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Abstract

Some scholars consider the Antonine Plague to have been a major disease outbreak in the

2nd century CE that caused a significant decline in the population of the Roman Empire.

Although there is currently no molecular evidence of the specific pathogen, literary evidence

indicates the parameters of the disease that it caused and how significant the impact on

Roman society was. One way to advance the current discussion concerning the Antonine

Plague’s impact on the Roman Empire’s population is to examine the currently available

sources and comparatively model the spread of different pathogens in a specific location

with known demographic data for the relevant period. To accomplish this, we developed a

series of dynamic ordinary differential equation models of the spread of disease in Rome

between 165 and 189 CE for several pathogens. We found that daily disease deaths in the

final years of the pandemic were inconsistent with estimates reported in primary sources,

suggesting that either (a) the impact of the Antonine Plague may have been exaggerated in

the descriptions of ancient authors, or (b) the daily deaths in ca. 189 CE were caused by a

different disease event than the Antonine Plague, or (c) seasonality might have been a sig-

nificant factor changing the intensity of disease spread, with the population more severely

affected during the winter months. Although none of the pathogens we analyzed emerged

as the likely causative agent of the Antonine Plague, the models show that the overall mor-

tality rate would have increased maximally by 7%. This result contradicts the mortality rate

accepted by historians who defend the thesis of the significant impact of this epidemic on

the demography of the Roman Empire.

Introduction

William H. McNeill, in his book Plagues and Peoples, suggested that microparasitism, i.e., the

spread and impact of infectious diseases, was a significant factor in the “[r]eligious and cultural

history of the [Roman E]mpire as well as [in] its social and political development” [1]. Some

scholars consider the Antonine Plague to have been a major disease outbreak in the 2nd cen-

tury CE that caused significant damage to the population of the Roman Empire. Despite the

current lack of molecular evidence for the specific pathogen, literary evidence provides some

information about the symptoms of the disease that it caused and how significant the impact
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on Roman society was. Although the current debate favors smallpox as the causative agent

(pathogen) of the Antonine Plague, other pathogens (e.g., measles) are also being considered.

Scholars have interpreted the extent and impact of the Antonine Plague in different ways.

On the basis of sources from Egypt and Italy, Richard Phare Duncan-Jones argued that the

Antonine Plague caused a significant economic decline throughout the Roman Empire after

165 CE [2]. Walter Scheidel supported Duncan-Jones’s position, emphasizing a link between

the increase in mortality and the transformation of rents and wages [3]. Because of their inter-

pretations of the Antonine Plague as a severe blow to the Roman Empire, Duncan-Jones and

Scheidel’s position is sometimes considered maximalist [4].

In contrast to these views, some scholars take a minimalist position. James Frank Gilliam

argued that the demographic impact of the pandemic has been overestimated (both in histori-

cal sources and by other researchers) [5]. Similarly, using the same sources and data but inter-

preting them differently, Roger S. Bagnall [6] criticized the work of Duncan-Jones [2] and

Scheidel [3]. According to Bagnall, the pandemic did not have a significant impact on the sub-

sequent transformation of the population of the Roman Empire. Therefore, alternative hypoth-

eses about the events that might have triggered the demographic change in the Roman Empire

should be considered and tested.

The diagnosis of the Antonine Plague has been debated for decades, with smallpox, bubonic

plague, and measles being proposed [7–9]. Due to the current lack of molecular evidence for

the cause of the Antonine Plague, such diagnoses are constructed retrospectively on the basis

of literary evidence. The authors contemporary with the outbreak are Galen, Marcus Aurelius,

Lucian, Aristides, Cassius Dio, and Philostratus. In addition, several other authors wrote retro-

spectively about the Antonine Plague in the 4th and 5th centuries CE [5]. Based on such

accounts, the reconstruction of the possible disease that spread throughout the Roman Empire

during the Antonine Plague is inevitably speculative. One line of research that might help to

overcome this lack of knowledge is the comparative modeling of the spread of different patho-

gens in a specific location with known demographic data for the relevant period (such as the

city of Rome between 165 and 189 CE).

To the best of our knowledge, the only Empire-wide computational analyses have been car-

ried out by Yan Zelener (without using the most recent population estimates) [10]. An epi-

demic network modeling study has been conducted by Sean F. Everton and Robert Schroeder,

but it does not model the specific situation of the city of Rome [11]. Since our study focuses

only on the spread of the Antonine Plague in Rome, the results may be affected by fewer con-

founding variables than in the case of Empire-wide modeling. Note that Zelener [10] and Ever-

ton and Schroeder [11] used models based on the current consensus regarding smallpox as the

cause of the Antonine Plague; the specific pathogen may have been different. Fortunately, Lau-

ren A. White and Lee Mordechai’s recent article laid the groundwork for a methodological

framework for modeling different plague dynamics in the case of the Justinianic Plague in

Constantinople [12], which can easily be adapted to model the dynamics of the Antonine

Plague in Rome. Recent epidemic modeling studies using SIR/SEIR frameworks have demon-

strated the utility of these models in understanding disease dynamics (e.g., COVID-19), but

our approach adapts these models to a historical context to explore the specific case of the

Antonine Plague in Rome [13–19]. As there is currently no molecular evidence for the causa-

tive agent of the Antonine Plague, literary sources must be examined to identify and subse-

quently model the potential disease responsible for this pandemic. The available literary

evidence for the Antonine Plague consists of a description of the effects of the outbreak in ca.

189 CE recorded by the historian Dio (summarized, for example, by Duncan-Jones [20]). Lit-

erary evidence on the etiology of the Antonine Plague is based mainly on the writings of Galen

(analyzed, for example, by Robert J. and M. L. Littmans [7], or, more recently, by Rebecca
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Flemming [9]). The epidemiological characteristics of the modeled disease variants are based

on recent analyses of the Antonine Plague [10, 21]. The demographic framework of the models

is based on recent population estimates of the city of Rome [22]. Using the current under-

standing of the etiology of the Antonine Plague and the population estimates of the city of

Rome in 165 CE as a starting point for building a series of dynamic ordinary differential equa-

tion models (ODE models henceforth) of disease spread, we were able to simulate the spread

of the epidemic in Rome over the next 25 years and compare the output of the models with lit-

erary evidence of the impact of the Antonine Plague reported in historical sources. The aim of

this comparison was to identify the most plausible causative agent of the Antonine Plague. On

the basis of the description of symptoms in historical sources and a review of previous litera-

ture on the subject, we selected bubonic plague, bubonic plague with additional pneumonic

transmission, smallpox, and measles as the most likely candidates.

The purpose of the study is to model the spread of several potential pathogens in the city of

Rome during the Antonine Plague to identify the most plausible causative agent by comparing

the simulated results with historical accounts and demographic data.

Methods

Model development

On the basis of the models developed by White and Mordechai [12], we adapted the following

ODE models: (1) bubonic plague with the traditional rat, flea, and human dynamics (rat

growth dynamics, innate resistance in rats, and variations with and without a compartment

for exposed individuals in the incubation period, i.e., the Susceptible-Infected-Recovered and

Susceptible-Exposed-Infected-Recovered variants [SIR and SEIR variants henceforth]); and

(2) bubonic plague that can evolve into secondary pneumonic infection with further pneu-

monic transmission (only the SEIR variant). In addition to the models introduced by White

and Mordechai, we developed two additional ODE models: (3) smallpox (SIR, SEIR) and (4)

measles (SIR, SEIR). We compared time course results using expected parameter values (based

on epidemiological literature) and compared the results from LHS sampling. We then com-

pared the modeling results with literary evidence of the impact of the Antonine Plague on the

city of Rome.

Initial conditions and parameter estimates. Since there is no direct evidence concerning

the demographic characteristics of the population of Rome in the 2nd century CE or the causa-

tive agent of the Antonine Plague, interpretations from demographic, archaeological, and epi-

demiological literature are crucial for the development of models that attempt to identify the

most plausible cause of the Antonine Plague. The population of the city of Rome, traditionally

estimated at about 1,000,000 individuals in 165 CE, has recently been re-estimated according

to archaeological evidence of the habitable space of the city and the correlation between popu-

lation density and urban space across history and cultures [22]. On the basis of the analysis by

John W. Hanson and Scott G. Ortman, we adopted their revised population estimate of

923,406 individuals in the city of Rome in the mid-2nd century CE [22]. In addition, we set the

birth rate and natural death rate to equal values and the average life expectancy to 25 years

[23].

The models of plague variants were based on the literature on plague and adapted from

those developed by White and Mordechai [12]. These models consisted of populations of rats,

fleas, and humans, and the parameters of disease spread among them were derived from litera-

ture estimating the characteristics of documented plague outbreaks, disease models, and infec-

tion studies. All plague models except that of a pneumonic outbreak were adapted from White

and Mordechai (the model of a purely pneumonic plague outbreak implies that rat and flea
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population dynamics are not relevant to the progression of the epidemic; modeling a simulta-

neous pneumonic and bubonic outbreak was therefore considered more realistic). In addition,

models were developed for the spread of smallpox and measles. The initial structure of the

smallpox and measles models was derived from White and Mordechai’s pneumonic plague

model, but as with all plague models, certain demographic features (births and deaths from

natural causes attributed to each compartment separately) and epidemiological mechanisms

(the total population was calculated from the sum of all living compartments, not just their

subset) were adapted. The purpose of these changes (calculating human births from the sum of

all living compartments and calculating human deaths from natural causes for each compart-

ment separately) was to ensure consistency among all disease models, as well as among specific

parts of them (e.g., among equations describing rat population dynamics in the plague mod-

els). In addition to building the smallpox and measles models on the basis of the pneumonic

plague models, the parameters for each disease were derived from epidemiological literature.

Bubonic plague (humans, fleas, and rats). The model of bubonic plague transmission, in

which rodents and fleas play a crucial role, has been described by entomologists and in mathe-

matical models [12, 24–26]. According to observations of plague outbreaks in India in the 20th

century, it appears that rat fleas (Xenopsylla cheopis) may turn to humans as alternative hosts

in situations of significant decline in black rat (Rattus rattus) populations [12]. For this reason,

on the basis of previously developed models, we adapted three sets of equations describing the

dynamics of plague progression through rat, flea, and human populations [12].

The dynamics of the disease spread in the rat population are given in the form of a Suscepti-

ble-Infected-Recovered (SIR) set of equations where the total number of rats (Nr) is given by:

NrðtÞ ¼ SrðtÞ þ IrðtÞ þ RrðtÞ

The number of susceptible (Sr), infected (Ir), recovered (Rr), and dead (Dr) rats (affected by the

number of free infectious fleas, F), when not taking into account the dynamics of their popula-

tion growth, is given by:

dSr
dt
¼ � brSrFð1 � e� aNrÞ=Nr

dIr
dt
¼ brSrFð1 � e� aNrÞ=Nr � grIr

dRr

dt
¼ grgrIr

dDr

dt
¼ 1 � grð ÞgrIr

The parameter βr is the transmission rate from rats to fleas, α is the flea searching efficiency, γr
-

1 is the bubonic infectious period in rats, and gr is the probability of rats surviving bubonic

plague infection [12]. Contact between rats and fleas is modeled as a “[r]andom search process

of fleas within a limited area, which is modulated by the number of available rats (Nr) and the

searching efficiency of fleas (α)” (emphasis original [12]; see also [25–28]).

The movement of fleas according to the number of expected fleas per rat (H) and the num-

ber of free infectious fleas (F) in the environment that may encounter human hosts is

described by the following equations (where the parameter rf is the birth rate of fleas, Kf is flea
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carrying capacity per rat, and df-1 is the lifespan of fleas):

dH
dt
¼ rfH 1 � H=Kf

� �

dF
dt
¼ 1 � grð ÞgrIrH � df F

The addition of population growth dynamics to the rat models was modified by the rat birth

rate (rr), capped by the carrying capacity of the environment (Kr) and limited by the death rate

(dr); there was also a probability of rats being born resistant to plague (pr):

dSr
dt
¼ � rrSr 1 � Nr=Krð Þ þ rrRr 1 � prð Þ � drSr � brSrFð1 � e� aNrÞ=Nr

dIr
dt
¼ brSrFð1 � e� aNrÞ=Nr � grIr

dRr

dt
¼ rrRr pr � Nr=Krð Þ þ grgrIr � drRr

dDr

dt
¼ 1 � grð ÞgrIr

For the bubonic SIR model, the total number of humans (Nh) is given by:

NhðtÞ ¼ ShðtÞ þ IhðtÞ þ RhðtÞ

The progression of bubonic plague through the compartments of humans who are susceptible

(Sh), infected (Ih), recovered (Rh), dead due to disease (Dh), and dead due to age and other nat-

ural causes (Ah) is given by the following equations (where the parameter βb is the transmission

rate of bubonic plague from rat fleas to humans, bh is the birth rate of humans, dh is the death

rate of humans, γb
-1 is the duration of bubonic plague infectious period in humans, and gh is

the probability of humans recovering from bubonic plague):

dSh
dt
¼ � bb

Sh
Nh

F e� aNrð Þ þ bhNh � dhSh

dIh
dt
¼ bb

Sh
Nh

F e� aNrð Þ � gbIh � dhIh

dRh

dt
¼ ghgbIh � dhRh

dDh

dt
¼ 1 � ghð ÞgbIh

dAh

dt
¼ dhNh

The addition of the class of individuals exposed to bubonic plague but currently in the incuba-

tion period transforms the previous SIR model into a SEIR model (which is also reused from

the models developed by White and Mordechai [12]). The total number of humans in the
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bubonic plague SEIR model is described by the following equation:

NhðtÞ ¼ ShðtÞ þ EhðtÞ þ IhðtÞ þ RhðtÞ

The number of humans who are susceptible (Sh), exposed (Eh), infected (Ih), recovered (Rh),
dead due to disease (Dh), and dead due to age and other natural causes (Ah) in the bubonic

SEIR model is given by the following equations (where the parameter σb-1 is the duration of

bubonic plague incubation period in humans and the remaining parameters are the same as

for the bubonic plague SIR model in this section above):

dSh
dt
¼ � bb

Sh
Nh

F e� aNrð Þ þ bhNh � dhSh

dEh
dt
¼ bb

Sh
Nh

F e� aNrð Þ � sbEh � dhEh

dIh
dt
¼ sbEh � gbIh � dhIh

dRh

dt
¼ ghgbIh � dhRh

dDh

dt
¼ 1 � ghð ÞgbIh

dAh

dt
¼ dhNh

The equations in the SEIR model account for different human subpopulations (susceptible,

exposed, infected, recovered, dead from disease, and from natural causes). The transmission

rate βb depends on the interaction between humans and the vector population, modeled by

βbShF(e-αNr)/Nh, which describes how rat fleas transmit plague to susceptible humans. Positive

effects include human births (bhNh) and recovery from infection (ghγbIh), while negative effects

include infection and disease progression (σbEh), death due to infection ((1-gh)γbIh), and natu-

ral death (dh in all subpopulations). The subpopulation of exposed individuals (Eh) slows

down the progression of plague compared to the simpler SIR model.

Bubonic/pneumonic transmission. Since a plausible scenario for the spread of disease in

the city of Rome during the Antonine Plague is the parallel spread of a bubonic form of the

plague along with its pneumonic variant, in which the disease in an individual progresses from

a bubonic variant to a secondary respiratory infection, the combined model developed by

White and Mordechai was reused [12, 29, 30]. For this scenario, only the SEIR model was

developed; the equations defining the dynamics in the rat and flea populations remain the

same, and the total number of humans is described as follows:

NhðtÞ ¼ ShðtÞ þ EbðtÞ þ EpðtÞ þ IbðtÞ þ IpðtÞ þ RhðtÞ

As noted in the equation above for the total human population, individuals can be exposed to

a different plague variant (bubonic or pneumonic, becoming Eb or Ep). They may, in turn,

either recover (Rh) or become infectious and start spreading the respective variant they con-

tracted (either the bubonic or the pneumonic plague variant, becoming Ib or Ip). Following the

SIR/SEIR models of bubonic plague transmission described above, the parameter βb is the
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transmission rate of bubonic plague from rat fleas to humans, βp is the pneumonic plague

transmission rate in humans, bh is the birth rate of humans, dh is the death rate of humans, σb-1

is the duration of bubonic plague incubation period in humans, γb
-1 is the duration of bubonic

plague infectious period in humans, γp
-1 is the duration of pneumonic plague infection period

in humans, p is the probability of human bubonic plague developing into secondary pneu-

monic plague, and gh is the probability of humans recovering from bubonic plague:

dSh
dt
¼ � bb

Sh
Nh

F e� aNrð Þ � bpSh
Ih
Nh
þ bhNh � dhSh

dEb
dt
¼ bb

Sh
Nh

F e� aNrð Þ � sbEb � dhEb

dEp
dt
¼ bbSh

Ip
Nh
� spEp � dhEp

dIb
dt
¼ sbEb � gbIb � dhIb

dIp
dt
¼ spEp þ pgbIb � gpIp � dhIp

dRh

dt
¼ ghgbIb � dhRh

dDh

dt
¼ 1 � p � ghð ÞgbIb þ gpIp

dAh

dt
¼ dhNh

This model describes the concurrent spread of bubonic and pneumonic plague. Humans can

either contract the bubonic variant via fleas or directly acquire the pneumonic variant from

infected humans. The parameters βb and βp account for these processes, where βbShF(e-αNr)/Nh

models flea-borne transmission, and βpShIh/Nh represents human-to-human transmission of

the pneumonic variant. Positive effects include recovery (ghγbIb) and births (bhNh), while nega-

tive effects include infection and disease progression (σbEb, σpEp), death due to infection ((1-p-
gh)γbIb+γpIp), and natural death (dh in all subpopulations). The interaction between the vari-

ants is captured by the term pγbIb, representing the progression from bubonic to pneumonic

infection.

Smallpox (humans only). Since other diseases besides bubonic plague and its pneumonic

variant are considered as possible causes of the Antonine Plague, smallpox and measles were

developed in addition to the plague models. The framework for their development was based

on the pneumonic plague SIR and SEIR models developed by White and Mordechai [12]. The

total number of humans (Nh) is as follows:

NhðtÞ ¼ ShðtÞ þ IhðtÞ þ RhðtÞ

Furthermore, the equations describing the movement among the susceptible (Sh), infected (Ih),
removed (Rh), dead due to disease (Dh), and dead due to age and other natural causes (Ah)
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compartments are as follows (where the parameter βs is the smallpox transmission rate in

humans, bh is the birth rate of humans, dh is the death rate of humans, γs
-1 is the duration of

smallpox infection period in humans, and gs is the probability of humans recovering from

smallpox):

dSh
dt
¼ bhNh � bsSh

Ih
Nh
� dhSh

dIh
dt
¼ bsSh

Ih
Nh
� gsIh � dhIh

dRh

dt
¼ gsgsIh � dhRh

dDh

dt
¼ 1 � gsð ÞgsIh

dAh

dt
¼ dhNh

The SIR model describes the spread of smallpox among humans, where the total population

consists of susceptible (Sh), infected (Ih), and recovered (Rh) individuals. The transmission rate

of smallpox is governed by βs, which reflects the rate at which susceptible individuals become

infected trough contact with the infected population. The positive effects to the population

growth consist of birth rate (bhNh), while negative effects include transmission of the disease

and death from natural causes (dh). Infected individuals either recover (gsγsIh) or die from the

disease ((1-gh)γbIh), and natural deaths affect all compartments. This model captures the direct

transitions between susceptible, infected, and recovered humans, simplifying smallpox dynam-

ics by excluding an incubation period.

Extending this to a SEIR framework by adding in an incubation period (σs
−1), the total

number of humans becomes:

NhðtÞ ¼ ShðtÞ þ EhðtÞ þ IhðtÞ þ RhðtÞ

In turn, the equations describing the dynamics of humans moving among the susceptible (Sh),
exposed (Eh), infected (Ih), removed (Rh), dead due to disease (Dh), and dead due to age and

other natural causes (Ah) compartments are as follows:

dSh
dt
¼ bhNh � bsSh

Ih
Nh
� dhSh

dEh
dt
¼ bsSh

Ih
Nh
� ssEh � dhEh

dIh
dt
¼ ssEh � gsIh � dhIh

dRh

dt
¼ gsgsIh � dhRh
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dDh

dt
¼ 1 � gsð ÞgsIh

dAh

dt
¼ dhNh

In the SEIR model, the smallpox dynamics are expanded to include an incubation period (Eh)
before individuals become infectious. Susceptible individuals (Sh) can be exposed to smallpox

through contact with the infectious population, with transmission governed by βs. After an

incubation period (σs-1), exposed individuals (Eh) transition into the infected compartment

(Ih). As in the SIR model, infected individuals can either recover (gsγsIh) or die from the disase

((1-gs)γsIh), and death from natral causes affects all compartments. This model adds realism by

accounting for the delay between exposure and infectiousness, reflecting the incubation period

of smallpox.

Measles (humans only). Since the mode of transmission of measles, another candidate

for the probable cause of the Antonine Plague, is similar to that of smallpox, the equations are

virtually identical, differing only in the parameters that define the model’s behavior. The total

number of humans (Nh) for a simple SIR model is given by the following equation:

NhðtÞ ¼ ShðtÞ þ IhðtÞ þ RhðtÞ

The equations describing the dynamics of humans moving among the susceptible (Sh),
infected (Ih), removed (Rh), dead due to disease (Dh), and dead due to age and other natural

causes (Ah) compartments are as follows (where the parameter βm is the measles transmission

rate in humans, bh is the birth rate of humans, dh is the death rate of humans, γm
-1 is the dura-

tion of measles infection period in humans, and gm is the probability of humans recovering

from measles):

dSh
dt
¼ bhNh � bmSh

Ih
Nh
� dhSh

dIh
dt
¼ bmSh

Ih
Nh
� gmIh � dhIh

dRh

dt
¼ gmgmIh � dhRh

dDh

dt
¼ 1 � gmð ÞgmIh

dAh

dt
¼ dhNh

The equations describing the total human population in the SEIR measles model and the

dynamics of humans moving among the susceptible (Sh), exposed (Eh), infected (Ih), removed

(Rh) dead due to disease (Dh), and dead due to age and other natural causes (Ah) compartments

are as follows (where σm-1 is the duration of measles incubation period in humans and the

remaining parameters are the same as for the smallpox SIR model in this section above):

NhðtÞ ¼ ShðtÞ þ EhðtÞ þ IhðtÞ þ RhðtÞ
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dSh
dt
¼ bhNh � bmSh

Ih
Nh
� dhSh

dEh
dt
¼ bmSh

Ih
Nh
� smEh � dhEh

dIh
dt
¼ smEh � gmIh � dhIh

dRh

dt
¼ gmgmIh � dhRh

dDh

dt
¼ 1 � gmð ÞgmIh

dAh

dt
¼ dhNh

Both measles SIR and SEIR models are like the smallpox models based on pneumonic plague

SIR and SEIR models developed by White and Mordechai [12], therefore the general effects of

variables affecting population growth and the spread of disease are for each of these diseases

the same.

Baseline mortality (humans only, no specific disease). To account for the increase in

mortality, we created a very simple model of the Roman population. This model does not take

into account any specific disease, and its input parameters are only birth rate (bh) and death

rate (dh), in addition to an initial size of the population of the city of Rome (Sh). The output of

the model is the total number of dead individuals due to age and other natural causes (Ah):

dSh
dt
¼ bhSh � dhSh

dAh

dt
¼ dhSh

This simple model describes the population dynamics by focusing on a single compartment of

susceptible individuals (Sh). The model assumes that the population changes only due to births

(bh) and natural deaths (dh). By tracking the cumulative number of deaths in the Ah compart-

ment, we can estimate the total number of deaths over time. This allows for comparison

between the population’s baseline mortality (in the absence of disease) and the effects of dis-

ease-related mortality, as modeled in the other scenarios. Table 1 contains an overview of

parameters used to develop all of the models in this study.

Time course results and sensitivity analysis

Adapting the framework of White and Mordechai [12], we solved each model numerically

using the ode function of the deSolve R package [57]. The plague models were solved with sev-

eral variations of the ratio of rats to humans (1:2, 2:1, 1:1) to see whether this initial condition

influences the models’ behavior at the end of the modeled period. Using Latin Hypercube

Sampling with Partial Rank Correlation Coefficients (LHS-PRCC), we performed a sensitivity

analysis to determine the importance of each parameter on the modeled behavior [12, 58]. The
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Table 1. Expected parameter values derived from literature (plague-related parameters adapted from White and Mordechai).

Parameter Description Expected value

[Range: min, max]

Distribution Reference(s)

bh Human birth rate 1/(25�365) [1/

(30�365), 1/(20�365)]

days-1

Uniform [12, 23, 25]

dh Human death rate due to age and other

natural causes

1/(25�365) [1/

(30�365), 1/(20�365)]

days-1

Uniform [12, 23, 25]

βp Pneumonic plague transmission rate in

humans

0.08 [0.01, 1] days-1 Uniform [12, 27, 31–33]

σp-1 Duration of pneumonic plague

incubation period in humans

4.3 [2.5, 6.1] days Normal [12, 31, 34]

γp
-1 Duration of pneumonic plague infection

period in humans

2.5 [1.3, 3.7] days Normal [12, 31]

βr Transmission rate of plague from fleas

to rats

1.248 [0, 3.67] fleas-1

days-1
Triangle [12, 27, 35]

α Flea searching efficiency 3/Sr (t = 0) [0.39 <

αKr< 20] rats-1
Uniform Varied across the full range of Sr, Kr, and α values in the plague models

and through sensitivity analysis to examine their combined impact on

the model’s behavior [12, 25, 36]

rr Rat birth rate 0.014 [0.011, 0.016]

days-1
Uniform [12, 25, 26]

Kr Carrying capacity of rats Nr (t = 0) [0.5Nr
(t = 0), 1.5Nr (t = 0)]

rats

Uniform Varied across the full range of Nr (t = 0) and Kr values through

sensitivity analysis to examine their combined impact on the model’s

behavior [12]

dr Rat death rate due to age and other

natural causes

0.2/365 [0.1/365, 0.3/

365] days-1
Uniform [12, 25, 26]

pr Probability of rats inheriting resistance

to plague

0.65 [0.4, 0.9] Uniform [12, 37–39]

γr
-1 Duration of bubonic plague infectious

period in rats

5.15 [4.71, 5.59] days Normal [12, 38]

gr Probability of rats recovering from

bubonic plague

0.06 [0.0, 0.37] Triangle [12, 38]

rf Flea birth rate 0.0084 [0.0084, 0.055]

days-1
Uniform [12, 25–27]

Kf Flea carrying capacity per rat 6 [3.29, 11.17] fleas Normal [12, 25–27]

df-1 Flea lifespan 5 [1, 11.66] days Triangle [12, 27, 40]

βb Transmission rate of bubonic plague

from rat fleas to humans

0.19 [0.01, 1] days-1 Uniform [12, 27]

σb-1 Duration of bubonic plague incubation

period in humans

4 [2, 6] days Triangle [12, 29]

γb
-1 Duration of bubonic plague infectious

period in humans

10 [3, 10] days Triangle [12, 27, 29, 30]

gh Probability of humans recovering from

bubonic plague

0.34 [0.3, 0.4] Triangle [12, 27, 41]

p Probability of human bubonic plague

developing into secondary pneumonic

plague

0.1 [0, 0.15] Triangle [12, 29, 30, 34, 42–44]

βs Smallpox transmission rate in humans 0.584 [0.584, 0.6]

days-1
Uniform [45, 46]

σs-1 Duration of smallpox incubation period

in humans

12 [7, 17] days Normal [47, 48]

γs
-1 Duration of smallpox infectious period

in humans

9.5 [8, 11] days Normal [47]

gs Probability of humans recovering from

smallpox

0.1 [0.05, 0.7] Triangle [47]

(Continued)
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complexity of our models ranges from 5 parameters in the simplest respiratory SIR ones

(smallpox and measles) to 17 parameters in the bubonic plague models, which take into

account the carrying capacity of the environment to limit the maximum number of rats. Con-

sistent with the White and Mordechai paper [12], we used the lhs package in R (4.1.2) to create

an LHS framework of 100 subdivisions per parameter [58, 59].

We performed PRCC analysis on the modeled total mortality and outbreak duration. For

the purpose of this paper and in accordance with White and Mordechai [12], we considered as

outbreak days only those on which the mortality rate due to disease exceeded 100 deaths per

day (this number is not arbitrary but reflects the expected baseline mortality due to natural,

non-pandemic causes in the city of Rome, based on the behavior of our models when no dis-

ease was introduced). We used Bonferroni corrected p-value to compute confidence intervals

and the pcc function of the sensitivity package to compute the PRCC values with 500 bootstrap

replicates [12, 60]. Our code is deposited on Zenodo: https://zenodo.org/doi/10.5281/zenodo.

13857741.

Model evaluation: Evidence from primary and secondary sources

Scholarly interpretations of the impact of the Antonine Plague vary widely, mainly because the

primary sources do not provide much quantitative information about its characteristics. Galen

vaguely reports large-scale mortality in the army due to disease in Aquileia during the winter

(possibly in 168/169) but does not elaborate beyond saying that most individuals died [20, 61].

Also, Galen´s information that he lost almost all the slaves in his household provides very little

insight into the severity of the Antonine Plague [9].

However, the more quantitative estimate reported by Cassius Dio provides insight into how

many people might have been dying around the year 189 CE, possibly in the last years of the

pandemic (Dio Cassius 73:14.3–4, [62]):

“[M]oreover, a pestilence occurred, the greatest of any of which I have knowledge; for two

thousand persons often died in Rome in a single day.”

Despite its brevity, this mortality estimate, usually interpreted as referring to the Antonine

Plague [7], provides an invaluable insight into the impact of the disease on a single location at

the time of Commodus’ reign. If we suppose that these mortality figures refer to a late stage of

the Antonine Plague (and assume that they are not simply a rhetorical exaggeration typical of

disease accounts in antiquity), it should be reasonable to expect a similar mortality pattern to

emerge in appropriately modeled scenarios of disease spread in Rome.

In addition to explicit observations in primary sources, interpretations of writings and

archaeological material show attempts to provide more specific numbers regarding the overall

impact of the Antonine Plague. According to Otto Seeck, over half of the Empire’s population

Table 1. (Continued)

Parameter Description Expected value

[Range: min, max]

Distribution Reference(s)

βm Measles transmission rate in humans 1.175 [0.888, 1.333]

days-1
Uniform Assumed from R0 = β/γ [49, 50]; since Rm0 = [12, 18] [50] and γm = 13.5

[51], βm = [0.888, 1.333] days-1; 400 year-1 [52]; 1.175 days-1 [53]

σm-1 Duration of measles incubation period

in humans

10 [9, 11] days Normal [54]

γm
-1 Duration of measles infectious period in

humans

13.5 [13, 14] days Normal 13 days [51]; 2 weeks [52]

gm Probability of humans recovering from

measles

0.7 [0.66, 0.97] Triangle Case fatality rate (CFR) when unvaccinated is between 1–3% and 10–

30% [55]; CFR is 3–34% in developing countries [56]

https://doi.org/10.1371/journal.pone.0313684.t001
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died during this pandemic [63]. In contrast, J. F. Gilliam concluded that only 1–2% beyond

ordinary mortality (or 500,00 to 1,000,000 individuals) died due to this plague [5]. The Litt-

mans concluded that the average death rate in the Empire was 7–10% and perhaps 13–15% in

cities and the army [7]. According to D. W. Rathbone’s comparison with the 14th-century

Black Death in Europe, the Antonine Plague may have caused a 20–30% decline in the popula-

tion of Egypt [64]. According to Walter Scheidel, the overall mortality was in the order of 25%

[3]. William V. Harris argued that the mortality in the first wave of the pandemic was 16–22%

and during the second wave 12–16%, amounting to over 16–20 million deaths from disease

[65]. Harris’s estimates were largely based on the work of Y. Zelener, who developed a mathe-

matical model of the spread of smallpox and argued that, depending on estimates of the

Empire’s population and its post-pandemic fertility response, the mortality would have been

around 22–24%, perhaps exceeding 25% in the case of a low fertility response [10]. One of the

most recent estimates is presented by Kyle Harper, who argued that the worst affected areas

experienced an increase in mortality of around 20%, while the overall effect would have been

an increase in mortality of between 8 and 10% in the entire Roman Empire [21, 66].

Results

Model outcomes with expected parameter values

The results of the plague models range from ca. 581,000–589,000 mortalities (63–64% of the

city’s population in 165 CE) for the simplest bubonic ones to ca. 582,000 for the bubonic-pneu-

monic one. Similarly to the results of White and Mordechai [12], the variants of the bubonic

plague model that took into account rat population dynamics showed a higher mortality rate,

ca. 763,000–764,000 deaths due to disease (82–83% of the population of Rome). The smallpox

models resulted in even higher mortality of ca. 881,000 deaths due to disease (95% of the popu-

lation). On the other hand, the measles models indicated fewer fatalities, ca. 433,000–434,000

deaths (46–47% of Rome’s population). Apart from differences in the number of mortalities

due to disease, all of the models followed a similar pattern, with one large initial wave of disease

spread and subsequent deaths, which was followed by one or two much smaller waves later on

in the pandemic; these smaller waves following the initial one appear insignificant in compari-

son to the impact indicated by the first wave.

A mortality of over 100 deaths per day was reached between the 14th and 16th days of the

outbreak in the plague models (lasting from 77 to 218 days), between the 16th and 62nd days in

the smallpox models (lasting from 204 to 251 days), and between the 9th and 36th days in the

measles models (lasting from 184 to 209 days). The possibly more noticeable death rate of 250

lives a day was reached in the plague models between the 15th and 17th days (lasting from 67 to

72 days), between the 17th and 69th days in the smallpox models (lasting from 111 to 144 days),

and between the 9th and 40th days in the measles models (lasting from 86 to 88 days). The sig-

nificant mortality we were interested in, at least 2,000 deaths per day, was reached between the

18th and 28th days of the outbreak in the plague models (lasting from 43 to 46 days), between

the 22nd and 86th days in the smallpox models (lasting from 44 and 76 days), and between the

11th and 49th days in the measles models (lasting from 34 to 47 days). To see what the overall

increase in mortality might have been, we also modeled a scenario without any specific disease,

which resulted in a total of 960,696 dead individuals by the end of the modeled period. In turn,

we compared the sum of individuals dead due to disease and dead due to age and other natural

causes with the baseline value of 960,696 deaths to see how the modeled scenarios correspond

with interpretations of the impact of the Antonine Plague in secondary literature.

Table 2 summarizes the results (detectable outbreak duration, maximal daily mortality rate,

and total mortality due to disease) of a simulation starting a) with the same number of rats and
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humans for the plague models (with one of the rats being infected), i.e., Sh(t = 0) = 923,406,

Sr(t = 0) = 923,405, and Ir(t = 0) = 1 (Fig 1); and b) no rats and 1 infected human for the small-

pox and measles models, i.e., Sh(t = 0) = 923,406 and Ih(t = 0) = 1.

When we changed the ratio of rats to humans, we observed similar changes as described by

White and Mordechai [12]–in our case, more pronounced due to a larger initial susceptible

population of both rats and humans.

With a 1:2 ratio of rats to humans, the results of the plague models range from ca. 461,000–

475,000 mortalities (ca. 50% of the population) for the simplest bubonic ones to ca. 467,000 for

the bubonic-pneumonic one (Table 3 and S1 Fig). The models that took into account rat popu-

lation dynamics indicated ca. 761,000 deaths (82% of the population). In this scenario, the

duration of the simpler bubonic and bubonic-pneumonic plague models ranged from 78 to 82

days with over 100 deaths per day, 68 to 71 days with over 250 deaths per day, and 43 to 47

days with over 2,000 deaths each day. The durations of the models with rat population dynam-

ics were much longer– 589–626 days with over 100 daily deaths, 280–312 days with over 250

daily deaths, and 44–46 days with over 2,000 daily deaths. In all models in the 1:2 scenario, the

highest death count in a day was in the range of ca. 17,200–19,700.

With a 2:1 ratio of rats to humans, the results of the plague models range from ca. 609,000

deaths (ca. 66% of the population) in the bubonic and bubonic-pneumonic models to ca.

764,000 deaths due to disease (ca. 82% of the population) in the plague models with rat popula-

tion dynamics (Table 4 and S2 Fig). With such a rat-to-human population ratio, the duration

of all plague models was nearly the same, ranging from 74 to 77 days with over 100 mortalities

per day, 63 to 67 days with over 250 mortalities each day, and 40 to 44 days with over 2,000

mortalities each day. The maximal daily deaths were in the range of ca. 27,900–34,700.

Sensitivity analysis: Model outcome variability and parameter influence

In the basic bubonic plague SIR and SEIR models without rat population dynamics, flea

searching efficiency (α), flea death rate (df), and rat recovery probability (gr) were negatively

correlated with outbreak size (number of deaths) (S4 Fig, panels A & C) and outbreak duration

(S4 Fig, panel B & D). In the bubonic plague SIR and SEIR models with rat population dynam-

ics, flea searching efficiency (α) was negatively correlated with outbreak size, and the

Table 2. Summary of model output for each model (with rat to human ratio of 1:1 for the plague models).

Model Detectable

outbreak duration

(deaths/day)

Maximal daily mortality

rate due to disease (deaths/

day)

Total mortality due

to disease (humans)

Total mortality due to age

and other natural causes

(humans)

Total mortality increase (compared to

the modeled baseline of 960696 deaths;

percent)

>

100

>

250

>

2000

Bubonic SIR 77 67 43 28011 589158 349926 -2.24

Bubonic SEIR 80 70 46 23810 580881 358769 -2.19

Bubonic SIR (Rat

dynamics)

130 68 43 27946 763554 241917 4.66

Bubonic SEIR

(Rat dynamics)

218 72 46 23759 763411 242563 4.71

Bubonic-

pneumonic SEIR

81 71 46 23592 582222 357405 -2.19

Smallpox SIR 204 111 44 48451 880359 78622 -0.17

Smallpox SEIR 251 144 76 20103 880971 87800 0.84

Measles SIR 184 80 34 15614 433754 594499 7.02

Measles SEIR 209 88 47 7822 432658 597256 7.20

https://doi.org/10.1371/journal.pone.0313684.t002
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transmission rate from fleas to humans (βb) was moderately positively correlated with out-

break size (S5 Fig, panels A & C). In the bubonic-pneumonic plague SEIR model, the duration

of the pneumonic infection period in humans (γp
-1) was negatively correlated with outbreak

size, the duration of the pneumonic incubation period in humans (σp-1) was positively

Fig 1. Time course results of different transmission mode models. In the plague models with a rat to human ratio of 1:1).

https://doi.org/10.1371/journal.pone.0313684.g001

Table 3. Summary of model output for the plague models with rat to human ratio of 1:2.

Model Detectable

outbreak duration

(deaths/day)

Maximal daily mortality

rate due to disease (deaths/

day)

Total mortality due

to disease (humans)

Total mortality due to age

and other natural causes

(humans)

Total mortality increase (compared to

the modeled baseline of 960696 deaths;

percent)

>

100

>

250

>

2000

Bubonic SIR 78 68 43 19740 474822 468542 -1.80

Bubonic SEIR 81 71 46 17301 461560 482489 -1.73

Bubonic SIR (Rat

dynamics)

589 280 44 19662 761388 250196 5.29

Bubonic SEIR

(Rat dynamics)

626 312 46 17235 761163 251387 5.39

Bubonic-

pneumonic SEIR

82 71 47 17217 466546 477348 -1.74

https://doi.org/10.1371/journal.pone.0313684.t003
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correlated with outbreak size (S6 Fig, panel A), flea searching efficiency (α) was moderately

positively correlated with outbreak duration, and the transmission rate of bubonic plague

from fleas to humans (βb) was negatively correlated with outbreak duration (S6 Fig, panel B).

The sensitivity analysis of plague models was consistent with the results of White and Morde-

chai [12].

In the smallpox SIR and SEIR models, the birth rate (bh) was positively correlated with out-

break size, the natural death rate (dh) was moderately negatively correlated with outbreak size

(the correlation was stronger in the SIR model), and the probability of recovering from small-

pox (gs) was strongly negatively correlated with outbreak size (S7 Fig, panels A & C). Further-

more, the birth rate (bh) and the probability of recovering from smallpox (gs) were positively

correlated with outbreak duration (S7 Fig, panels B & D). In addition, the duration of the

smallpox incubation period (σs-1) was moderately negatively correlated with outbreak duration

in the SEIR model (S7 Fig, panel D).

In the measles SIR and SEIR models, the birth rate (bh) was strongly positively correlated

with outbreak size, and the natural death rate (dh) and the probability of recovering from mea-

sles (gm) were strongly negatively correlated with outbreak size (S8 Fig, panels A & C). More-

over, the transmission rate of measles (βm) and the probability of recovering from measles (gm)

were strongly negatively correlated with outbreak duration (S8 Fig, panels B & D).

The sensitivity analysis was consistent across both non-uniformly and uniformly distrib-

uted ranges of parameter values and is described in detail in the appendices (S1 and S2

Appendices).

Discussion

Current debate about the cause(s) of the Antonine Plague has not yielded much insight into

the nature of the pathogen(s) concerned but has suggested several candidates based on our

knowledge of pathogens encountered in modern history. Despite the lack of more precise data

on the cause of this pandemic, scholars have come up with different interpretations of the

magnitude of its impact. We adapted and developed several models of disease spread to see if

more light could be shed on the progression of the Antonine Plague in the city of Rome.

Bubonic plague

Bubonic plague models resulted in 581,000–764,000 deaths due to disease when the rat count

was equal to the number of humans. In the scenario with a 1:2 ratio of rats to humans, the

mortalities due to disease varied between 461,000–761,000, and in the scenario with a 2:1 ratio

Table 4. Summary of model output for the plague models with rat to human ratio of 2:1.

Model Detectable

outbreak duration

(deaths/day)

Maximal daily mortality

rate due to disease

(deaths/day)

Total mortality due to age

and other natural causes

(humans)

Total mortality due to age

and other natural causes

(humans)

Total mortality increase (compared

to the modeled baseline of 960696

deaths; percent)

>

100

>

250

>

2000

Bubonic SIR 74 63 40 34697 609326 328879 -2.34

Bubonic SEIR 77 67 44 28342 608675 329832 -2.30

Bubonic SIR (Rat

dynamics)

74 64 40 34659 764272 240192 4.55

Bubonic SEIR

(Rat dynamics)

78 67 44 28315 764160 240630 4.58

Bubonic-

pneumonic SEIR

77 67 43 27908 608937 329586 -2.30

https://doi.org/10.1371/journal.pone.0313684.t004
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of rats to humans, 609,000–764,000 died due to plague. The extent of such dying is massive

(ca. 50–80% of the initial population of the city), but none of these models provided any indi-

cation of multiple significant waves. In particular, almost no mortality due to disease was indi-

cated by the end of the modeled period.

Despite the fact that the overall count of deaths may seem incredibly large, when natural

deaths, i.e., deaths not caused by the bubonic plague, are taken into account, it turns out that

the total number of deaths was actually about 2% lower in the models that didn’t calculate rat

population dynamics, and about 5% higher in the models that did so (compared to the

expected demographic development of Rome calculated by our baseline model). What seems

clear even from our models, however, is that the number of rats plays a dominant role in the

transmission of plague, driving the progression of the outbreak [25].

Combined bubonic-pneumonic plague

Bubonic-pneumonic plague models resulted in 582,000 deaths due to disease in the scenario

with the same number of rats and humans and ranged from about 115,000 fewer deaths in the

scenario with a 1:2 ratio of rats to humans to about 27,000 more deaths in the scenario with a

2:1 ratio of rats to humans. This result is only slightly higher than the outcome of the bubonic

SEIR model without rat population dynamics (50–60% of Rome’s initial population), but

although it appears to be almost as massive as the outcomes of the other plague models, it indi-

cates an overall decrease in mortality of about 2% (when deaths from natural, non-plague

causes are also considered). Because of the similarity of the progression of the combined

bubonic-pneumonic plague models to that of the bubonic plague models, it is not possible to

conclude which of these transmission routes is more plausible as the cause of the Antonine

Plague.

Smallpox

Smallpox models showed about 881,000 deaths due to disease by the end of the modeled

period (95% of the initial population), which is the highest death toll from all the present mod-

els. Unlike the plague models, the smallpox ones depend only on humans for transmission,

smallpox thus burning out rather quickly in one large wave (which was, however, comparable

to that emerging in bubonic plague models with rat population dynamics). Taking into

account deaths due to non-smallpox causes, the resulting mortality rate was almost 0.2% lower

in the SIR model and nearly 1% higher in the SEIR one when compared to the modeled base-

line mortality. Sensitivity analysis showed that the birth rate (bh) was positively correlated with

the outbreak size and duration of the outbreak, and that the death rate (dh) was negatively cor-

related with the size of the outbreak, underscoring the main driver of the disease, i.e., humans

(in contrast to the leading role of rats in the plague models). The overall decrease in mortality

by the end of the modeled period might be caused by the large number of deaths at the begin-

ning of the outbreak, after which the disease burned out of susceptible hosts and led to much

slower demographic development afterward (resulting in a much lower count of naturally-

caused deaths during the whole period).

Measles

The measles models showed a mortality of about 434,000 deaths due to the disease (ca. 47% of

the initial population), which is the lowest death count indicated by any of the models in this

article. Like smallpox, measles requires only humans for transmission, so the dynamics of dis-

ease progression were much less complex than in the plague models. Even though the number

of deaths due to this disease was much lower than the numbers due to smallpox or plague, the
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overall impact on the city of Rome was much more significant: due to the lower impact on the

population of Rome, measles was likely able to leave a larger pool of humans capable of repro-

ducing and, in turn, lead to more individuals susceptible to infection in the long run. As a

result, when combined with naturally occurring deaths, the impact of measles resulted in

approximately 7% more deaths than if no pathogen was introduced into the city of Rome.

Limitations

The models presented in this article use parameters recorded or estimated in modern history.

However, it is essential to emphasize that the specific disease that caused the Antonine Plague

may have been an ancestor of today’s known pathogens and, therefore, may have behaved dif-

ferently. The fact that we did not encounter any indication of 2,000 deaths per day by the end

of the modeled period might be precisely because of this difference between modern and

ancient pathogens, though several other factors could also be at play. The models may have

been overly simplistic: we did not take into account seasonality, which has been highlighted,

for example, by Duncan-Jones [20]: when Galen described the mass deaths in the army at

Aquileia, it was the winter of 168/169 CE. However, building a seasonal model is a much more

complex task than creating simple variations of SIR/SEIR models. This is especially true when

each of the modeled diseases may have had different dynamics throughout the year (it is not

certain that relevant data on the seasonal dynamics of each of the modeled pathogens are avail-

able in the literature). In addition, interpreting the results of seasonal disease models is also

much more difficult because the more factors that come into play, the harder it is to distin-

guish the effects of individual parameters on the behavior of such models. It is also quite possi-

ble that we did not model the right diseases: either the ones we modeled were significantly

different from their ancestors that would have been relevant at the time of the Antonine

Plague, or none of the modeled diseases was actually relevant at all (even if they were, any

result of modeling ancient disease spread based on parameters of modern diseases is inevitably

tentative by nature, since we don’t actually know the parameters of ancient pathogens).

However, it is also entirely plausible that Cassius Dio’s description of 2,000 deaths per day

does not refer to the Antonine Plague but rather to a new outbreak unrelated to that pandemic.

In this case, it may well be possible that the Antonine Plague burned itself out much more

quickly throughout Rome and perhaps even other parts of the Empire, making room for new

disease events in the following decades. Nevertheless, it is unclear whether the short span of

the disease outbreaks suggested by our models is consistent with the historical reality. On the

basis of our results, it is, in our opinion, impossible to conclude which of the candidate patho-

gens is the most plausible cause of the Antonine Plague, neither in the case of the pandemic

that would have lasted from 165 to ca. 189 CE nor in the case of the shorter outbreak that

might have been followed by a new epidemic wave described by Cassius Dio in ca. 189 CE.

There is a possibility, however, that the figures given by Cassius Dio are not realistic at all. It

is well known that ancient authors used topoi from other authors who wrote about pandemics

and disease outbreaks before them [9]. Since ancient histories are very different from scientific

reporting, various other goals of the authors may have driven their motivation to describe

events in these specific terms rather than just providing precisely calculated and corroborated

death counts. Even though such quantifiable pieces of information appear to allow the oppor-

tunity to apply novel approaches to ancient sources, it is just as possible that such an approach

is not always fruitful.

However, looking at the total number of deaths, and assuming that our models are con-

structed correctly, it can be seen that none of the models shows a significant increase in total

mortality in the order of tens of percent, as suggested by many contemporary scholars. At
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most, only three groups of models show a slight increase in total mortality: the measles models

(ca. 7%), the bubonic plague models with rat population dynamics (ca. 5%), and the smallpox

SEIR model (ca. 1%). This could mean that either our models are overly conservative [5] or

that most of the literature interprets the available sources in a rather maximalist manner [3, 7,

10, 21, 64, 65] (it is worth noting that criticism of the maximalist position has also recently

arisen in the context of, for example, climatological evidence [4]).

While the excess mortality estimated in our models provides a numerical perspective, it

does not capture the psychological effects on Roman society. However, the economic impacts

have been explored in other works, notably by Walter Scheidel. His analysis indicates that

there was indeed some effect on wages and rents following the Antonine Plague, although it

appears smaller than the economic upheavals associated with the Justinianic Plague or the

Black Death [67].

Without further analysis specifically linking excess mortality from disease to the broader

economy of the Roman Empire, it remains speculative to draw detailed conclusions based

solely on our current results. However, it is plausible that the economic impact of a 7% mortal-

ity rate would have been more pronounced in urban centers like Rome. In contrast, the overall

economic impact might have been mitigated by the fact that most of the population lived in

less densely populated rural areas, where the spread (and impact) of disease would have been

lower [67].

Conclusions

In the present study, we adapted and built several models of disease spread with the aim of

identifying the most plausible disease that could have caused the Antonine Plague. However,

none of the modeled scenarios showed the mortality pattern indicated by primary sources–

specifically, 2,000 deaths per day by the year 189 CE. This discrepancy between the modeled

behavior and the information provided by primary sources could have resulted from the poor

selection of models (not accounting for seasonality in the spread of disease or perhaps not

modeling the right disease), the possibility that the selected sources are not suitable for quanti-

tative analysis, or the possibility that the sources refer to at least two different and unrelated

disease events. However, our analysis of the total number of deaths suggests that the secondary

literature on the Antonine Plague appears to have overestimated the impact of this pandemic,

with our results suggesting that it would not have caused more than a 7% increase in mortality

compared to expected demographic trends.

Overall, our study suggests that the impact of the Antonine Plague on the population of

Rome may have been significantly overestimated by modern scholars. While no single patho-

gen emerged as the definitive cause of the pandemic, the models indicate that the overall mor-

tality increase was likely far lower than previously believed, with the maximal increase being

around 7%. This raises important questions about the reliability of ancient accounts and chal-

lenges the prevailing maximalist view of the plague’s demographic consequences. Future

research should explore other potential factors, such as seasonality or unmodeled diseases, and

continue refining these models to improve our understanding of historical pandemics.

Supporting information

S1 Fig. Time course results of different transmission mode plague models. Created with rat

to human ratio of 1:2 and using expected epidemiological features from Table 1. Initial condi-

tions: number of susceptible humans, Sh(t = 0) = 923,406; number of susceptible rats, Sr(t = 0)

= 461,702; and number of infected rats, Ir(t = 0) = 1.

(TIF)
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S2 Fig. Time course results of different transmission mode plague. Created with a rat to

human ratio of 2:1 and using expected epidemiological features from Table 1. Initial condi-

tions: number of susceptible humans, Sh(t = 0) = 923,406; number of susceptible rats, Sr(t = 0)

= 1,846,811; and number of infected rats, Ir(t = 0) = 1.

(TIF)

S3 Fig. Box and whisker plot showing results of uniform LHS sampling. (A) Number of

human mortalities; (B) detectable outbreak duration (>100 deaths per day, nonconsecutive)

with inset including outliers; (C) detectable outbreak duration (>250 deaths per day); (D)

detectable outbreak duration (>2,000 deaths per day). Red lines indicate half of the initial pop-

ulation of susceptible humans and the outbreak duration in months for contextualization of

the panels: (A) 461,703 mortalities; (B) 4 months (120 days) at more than 100 deaths per day

due to disease; (C) 3 months (90 days) at>250 deaths per day; (D) 1 month (30 days) at

>2000 deaths per day.

(TIF)

S4 Fig. LHS-PRCC results for bubonic plague SIR and SEIR models. (A) Outbreak size in

the SIR model (number of deaths due to disease); (B) outbreak duration in the SIR model

(days); (C) outbreak size in SEIR; (D) outbreak duration in SEIR.

(TIF)

S5 Fig. LHS-PRCC results for bubonic plague SIR and SEIR models with rat population

dynamics. (A) Outbreak size in the SIR model (number of deaths due to disease); (B) outbreak

duration in the SIR model (days); (C) outbreak size in SEIR; (D) outbreak duration in SEIR.

(TIF)

S6 Fig. LHS-PRCC results for the bubonic-pneumonic plague SEIR model. (A) Outbreak

size (number of deaths due to disease); (B) outbreak duration (days).

(TIF)

S7 Fig. LHS-PRCC results for smallpox SIR and SEIR models. (A) Outbreak size in the SIR

model (number of deaths due to disease); (B) outbreak duration in the SIR model (days); (C)

outbreak size in SEIR; (D) outbreak duration in SEIR.

(TIF)

S8 Fig. LHS-PRCC results for measles SIR and SEIR models. (A) Outbreak size in the SIR

model (number of deaths due to disease); (B) outbreak duration in the SIR model (days); (C)

outbreak size in SEIR; (D) outbreak duration in SEIR.

(TIF)

S1 Appendix. LHS uniform sampling results. Contains scatter plots of parameters vs. model

outcomes and PRCC plots.

(PDF)

S2 Appendix. LHS non-uniform sampling results. Contains scatter plots of parameters vs.

model outcomes and PRCC plots.

(PDF)
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