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A B S T R A C T   

Competition of different viruses in a common strain usually results in one variant dominating over all others and 
eventually suppressing them, following the Principle of Competitive Exclusion. Viruses host in larger animals and 
they spread to others via the interactions between the hosts. In the present communication, we focus on the role 
played by the interacting hosts in determining the evolutionary path of a strain. Simple mathematical models are 
considered to model the evolution of the strain as well as to model the spread of the disease. We observe that the 
structure of the interactions between hosts influences the evolutionary mechanism as well as the spread of the 
disease.   

1. Introduction 

The spread of a contagious disease is a complicated phenomenon that 
has been extensively studied in the recent times [1–3]. Many mathe
matical models have been tested considering complicated scenarios and 
their validity has been demonstrated in practical situations [4–6]. The 
problem becomes more complex if we take into account the different 
microorganisms that actually are contained in the strain and are 
competing for the same resources (the host). This is especially relevant 
when long term processes are considered. 

The competitive exclusion principle [7] says that two or more species 
cannot coexist if they compete for identical resources. The different vi
ruses contained in a strain that has infected a host are also competing for 
the same resources. As a general principle, one can consider that, if the 
host lives long enough, the viruses within that particular strain will 
endure this competition process resulting in the survival of the more 
suited virus and the extinction of all others in the strain. 

In real life, the spread of a disease is much more complicated than it 
is described in this scenario as the potential hosts interact between 
themselves favoring the spread of the disease and their natural defenses 
fight the disease killing all microorganisms in the strain. Thus, we can 
identify at least three mechanisms simultaneously acting, the spread of a 
given virus strain, the competition between the different viruses in the 
strain and the interactions between the potential hosts. Although there 

are extensive literature modelling the spread of diseases [8–10] and 
some models also describe the competition of similar species [11,12]. 
The role played by the interactions between the potential hosts has not 
been fully analyzed [13]. 

The present manuscript focuses on the role played by the potential 
hosts interactions on the evolution of the disease and its spread. Com
plex networks can be used to describe the interactions between hosts and 
are susceptible to play a key role in viral evolution. We study the 
possible scenarios that appear when the network topology is modified. 
Historically and considering humans as the potential hosts, the inter
action networks have changed dramatically [14,15]. Centuries ago, in
dividuals were connected only to others nearby, but today we are 
connected to people from all over the planet following a completely 
different connections network. Different scenarios can be modelled 
using different topologies of the complex networks. There are differ
ences between overcrowded cities and remote villages. The connection 
networks changed dramatically during the last decades and, conse
quently, the viral transmission is also expected to behave differently. 

The paper is organized as follows. In the methods section we present 
the different models describing the virus competition within a host on 
the one hand and, in the other, the model describing the spread of the 
disease among the potential hosts. This section also contains informa
tion of the different networks describing the interaction between po
tential hosts. The numerical solution of the problem is presented in the 
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results. The final section is the discussion and conclusions. 

2. Methods 

2.1. Virus competition model 

We considered a strain of viruses and phenotypically characterized 
them, i.e., we use the exhibited features characterizing each of them 
rather than their genome. We identify the following parameters that 
determine each virus in the strain; r is its reproduction rate, k is the 
competitive rate (its meaning will be clearer once the competition model 
is introduced below), pinf measures the probability to infect an indi
vidual, tsick is the infection latency time and treinf is the minimum time to 
have a reinfection. This set of five parameters will be specific for each 
virus in the strain. 

The next step is to consider how the competition process develops. 
The simplest scheme is based on the Lotka-Volterra equations [16]. Let 
us call n the number of different viruses contained in a given strain, each 
characterized by a particular set of the five parameters that we already 
introduced. The total amount of each virus can be described by the 
following equation [17] 

dVi(t)
dt

= ri

(

1 −
∑n

j=1Vj(t)
ki

)

Vi(t) (1)  

where Vi(t) is the density of the i-th virus at time t, with i = 1,…,n. Note 
that the subindex i refers to the i-th virus in the strain. The physical 
meaning of the parameters k and r becomes apparent in the context of 
the Lotka-Volterra equation. ri is the reproductive rate of the i-th virus 
and ki measures the competitions of the i-th virus with the others. The 
parameter ki also describes the carrying capacity [18] of the host. In 
biology, more specifically in virology, the carrying capacity is the 
maximum viral population that the host can support in a certain instant 
of time. This model, without any further modification, can be easily 
integrated and the results are shown in the Supplementary Material. 

2.2. Networks describing the interactions between potential hosts 

The purpose of this manuscript is to evaluate the effect of the in
teractions between the potential hosts on the evolution of the virus 
competition and the disease spread. These interactions constitute a 
network whose nodes are the individuals (potential hosts) and the links 
represent the relationship between two individuals that may, eventu
ally, result in contagion. Mathematically this is given by the adjacency 
matrix 

Ai,j =

{
1 if nodes i, j are connected (individual i interacts with j)
0 if nodes i, j are not connected (individual i does not interact with j)

(2) 

Note that the adjacency matrix is symmetric by construction due to 
the symmetry of our problem. Different network structures are consid
ered along this manuscript trying to mimic different experimental con
ditions. In particular, three topologies for the adjacency matrix are 
considered; random networks, small world (Watts-Strogatz) and scale 
free (Barabasi-Albert) [19–21]. Each topology describes different ways 
to interact the hosts. In a random network all individuals have the same 
connectivity, i.e. all are connected with the same number of other nodes 
that are chosen randomly among all the possible nodes. In a Watts- 
Strogatz network each node is connected with its closest neighbors 
plus some distant nodes that are chosen randomly with a given proba
bility (p). Depending on this probability, the network becomes diffusive 
for p = 0 (there are only interactions with the closest neighbors as it was 
the case during pandemics in ancient times). Increasing p makes more 
probable interactions with distant individuals corresponding with a 
historical moment when communications become significant. p = 1 
corresponds with a random network again with a very high connectivity. 

A scale-free network describes a highly industrial society where some 
individual display a very large connectivity while the majority present a 
moderate connectivity. The details of these networks are in the Sup
plementary Material. 

For the simulations presented in this manuscript, we considered 
networks with 1000 nodes (potential hosts). With an average connec
tivity that depends on the particular type of network and situation 
analyzed. 

2.3. Epidemiological model 

The epidemiological model considered is based on the classic SIR 
model [21–29] and considers three different states for the population: 
susceptible (S), infected (I) and recovered individuals (R) with the 
transitions as sketched in Fig. 1a. Note that we consider that after some 
time the recovered may become susceptible again. This model has been 
extensively analyzed in the previous literature [30–32]. β describes the 
probability of infection, γ is the probability to recover and δ is the 
reinfection rate. Note that as we are considering a network of potential 
hosts, a non-infected node can only be infected if it is connected with an 
infected one (i.e., the adjacency matrix element for nodes i and j, Aij 

equals one). 
This model becomes more complex in our case as the infections are 

given by a strain of multiple viruses that are competing among them
selves following eq. (1). Each virus has a different probability of infec
tion, recovery and reinfection that are determined by the set of 
properties describing each virus as introduced in the next subsection. We 
assume that the probability to infect is the larger of the strain and the 
characteristic times to recover and reinfect are also the larger. We also 
assume that when a node is infected, the whole strain as it was in the 
original host is transferred to the newly infected host. 

2.4. Full model 

All the components described above are integrated in a single model 
presented in the scheme in Fig. 1b. The epidemic model describes the 
dynamics of the disease, the host mobility network (given by the adja
cency matrix) accounts for the interactions between potential hosts that 
may result in contagious and spread of the disease. The final element is 
the virus competition model that considers that a full strain of viruses 
with different phenotypes is present in each infected host. Now, not only 
the disease is evolving with time but also the nature of the strain causing 
the epidemic wave. 

The network is initialized setting an initial number of nodes as 
infected while the rest are in the susceptible state and then, the simu
lation starts. At each time step, the chance that each infected individual 
spreads the disease to each of its susceptible connections is evaluated by 
means of a Monte Carlo method [33]. Then, the probability for each 
infected individual to recover is evaluated at the end of the time step in 
the same manner. After each time step, the virus competition model, Eq. 
(1), is numerically integrated using an explicit 4th order Runge-Kutta 
method. This process is repeated until the pool of infected individuals 
has decreased to zero or the virus strain has evolved into a single-virus 
strain. 

The parameters controlling our model are the five parameters that 
describe phenotypically the initial set of viruses (ri,ki,pinfi ,tsicki and treinfi ). 
Two variables are recorded for each numerical simulation, the mean 
reinfection period that will be denoted by Twave and the time to reach 
dominance of a single virus denoted by tfin. Note that each virus in the 
strain has different values of the characteristic parameters. We consider 
a strain that initially is composed by n = 500 different viruses. The 
actual values for these parameters are randomly taken from a uniform 
distribution following, 
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ri = rmin + αi(rmax − rmin)

ki = kmin + βi(kmax − kmin)

pinfi
= pinfmin + γi

(
pinfmax − pinfmin

)

tsicki = tsickmin + δi(tsickmax − tsickmin )

treinfi = treinfmin + λi
(
treinfmax − treinfmin

)

(3)  

with i = 1,…, n and αi,βi,γi,δi and λi are random numbers from a uniform 
distribution in the interval [0, 1). The maximum and minimum values for 
each parameter are in Table 1. These values were chosen, after multiple 
tries, in order to guarantee the existence of successive epidemic waves 

that allowed long time observation of the virus strain. 
Note that stochasticity is always present in the values of the pa

rameters and the election of the first infected cases, thus, each simula
tion was run a hundred times in order to gain statistical significance. 

3. Results 

We performed extensive simulations following the protocol 
described in the previous section. A typical simulation is presented in 
Fig. 2 for very long computational times (around 80 h) and considering 
that the interaction between the potential hosts (nodes in the network) 
follows a Watts-Strogatz configuration. Note that the results clearly 
correspond with typical SIR curves. Fig. 2a, b and c presents, at different 
times, the distribution of the five hundred viral strains that compete for 
survival. Note that soon after the beginning of the experiment, the dis
tribution changes dramatically, most of the viruses disappear and only a 
few remain to compete. At the end of the simulation (Fig. 2c), only one 
of the viruses survived. Fig. 2d shows the evolution of the three different 
populations (variables S, I and R). As the model allows for reinfection 

Fig. 1. Model schemes. (a) Scheme of the SIR model with reinfection. (b) Scheme integrating all the parts of the model including virus competition and SIR-like 
propagation in a complex network of potential hosts. 

Table 1 
Range of values of the model parameters.   

r k pinf tsick treinf 

min  0.1  0.5  0.001  10  400 
max  8  10  0.009  20  500  
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after some refractory period, an endless succession of epidemic waves 
goes through the system. Fig. 2e shows a zoom of these same results 
where four of these epidemic waves are clearly seen. 

As introduced in the Methods section, three different networks are 
considered corresponding with completely different ways of interacting 
potential hosts. Examples with the three different networks are plotted 
in Fig. 3. Each line in Fig. 3 corresponds with a typical example of a 
simulation with each one of the three networks considered. The first 
column presents the evolution of the SIR model variables for a short 
period presenting only a couple of epidemic waves. The pictures to the 
right of each line present the spatial distribution of the SIR variables 
states for times corresponding with maxima and minima of the I-vari
able. As the epidemic model considers reinfection as a possibility for the 
recovered nodes, all networks exhibit consecutive waves that do not 
cease during the simulated intervals. Note that random and Barabasi- 
Albert networks do not present a spatial structure, while the Watts- 
Strogatz network shows some waves moving through the topology 
(see Supplementary Information for details). This is related to the fact 
that this last network is the only one that represents a physical situation 
where space dimension is relevant. (Animations of these examples are 
included in the SI.) Note that for the Watts-Strogatz network case, the 
epidemic wave is more intense than in the previous cases. 

All simulations present a dynamic equivalent to the one presented in 

Fig. 2. For each simulation and each network, the average period be
tween epidemic waves, Twave, and the time needed to reach dominance 
of a single virus from the strain, tfin, were recorded and the results are 
summarized in Table 2 and Table 3 and in Fig. 4. For each simulation 
and each type of network, the parameters describing the final virus that 
survived competition among all others in the strain were recorded. 
Table 2 presents the values of these parameters averaged over 250 
simulations. Note that in all simulations and independently of the type of 
interaction between potential hosts, the surviving virus is always the 
same (within some dispersion). The viruses with larger value of k are 
more prone to dominate the strain while r does not seem to be of rele
vance in order to achieve dominance. Table 3 presents the values of the 
two variables that are recorded for each simulation. These values are 
also plotted in Fig. 4. Fig. 4a and b present the histograms with all the 
values recorded, while Fig. 4c and d plot the values for each type of 
network of interactions. Note that Twave (or period of time between 
consecutive epidemic waves) is clearly controlled by the type of inter
action between the potential hosts. The other parameter recorded, tfin (or 
time to reach dominance of a single virus within the strain), also pre
sents a dependence on the type of interaction between potential hosts 
although the dispersion of the values is more important in this case (see 
Table 3). 

Fig. 2. Results of the SIR model combined with the virus competition model and a network topology for the interactions between potential hosts. (a) Distribution of 
viral strains at time t = 1 t.u., (b) t = 2000 t.u. and (c) at the end of the simulation t = 4000 t.u. (d) Evolution of the SIR model variables in the same simulation. (e) 
Detail of the previous figure showing only four epidemic waves. The dominant virus in the strain has the following parameters: r = 6.2,k = 10.0,pinf = 0.007, tsick =

17.9 and treinf = 432.7.
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4. Conclusions 

Along the manuscript, we constructed a minimal model that can 
describe the spread of a disease among a set of potential hosts. Within 
this context, we introduce a strain of viruses as the cause of the infection 
and followed at the same time the competition process among all the 
viruses in the strain as they trigger epidemic waves in the considered 
population of potential hosts. We focused on the different dynamics of 
interaction between the hosts and how this could be used as a control of 
the epidemic spread but also as a control of the virus evolution within 
the strain. This model effectively recovers the basic principle in Biology 
that only one virus survives when competing with similar ones for the 
same resources. In our case, the virus with larger competition rate 
dominates. 

The effect of the network on the model proposed is twofold. First, the 
pandemic waves are clearly affected by the interactions network to
pology, being a random network the one with larger reinfection rate. It is 
important to note that the virus evolution itself is also affected by the 
network topology in the sense that the time to reach the domination of a 
single virus (usually the one that is more compatible with the host's life) 
becomes significantly increased depending on the interaction network. 

In conclusion, the topology of the network, or the structure of the 

Fig. 3. Different network topologies affecting the disease spread. (a) Global evolution of the infection for a short period and a typical simulation considering a 
random network. The spatial distribution of the infected cases is shown in the consecutive figures for times: (b) t = 1926 t.u., (c) t = 1939 t.u., (d) t = 1957 t.u. and 
(e) t = 1968 t.u. Colors in the panels indicate the state of infection; green means susceptible, red infected and yellow recovered. (f) Evolution of the SIR variables for a 
Barabasi-Albert network. The spatial distribution of the variables is plotted in (g) t = 997 t.u., (h) t = 1014 t.u., (i) t = 1031 t.u. and (j) t = 1046 t.u. (k) Evolution of 
the SIR variables for a Watts-Strogatz network. The spatial distribution of the variables is plotted in (l) t = 2485 t.u., (m) t = 2511 t.u., (n) t = 2525 t.u. and (o) t =
2548 t.u. Networks are plotted using graph tools from MATLAB (Version R2021b) using the UseGravity layout so that the components are layered out radially around 
the origin, with more space allotted for the nodes with lower connectivity. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 

Table 2 
Parameters describing the surviving virus after competing with all others in the 
strain.   

Random network Barabasi-Albert network Watts-Strogatz network 

r 4.9 ± 2.0 5.1 ± 1.9 4.9 ± 2.1 
k 9.98 ± 0.02 9.98 ± 0.02 9.98 ± 0.02 
pinf 0.005 ± 0.002 0.005 ± 0.002 0.004 ± 0.002 
tsick 15 ± 3 15 ± 3 15 ± 3 
treinf 451 ± 31 448 ± 29 449 ± 25  

Table 3 
Periodicity of the disease waves and time of dominance.   

Random network Barabasi-Albert network Watts-Strogatz network 

Twave 23.8 ± 2.9 32.0 ± 3.5 36.8 ± 2.8 
tfin 3556 ± 1891 3894 ± 2051 4507 ± 2097  
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connections among the potential hosts, changes the behavior of the 
epidemic spread at both levels; the virus evolution itself and the infec
tion propagation. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

No data was used for the research described in the article. 

Acknowledgements 

We gratefully acknowledge financial support by the Spanish Minis
terio de Economía y Competitividad and European Regional Develop
ment Fund under contract RTI2018-097063-B-I00 AEI/FEDER, UE, and 
by Xunta de Galicia under Research Grant No. 2021-PG036. All these 
programs are co-funded by FEDER (UE). The simulations were run in the 

Supercomputer Center of Galicia (CESGA) and we acknowledge their 
support. EVC acknowledges financial support by Xunta de Galicia under 
Research Grant No. GRC GI-1563-ED431C 2021/15. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.chaos.2023.113344. 

References 

[1] Becker RL. Breve historia de las pandemias24. Psiquiatria. com; 2020. 
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