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Zoonotic pathogens are frequently hypothesized as emerging
with the origins of farming, but evidence of this is elusive in
the archaeological records. To explore the potential impact
of animal domestication on zoonotic disease dynamics and
human infection risk, we developed a model simulating the
transmission of Brucella melitensis within early domestic goat
populations. The model was informed by archaeological data
describing goat populations in Neolithic settlements in the
Fertile Crescent, and used to assess the potential of these
populations to sustain the circulation of Brucella. Results show
that the pathogen could have been sustained even at low
levels of transmission within these domestic goat populations.
This resulted from the creation of dense populations and
major changes in demographic characteristics. The selective
harvesting of young male goats, likely aimed at improving
the efficiency of food production, modified the age and sex
structure of these populations, increasing the transmission
potential of the pathogen within these populations. Probable
interactions between Neolithic settlements would have
further promoted pathogen maintenance. By fostering
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conditions suitable for allowing domestic goats to become reservoirs of Brucella melitensis, the early
stages of agricultural development were likely to promote the exposure of humans to this pathogen.

1. Background
The shift from hunting and gathering wild food resources to the control and husbandry of domestic
animals had fundamental and far-reaching repercussions for the evolution of infectious diseases in
humans [1,2]. Through bringing animals together in larger, denser herds, in close association with human
communities, a stable conduit for exposure of humans to infection in their animals was established [3,4].
Examination of the changing dynamics of human–animal relationships at the start of farming can not
only advance understanding of the consequences of farming on human and animal health and wellbeing,
but also contribute long-term perspectives to present and future concerns as animal management evolves
to ensure sufficient and reliable food supply for the ever-growing global human population which in turn
has resulted in changing environments.

However, while the origins of zoonoses as a consequence of the adoption of farming have been
frequently hypothesized, there is little evidence in support of this supposition from archaeological
records. Here, we discuss the origins of brucellosis as a zoonotic disease, a process that has been
hypothesized as intensifying during the early period of animal domestication in the Near East [5,6].
Brucella melitensis is the main agent responsible for human brucellosis, today’s commonest bacterial
zoonosis in the world [7]. Humans become infected through ingestion of unpasteurized dairy products
and the management of infected animals, primarily sheep and goats, the main reservoir of the
bacteria [6]. A recent review of early evidence for brucellosis in human (Homo sapiens) skeletons
identifies that the earliest probable cases reported come from the Bronze Age Near East [5], the
region of domestication of goats and sheep, and also cattle and pigs, in multiple centres during
the preceding Neolithic [8,9]. A further possible case derives from the early Neolithic Near East in
association with evidence for early goat husbandry (an adult male skeleton (GD#22) from the site of
Ganj Dareh exhibiting new woven bone on the anterior and lateral surfaces of a thoracic vertebral
body and resorption of the superior anterior surface of a lumbar vertebral body removing a portion
of the annular ring; both signs indicative of early brucellosis infection) [10]. A further possible case of
brucellosis is also reported from a 2.4 to 2.8 Myr old hominin (Australopithecus africanus) skeleton [11].
While it indicates that humans may have been infected through contact with wildlife prior to animal
domestication, the development of animal farming is likely to have further enhanced the risk of human
infection by increasing (i) the prevalence of infection among in-contact animal populations and (ii) the
frequency of contact between humans and infected animals through, for instance, the emergence of
milk exploitation.

To explore the potential impact of the development of animal farming on brucellosis dynamics in
domestic goats, and, therefore, on the risk of human infection, we consider the dynamics of Brucella
melitensis infection in early domestic goat herds through a stochastic and age-structured mathematical
model simulating its spread within village goat populations. The aim is to gain understanding of when
in the evolution of goat husbandry conditions were reached for these animal populations to have the
potential to sustain bacterial circulation within a settlement and to become a permanent reservoir for
human infection.

Current evidence indicates the emergence of goat husbandry in potentially multiple centres across
the Near East during the late ninth/early eighth millennia BC [8,9]. Across the region, there is a range
of evidence for increasing levels of management of goats at this time. For example, morphologically
wild goats were transported to Cyprus, appearing as early as 8400 BC at Shillourokambos [12]. The early
management of goats is reported at Nevalı Çori (ca 8200–8000 BC) in the upper Euphrates basin in the
northern Fertile Crescent on the basis of size changes and demographic profiles [13]. Further east, early
managed goats are also identified at the site of Ganj Dareh in the Zagros mountains of the eastern Fertile
Crescent at ca 7900 BC, where the demographic profile indicates a population under human management
that are morphologically unaltered from wild animals [14,15]. Archaeological sites from the Zagros
region offer an ideal case-study for articulating a demographic model of early domestic goat populations
to investigate the possible dynamics of brucellosis in the early stages of husbandry due to the well-dated
and characterized sequence of site assemblages and the fact that for around a millennium goat was the
only domestic food animal in the region [16]. The area has produced the earliest and most accurately
dated demographic profile suggestive of a managed population at Ganj Dareh in the highland Zagros
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Figure 1. Location map showing Ganj Dareh, Ali Kosh and Jarmo in the eastern Fertile Crescent. Inset: region of early plant and animal
domestications in the Near East known as the Fertile Crescent.

(figure 1) [14,15], where possible indicators of brucellosis were identified in a human skeleton [10]. The
spread of goat husbandry can then be followed to nearby lowland zones, reaching Ali Kosh by ca 7500 BC,
and Jarmo a few centuries later still where it co-occurs with domestic sheep [16] (figure 1). Examining
these three populations—from Ganj Dareh, Ali Kosh and Jarmo—allows an assessment of the diversity in
management strategies during earlier phases of animal husbandry [15] and the impact of these strategies
on the potential maintenance of Brucella melitensis within domestic goat populations. With unpasteurized
milk being a particularly key mode of transmission to humans [6], the origins of dairying are highlighted
as an important innovation. Although the precise antiquity of dairying is still debated, zooarchaeological
studies of herd profiles provide indirect evidence to suggest that milking may have begun in the Near
East during the eight millennium BC [12,17]; whereas the earliest direct evidence comes from organic
residues preserved in pottery from 7th millennium BC Anatolia [18].

2. Material and methods
The modelled goat population demographic profiles were defined using post-cranial remains found at
the sites of Ganj Dareh, Ali Kosh and Jarmo as identified, recorded and reported by Zeder [16]. Although
calculating demographic profiles from bone fusion provides less detail than from teeth eruption and
attrition, importantly, it does allow calculation of sex-specific age profiles (not possible from dental data)
due to sexual dimorphism in the goat post-cranial skeleton [14,16]. In the following, goats less than 1
year old are referred to as young, goats between 1 and 2 years old as yearlings, and goats of 2 years old
or more as adults.

2.1. Population dynamics
Individual goats were the unit of analysis, and the model was run in discrete time with a daily time-step.
New goats entered into the population through births. Births were seasonal, with the kidding season
lasting θ days per year. While seasonal births meant that the size of the population varied over time,
the average size of a goat population was stable from one year to the next. All goats born within the
same season defined a cohort. Goats could leave the population at any time through harvesting or death
due to other causes. The probability δas of a goat dying between days d and d + 1 depended on its sex
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s and the age a, in years, of its cohort. Let Nasd be the number of goats of sex s in a cohort of age a on
day d. The number of goats dying on day d + 1 was simulated by a binomial process with Nasd as the
number of trials, and δas as the probability of a success. When a cohort reached the maximum age Ω , it
was removed from the population. The number of new born kids joining the population over a day of a
given birth season was simulated by a Poisson process with ωΠ/θ as the average number of events. ω

was the average litter size, i.e. the average number of kids per year and per female of kid bearing age, θ

was the length, in days, of the kidding season and Π referred to the average number of females of kid
bearing age (more than or equal to 2 years old) during a kidding season.

2.2. Brucella melitensis infection and transmission
Homogeneous mixing within the goat population of a village was assumed. Infected kids were assumed
to be non-infectious, to recover from infection and be fully susceptible when reaching 1 year of age [19].
The infectious material excreted from the vaginal tract of infected goats following abortion or full-
term parturition is generally considered to be the main source of infection for susceptible hosts [19].
While Brucella can also be shed in the semen, transmission is uncommon during natural mating [19,20].
Therefore, only female goats were considered to be potentially infectious, with transmission occurring
through contacts with infectious material excreted following abortion or full-term parturition. It has
been reported that infected goats may either be infectious for one abortion or parturition, or remain
persistently infectious, with intermittent shedding [19]. Models published in the literature assumed
either that infected hosts were infectious for only a couple of months [21], or remained infectious until
their death [22]. In order to reflect this variability and uncertainty related to the course of infection of
Brucella melitensis in goats, two scenarios were modelled. Under the lifelong infectiousness scenario,
the goat population was divided into three mutually exclusive health states: Susceptible, Latent and
Infectious. Infected goats entered into the latent state, and only females became infectious from their
first abortion or full-term parturition since infection. Infectious females shed bacteria in fetal fluid and
vaginal discharges for a period of ε days each year, following each abortion or full-term parturition.
Under the transitory infectiousness scenario, the population was divided into four mutually exclusive
health states: Susceptible, Latent, Infectious and Non-Infectious. Infectious goats only shed bacteria for a
period of ε days following their first abortion or full-term parturition since infection. They then became
non-infectious, and could not become susceptible or infectious again. The non-infectious health state
included goats that recovered from Brucella infection and became immune, as well as goats that were
permanently infected but did not shed the bacteria any longer.

Brucella transmission was assumed to be frequency-dependent, as this mode of transmission seems
to be the most suitable for describing transmission in extensive production systems. Results assuming
density-dependence transmission are also provided in the electronic supplementary material. The
probability pad of any susceptible goat in a cohort of age a becoming infected on a day d to d + 1 was
expressed as follows:

If a = 0, pad = 0

and

if a ≥ 1, pad = 1 − exp

(
−β

∑
l IS

ld∑
l,s Nlsd

)
,

where IS
ld was the number of infectious (female) goats in a cohort of age l that shed bacteria on day

d, i.e. within the ε-day period following abortion or parturition. β was the per capita number of effective
contacts per unit of time (i.e. a contact resulting in infection if it involved an infectious goat). The number
of goats in a cohort of age a becoming infected between day d and d + 1 was then simulated using a
binomial process with the number of susceptible goats in that cohort as the number of events and pad as
the probability of a success.

In the metapopulation model, the probability pavd of any goat in a cohort of age a, in village v,
becoming infected between day d and d + 1 was expressed as:

If a = 0, pavd = 0

and

if a ≥ 1, pavd = 1 − exp

⎡
⎣−β

⎛
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With α the proportion of contacts that a goat makes with goats from other villages, and n the number of
villages. The first component of the exponent in this equation was the within-village infection process,
and the second component was the between-village infection process.

2.3. Parameters
The demographic profile of goat populations was modelled using four daily probabilities of mortality:
for young goats regardless of their sex, δa = 0, for male and female yearlings, δa=1,s=M and δa=1,s=F,
and adults, δa≥2. The model was first fitted to the survival probabilities assessed at each of the three
archaeological sites (further details in the electronic supplementary material). This resulted in values
of δa=0 which were lower than expected [23] and which varied across sites. It may have been due to
systematic errors—smaller and less dense remains of the youngest animals may have been preferentially
destroyed by processes of taphonomic attrition—or variation in survival probabilities across sites, but
was unlikely to reflect major differences in harvesting practices. Also, this first parametrization meant
that the litter size (i.e. average number of kids by females at an age for bearing kids) required for a
population size to remain stable from a year to the next differed between populations. As we were
interested in assessing the impact of goat population management practices on disease dynamics, we
adjusted all probabilities of mortality so that δa=0 and the litter size remained constant across all
sites (further details in the electronic supplementary material). A hypothetical, extensive, ‘modern’
goat population characterized by a lower ASR than for the three Neolithic populations, but a similar
probability of mortality of young goats and average litter size was designed to assess the impact of
increased male-biased harvesting on disease dynamics. For this ‘modern’ goat population, the sex
ratio of 0.28 among goats more than 1 year old was comparable to the one reported in contemporary
populations [24]. The range of explored values of β was selected so that, when applied to the ‘modern’
goat population, simulated seroprevalences (electronic supplementary material) covered the range of
within-village seroprevalences reported by cross-sectional serological surveys conducted in the Middle
East and Africa (5–35%) [21,25–27]. Other parameter values and estimation of goat population sizes at
each site were assessed based on a review of the literature. Parameter values and details about their
selection or calculations are provided in the electronic supplementary material.

2.4. Outcome
A simulation started by setting a random goat, on a random day, as infected. The probability of disease
invasion was the proportion of simulations resulting in a substantial outbreak, defined as the infection
of at least 50 goats. The disease was said to be endemic if there was at least one infected goat in the
population after a period of 200 years. To calculate the probability of disease endemicity, only simulations
that resulted in a substantial outbreak were taken into account. In the metapopulation model, the
infection was seeded in a single village, and the disease was considered to be endemic if there was at
least one infected goat among the n villages after 200 years. A thousand simulations were run for each
parameter combination. The basic reproduction number R0 was estimated by calculating the dominant
eigenvalue of the next-generation matrix M [28]. R0 informs about the potential for the bacteria to spread
within a goat population: the disease may invade the population if R0 is higher than 1, while it will not
if R0 is lower than 1. The entry mij was interpreted as the expected number of newly infected goats of
age i (in days) produced by one goat which became infected at age j, in an initially fully susceptible
population. The calculation of R0 was checked numerically. As shown in figure 3a, the probability of
disease invasion in the ‘modern’ goat population increased sharply when R0 became higher than one.

2.5. Sensitivity analysis
A global sensitivity analysis was conducted to assess the impact of variations in age- and sex-
specific mortality probabilities on the minimum population size required for the probability of disease
endemicity to be equal to or higher than an arbitrary value of 0.2. Parameter values were sampled
using the Latin hypercube sampling scheme, and the partial rank correlation coefficients (PRCCs) were
calculated, providing a measure of the influence of each parameter on the outcome. For each parameter,
the range over which their value was varied was defined by [r − 0.1r, r + 0.1r], where r was the value of
the corresponding parameter for Ganj Dareh demographic profile. PRCCs are provided in the electronic
supplementary material.
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All analyses were run using R v. 3.1.0. The package ‘sensitivity’ was used to conduct the sensitivity

analysis.

3. Results and discussion
Demographic profiles in the three selected Neolithic sites were all characterized by a male-biased
mortality of yearlings (figure 2). However, it was more pronounced in Ganj Dareh, resulting in a lower
adult sex ratio (ASR = 0.24)—the ratio between the number of adult males and females—than at both
Ali Kosh (ASR = 0.61) and Jarmo (ASR = 0.76). The higher mortality of males compared with females is
likely to result from the selective harvesting of males. It is a common demographic structure for domestic
livestock populations where only a few males are needed to ensure the reproductive continuity of the
herd [29], and a feature of farming systems specialized in meat production (with most males slaughtered
for consumption, while females are kept for reproduction), but may potentially also be associated with
early dairy production strategies [30]. The low ASR in Ganj Dareh suggests the practice of such advanced
levels of management aimed at increasing food production may have been applied at an early stage of
the development of goat farming, although this pattern was by no means consistent across the Fertile
Crescent [17]. A hypothetical, extensive, ‘modern’ goat population characterized by an even lower ASR
(0.15) than Ganj Dareh was designed to further explore the impact of increased male-biased harvesting
of yearlings on disease dynamics (figure 2).

As shown in figure 3 for the lifelong infectiousness scenario (and electronic supplementary material,
figure S2, for the transitory infectiousness scenario), Brucella melitensis could invade (figure 3a) and be
maintained for low levels of transmission in population sizes that were within the estimated ranges for
the investigated Neolithic sites (grey and black bars in figure 3c–e; electronic supplementary material).
These results suggest that conditions were present in these early domestic goat populations for the
establishment of endemicity of the pathogen, which could thus have acted as a potential permanent
reservoir for human infection.

The probability of mortality of male yearlings was the demographic parameter showing the highest
level of variation across all four above-mentioned demographic profiles. It was also a highly influential
parameter on the disease dynamics under both infectiousness scenarios (electronic supplementary
material): for a given population size, the vulnerability to pathogen invasion and the probability
of sustaining its circulation were higher in populations with high male-biased mortality, as in the
Ganj Dareh and ‘modern’ profiles, compared with populations with low sex-biased mortality, as at
Jarmo and Ali Kosh (lifelong infectiousness scenario: figure 3b; transitory infectiousness scenario:
electronic supplementary material, figure S2b). In other words, the pathogen could be transmitted in
such populations at disease transmission levels that did not allow it to be transmitted in comparable
populations of the same size but for which harvesting was not biased towards males (further details
about the impact of variations in the ASR on Brucella invasion and maintenance are presented in the
electronic supplementary material). Likewise, the pathogen would circulate at a higher prevalence level
in populations with high male-biased mortality. For a given population size and disease transmission
level, the prevalence of infection was the highest in the ‘modern’ profile, and the lowest in Jarmo
(electronic supplementary material, figure S5). However, the potential for the bacteria to become endemic
in the Jarmo goat population may have been underestimated as sheep were also present [18] and
likely to contribute to endemicity. Preferential harvesting of males increased the proportion of females
in the population, and, therefore, their proportion among newly infected goats. As adult females are
responsible for pathogen transmission, such a population structure would promote the transmission of
Brucella melitensis (i.e. higher value of R0 for a given transmission rate).

The potential for Brucella melitensis to become endemic was substantially increased if goats from
different villages mixed together, even if the level of inter-village mixing was low (figure 4). A
small metapopulation of 10 identical villages with demographic profiles similar to Ganj Dareh was
simulated, with varying levels of contact between villages. In a metapopulation where goats made
0.5% of their contacts with goats from other villages (and, therefore, 99.5% of their contacts with
goats from the same village), a probability of disease endemicity of, for instance, 0.2 was achieved for
village populations 1.5 times smaller than villages in a metapopulation composed of isolated villages
(figure 4). While disease extinction was more likely in these smaller populations, inter-village mixing
could lead to the re-introduction of the pathogen in populations in which it faded out. This rescue
effect meant that the pathogen could persist at the metapopulation level even if it could not persist
at the population level [31]. Interactions between goats belonging to different villages were likely to
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Figure 2. Village goat demographic profiles. Panels (a), (b) and (c) were inferred from post-cranial remains found in Jarmo, Ali Kosh and
Ganj Dareh, respectively. Panel (d) refers to a hypothetical population reproducing features of ‘modern’ goat populations. Probabilities
of survival as a function of age for the overall population (solid line), males (dashed line) and females (dotted line) are shown.

occur during this period as Neolithic communities are known to have been linked by a broad range
of regional interactions, including exchange networks amongst diverse other social relationships [32].
Such inter-village contacts may have resulted from the introduction of goats from one village to another,
during seasonal transhumance practices [33], or the use of common pastures or water points. In the
vicinity of Ganj Dareh, for example, several contemporaneous sites are situated within 2 or 3 h walking
distance [34]. Moreover, contacts between human settlements may have further promoted the spread of
certain population management practices, and especially the selective harvesting of young males, among
these settlements.

The study has several limitations due to the nature of the data informing the model. Assumptions
about the routes and modes of transmission of Brucella in Neolithic goats were based on our current
understanding of the epidemiology of the disease. Infection of wild goat species by Brucella is common,
and can reach high levels of prevalence [6,35]. As present-day domestic goats derive from Neolithic
populations, we assumed that the main features of Brucella pathology, and especially the restriction
of Brucella transmission to females, remained the same. While the explored values of β were selected
to allow the amplification of the pathogen in the ‘modern’ goat population, it is unknown whether
infectious contact rates in the Neolithic period were comparable to those observed nowadays. Further
archaeological investigations and genetic analyses of ancient Brucella DNA would help in assessing the
validity of these assumptions. Remains of goats that were not slaughtered and consumed, but died
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Figure 3. The probability of disease invasion and endemicity in a village goat population. Infectiousness was lifelong. R∗0 is the value of
the basic reproduction number R0 for the hypothetical ‘modern’ demographic profile. R0 informs about the potential for the bacteria
to spread within the goat population: the disease may invade the population if R0 is higher than 1, while it will not if R0 is lower
than 1. As population-specific R0 were linearly dependent (a), R∗0 was chosen as a reference, and was reported on the x- or y-axes to
allow comparisons between populations. (a) Probability of disease invasion as a function of R∗0 . (b) Minimum population size required
for reaching a probability of disease endemicity p= 0.2 as a function of R∗0 . (c–f ) Probability of disease endemicity as a function of
population size and R∗0 . Grey and black bars show the ranges of estimated population sizes at each site assuming 100 and 300 people per
hectare, respectively (electronic supplementary material).

for other reasons (e.g. diseases), might have been discarded at a distance from the settlement, and
smaller and less dense remains of the youngest animals may have been preferentially destroyed by
processes of taphonomic attrition. This may have led to systematic errors in the estimation of survival
probabilities. For comparison purposes, a hypothetical modern demographic profile was developed.
Certain features, such as average litter size [36,37] and age at slaughter may vary between breeds and
husbandry practices, and these variations were not captured here. Our main aim was to represent
the impact of the sex-biased harvesting of goats observed in modern extensive goat flocks, and the
resulting ASR, in order to allow a comparison with the different observed Neolithic demographic goat
population profiles. We estimated possible sizes of goat populations at Ganj Dareh, Ali Kosh and Jarmo.
Such calculations are a challenge for archaeological research given the nature of the evidence [38],
but was attempted here to add perspective to the discussion of the relationship between population
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Figure 4. Impact of inter-population mixing on the potential for the disease to become endemic in a metapopulation of goats.
Infectiousness was assumed to be life-long, and Ganj Dareh demographic profile was selected. α refers to the proportion of contacts
that a goatmadewith goats from other villages. R∗0 refers to the reference value of the basic reproduction number R0 for the hypothetical
‘modern’ demographic profile. Grey and black bars show the ranges of estimated goat population sizes at each site assuming 100 and 300
people per hectare, respectively (electronic supplementary material).

size and disease endemicity. The wide range of parameter values we used aimed to capture the
uncertainty associated with these estimates, with the population size estimates spanning several orders
of magnitude (electronic supplementary material). We assumed that managed goat population dynamics
was independent from wild goat populations. However, early farmers might have regularly recruited
wild animals and introduced them into their flocks. Such a practice could have resulted in multiple
introductions of the pathogen into managed flocks, and could have, therefore, further promoted the
likelihood of the pathogen being maintained in village goat populations.

In conclusion, the increase in livestock densities may not be the only feature resulting from the
early development of farming that promoted disease invasion and maintenance. The alteration of
goat population demographic profiles, probably associated with management decisions to increase
productivity of herds, and likely interactions between settlements further increased the potential for
these populations to spread and maintain infection. Through these changes in goat population dynamics
and contact patterns, conditions promoting the exposure of humans to a zoonotic pathogen emerged
at an early stage of farming development. In the earliest period of caprine husbandry across the Near
East a diversity of management strategies were practiced, as communities experimented with differing
herd profiles, with only a minority of Early Neolithic sites demonstrating pronounced young male kill-
off [15]. This situation changes from the mid-7th millennium BC, after which the majority of sites produce
clear evidence for young male kill-off of domestic caprines at the same time as a new emphasis on
intensive and large-scale mixed sheep and goat pastoralism emerges [15]. Thus, zoonotic brucellosis
had the potential for emergence in some geographical areas of the Early Neolithic, but may not have
become widespread until the relevant management strategies were in wider use. Transmission to human
communities would have been further enabled by the development of dairying practices, although
whether or not milking was practiced in the Zagros Neolithic sites is currently inconclusive from the
herd demographics.

Understanding of the interrelationship between disease dynamics and population characteristics
within this broader regional narrative will allow future osteological and genetic research to focus on
those areas most likely to produce direct evidence for the emergence of livestock-related zoonotic disease.
To date, the study of the role of animal domestication in the emergence of brucellosis has been limited by
what is identifiable from the archaeological records. Palaeopathological studies of human and animal
remains can often indicate only non-specific infections, as identifying the causative agent based on
structural changes within bone alone is problematic given the lack of specificity of these changes for
the various pathogens and also only a proportion of individuals infected by an infectious organism
might show evidence of skeletal changes [39,40]. Furthermore, the taphonomic histories of most animal
bone assemblages (butchered, fragmented and cooked) act against the identification of diseases [41].
Analyses of ancient DNA have increasing potential for the identification of infectious agents, although
they have been challenged to date by detrimental environmental conditions in the Near East to DNA
survival in archaeological bones [42,43]. They are, however, beginning to contribute to the identification
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of brucellosis for later archaeological periods [44], and recent advances represent significant potential
for the recovery of pathogen DNA from the ancient Near East [45]. Future directions should focus on
analyses to investigate the presence and distribution of brucellosis in the archaeological populations,
particularly through refinement and application of palaeopathological criteria for identifying brucellosis
in goat skeletons, and application of ancient DNA analytical protocols. Such future analyses are needed
to test the model results and validate conclusions. For example, we would expect to see higher prevalence
rates at sites with population demographics promoting infection. Future work should also further
refine and validate the parameters employed in the model, for example, data on timings and changes
in birth seasonality can be generated from stable isotope analysis of archaeological teeth [46] and
extend the simulations to later periods where we witness the development of more intensive husbandry
systems [15] or the increase in occurrence of reported cases of brucellosis in humans [5,6]. Stable
isotope analyses on archaeological remains could also provide information on the spatial mobility
of goats, and, therefore, on the likelihood of interactions between goat flocks belonging to distinct
settlements.

These findings further support the view that the transition from food collection to production
during the Neolithic transition while allowing for larger human population sizes resulted in significant
adverse effects on human health and wellbeing [2,47]. It further demonstrates the importance of
recognizing the complexity of eco-social systems, where it is often very difficult to obtain a holistic
impression of the different types of impacts that a particular change in the system has. In this case, early
farmers discovered that they could improve the efficiency of food production while maintaining herd
reproductive continuity by selectively culling young male goats, a cause–effect relationship that must
have been clear to them. But they were unlikely to have realized that this led to increased risk of human
brucellosis, due to the cause–effect relationship not being directly observable. Arguably, even if they had
recognized the link, the perceived benefits of more effective food production and associated outputs may
still have resulted in choosing the same goat herd production management approach.

Data accessibility. This study uses data from the literature.
Authors’ contributions. G.F. and R.B. designed the study; R.B. collated archaeological data; G.F. and D.U.P. designed the
model. All authors discussed the results and contributed to the paper.
Competing interests. We declare we have no competing interests.
Funding. R.B. was supported by the Central Zagros Archaeological Project (AHRC: AH/H0343125/2: PI R Matthews).

References
1. Diamond J. 2002 Evolution, consequences and

future of plant and animal domestication. Nature
418, 700–707. (doi:10.1038/nature01019)

2. Bocquet-Appel JP. 2011 When the world’s
population took off: the springboard of the
Neolithic Demographic Transition. Science 333,
560–561. (doi:10.1126/science.1208880)

3. Wolfe ND, Dunavan CP, Diamond J. 2007 Origins of
major human infectious diseases. Nature 447,
279–283. (doi:10.1038/nature05775)

4. Pearce-Duvet JM. 2006 The origin of human
pathogens: evaluating the role of agriculture and
domestic animals in the evolution of human
disease. Biol. Rev. Camb. Philos. Soc. 81, 369–382.
(doi:10.1017/S1464793106007020)

5. D’Anastasio R, Staniscia T, Milia ML, Manzoli L,
Capasso L. 2011 Origin, evolution and
paleoepidemiology of brucellosis. Epidemiol.
Infect. 139, 149–156. (doi:10.1017/S0950268810
00097X)

6. Moreno E. 2014 Retrospective and prospective
perspectives on zoonotic brucellosis. Front.
Microbiol. 5, 213. (doi:10.3389/fmicb.2014.
00213)

7. Pappas G, Papadimitriou P, Akritidis N, Christou L,
Tsianos EV. 2006 The new global map of human
brucellosis. Lancet Infect. Dis. 6, 91–99. (doi:10.1016/
S1473-3099(06)70382-6)

8. Arbuckle BS. 2014 Pace and process in the
emergence of animal husbandry in Neolithic
Southwest Asia. Bioarchaeol. Near East 8, 53–81.

9. Zeder MA. 2011 The origins of agriculture in the Near
East. Curr. Anthropol. 52, S221–S235. (doi:10.1086/
659307)

10. Merrett DC. 2004 Bioarchaeology in Early Neolithic
Iran : assessment of health status and subsistence
strategy. Winnipeg, Canada: University of Manitoba.

11. D’Anastasio R, Zipfel B, Moggi-Cecchi J, Stanyon R,
Capasso L. 2009 Possible brucellosis in an early
hominin skeleton from Sterkfontein, South Africa.
PLoS ONE 4, e6439. (doi:10.1371/journal.pone.
0006439)

12. Vigne JD, Carrère I, Briois F, Guilaine J. 2011 The early
process of the mammal domestication in the Near
East: new evidence from the Pre-Neolithic and
Pre-Pottery Neolithic in Cyprus. Curr. Anthropol. 52,
S255–S271. (doi:10.1086/659306)

13. Peters J, Von den Driesch A, Helmer D. 2005
The upper Euphrates-Tigris basin: cradle of
agro-pastoralism. In The first steps of animal
domestication, new archaeozoological approaches to
trace the first steps of animal domestication (eds JD
Vigne, J Peters, D Helmer), pp. 1–16. Oxford, UK:
Oxbow Books.

14. Zeder MA, Hesse B. 2000 The initial domestication
of goats (Capra hircus) in the Zagros mountains

10 000 years ago. Science 287, 2254–2257.
(doi:10.1126/science.287.5461.2254)

15. Arbuckle BS, Atici L. 2013 Initial diversity in sheep
and goat management in Neolithic south-western
Asia. Levant 45, 219–235. (doi:10.1179/007589
1413Z.00000000026)

16. Zeder MA. 2008 Animal domestication in the
Zagros: an update and directions for future
research. In Archaeozoology of the Near East VIII
Travaux de la Maison de l’Orient et de la Méditerranée
49 (eds E Vila, L Gourichon, AM Choyke,
H Buitenhuis), pp. 243–277. Lyon, France: Maison de
l’Orient et de la Méditerranée.

17. Helmer D, Gourichon L, Vila E. 2007 The
development of the exploitation of products from
Capra and Ovis (meat, milk and fleece) from the
PPNB to the Early Bronze in the northern Near East
(8700 to 2000 BC cal.). Anthropozoologica 42,
41–69.

18. Evershed RP et al. 2008 Earliest date for milk use in
the Near East and southeastern Europe linked to
cattle herding. Nature 455, 528–531. (doi:10.1038/
nature07180)

19. European Commission Scientific Committee on
Animal Health and Animal Welfare. 2001 Brucellosis
in sheep and goats.

20. World Organization for Animal Health (OIE). 2016
Terrestrial Animal Health Code. Paris, France.

 on March 16, 2017http://rsos.royalsocietypublishing.org/Downloaded from 

http://dx.doi.org/10.1038/nature01019
http://dx.doi.org/10.1126/science.1208880
http://dx.doi.org/10.1038/nature05775
http://dx.doi.org/10.1017/S1464793106007020
http://dx.doi.org/10.1017/S095026881000097X
http://dx.doi.org/10.1017/S095026881000097X
http://dx.doi.org/10.3389/fmicb.2014.00213
http://dx.doi.org/10.3389/fmicb.2014.00213
http://dx.doi.org/10.1016/S1473-3099(06)70382-6
http://dx.doi.org/10.1016/S1473-3099(06)70382-6
http://dx.doi.org/10.1086/659307
http://dx.doi.org/10.1086/659307
http://dx.doi.org/10.1371/journal.pone.0006439
http://dx.doi.org/10.1371/journal.pone.0006439
http://dx.doi.org/10.1086/659306
http://dx.doi.org/10.1126/science.287.5461.2254
http://dx.doi.org/10.1179/0075891413Z.00000000026
http://dx.doi.org/10.1179/0075891413Z.00000000026
http://dx.doi.org/10.1038/nature07180
http://dx.doi.org/10.1038/nature07180
http://rsos.royalsocietypublishing.org/


11

rsos.royalsocietypublishing.org
R.Soc.opensci.4:160943

................................................
21. Hegazy YM, Moawad A, Osman S, Ridler A, Guitian

J. 2011 Ruminant brucellosis in the Kafr El Sheikh
Governorate of the Nile Delta, Egypt: prevalence of
a neglected zoonosis. PLoS Negl. Trop. Dis. 5, e944.
(doi:10.1371/journal.pntd.0000944)

22. Zinsstag J, Roth F, Orkhon D, Chimed-Ochir G,
Nansalmaa M, Kolar J, Vounatsou P. 2005 A model
of animal-human brucellosis transmission in
Mongolia. Prev. Vet. Med. 69, 77–95. (doi:10.1016/
j.prevetmed.2005.01.017)

23. Redding RW. 1981 Decision making in subsistence
herding of sheep and goats in the Middle East. Ann
Arbor, MI: University of Michigan.

24. Central Agricultural Census Commission. 2003
Ethiopia Federal Democratic Republic, agricultural
census 2001/02 main results.

25. Asmare K et al. 2013 A study on seroprevalence of
caprine brucellosis under three livestock production
systems in southern and central Ethiopia. Trop.
Anim. Health Prod. 45, 555–560. (doi:10.1007/
s11250-012-0258-2)

26. Teklue T, Tolosa T, Tuli G, Beyene B, Hailu B. 2013
Sero-prevalence and risk factors study of brucellosis
in small ruminants in Southern Zone of Tigray
Region, Northern Ethiopia. Trop. Anim. Health
Prod. 45, 1809–1815. (doi:10.1007/s11250-013-
0439-7)

27. Gabli A, Agabou A, Gabli Z. 2015 Brucellosis in
nomadic pastoralists and their goats in two
provinces of the eastern Algerian high
plateaus. Trop. Anim. Health Prod. 47,
1043–1048. (doi:10.1007/s11250-015-
0825-4)

28. Diekmann O, Heesterbeek JAP. 2000Mathematical
epidemiology of infectious diseases: model building,
analysis and interpretation. New York, NY: John
Wiley & Sons.

29. Zohary D, Tchernov E, Horwitz L. 1998 The role of
unconscious selection in the domestication of sheep
and goats. J. Zool. 245, 129–135. (doi:10.1111/j.1469-
7998.1998.tb00082.x)

30. Vigne JD, Helmer D. 2007 Was milk a ‘secondary
product’ in the Old World Neolithisation process? Its
role in the domestication of cattle, sheep and goats.
Anthropozoologica 42, 9–40.

31. Keeling MJ, Rohani P. 2008Modelling infectious
diseases in humans and animals. Princeton, NJ:
Princeton University Press.

32. Asouti E. 2006 Beyond the pre-pottery Neolithic B
interaction sphere. J. World Prehistory 20, 87–126.
(doi:10.1007/s10963-007-9008-1)

33. Sutliff DJ. 2015 On nomadic transhumance at
Neolithic Tepe Tula’i, Iran: a re-analysis of findings.
J. Archaeol. Sci. Rep. 3, 392–397. (doi:10.1016/j.
jasrep.2015.06.014)

34. Smith PEL, Mortensen P. 1980 Three new Early
Neolithic sites in western Iran. Curr. Anthropol. 21,
511–512. (doi:10.1086/202503)

35. Mick V, Le Carrou G, Corde Y, Game Y, Jay M,
Garin-Bastuji B. 2014 Brucella melitensis in France:
persistence in wildlife and probable spillover from
Alpine ibex to domestic animals. PLoS ONE 9,
e94168. (doi:10.1371/journal.pone.0094168)

36. Gall C. 1996 Goat breeds of the world. Technical
Centre for Agricultural and Rural Cooperation (CTA).
Weikersheim, Germany: Margraf.

37. Tuncel E, Rehber E. 1995 Goat production systems
in Turkey. In Goat production systems in the
Mediterranean (eds A El Aich, S Landau,
A Bourbouze, R Rubino, P Morand-Fehr), pp.
111–135. Wageningen, The Netherlands:
Wageningen Pers.

38. Ebersbach R. 2013 Quantitative approaches to
reconstructing prehistoric stock breeding. In
Economic archaeology: from structure to performance
in European archaeology (eds T Kerig, A
Zimmermann), pp. 143–160. Bonn, Germany:
Habelt.

39. Bendrey R, Taylor GM, Bouwman AS, Cassidy JP.
2008 Suspected bacterial disease in two
archaeological horse skeletons from southern
England: palaeopathological and biomolecular

studies. J. Archaeol. Sci. 35, 1581–1590.
(doi:10.1016/j.jas.2007.11.002)

40. Aufderheide AC, Rodríguez-Martín C. 1998 The
Cambridge encyclopedia of human palaeopathology.
Cambridge, UK: Cambridge University Press.

41. Bartosiewicz L. 2008 Taphonomy and
palaeopathology in archaeozoology. Geobios
41, 69–77. (doi:10.1016/j.geobios.2006.
02.004)

42. Smith CI, Chamberlain AT, Riley MS, Stringer C,
Collins MJ. 2003 The thermal history of human
fossils and the likelihood of successful DNA
amplification. J. Hum. Evol. 45, 203–217.
(doi:10.1016/S0047-2484(03)00106-4)

43. Bollongino R, Vigne JD. 2008 Temperature
monitoring in archaeological animal bone samples
in the Near East arid area, before, during and after
excavation. J. Archaeol. Sci. 35, 873–881.
(doi:10.1016/j.jas.2007.06.023)

44. Kay GL, Sergeant MJ, Giuffra V, Bandiera P,
Milanese M, Bramanti B, Bianucci R, Pallen MJ.
2014 Recovery of a medieval Brucella melitensis
genome using shotgun metagenomics.mBio
5, e01337-14. (doi:10.1128/mBio.
01337-14)

45. Warinner C, Speller C, Collins MJ. 2015 A new era in
palaeomicrobiology: prospects for ancient dental
calculus as a long-term record of the human oral
microbiome. Phil. Trans. R. Soc. B 370, 20130376.
(doi:10.1098/rstb.2013.0376)

46. Balasse M, Obein G, Ughetto-Monfrin J, Mainland I.
2012 Investigating seasonality and season of
birth in past herds: a reference set of sheep
enamel stable oxygen isotope ratios. Archaeometry
54, 349–368. (doi:10.1111/j.1475-4754.2011.
00624.x)

47. Larsen CS. 2006 The agricultural revolution as
environmental catastrophe: implications for health
and lifestyle in the Holocene. Quat. Int. 150, 12–20.
(doi:10.1016/j.quaint.2006.01.004)

 on March 16, 2017http://rsos.royalsocietypublishing.org/Downloaded from 

http://dx.doi.org/10.1371/journal.pntd.0000944
http://dx.doi.org/10.1016/j.prevetmed.2005.01.017
http://dx.doi.org/10.1016/j.prevetmed.2005.01.017
http://dx.doi.org/10.1007/s11250-012-0258-2
http://dx.doi.org/10.1007/s11250-012-0258-2
http://dx.doi.org/10.1007/s11250-013-0439-7
http://dx.doi.org/10.1007/s11250-013-0439-7
http://dx.doi.org/10.1007/s11250-015-0825-4
http://dx.doi.org/10.1007/s11250-015-0825-4
http://dx.doi.org/10.1111/j.1469-7998.1998.tb00082.x
http://dx.doi.org/10.1111/j.1469-7998.1998.tb00082.x
http://dx.doi.org/10.1007/s10963-007-9008-1
http://dx.doi.org/10.1016/j.jasrep.2015.06.014
http://dx.doi.org/10.1016/j.jasrep.2015.06.014
http://dx.doi.org/10.1086/202503
http://dx.doi.org/10.1371/journal.pone.0094168
http://dx.doi.org/10.1016/j.jas.2007.11.002
http://dx.doi.org/10.1016/j.geobios.2006.02.004
http://dx.doi.org/10.1016/j.geobios.2006.02.004
http://dx.doi.org/10.1016/S0047-2484(03)00106-4
http://dx.doi.org/10.1016/j.jas.2007.06.023
http://dx.doi.org/10.1128/mBio.01337-14
http://dx.doi.org/10.1128/mBio.01337-14
http://dx.doi.org/10.1098/rstb.2013.0376
http://dx.doi.org/10.1111/j.1475-4754.2011.00624.x
http://dx.doi.org/10.1111/j.1475-4754.2011.00624.x
http://dx.doi.org/10.1016/j.quaint.2006.01.004
http://rsos.royalsocietypublishing.org/

	Background
	Material and methods
	Population dynamics
	Brucella melitensis infection and transmission
	Parameters
	Outcome
	Sensitivity analysis

	Results and discussion
	References

