct habitats — also referred to as patches — connected by the
dispersal of individuals between them. The dynamics of such a system are then the
combined result of local infection spread and dispersal between patches, which we

describe following Jansen and Lloyd 2000 with

(lATj :f(.’EJ)-FZS”MiEZ (2)

i=1

Here, z; denotes a vector containing the densities of the different types of individu-
als (U, I) within patch j, with f(x;) accounting for the local dynamics. Local dynamics
are defined depending on the transmission mode (see equations 1, S1, S4, S8, S11, S14).
The diagonal migration matrix M denotes dispersal propensity for the different types
of individuals, while the connections between the patches is described by the connec-
tivity matrix S. Hereby, we assume that infected and uninfected individuals can reach
the same habitats, but the proportion of individuals that disperse can differ depending

on infection state. Infected individuals, for example, may become more or less likely to
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move to a new patch compared to uninfected con-specifics (Bradley and Altizer 2005;
Debeffe et al. 2014; Brophy and Luong 2022). Thus, we define two different dispersal
propensities my and my, referring to uninfected and infected individuals, respectively.
Individuals cannot get infected or recover during dispersal, meaning that infection

status can only change within a patch.

2.2.1 Mainland-island model

First, we consider a case with two habitats of different sizes that are connected by
dispersing individuals. The size difference between the two habitats is determined
by the patch specific density-dependent mortality 6;, 6;. A larger density-dependent
mortality 6, corresponds to a smaller habitat, where individual mortality increases at
comparatively lower levels of crowding. Note that this form of population size regu-
lation does not impose a strict carrying capacity. See Supplementary Information S2
and equations therein for concrete examples of implementation of two-patch dynamics

for each transmission mode.

2.2.2 Randomly generated networks

We next extend our analysis by simulating the effects of different transmission modes
within more complex spatial structures by considering a network of multiple patches
generated by a random geometric graph. To generate the network, we assign a location
to each patch, by randomly picking x- and y- coordinates between 0 and 1 following
a uniform distribution. Patch connections are determined by the network connect-
edness parameter a, defining the maximum distances within which patches remain
connected. If the distance between patch i and j is smaller or equal to a, the two
habitats are connected, otherwise habitats are too distant from each other to allow

successful dispersal.
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Table 1 Symbols and meanings.

Symbol Meaning

U Number of uninfected individuals in the population
I Number of infected individuals in the population
N Total population size calculated by N = U + I
ay Per capita growth rate of uninfected individuals
ar Per capita growth rate of infected individuals

Br Horizontal transmission efficiency

B Vertical transmission efficiency

c Contact rate

du Baseline mortality of uninfected individuals

dr Baseline mortality of infected individuals

6 Strength of population density regulation

m Recovery rate from infection

Subscripts i, j

Subscripts ¢ and j refer to two different patches

T Vector containing the densities of the different types of individuals (U, I) in patch
J

M Migration matrix containing dispersal probabilities

my, mj Dispersal probability for uninfected and infected individuals, respectively

S Connectivity matrix describing spatial structure of the different patches

54,5 Element of the connectivity matrix describing the connection from patch i to j

a Network connectedness in a geometric network graph describing the maximum

distance at which two patches can be connected

3 Results

Quantitative comparisons between the different transmission modes are inherently
challenging, as each mode is characterized with somewhat distinct parameters. Fur-
ther, the effect of a parameter can scale differently within each mode. At low values
of ¢ < 0.1, for example, frequency-dependent transmission can fail to produce sus-
tained infection spread, whereas the same values may suffice when transmission is
density-dependent. To account for such disparities and avoid instant fixation of, for
example, density-dependent infection, we chose different ¢ values for the two horizon-

tal transmission modes in the results below. While this precludes direct quantitative
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comparison between the different transmission modes, we here focus on a qualitative
comparison with the aim to understand the interaction between infection dynamics of

parasites using different transmission modes across different spatial structures.

3.1 Single patch dynamics

Within a single patch, distinct infection dynamics arise from the different transmission
modes. The main difference between the two horizontal transmission modes is whether
transmission can be amplified by higher population density (density-dependence) or
higher infection frequency (frequency-dependence). A parasite that is transmitted
solely horizontally in a frequency dependent manner, would reduce its own transmis-
sion when conferring a fecundity benefit to infected hosts, because infected individuals
only produce uninfected offspring. With increased birth of uninfected offspring the
infection frequency in the population lowers, which results in less infection transmission
(following cﬁh%U ) (figure 2a). In contrast, higher host fecundity with a density-
dependent horizontally transmitting parasite can speed up transmission as individuals
accumulate faster in the patch. Regardless, the parasite will reach the same equilib-
rium frequency independent of host fecundity, as long as maximum patch population
size remains stable (figure 2b). While horizontally transmitted parasites can spread
even when infection imposes a fecundity costs on the host (e.g., oy < 1, when ay = 1),
provided that transmission efficiency (5;,) and contact rate (c) are sufficiently high —
vertically transmitted parasites require high transmission efficiency 3, and/or a fecun-
dity advantage in infected hosts (e.g., ay > 1, when ay = 1) to spread in a population
(figure 2¢).

These insights extend to mixed-mode transmission (figure 2d,e). When mixed-
mode includes frequency-dependent horizontal transmission (FD+V), the benefits
that increased fecundity in infected individuals brings to vertical transmission weigh
against the reduction in transmission for FD horizontal transmission, such that the
equilibrium infection prevalence varies depending on which transmission pathway
is used more (figure 2d). When transmission is density-dependent horizontal and

vertical (DD+V), a fecundity boost in infected hosts (ay > ay) generally increases

11
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the equilibrium infection frequency in a patch (figure 2e).

In the mixed-mode transmission cases, the proportion of new infections arising from
horizontal or vertical transmission changes with increasing infection prevalence in the
population (figure S8). When horizontal transmission is density dependent (DD+V),
the proportion of infections gained via horizontal transmission at low population size
is small and increases with population size. For frequency-dependent transmission,
the proportion of horizontally gained new infections remains stable regardless of pop-
ulation size increase. For both cases, the proportion of new infections acquired by
horizontal transmission eventually declines as the parasite becomes widespread in
the population and most infections are gained via the vertical transmission pathway

(figure S8).

3.2 Spatial structure

3.2.1 Mainland-island model

In the mainland-island scenario, infection prevalence converges on the same single-
patch equilibrium in both patches when the patches are of equal size, because the
number of individuals leaving a patch matches the number of individuals arriving
irrespective of the dispersal propensity (figure S9a-e). When the two patches differ
in size, the number of dispersers arriving no longer equals the number of dispersers
leaving. Differences in dispersal propensity between infected and uninfected individ-
uals can then alter the infection prevalence in both patches. Generally, the type of
individual (infected or uninfected) that disperses more tends to accumulate in higher
numbers in the smaller patch, shifting the local prevalence toward the more dispersive
type. In the larger patch, more of the dispersive individuals leave the patch than
enter from the smaller patch, which biases the composition there toward individuals
that are more likely to stay. For example, when infected individuals disperse more
readily than uninfected ones, infection prevalence tends to be higher in the smaller
patch, while the infection prevalence in the larger patch is comparatively reduced.

When dispersal rates do not vary with infection status, the system converges on the

12
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same infection prevalence in both patches (figure 3a,d; white diagonal line).

Deviations from this pattern occur under specific parameter combinations for
some of the transmission modes. In the case of density-dependent horizontal trans-
mission, higher population density of the larger patch leads to increased transmission
compared to the smaller patch. This amplified transmission rate in the larger patch
can partially offset net migration losses (individuals arriving<individuals leaving) of
infected individuals, so that under some parameter combinations, the larger patch
may still have a higher infection prevalence than the smaller patch, even when
infected individuals disperse more than uninfected ones (figure 3b,e; note the shift in
the white diagonal line compared to a and d). As the disparity in patch size increases,
this effect diminishes, because increasingly negative net migration continuously
reduces population density in the larger patch and thus lowers density-dependent

transmission (figure 3; shift of the white line from b to e).

In the case of vertical transmission, (infected) individuals arriving in a patch do
not impact transmission in the same way as they do under frequency- or density-
dependent horizontal transmission. Instead, absolute numbers of immigrants and
emigrants play a more direct role in determining infection prevalence, leading to
noticeably distinct dynamics when patch size difference increases (figure 3c,f). Impor-
tantly, even if individuals of a certain infection status are more likely to disperse, this
does not necessarily result in a higher number of dispersers in absolute terms. For
instance, if infected individuals have higher dispersal propensity, the larger patch will
contain fewer of them due to sustained negative net migration (i.e. the number of
infected individuals leaving exceeds the number arriving). In contrast, the dispersal
propensity of uninfected individuals is smaller, corresponding to a smaller net migra-
tional loss of uninfected individuals in the larger patch. As a result, the larger habitat
equilibrates at low infection prevalence. Then, even if the proportion of infected

dispersers is higher than the proportion of uninfected ones, the absolute number of
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infected dispersers arriving in a patch can fall below the absolute number of unin-
fected dispersers arriving, resulting in low infection prevalence in the smaller patch
(figure 4a-e). However, when uninfected individuals are very philopatric and barely
disperse so that the absolute number of uninfected dispersers remains lower than
that of infected dispersers, the smaller patch can reach high infection prevalence even
when the larger patch contains predominantly uninfected individuals (figure 3d-h).
The same reasoning can explain the patterns emerging when uninfected individuals

tend to disperse more than infected ones (figure 4d,e).

3.2.2 Randomly generated network

We extended our analysis to more complex spatial structures and compare how
the different transmission modes are impacted by three network types and varying
dispersal propensities for infected and uninfected individuals. All three investigated
network types have the same number of patches and maximum patch size, but differ-
ent patch size distributions: one where all patches are the same (maximum) size, one
with patches of two different sizes (maximum and ~55% of the maximum), and one
with ten different patch sizes where the size of the patches gradually decreases up
to ~40% of the maximum patch size (figure 5 bottom gray boxes). As network con-
nectedness a expands — and each patch becomes linked to a neighbor — the average
global infection prevalence in the network increases across all transmission modes
(figure 5, S10, S11). The structural heterogeneity between the replicates results in
variation in global infection prevalence at low to intermediate levels of connectedness,

when not all patches are connected to the network (figure 5, S10, S11).

At the selected parameter values, the influence of dispersal and network com-
position on parasites using frequency-dependent transmission is subtle compared
to density-dependent and vertical transmission (figure 5). The effects become more
discernible when examining the trends at an increased scale (figure 5a,b gray boxes).

Because transmission depends on infection frequency within a patch, the proportion

14



305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

of dispersers joining a patch that are infected or uninfected will, respectively, boost
or reduce transmission. Thus, higher infected dispersal can elevate global infection
prevalence, whereas increased dispersal of uninfected individuals reduces parasite
transmission across the network. This effect strengthens with greater patch size
differences in a network, as larger patches contribute more dispersers that dispro-
portionately shift infection frequencies in the smaller recipient patches. Accordingly,
dispersal impacts are strongest in the network with two patch sizes, because it has
the greatest average patch size difference among the three networks (figure 5a,b).

Network connectedness further modulates these dynamics: at intermediate levels of a
— all patches are part of the network, but not all patches are universally connected —
some patches are relatively isolated and experience net disperser loss, causing local
infection frequencies to shift toward the less dispersive types locally. This can coun-
teract the transmission boost or reduction caused by the more dispersive type in well

connected parts of the network.

Patch size is the main determinant of global infection prevalence for density-
dependent transmission. In the network with gradually decreasing patch sizes,
infection prevalence for density-dependent horizontally transmitted parasites is lower
compared to the networks composed of two different patch sizes, because the smaller
sized patches and therefore reduced local population density constrains transmission
and subsequently lowers prevalence. For the same reason, infection prevalence is
highest in the same-sized patch network: all patches are the largest size considered in
the networks and therefore average density of individuals per patch is the greatest

(figure 5 ¢,d).

Vertically transmitted parasites are most notably impacted by varying dispersal
propensity and patch size differences within a network, as increased dispersal of unin-
fected hosts amplifies global infection prevalence (figure 5f), while greater variation
in patch size combined with higher dispersal of infected hosts reduces the resulting

global infection prevalence (figure 5e).

15



336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

352

353

354

355

356

357

358

359

360

362

363

364

In the mixed-mode cases, the effects associated with each horizontal or vertical
transmission pathway interact and partially overlap (figure S10). Similar to how
transmission mode, network composition and dispersal propensity impact global
equilibrium frequencies, they also affect the speed with which parasites reach global

infection equilibrium (figure S12).

4 Discussion

Variations to transmission modes, although central to parasite dynamics, have been
less of a focal point in epidemiological studies than other parts of host-parasite
interactions, such as virulence. Along with recent work increasingly considering mul-
tiple and more complex transmission modes, our findings highlight that transmission
mode substantially alters parasite spread through space when coupled with varying
spatial structure and infection status dependent dispersal. Depending on horizontal
transmission mode the number of horizontal transmission events in a patch can
change with infection frequency or host density - both factors that are influenced
by dispersal propensity, while vertical transmission is naturally linked with the rate
of host reproduction. These features have consequences for infection dynamics in
space, for example, patch size variation will impact the global equilibrium frequency
of density-dependent horizontally transmitted parasites. Higher dispersal of infected
individuals slows the spread of parasites using vertical transmission, but will increase
transmission in well connected patches for parasites using frequency-dependent
horizontal transmission, while decreasing transmission in more isolated patches. Hor-
izontally transmitted parasites can compensate net migratory losses to some extend
by enhanced transmission when dispersal leads to locally increased population density
or infection frequency. In contrast, vertically transmitted parasites rely more strictly

on dispersal numbers to establish in new habitats.

Our findings for the single-patch infection dynamics are consistent with those of

(Lipsitch et al. 1995), who examined parasite dynamics when using density-dependent

16



365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

horizontal, vertical or mixed-mode transmission, in a well-mixed population. We add
to the previous results by incorporating frequency-dependent horizontal transmission
and adding spatial structure. Vertically transmitted parasites require sufficiently high
host fecundity and transmission efficiency to increase in frequency (Ewald 1987; Fine
1984; Lipsitch et al. 1995), making infected host reproduction a non-negligible factor
in the dynamics of vertical and mixed-mode transmission. While some parasites can
completely castrate hosts upon infection (Baudoin 1975; Lafferty and Kuris 2009)
many do not, and an increasing body of evidence suggests that boosting reproductive
effort as a response to infection can also act as a form of host tolerance to offset
the elevated mortality caused by parasite virulence (Roy and Kirchner 2000; Raberg
et al. 2007; Brenninger et al. 2025).

Host—parasite models often consider a horizontally transmitting parasite (Lloyd
and Sattenspiel 2009; Hickson et al. 2012; Best et al. 2017; Shaw et al. 2019), but many
pathogens can transmit through multiple modes or routes (Antonis et al. 2013; Ebert
2013; Pagén et al. 2014; Garcia-Ordoénez and Pagan 2024). Adding vertical transmis-
sion to a horizontal transmission mode (FD+V and DD+V) outperforms the models
of each individual transmission mode in terms of increasing infection prevalence and
reducing time until global equilibrium, even when parasitic infection comes with a
fecundity cost. When a parasite transmits through more than one mode, feedback can
arise between the different transmission modes and population composition. Within
a single patch, the relative contribution of the different transmission modes shifts as
infection prevalence increases: in both mixed-mode scenarios, the proportion of new
infections via horizontal transmission declines as susceptible hosts become scarce,
and vertical transmission increasingly contributes to new infections (Lipsitch et al.
1995, 1996). Similar dynamics have been reported for mixed-mode transmission in a
lattice-structured population model, where a virulent strain initially transmits pre-
dominantly through horizontal transmission, but as susceptible hosts become scarce,
the strain is mainly transmitted vertically (Berngruber et al. 2015). While we focused

on our analyses on combinations of different vertical and horizontal transmission
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modes, transmitting via more than one horizontal transmission mode, for example, via
sexual and airborne pathways, can also strongly affect parasite dynamics in spatially
structured populations. For instance, equipping a predominantly density-dependent
transmitting parasite with low levels of frequency-dependent transmission has been
shown to enhance infection persistence in spatially structured environments, while
adding minor density-dependent transmission to a frequency-dependent transmitting

parasite can increase the chances of parasite-driven extinction (Ryder et al. 2007).

Dispersal propensity and patch sizes are critical determinants of infection preva-
lence in spatially structured populations. Consistent with our findings, a two-patch
metapopulation model of horizontal tuberculosis transmission in possums shows that
differences in patch carrying capacity increase divergence from single-patch predic-
tions. Larger disparities also dampen infection oscillations, with the smaller patch
often exhibiting higher prevalence (Fulford et al. 2002). Empirical results often find
that larger patches or patches with high levels of dispersal towards them maintain
higher infection prevalence (Laine and Hanski 2006; van Dijk et al. 2022). Our results
illustrate the relative importance of infected and uninfected dispersal propensity to
shape these patterns and show conditions where the smaller patches can maintain
high infection prevalence. Moreover, the tendency for larger patches to contain higher
prevalence in natural populations also reflects a lower local extinction risk, which our

model does not account for.

We assume an additive benefit for parasites capable of more than one transmis-
sion mode in the presented findings. There are empirical examples matching this
assumption, for instance, high parasite pressure of the ectoparasite Ophryocystis elek-
troscirrha infecting the American Monarch butterfly (Danaus plexippus) enhances
transmission via both the horizontal and vertical pathway (De Roode et al. 2009).
Contrasting evidence suggests a tradeoff between horizontal and vertical transmission
modes in parasites capable of both (Messenger et al. 1999; Turner et al. 1998). In gen-

eral, transmission mode is variable and can evolve rapidly (Pagdn et al. 2014), or be
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influenced by a multitude of factors such as competition between different parasites
(Harbison et al. 2008; Jones et al. 2011), seasonal variation of host social structures
(Smith et al. 2009) or host genotype and environmental conditions (Zilio et al. 2018).
Here, our model usefully allows flexible relationships between transmission modes,
where tradeoffs are not explicitly imposed, but can be modeled implicitly, depending

on parameter settings.

Our findings underscore the importance of considering multiple transmission
modes when studying disease dynamics and provide a baseline qualitative expectation
for the effects of space and dispersal on parasites that utilize different transmission
modes. The current model prioritizes generality and is thus less characterized with
system-specific biological details, such as the precise transmission routes parasites
can employ and their relative importance in a specific natural population (Cottam
et al. 2008). Establishing which transmission modes are utilized in nature is essential,
as both horizontal and vertical transmission can distinctly shape infection prevalence
and eco-evolutionary feedback between host and parasites. At evolutionary scales,
host—parasite dynamics are also likely to be sensitive to differences in transmission
mode. In particular, since parasites can act as selective forces on host movement
patterns (Pérez-Tris and Bensch 2005; Altizer et al. 2011; Mo 1997; Boulinier et al.
2016; Shaw et al. 2019), different transmission modes may lead to the evolution of
distinct dispersal tendencies under otherwise comparable conditions. An outstanding
knowledge gap for future work is thus whether and to what extend different trans-

mission modes influence the the evolution of host movement patterns.

Disentangling effects of transmission mode on host spread provides a baseline for
interpreting more complex ecological and evolutionary scenarios and making more
informed predictions on the evolution of transmission mode. From an applied perspec-
tive, interventions that reduce transmission are often used to manage disease spread
and virulence, but their efficacy depends on comprehending the underlying evolution-

ary potential of transmission mode and its impact on infection dynamics in spatially
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structured networks. By clarifying how transmission strategy and spatial dynamics
interact, our work provides a conceptual foundation of the factors likely also shaping

more complex large scale models.
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Fig. 1 Overview of the different transmission modes (and combinations thereof) considered. Trans-
mission modes are broadly classified as horizontal (red box) or vertical (blue box). In the former,
diseases transmit between two distinct individuals that are not necessarily related, while the
later specifies that transmission occurs from parent to offspring. Some diseases use both modes
to infect new hosts, which is usually referred to as mixed-mode transmission (purple box). The
five distinct cases shown are: frequency-dependent horizontal transmission (FD), density-dependent
horizontal transmission (DD), vertical transmission (V), mixed-mode transmission (FD+V), with
frequency-dependent horizontal and vertical transmission and mixed-mode transmission (DD+V),
with density-dependent horizontal and vertical transmission. At the bottom is a flow diagram corre-
sponding to the presented model of mixed-mode transmission (equation 1). Meanings of the symbols
are listed in Table 1. Solid lines correspond to infection gain or loss, while dashed lines mark mortal-

ity and dotted lines show processes corresponding to reproduction.
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Fig. 2 Change in equilibrium frequency of infected individuals I with parasite transmission efficiency

Bh, Bv and different per capita birth rate for infected individuals a;; for the different transmission mode

scenarios: a) frequency-dependent horizontal transmission, b) density-dependent horizontal transmis-

sion, ¢) vertical transmission, d) mixed-mode transmission with frequency-dependent horizontal and

vertical transmission and e) mixed-mode transmission with density-dependent horizontal and vertical

transmission. Parameter values: oy = 1, p = 0.002, dyy = 0.001, df = 0.002, § = 0.001. The contact

rate ¢ was adjusted for the different cases of horizontal transmission. In a) and d) ¢ = 2, while in b)

and e) ¢ = 0.002. In the mixed-mode transmission scenarios scenarios vertical transmission efficiency

is set to t, = 0.9. Population is initialized with 7 =1 and U = 199 and run for 5 * 10 time steps.
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Fig. 3 Infection prevalence difference between two patches for varying dispersal rates, patch size
ratios and transmission modes. Heatmap color shows the difference in infection prevalence between
two patches (larger patch - smaller patch), where negative values indicate comparatively higher infec-
tion prevalence in the smaller patch, while positive values correspond to the larger patch containing
higher infection prevalence. The parasite can transmit via frequency-dependent horizontal (a,d),
density-dependent horizontal (b,e) or vertical transmission (c,f) modes. The difference in patch size
is determined by 6, with ratio of 1:4 (6;4rge = 0.001, 84p,q1 = 0.004) in the top row (a-c) and 1:8
(B1arge = 0.001, B4, = 0.008) in the bottom row (d-f). This 6 difference results in the smaller patch
containing ~60% (a-c) and ~45% (d-f) as many individuals as the larger patch, respectively. Small
deviations from these percentages occur across transmission modes, reflecting the different infection
dynamics arising in each case. Population is initialized with I = 1, U = 199 in the large patch and
I =0, U = 200 in the small patch and run for 2.5%103 time steps. Other parameters used: ayy = 1.04,
ar = 1.3, dy =0.001, df =0.002 B, = 0.9, By =0.9, crp =2, cpp = 0.0035 and p = 0.002.
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Fig. 4 Spread of a vertically transmitted parasite in two connected patches depending on dispersal
rate of infected and uninfected individuals. Heatmap colors indicate infection prevalence in the larger
Blarge = 0.001 (d) and smaller patch 65,41y = 0.004 (e). The top gray boxes (a,c) exemplify the
dynamics within each patch when uninfected and infected individuals disperse at rate my = 0.2
and my = 0.75, respectively. Due to the patch size difference, the smaller patch gains a net positive
number of migrants (a), while the larger patch suffers the proportional net migration loss. Dispersal
rates of my = 0.02 and my = 0.4 (bottom gray boxes; f,g), similarly produce a net positive migration
from the larger to the smaller patch. Here, infected individuals disperse at a sufficiently high rate
to outnumber the less dispersive uninfected migrants (h), resulting in a higher infection prevalence
in the smaller compared to the larger patch (d,e,f,g). Population is initialized with I = 1, U = 199
(large patch), I = 0, U = 200 (small patch) and run for 10% time steps. Other parameters: ayy = 1.04,
ar = 1.3, dy = 0.001, dy = 0.002, B, = 0.9 and p = 0.002.
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Fig. 5 Impact of network structure and dispersal on global infection prevalence for different trans-
mission modes. We generate networks of 20 patches with distinct patch size configurations. Examples
of such networks are shown (bottom gray boxes) for low levels of patch connectedness (left) to max-
imum connectedness a = 1 (right). The patch size ratios used to create the figures are 1:1 (where
every patch in the network is the same size, § = 0.001) (dots), 6 ratio 1:5 (6;4rger = 0.001 and
Osmalier = 0.005, where half of the patches contain ~55% of the individuals in the larger patches)
(triangles) or 1:10 (where patch sizes gradually decrease up to ~40% the size of the largest patches,
with two patches of each size, 6, = 0.001n for n = 1 : 10) (diamond). Small deviations from these
percentages occur across transmission modes, reflecting the different infection dynamics arising in
each case. For each network, we track the global infection prevalence after 10® time steps for dif-
ferent parasite transmission modes, while also varying connectedness a of the patches. Calculations
were repeated for five different randomly generated networks. We show the results for frequency-
dependent horizontal (a,b), density-dependent horizontal (c,d) and vertical transmission (e,f) with
dispersal propensities of m; = 0.75 and my = 0.25 (a,c,e) and my = 0.25 and my = 0.75 (b,d,f).
The gray boxes in a) and b) mark regions that are magnified in the insets to reveal patterns that
are not visible at the scale of the full plots. Results for the other transmission modes are recorded
in supplementary figure S10. The population is initialized with I = 1, U = 199, for one patch and
I =0, U =200 in all other patches. Other paran@®ers: ay = 1.04, oy = 1.3, diy = 0.001, d; = 0.002
Br =0.9, By =0.9, crp =2, cpp = 0.02 and p = 0.002.
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Supplementary Information

S1 Single patch dynamics

We first denote the UIU (uninfected-infected-uninfected) model for a well mixed pop-
ulation of asexually reproducing hosts. To compare infection dynamics resulting from
five distinct transmission modes, we develop five separate models, each corresponding
to a parasite using a different mode of transmission. We are not explicitly modeling
parasite dynamics, but define a population of N host individuals, that can be infected

I or uninfected U. Thus, N =U + I.

A Frequency dependent (FD) horizontal transmission B Density dependent (DD) horizontal transmission

0 reproduction 0y reproduction

1
P

infection

reproduction ¢

reproduction

Oy

)

1
Tecovery [ Tecovery |
[ [
:dl, mortality : dy mortality :d‘, mortality : d, mortality
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Fig. S1 Flow diagram corresponding to the UIU model for each considered transmission mode.
Meaning of symbols are listed in Table 1. Solid lines correspond to parasite gain or loss, while dashed

lines mark mortality and dotted lines show processes corresponding to reproduction.
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S1.1 Horizontal transmission

S1.1.1 Frequency-dependent horizontal transmission

In sexually transmitted or vector borne diseases, horizontal transmission is commonly
described as frequency-dependent (FD). The underlying assumption is that the par-
asite transmits at a constant rate per infected individual in the population, as is the
case with sexual contacts or bites from a vector species that occur at a stable rate
per infected individual. We denote the infection dynamics of a frequency-dependent

horizontally transmitted parasite in a single well mixed host environment as

d I
de :OZUU+C¥]I+,U,I70ﬂhNU7dUU79NU,
dtf 1 (S1)

Here, « is the per capita growth rate and d the baseline mortality for uninfected
and infected individuals, as indicated by the subscript y and j, respectively. We
assume that both fertility and mortality can differ with infection state, as infected
individuals may experience higher mortality and reduced fertility compared to healthy
con-specifics. The entire population is subject to the same density-dependent mortal-
ity, where increased crowding in the environment results in higher mortality. This effect
is scaled by the parameter #, modulating the strength of density-dependent mortality
in a population. Individuals encounter one another at contact rate ¢, and the proba-
bility of coming into contact with an infected individual is given by the frequency of
infected individuals in the population % Upon contact with an infected individual,
horizontal transmission of the parasite occurs with transmission efficiency Sy, resulting
in infection of a previously uninfected individual. Infected individuals can recover and
rejoin the uninfected state at recovery rate p. See figure Sla for a flow diagram cor-
responding to equations S1, and Table 1 for a list of all symbols. Using equations S1,

we can derive two different equilibrium states for the infection dynamics. In the first,
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infection does not spread and the population consists of uninfected individuals:

ay —dy

0
0 (S2)

I1=0.

In the second, infected individuals spread in the population and reach a stable

equilibrium with

U __ (ar=p)(=df —cBrar+di(cBr—ay+or—p)—oy ptorptdy (dr+u))
o (du—dr+cprn—av+ar)?0 (S3)
j _ (du —di+cBn—ay —p)(—d2—cBrar+di (cBr—ay+ar—p)—ayptarptdy (dr+p))

(o —drteBn—avtar?e
Note how no trivial equilibrium exists, because when I = 0 and U = 0, it results
that N = U + I =0 and then + = 2, which does not yield meaningful results. Thus,
the system is not defined at point (0,0). For an example of the resulting dynamics of

the system, see the corresponding phase portrait (figure S2).

_Frequency - dependet horizontal transmission
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Fig. S2 Phase portrait with stability markers (red circles) for equilibria. The filled circle corresponds
to the stable, the open circle to the unstable equilibrium calculated with parameters ayy = 1, ay = 1.3,

dy = 0.001, d; = 0.002, B, = 0.95, ¢ = 2, = 0.00003 and 6 = 0.001.
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S1.1.2 Density-dependent horizontal transmission

Compared to frequency-dependent transmission, density-dependent (DD) horizontal
transmission captures the dynamics of parasites whose infectiousness increases with
the density of individuals in an area. This is the case, for example, in diseases that are

airborne or waterborne. We define the infection dynamics for such a case in a single

patch as
dU
a =ayU + ajl + pul — cfplU — dyU — ONU,
dtl (S4)
i cfBplU — pl —d;I —ONI.

Transmission of infection rises as population density increases (density-dependent or
mass-action infection). Thus, the chance of a new infection is proportional to the
number of infected and uninfected individuals in the population IU and scaled by the
contact rate ¢ and transmission efficiency of the parasite 8. All other symbols and
dynamics are identical to the frequency-dependent case. See the complementary flow
diagram in figure S1b and Table 1 for a list of all symbols. For this system of equations,
we can derive four different equilibrium states. In addition to the trivial equilibrium

(U =0, 1= 0), there are three more equilibrium points:

U _ ay — dU,
f (55)
I=o,
- 1
U= W((—dU‘Fdl‘FaU—OZI)Q‘FC/Bh(dI"‘OéI"'Q,U) — A,
- 1
I= W(Czﬁ%(_dl +ag) + (dy —df — ay + ap)6? (S6)
— eBrf(dy — ay + 2(ar + ) — cBrA + aA),
and
- 1
U = W((_d(] +dr +ay — Oq)(g + Cﬁh(d[ +ar + 2/1) + A,
. 1
I= 202320 (Czﬁi(—dz +ar) + (dv — dr — ay + ar)6? (87)

— Bb(dy — av +2ar + ) + cAuA — 0A),
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with A = /~4c282(d; + p)(ar + 1) + (~du +d; + av — an)f + ¢ (dr + ar +2u))>

See figure S3 for a example of a corresponding phase portrait.
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Fig. S3 Phase portrait with stability markers (red circles) for equilibria. The filled circle corresponds
to the stable, the open circles to the unstable equilibrium calculated with parameters ay = 1,
ar = 1.3, dy = 0.001, d;y = 0.002, B, = 0.95, ¢ = 2, p = 0.00003 and 6 = 0.001. Note how the
trivial equilibrium point is closely spaced with another equilibrium point, making the circles visually

overlap and appear as a single circle.

S1.2 Vertical transmission

In this section, we consider the vertical transmission of a parasite in a host population.
Examples of parasites that can transmit vertically include Herpes simplex virus and
various endosymbionts inhabiting arthropods like Wolbachia. While the first example
does not transmit only through the vertical mode, Wolbachia predominantly relies on

vertical transmission. We define the infection dynamics with a parasite that exclusively
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transmits vertically as

au
dI

(S8)

Because transmission of the parasite is exclusively vertical in this model, we assume
that only infected individuals can birth infected individuals and thus, uninfected
individuals cannot acquire the infection throughout their life. Vertical transmission
efficiency is denoted by [, representing the proportion of offspring that inherit the
parasite from an infected parent. The remaining proportion 1— 3, consists of offspring
that did not inherit the parasite due to transmission failure and is instead added
to the number of uninfected individuals in the population. Infected individuals can
recover and lose the infection at rate u, equivalent to the assumption in the previously
described cases of horizontal transmission. All other dynamics are identical to the sce-
narios with horizontal transmission. See figure Slc for a flow diagram corresponding
to equations S8 and Table 1 for a list of all symbols. Equations S8 yield three equilib-
rium states. In addition to the a trivial equilibrium point, we can determine two more
equilibria of the population:

ay — dy

U 9
0 (S9)

I=0

and

U . ((—1 + ﬁv)al - M)(dl — Bvar + M)
(dU — d[ — oy + Oé[)9

(dy —d; — oy + Bear — p)(dr — Bear + 1)
(dy —dr — oy + ar)b .

)

(S10)
I
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Fig. S4 Phase portrait with stability markers (red circles) for equilibria. The filled circle corresponds
to the stable, the open circles to the unstable equilibrium calculated with parameters ay = 1,

ar = 1.3, dy = 0.001, df = 0.002, B, = 0.95, p = 0.00003 and 6 = 0.001.

S1.3 Mixed-mode transmission (horizontal and vertical)

S1.3.1 frequency-dependent horizontal and vertical transmission

(FD+V)

Some parasites are able to transmit via multiple modes, usually referred to as mixed-
mode transmission. We consider parasites with mixed-mode transmission that utilize
both a horizontal and a vertical pathway. We first denote the infection dynamics for

a parasite that combines frequency-dependent horizontal and vertical transmission as

I
(Z—U =ayU + a1 — B,)I +pul —dyU — ONU — cﬁhNU,
dtl , (S11)
% :Oqﬁvf—l-CBhNU—,uI—d[]—QNI

Here, parasites can transmit both horizontally and vertically, though transmission effi-

ciency may vary by mode. It is possible that horizontal and vertical transmission are
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equally efficient (8, = 8,), or that transmission efficiency is higher via one mode com-
pared to the other 85 < B, or B, > B,. Individuals can inherit the parasite (vertical)
or get infected during their life (horizontal). All other dynamics mirror the previous
equations considering parasites with a single transmission mode. See figure S1d for a
flow diagram corresponding to equations S11, Table 1 for a list of all symbols. Similar
to the scenario with only frequency-dependent horizontal transmission, in this mixed-
mode transmission case, there is no trivial equilibrium, because the system cannot be

defined when % = %. The equilibrium points of the system are

U_ _ ay — dU,
0 (S12)
I=0
and
o . (B — Das = p)C)
= v — L))oy — )
(dy —di + c¢Br — ay + ag)?6 e (S13)
N 1
I=- (du —dr +cBy — ay + Boar —p) C

(dU —d; + By — ay + Oq)29

with € = (=d? — a;(cBy — Boav + Boar) + di(cBr — ay + ag + Byay — p) + (af — ap)p + dy(dr — Bear + ).

See figure S5 for a corresponding phase portrait.
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Fig. S5 Phase portrait with stability markers (red circles) for equilibria. The filled circle corresponds
to the stable, the open circles to the unstable equilibrium calculated with parameters ay = 1,

ar = 1.3, dy = 0.001, df = 0.002, B, = 0.95,8, = 0.95, ¢ = 2, x = 0.00003 and 6 = 0.001.

S1.3.2 Density-dependent horizontal and vertical transmission

(DD+V)

Next, we define the infection dynamics for a parasite that uses a combination of

density-dependent horizontal and vertical transmission as

d

de = OéUU+Oé[(1 7ﬂy)1+/IJ*dUU —ONU — ¢fB,1U,

g (S14)
P = a8yl + cBpIU — ul —d;I —6NI.

All symbols (Table 1) and assumptions follow the previous cases. See figure Sle for
a flow diagram corresponding to equations S14. We derive four equilibrium points
(figure S6) for this system of equations. One is trivial, the others are:

ay — dU

0 (S15)
0,

U

I
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1

U= 2257 (chBh + cBrhar — 2¢fpPrar —dyf + drf + oyl — o0 + 2cBhp — B),
h
. 1
I= 2627529( — 2drBE 4 ABEar — cdyBrf + cBraud — 2cBrard + 2¢61Byarf
h
L dy6? — dg0? — ap? + ar0® — 2Br0u — BB + 93).
(S16)
736 and
. 1
U=5am (cdiBu+ crar — 2e8uBuas — Ayt +dib + avb — arf + 2B + B),
h
) 1
I =552 ( — Czdlﬁ}% + 025;%061 — cdy Bn0 + cBrayt — 2cfparl + 2¢By B, a0
2266
L dy6? — dg0? — ap® + ar0® — 2eB,0u + BB — 0B)
(S17)
77 with B = \/462/5%((—1 + Bo)ar — p)(dr — Buar + p) + (=dy + di + ay — ar)f + cBu(dr + ar — 28,01 + 2u))°
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Fig. S6 Phase portrait with stability markers (red circles) for equilibria. The filled circle corresponds
to the stable, the open circles to the unstable equilibrium calculated with parameters ay = 1,
ar = 1.3, dy = 0.001, d; = 0.002, B, = 0.95, By = 0.95, ¢ = 2, p = 0.00003 and 6§ = 0.001. Note
how the trivial equilibrium point is closely spaced with another equilibrium point, making the circles

visually overlap and appear as a single circle.

S2 Mainland-island models

As an example, consider 2 patches i and j, where dispersal from i to j is just as likely
as dispersal from j to i, meaning that the habitats are equally well connected. This

symmetrical connectedness is captured by the connection matrix S below.

S = (S18)

The elements of the matrix, s;;, describes the proportion of dispersers from
patch 4 that relocate to patch j. For the connection matrix above (equation S18)
S12 = S2,1 = 1, meaning that all dispersing individuals of patch 1 move to patch
2 and vice versa. The diagonal elements in matrix S captures the corresponding

emigration of dispersers from each patch with s;; = —1, ¢ = 1,2, indicating that all
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dispersers from i successfully leave patch 1.

In our model we consider that infection state can influence dispersal propensity.
Infected individuals, for example, may become more or less likely to move to a new
patch compared to uninfected con-specifics (Bradley and Altizer 2005; Debeffe et al.
2014; Brophy and Luong 2022). To account for this, we define two different dispersal
propensities my and my, referring to uninfected and infected individuals, respectively.
Matrix M tracks the dispersal probability of different types of individuals:

my 0

M = (S19)
0 mry

Here, m1 2 = 0 and ma 1 = 0 (equation S19) further implies that individuals cannot
get infected or recover during dispersal, which corresponds to our model assumption

that infection status can only change within the dynamics of a patch.

To evaluate the possibility that two habitats are of different sizes, we assign patch
specific density-dependent mortality 6;, ;. A larger density-dependent mortality 0,
corresponds to a smaller habitat, where individual mortality increases at compara-
tively lower levels of crowding. Note that this form of population size regulation does
not impose a strict carrying capacity. Instead, the penalty for crowding increases
with larger population size §N. Here we explicitly note down the equations for the

two-patch dynamics between patch ¢ and j.
In the following, we denote the equations for each transmission mode (equations S1,

S4, S8, S11 and S14) and expand them to a two-patch system, where two habitats are

connected by dispersing individuals (as described above).
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S2.1 Frequency-dependent horizontal transmission and in a

two-patch system

In the FD horizontal transmission scenario, in a world with two equally well connected

patches j and ¢ equation 1 boils down to:

du; I
d7tj = OéUUj +0qu —l—,ulj - HijUj - CﬁhﬁUj — dUUj —|—mU(Ui — Uj),
J
dl; I;
ditj = CﬂhﬁUj — GijIj — /Jlj — d[]j —l—mI(IZ- — Ij),
dU J I (S20)
dtl =ayU; + arl; + /JL —0; N;U; — CﬂhﬁUi —dyU; + mU(Uj — U1)7
dl; I;
dftz = Cﬁhﬁ:Ui —O;N;I; — pl; — drI; +my (I — ).

S2.2 Density-dependent horizontal transmission and in a
two-patch system
Now we repeat these considerations for density-dependent horizontal transmission.

However, we now note down the dynamics for only one patch in the two-patch system,

as the equations are equivalent for the second patch, except for swapped indices ¢ for j:

dU; U: + U, —U
dtJ = ayUj + arlj + ply = 0;N;U; = ¢pplUs — duUs + my (U = Uj),
(S21)
dl;
7dtj = cBp1;S; — O;N;I; — pl; — dI; + mr(L; — I;).

This describes the change in frequency of infected and susceptible individuals in

patches ¢ and j.

S2.3 Vertical transmission and in a two-patch system

We can derive the dynamics when the parasite is transmitted exclusively vertically

(written down as an example in just one patch, dynamics in the second patch are
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equivalent but with swapped i and j):

dU;

ditj = OéUUj + Oq(l — ﬁv)lj + qu — HijUj — dUUj + mU(Ui — Uj),

dl. (S22>
7; = a[ﬂvlj — HijIj — ,ulj — d][j +m[(li — Ij),

S2.4 Mixed-mode transmission (FD+V) and in a two-patch

system

For mixed-mode (FD+V) transmission of the parasite, the equations to describe the

dynamics in the different patches are:

dU; I;
7; = OLUU]‘ =+ Ol[(l — /Bv)Ij =+ IU,I]' — HijUj — CﬂhﬁUj — dUUj + mU(Ui — Uj),
J
d[j Ij
E = Oé]ﬁvfj + CﬁhFUj — GijIj — Mlj — d]]j + m](Ii — Ij).
J

(S23)

The dynamics in the second patch are equivalent but with swapped ¢ and j.

S2.5 Mixed-mode transmission and in a two-patch system

Lastly, in the case of mixed-mode transmission with density-dependent horizontal and

vertical transmission the two patch dynamics can be denoted as:

dU;

ditj = OZUU]' + OL[(l — Bv)[j + ,LLIJ — ngjUj — Cﬂh[jUj — dUUj —|—mU(U,- — Uj)7
dI;

7; = afﬁvlj +CﬁhIJUJ — HJNJIJ — /J,IJ — dIIj —&—m;([i — I])

(S24)

Again, the dynamics in the second patch are equivalent but with swapped i and j.
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a) Frequency-dependent horizontal (FD)  b) Density—dependent horizontal (DD) c) Vertical (V)
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Fig. S7 Change in equilibrium frequency of infected individuals I with parasite transmission effi-
ciency 8 and different per capita birth rate for infected individuals aj for the different transmission
mode scenarios: a) frequency-dependent horizontal transmission, b) density-dependent horizontal
transmission, ¢) vertical transmission, d) mixed-mode transmission with frequency-dependent hori-
zontal and vertical transmission and e) mixed-mode transmission with density-dependent horizontal
and vertical transmission. Parameter values: ay = 1, p = 0.002, dy = 0.001, d;y = 0.002, 8 = 0.001.
The contact rate ¢ was adjusted for the different cases of horizontal transmission. In a) and d) ¢ = 2,
while in b) and e) ¢ = 0.002. In the mixed-mode transmission scenarios scenarios vertical transmis-

sion efficiency is set to ¢, = 0.5. Population is initialized with I =1 and U = 199.
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Fig. S8 Proportion of infections facilitated by horizontal transmission (dashed line) in the two
mixed-mode scenarios compared to the change the proportion of uninfected (blue line) and infected
(orange line) individuals in the population over time. Population is initialized with I = 1 and U = 199
and run for 50 time steps. Parameter values: ay = 1.04, oy = 1.04, p = 0.0001, dy = 0.001,
d; =0.002, 8, =0.99, 8, = 0.99 and 6 = 0.001, in A) ¢ = 0.5 and in B) ¢ = 0.0005.

48



a) Horizontal (FD) b) Horizontal (DD) c) Vertical (V) d) Mixed-mode (FD+V) e) Mixed-mode (DD+V)
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Fig. S9 Infection prevalence difference between two patches for varying dispersal rates, patch size
ratios and transmission modes. Heatmap color shows the difference in infection prevalence between
two patches (larger patch - smaller patch), where negative values indicate comparatively higher
infection prevalence in the smaller patch, while positive values correspond to the larger patch con-
taining higher infection prevalence. The parasite can transmit via frequency-dependent horizontal
(a,fk,p), density-dependent horizontal (b,g,l,q), vertical transmission (c,h,m,r), mixed-mode trans-
mission including frequency-dependent horizontal and vertical transmission (d,i,n,s) or mixed-mode
transmission including density-dependent horizontal and vertical transmission (e,j,o,t). In the top row
(a~e) patches are the same size, resulting in no difference in infection prevalence, except in the cases,
where infected individuals do not disperse m; = 0 and the infection only spreads inside one patch.
The difference in size increases with each descending row, with patch 6 ratio 1:2 (6;4rge = 0.001,
Osmair = 0.002), 1:4 (01qrge = 0.001, Ogpqy = 0.004) and 1:8 (014rge = 0.001, 85101 = 0.008). This
difference in 6 results in the smaller patch containing 75%, 60% and 45% as many individuals as the
larger patch, respectively. Small deviations from these percentages occur across transmission modes,
reflecting the different infection dynamics arising in each case, as, for example, a larger number of
infected individuals will lead to higher mortality in a patch. Population is initialized with I = 1 and
U = 199 in the large patch and I = 0, U = 200 in the small patch. Dynamics are run for 2.5 * 103
time steps. Other parameters used: ay = 1.04, ay = 1.3, dy = 0.001, d; = 0.002 8, = 0.9, B, = 0.9,
crp =2, cpp = 0.0035 and p = 0.002.
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Fig. S10 Impact of network structure and dispersal propensity on global infection prevalence in
randomly generated networks. We generate networks of 20 patches, where patch size ratios were either
all the same 1:1 with 6 = 0.001 (circles), € ratio 1:5 (f1qrger = 0.001 and b,ynq11er = 0.005, where
half of the patches contain ~55% of the individuals in the larger patches) (triangles) or 1:10 (where
patch sizes gradually decrease up to ~40% the size of the largest patches, with two patches of each
size, 0, = 0.001n for n = 1 : 10) (diamond). Small deviations from these percentages occur across
transmission modes, reflecting the different infection dynamics arising in each case. For each network,
we track the global infection prevalence after 103 time steps for all parasite transmission modes,
while varying connectedness a of the patches: FD (a-c), DD (d-f), V (g-i), FD+V (j-1), DD+V (m-
0). Calculations were repeated for five different randomly generated networks and for three different
combinations of dispersal propensities: (left column) my = 0.25 and m; = 75; (middle column)
my = 0.5 and mj = 0.5; (right column) my = 0.75 and m; = 25. Each gray box shows a magnified
view of the regions indicated by the corresponding smaller gray box. All transmission modes are
applied to each network. Population is initialized with Iy = 1, U; = 199, for one patch and I, = 0,
Un = 200 in all other patches. Other parameterygay = 1.04, ay = 1.3, dy = 0.001, d; = 0.002,
Br=0.9, 8, =09, crp =2, cpp = 0.02, p = 0.002.
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Fig. S11 Impact of network structure and dispersal propensity on global infection prevalence in
randomly generated networks. We generate networks of 20 patches, where patch size ratios were either
all the same 1:1 with # = 0.001 (circles), 6 ratio 1:5 (6igrger = 0.001 and Osmaiier = 0.005, where
half of the patches contain ~55% of the individuals in the larger patches) (triangles) or 1:10 (where
patch sizes gradually decrease up to ~40% the size of the largest patches, with two patches of each
size, 0, = 0.001n for n = 1 : 10) (diamond). Small deviations from these percentages occur across
transmission modes, reflecting the different infection dynamics arising in each case. For each network,
we track the global infection prevalence after 103 time steps for all parasite transmission modes,
while varying connectedness a of the patches: FD (a-c), DD (d-f), V (g-i), FD+V (j-1), DD+V (m-
0). Calculations were repeated for five different randomly generated networks and for three different
combinations of dispersal propensities: (left column) my = 0.25 and m; = 75; (middle column)
my = my = 0.5; (right column) my = 0.75 and By = 25. All transmission modes are applied to each
network. Population is initialized with I; = 1, U; = 199, for one patch and I,, = 0, U, = 200 in all
other patches. Other parameters: ayy = 1.04, ay = 0.98, dy = 0.001, d;y = 0.002, 8;, = 0.9, B, = 0.9,
crp =2, cpp = 0.02, p = 0.002.
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Fig. S12 Impact of transmission mode on time until equilibrium in randomly generated networks.
We generate networks of 20 patches, where patch size ratios were either all the same 1:1 with 8 = 0.001,
6 ratio 1:5 (O1arger = 0.001 and Ogpqaiier = 0.005, where half of the patches contain ~55% of the
individuals in the larger patches) (triangles) or 1:10 (where patch sizes gradually decrease up to
~40% the size of the largest patches, with two patches of each size, 6,, = 0.001n for n = 1 : 10)
(diamond). Small deviations from these percentages occur across transmission modes, reflecting the
different infection dynamics arising in each case. For each network, we track the global infection
prevalence after 103 time steps for all parasite transmission modes, while varying connectedness a of
the patches. We record the time to equilibrium frequency, defined as the time point at which changes
in global infection frequency fall below a threshold of 10~17. Calculations were repeated for five
different randomly generated networks and for tf® different combination of dispersal propensities:
(a,c,e,g,i) my = 75 and my = 0.25; (b,d,f,h,j) m; = 25 and my = 0.75. All transmission modes are
run with to each network. Other parameters: ayy = 1.04, ay = 1.3, dy = 0.001, dy = 0.002 8, = 0.9,
By = 0.9, cpp = 2, cpp = 0.02, p = 0.002. Population is initialized with I; = 1, Uy = 199, for one
patch and I,, = 0, U, = 200 in all other patches.
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