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Reassessing the capacities of entertainment structures in the Roman Empire

<A> Abstract
In recent years, scholars have become increasingly skeptical of the idea that there is any
relationship between the capacities of entertainment structures such as theaters and
amphitheaters and the populations of Graeco-Roman cities. In this article, we begin by offering a
model of information percolation in cities grounded in settlement scaling theory. We then show
that, although there is a systematic relationship between the capacities of both theaters and
amphitheaters and the populations of cities in the Roman Empire, this relationship is far from
linear, indicating that a decreasing fraction of the population attended events in entertainment
structures. In addition, although there is a great deal of variation in the extent to which each site
conforms to the underlying relationships, there is a strong pattern in the sizes of these deviations
and the overall standing of sites, as reflected in their civic statuses. Collecting similar measures
for other relationships might be a useful way of characterizing sites and indicates a fruitful
avenue for future research.

<A> Introduction
Despite initial enthusiasm about using the numbers of seats in entertainment structures, such as
theaters, amphitheaters, and (less often) circuses, as a proxy for the number of residents in
Graeco-Roman cities, there has been increasing skepticism over the past fifty years about
whether there is any relationship between the capacities of these structures and the populations of
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the sites in which they are found.1 This skepticism revolves around two main issues. The first is
the association of entertainment structures with competition among and between elites.2 This is
often discussed in the context of the dependence of Graeco-Roman cities on civic munificence,
i.e., a cycle of activities that enabled elites to generate public approval by contributing their
wealth to the public good through, for example, the construction of public buildings and the
provision of the lavish spectacles that took place in and around them.3 An entertainment structure
might be sized to display the donor’s wealth and status rather than scaled to civic needs. This
munificence is demonstrated both by epigraphic material, which highlights the importance of
offering entertainment in the careers of the elite, and by the actual seating arrangements of
theaters and amphitheaters, where the best seats were often reserved for officials, dignitaries, and
other important visitors.4 The second issue is the likelihood that at least some of the spectators
who filled these structures came from elsewhere.5 Such a situation is famously described by
Tacitus, who reports a riot between the residents of Pompeii and visitors from Nuceria in 59 C.E.
at a gladiatorial show; this riot eventually resulted in a senatorial ban of such events for ten
years, but similar incidents are known to have occurred elsewhere.6 Additional support for this
interpretation comes from nearly one hundred notices on the walls of Pompeii (the so-called
edicta munerum), which advertise a regular calendar of events, presumably reflecting the efforts
of their sponsors to attract the largest crowds possible.7 The most striking aspect of these notices
is that, although most relate to events in Pompeii, some refer to events in neighboring settlements
(such as Nola, Nuceria, and Herculaneum) and slightly more distant places (such as Puteoli,
Cumae, Cales, Capua, and Forum Popili) (table 1 and figure 1). As a result, it is not clear
whether the capacities of entertainment structures reflect competition among elites (and therefore
the wealth and status of the site), the numbers of spectators that could have come from elsewhere
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(and therefore the sizes of the catchments and overall social and economic influence of sites), or
both. It is for these reasons that scholars have had difficulties using the capacities of
entertainment structures to estimate the populations of ancient cities.

We believe the time is ripe to reassess the links between the capacities of entertainment
structures and urban populations for two reasons. First, there is increasing evidence for
systematic relationships between the sizes of settlements and their infrastructure in both ancient
and modern contexts.8 For example, recent work has demonstrated consistent relationships
between the populations of Graeco-Roman cities and the dimensions of mixing spaces, such as
fora and agorae, and street networks.9 An important question is therefore whether such
relationships can also be detected for entertainment structures. Second, an important
consequence of recent work has been the development of independent estimates of the
populations of sites, based on the sizes of their inhabited areas and residential densities.10
Although these figures are approximate, they do nonetheless allow one to look at the overall
relationships between the sizes of sites and the capacities of entertainment structures for the first
time.

Here, we combine existing measurements of the capacities of entertainment structures with
recent population estimates to examine the relationships between them, allowing us to shed new
light on the functions of these structures. We also examine the extent to which deviations of
individual cities from the average relationship between population and structure capacity reflect
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local differences among sites, such as variation in the wealth and status of sites or the
populations of neighboring settlements.

This article is grounded in an approach that has come to be known as settlement scaling theory.11
This approach views human settlements as built environments that facilitate interactions among
individuals in space and time and so lead to systematic relationships between the populations of
settlements and various elements of their built environments. We use this approach to investigate
the extent to which the capacities of entertainment structures are related to the populations of
cities and to assess the degree to which other factors might have influenced these capacities. We
begin by offering an abstract model for how entertainment structures in Graeco-Roman cities
might have functioned, which is based on recent work in complex systems concerning the
percolation of information through social networks.12 We then describe how we have arrived at
estimates of the numbers of residents in settlements and the numbers of seats in entertainment
structures before discussing their relationship.

We will show that there is indeed a systematic relationship between the populations of sites and
the capacities of both theaters and amphitheaters. This relationship is not linear, however,
meaning that the sizes of sites tend to grow much faster than the capacities of entertainment
structures. On average, a smaller fraction of urban residents would have been able to attend
events in entertainment structures in larger cities than was the case in smaller cities. A striking
feature of our results is that the data for individual cities can deviate substantially from the
overall average relationship (i.e., they can exhibit large residuals from the best-fit line, that is the
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line that best describes the relationship between the capacities of entertainment structures and the
populations of cities). We therefore investigate whether some of this variation can be accounted
for using other properties of individual sites. Although our results are only preliminary, they
suggest that deviations from the average relationship are correlated with civic status. These
deviations indicate that the more important sites were more likely to have had a larger theater or
amphitheater than we would expect based only on their size. Additional scale-adjusted urban
indicators of this kind might be useful for a variety of purposes when the data are of sufficient
quality.

<A> Information flow in ancient cities
There is now a wide range of scholarship that highlights the importance of information
percolation for the development of human settlements and regards the generation of shared
experiences and knowledge through collective events as a key dimension of social cohesion.13 In
this context, although most ancient cities were too large to have relied on continuous face-to-face
interaction to maintain social cohesion, they were still small enough that they would not have
needed to rely on the kinds of broadcast media that are used for this purpose in the modern
world.14 As a result, we would expect one of the social technologies developed by ancient
societies to facilitate social cohesion to have been collective events that involved a sufficiently
large fraction of the community that any information conveyed through the event could
percolate, or be readily disseminated, through the rest of the social network.15 In this section, we
provide a formal model for how the experience of attending an event, and any other information
that was conveyed by that event, could have been disseminated from an initial group of witnesses
to the rest of the community.
4

Our model is based on the idea that information is one of the most fundamental quantities that
flows through social networks. The percolation of information through a social network is
determined by a combination of the number of people who receive such visual or auditory
information and their ability to pass on this information to others. A model for the percolation of
information through a social network can therefore be based on three simple variables: the
number of people who originally witnessed an event, the average number of social contacts that
each individual has (known as the average degree), and the number of times we would expect the
news to be transmitted from individual to individual (known as the path length). It is then a
simple enough task to put this into mathematical form, beginning with an initial number of
witnesses and considering how many average social contacts would be necessary and how many
times information would have to be transmitted for the associated social information to spread
throughout the community. It is important to point out that we would not necessarily expect these
social networks to be confined to the immediate residents of cities, since they could also include
anyone who regularly interacted with others in the context of the built environment, in keeping
with how modern settlements are treated.

A variety of evidence supports the view that the average social connectivity of individuals
increases proportionately to settlement population density and that density increases with
settlement population.16 Given this, a decreasing fraction of the urban population will need to be
exposed directly to a message for it to be disseminated to the entire population in a given number
of steps. The size of this necessary fraction can be computed by considering the total number of
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people who receive the message at a given number of degrees of separation from the original
witnesses. This is given by the final term of the geometric series:
𝑁𝑟 = 𝑁𝑤 𝑘𝑤 ℎ ,

(1)

where 𝑁𝑟 is the total number of people who receive the message, 𝑁𝑤 is the number of witnesses,
𝑘𝑤 is the average number of social contacts of each witness (i.e. the degree centrality), and ℎ is
the average path length, or the number of social intermediaries, through which the news travels
(i.e., the network distance).

Next, we can represent the fraction of inhabitants of a city of size 𝑁 who were eye-witnesses to
events in entertainment structures as 𝑁𝑤 = 𝑁𝛽 , with 𝛽 < 1, and the average connections of the
witnesses as 𝑘𝑤 = 𝑘0 𝑁 𝛿 , where 𝑘0 is the baseline number of social contacts, 𝑁 is the population,
and 𝛿 is an exponent, based on recent theoretical and empirical work. This allows us to specify
the relationship between the numbers of people who received a message and the numbers of eyewitnesses by substituting these relationships into equation 1, as follows:
𝑁𝑟 = 𝑘0 𝑁𝛽+ℎ𝛿 .

(2)

If we further assume that every individual eventually receives the message, the value of 𝑘0 and
the exponent 𝛽 + ℎ𝛿 both become equal to one, leading to 𝑁𝑟 = 𝑁. In addition, we would expect
the average connectivity between individuals to increase proportionately with the population
density, such that the value of 𝛿 can be determined by specifying how the densities of
settlements change with the size of their inhabited areas. Based on earlier work, we can write:
𝐴 = 𝑎𝑁 1−𝛿 , which can be re-arranged to solve for population 𝑁 as follows:
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𝑁 = (1⁄𝑎)1⁄1−𝛿 𝐴1⁄1−𝛿 ,

(3)

and then to solve for the population density 𝐷 as follows:
𝐷 = 𝑁⁄𝐴 = (1⁄𝑎)1⁄1−𝛿 𝐴−1⁄1−𝛿 .17

(4)

As we have shown elsewhere, since the value of 𝛿 is about 1/3 for Graeco-Roman cities, the
average social connectivity of individuals should increase with the urban population raised to the
𝛿 = 1⁄3 power.18 As a result, if residents sought to create built environments in which everyone
could receive the information conveyed at public events second-hand (i.e., directly from
eyewitnesses, such that ℎ = 1), we would expect the capacities of entertainment structures to
increase with population raised to the 𝛽 = 2⁄3 power. But, if the information could be obtained
third-hand (ℎ = 2), the capacities of entertainment structures would only need to increase with
population raised to the 𝛽 = 1⁄3 power. Notice also that, as the information comes to be
obtained fourth-hand (ℎ → 3), the exponent 𝛽 → 0, meaning that the fraction of the population
exposed to the information can approach a constant that does not change with city size.
However, it is also important to recognize that information degrades with each link in the chain
of transmission. This implies that the quality of the information conveyed will also degrade with
ℎ. We suggest that third-hand accounts represent the practical limit for conveying the details of a
specific event to others with sufficient fidelity to be of much use. Thus, we consider ℎ = 2 to be
an upper limit.

Although these equations might initially seem quite daunting, they simply propose that the flow
of social information within a settlement is set by the number of eye-witnesses, the number of
people each person regularly interacts with, and the number of times a piece of information is
7

transmitted from person to person. In other words, the smaller the initial number of eyewitnesses, the larger the number of people through whom the information has to pass if the
information is to reach the entire settlement. This model allows us to imagine a number of
scenarios for how many people would have to experience an event, how many people they would
have to tell about it, how many times the information would have to be repeated for the news to
spread throughout the community, and how these factors would have changed as cities increased
in size. More specifically, these models suggest that we would expect there to be a linear
relationship between the capacities of entertainment structures and the sizes of sites if everyone
was expected to witness an event (i.e., with a slope, β, of 1), but an increasing sub-linear
relationship (i.e., for the capacities of entertainment structures to increase at a slower rate than
the size of the sites) if some of the community heard about the event second hand (β = 2/3) or
even third hand (β = 1/3), reaching a practical limit after that (β = 0). These patterns are
illustrated in table 2.

At this stage, we should add a few comments on what we mean by social information. In the
context of the entertainment structures discussed in this article, we would expect most of the
information that was shared by spectators to have been about the events staged in these
structures, including the quality of the performances, the results of contests, audience reactions,
who participated in or sponsored the events, which important people attended, the content of
announcements, and any interpretations of their sociopolitical significance. It should be
acknowledged, though, that the architecture of theaters and amphitheaters conveyed messages in
its own right and that these structures were also prominent locations for setting up inscriptions,
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writing graffiti, or sharing gossip. Here, we only focus on the former category of social
information, that related to the events themselves.

It is important to stress that our model does not require that people were aware of the formal
relationships among community size, social connectivity, and information that we have specified
above. We do, however, suggest that architects had a shared sense of the socio-political potential
of theaters and amphitheaters and made a mental calculation of how large they needed to be to
meet the perceived needs of the local community. Although we would not expect architects to
have designed these structures for the express purpose of fostering social cohesion, it is widely
accepted that both theaters and amphitheaters were designed to reinforce elite authority through
displays of generosity and to appease the masses, as is reflected in the persistent use of the
phrase ‘bread and circuses’ to refer to the generation of public approval through diversions. It is
therefore reasonable to view entertainment structures as having had an important role in fostering
social cohesion.

We also stress that our model merely specifies the average relationship between entertainment
structures and urban populations, as there are additional factors contingent upon local
geographical or historical conditions that also influenced entertainment structure capacities in
any given city. Thus, one can think of this model as providing a means of controlling for the
effects of scale with regard to the social function of entertainment structures. When this is done,
the degree to which the data for a given city deviates from the average relationship (known in
regression analysis as the residual) becomes a scale-adjusted urban indicator (that is, an
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indication of how much a city deviates from the overall relationship, after taking its scale into
account) that can be analyzed further to elucidate these additional factors.19

Finally, it should also be noted that this framework is dependent, at least in principle, on there
being a direct correspondence between the capacities of entertainment structures and the sizes of
sites at a given moment in time. Although most entertainment structures were probably built in
response to urban growth, there were doubtless examples that fell short of or overcompensated
for changing needs. As a result, there will inevitably be some mismatch between the capacities of
entertainment structures and the populations of settlements. The best way to overcome these
issues is to incorporate as many cases as possible into the analysis on the grounds that these
errors will cancel each other out on average. Having said this, we would not expect these issues
to affect the results very much, because we would expect to observe these errors in the deviations
away from the underlying relationship, rather than in the overall nature of the relationship itself
(since there is an equal chance of using evidence that is either too early or too late). These
deviations should also be relatively minor, because we would not anticipate sites to have grown
quickly enough to make very much difference to the results.

<A> Definitions, focus, and limits
In this study, we use the database of cities created by Hanson in his study of the Roman world in
the imperial period.20 To define cities, Hanson concentrated on sites that likely engaged in
secondary and tertiary activities (i.e., manufacture, services, and trade) rather than primary ones
(i.e., agriculture or mining), using the sizes of inhabited areas, occurrence of certain monuments,
10

and documentation of civic statuses as proxies for these activities. We have also restricted our
investigation to entertainment structures that were either built or rebuilt in the imperial period
(i.e., between the first century B.C.E. and third century C.E.). This is the time when most
theaters and amphitheaters were in use and is the period for which we have the most abundant
evidence. Finally, we only focus on the theaters and amphitheaters associated with cities and
towns, not those associated with sanctuaries or military sites.

<A> Inhabited areas, densities, and numbers of residents
Although various approaches have been suggested for estimating the populations of GraecoRoman settlements, the most common method involves measuring the extent of the inhabited
area and then multiplying this by a range of population densities.21 We follow the same approach
here, again drawing on Hanson’s catalogue, which includes estimates for the sizes of the
inhabited areas of 885 sites based on a number of features, including the area enclosed by walls,
the extents of urban grids, the sizes of residential zones, the situation of cemeteries, and the
character of natural features such as changes in relief, rivers, and coastlines (these data are
available online at: http://oxrep.classics.ox.ac.uk/databases/).22 We converted inhabited areas to
population estimates using the relationship between the sizes and densities of sites derived in
earlier work, based on the evidence for the number of residential units in the cleared portions of a
sample of 50 sites from throughout the Graeco-Roman world, assuming an average of 5 persons
per household (including men, women, children, and a small number of slaves).23 The latter
figure is based on cross-cultural comparisons, supported by census material from Hellenistic and
Roman Egypt. This evidence demonstrates that there is indeed a strong relationship between the
inhabited areas and population densities of Graeco-Roman cities that is consistent with both
11

theoretical and empirical work in a range of settings.24 Although this relationship can only be
used as a guideline, it does allow us to estimate site populations independently of the capacities
of theaters and amphitheaters, allowing us to examine the relationship between them in a
consistent fashion for the first time.25

<A> Entertainment structures
The theaters and amphitheaters we consider in this article were venues for a wide range of
activities, including dramas (ludi scaenici), recitals, lectures, gladiatorial fights and wild beast
hunts (munera and venationes), circus acts, executions, and chariot races (ludi circenses), which
were hugely popular (albeit to different degrees with different sections of the community).26
These were venues for collective events that played central roles in fostering social cohesion
through the shared performance and observation of social, cultural, religious, and political
activities, as well as through the expression of civic identity and loyalty to the imperial regime,
identification of insiders and outsiders, and illustration of the consequences of falling out of
line.27 In addition, most of the events staged in these structures were distinctive, largely
unrepeatable events that carried significant meaning for those who witnessed them, enhancing
the chances that they were discussed beyond their immediate context. This is borne out by
graffiti from Pompeii and various other sites, which not only record the names of individual
combatants but also the outcomes of specific contests (such as whether a gladiator was let off
with his life or not), as well as by the existence of both glasses and lamps decorated with similar
scenes of combat and the manufacture of statuettes that are often interpreted as souvenirs. For all
these reasons, entertainment structures are appropriate for the theoretical approach developed
above.
12

It is important to think carefully about the design and function of these structures. Although
theaters and amphitheaters can be regarded as venues in which individuals interacted, these
interactions did not take the same form of social mixing as we have discussed elsewhere, where
we concentrated on day-to-day encounters in the street or public spaces, rather than at collective
events.28 Instead, the architecture of theaters and amphitheaters reflects a concern for social
control, since audiences were rigorously segregated on the basis of class, gender, nationality,
profession, and marital status.29 This is reflected in the design of these structures, which
restricted access and facilitated the routing of spectators to the appropriate section of seating. 30 In
both theaters and amphitheaters, the cavea was often divided into five horizontal sections, known
as maeniana, corresponding to hierarchical divisions of the community; namely the imperator
and senatores, equites, plebs, women and children, and slaves.31 The seating arrangements of
these structures thus reflected tightly defined groupings that encoded strong social divisions
within the community. We do not regard this as problematic for the current argument because all
who attended events in an entertainment structure received more or less the same social
information and could subsequently share it with their social contacts (although what they
focused on and how it was recounted would vary from person to person). Meanwhile, although
there is some evidence that certain entertainment structures were initially built for the benefit of
specific groups (say, citizens or colonists), there is less evidence for whether or not these
distinctions were rigorously or continuously upheld.

In what follows, we focus on theaters and amphitheaters, the most common types of
entertainment structures. There is some overlap in the design and function of these structures, so
13

one should not assume that specific activities were necessarily restricted to one or the other.
Although there are a few sites that contained both kinds of structures, most only had one or the
other, so we have treated them separately in the sections below (there are only a few sites with
more than one of each kind of structure).

To identify sites with entertainment structures, we draw once again on Hanson’s catalogue,
which incorporates information from a range of sources.32 These include Sear’s Roman Theatres,
which uses a mixture of literary, archaeological, and epigraphic evidence to provide a catalogue
of all known theaters in the Roman world in the imperial period.33 This source contains about a
thousand entries, including theaters and other buildings of a theatrical type such as odea, theateramphitheaters, and theater-sanctuaries, many of which are illustrated by architectural drawings.
In addition, it includes information on overall dimensions, orchestra and cavea widths, orchestra
and cavea areas, and occasionally seating capacities. Additional sources include Golvin’s
L’amphithéâtre romain (The Roman Amphitheater), which provides a catalogue of around two
hundred amphitheaters in the Roman world in the imperial period, and Bomgardner’s The Story
of the Roman Amphitheater, which contains some updated information about Italy and North
Africa.34 These sources also include such details as overall dimensions, the lengths and breadths
of arenae and caveae, and the areas and capacities of arenae and caveae. Although there are
other sources that we could have consulted (such as Heath’s recent work on amphitheaters),
these would have simply replicated the data in other sources.35 A final point is that, although
these sources include a number of structures with irregular forms, such as the hybrid theateramphitheaters that were especially common in the northwest, there is also relatively limited
evidence for them.36 Since we do not have enough cases to examine these structures by
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themselves and do not want to simply amalgamate them with theaters or amphitheaters, we have
excluded these irregular forms from the analysis. Similarly, we do not have much information on
the capacities of circuses and hippodromes, simply because they are relatively rare by the
standards of theaters and amphitheaters and relatively little work has been done on them.37 For
these reasons we limit the investigation here to theaters and amphitheaters.

Although earlier structures exist at some sites, we have only looked at theaters that were built or
rebuilt during the imperial period unless there is evidence that they were modified during the
same time-frame, such as through an extension or reduction in the size of the cavea and any
concomitant changes in orchestra or stage buildings (there are examples of both kinds of
changes). The same concern does not apply to amphitheaters, since they all date to the imperial
period. There are a few cases in which we could record changes in the capacity of a theater or
amphitheater over time. For the purposes of this this article we simply use the largest figure
documented for the imperial period, so as to compare the peak capacities of entertainment
structures with the peak populations of the settlements in which they occur. It should also be
noted that a few theaters were converted in the imperial period by turning the orchestra into an
arena, so they effectively had a dual use as both theaters and amphitheaters.38 We have marked
these in the supporting materials but note that including or excluding them does not make a
material difference in the results.

The most common method for estimating the capacities of entertainment structures involves
simple formulae that approximate the shapes of both kinds of structures based on evidence for
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their basic dimensions, such as the overall lengths, breadths, and widths of their seating areas and
event spaces. 39 As Rose has shown, we can calculate the surface area of the cavea in a theater by
treating it as a half annulus, which can be derived by subtracting the area of one semi-circle from
the area of another semi-circle. This can be achieved with a simple formula: ((𝜋 ∗ 𝑟1 2 ) ÷ 2) −
((𝜋 ∗ 𝑟2 2 ) ÷ 2), where 𝑟1 is the radius of the exterior semi-circle (i.e. the whole structure) and 𝑟2
is the radius of the interior semi-circle (i.e. the orchestra).40 This equation is not ideal since the
cavea often extended more than 180 degrees around the orchestra (these are especially common
in the Greek world). We have therefore visually identified such cases from the diagrams in
Sear’s catalogue and conducted the same analyses both with and without them. As we will see
below, although this does account for some of the most severe outliers from the overall
relationships, it does not make much difference to the average relationship (although we do
acknowledge that measuring structures directly from maps and plans would be one way to
improve our analysis in the future). In the meantime, we can calculate the surface area of the
cavea in an amphitheater by treating it as a hollow oval and then using a similar method. This
can be done using the formula: ((𝐴 ÷ 2) ∗ (𝐵 ÷ 2) ∗ 𝜋) − ((𝑎 ÷ 2) ∗ (𝑏 ÷ 2) ∗ 𝜋), where A and
B are the lengths and widths of the exterior oval (i.e. the whole structure) and a and b are the
lengths and widths of the interior oval (i.e. the arena).41 This equation is also somewhat of a
compromise, given that many amphitheaters were not perfect ovals.42 The effects of this are a
little more difficult to assess, since there are no hard and fast rules for calculating the amount that
each structure deviates from an oval from maps and plans, but the effects of this are generally not
as pronounced as with theaters. Since Sear did not include estimates for the sizes of each cavea,
we have used the equation above to estimate their seating areas. In contrast, given that this
information is already provided in both Golvin and Bomgardner’s catalogues, we have simply
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used their figures (which are based on the same strategy). As Rose has pointed out, these areas
would have also included some space for access and services, such as entrances and exits,
staircases, and circulation aisles.43 Although the exact area that was taken up by these would
have varied from building to building, we have followed Rose and most other scholars in
assuming that they would have taken up, on average, about 10 % of the surface area in question
and reduced the estimates of seating capacities accordingly.44

With these seating areas in hand, we then estimate the numbers of spectators by assuming that
there was a certain amount of space per person. To do this, we follow Rose, who has offered a
variety of estimates of the area per seat, which range from a minimum of 0.3 * 0.5 m per
spectator (i.e. 0.15 m2 each), to a median of 0.4 * 0.7 m per spectator (i.e. 0.28 m2 each), and a
maximum of 0.5 * 0.8 m per spectator (i.e. 0.4 m2 each).45 These are based on a combination of
textual and archaeological evidence (such as Vitruvius’s Ten Books on Architecture and
markings on the seats of some structures) and contemporary guidelines for modern facilities.46 In
particular, although Vitruvius recommends an average depth of 0.6 to 0.7 m, he does not
comment on the width, which is derived from remains at Arles and Pola.47 We have used the
median seating area of 0.28 m2 to convert the estimates for seating areas of each structure into
estimates of the numbers of spectators in each one. This figure can be applied to the entire group
of theaters and amphitheaters discussed below, especially given that there is no evidence that
seating areas in entertainment structures in larger sites were any more or less cramped than
smaller ones. We should not set too much store in the absolute value of figures, given that even a
small change in these parameters (such as 10 cm) would have a significant effect on the surface
area that has been allowed per spectator and therefore on the estimates for the total capacities of
17

these structures.48 This should not have any effect on the overall relationship across sites,
however, since we have used the same conversion for the seating area per person for all sites (i.e.
it is a constant in our calculations).

Our analysis assumes that both theaters and amphitheaters were usually filled to capacity and
that most of the audience was seated rather than standing. There is no way to test these
assumptions using the available evidence (although the amount of seating pressure might be
detectable in the residuals to the overall relationship, as we will see below). It is important to
point out, however, that, although we would expect both theaters and amphitheaters to have
made important statements for their builders, we would not expect builders to have incurred any
unnecessary expenditure in the construction of seating areas, if only because such funds could
have been better spent on underwriting more impressive events or more lavish amenities for
spectators. We also do not know how often events were staged, although we can assume that
they occurred more often in larger sites.

It should also be remembered that the total number of people who interacted with these
structures could have been a little higher than their seating capacities, since we know that
individuals gathered outside as well as inside entertainment structures. For example, Tacitus
refers to people who were attending the spectacle as well as people who were standing around
the actual building as being caught up the collapse of the amphitheater at Fidenae in 27 C.E.49
Many of these structures had dedicated retail spaces on their outsides as well. Nevertheless, we
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would expect the numbers of non-seated individuals to have been small relative to the number of
people inside.

In the case of the imperial capital, we have used Rose’s figures for the seating areas of the
Theatre of Marcellus and the Colosseum, which are 5,471 and 18,006 m2 respectively (minus
access and service areas). These figures suggest these structures could have held 19,539 and
64,308 spectators respectively.50 We then added our own estimate for the Theatre of Pompey and
the Theatre of Balbus, based on more recent work, which suggests a seating area of about 6,749
and 3,007 m2 for each one, indicating around 24,103 and 10,739 spectators.51 Although we are
aware of the existence of several other amphitheaters at Rome, such as the Amphitheater of
Statilius Taurus, Amphitheater of Caligula, and Amphitheater of Nero, it is usually assumed that
these had either been demolished or had burnt down by the time of the construction of the
Colosseum (the Ludus Magnus is usually regarded as a training school and the Amphitheatrum
Castrense is a little later and was attached to an imperial residence), so we do not include these
structures here. Although there are a couple of other sites with more than one theater or
amphitheater, most only have one of each, meaning that we do not have to confront the sampling
issues that would arise with more common or more abundant structures, such as temples, baths,
etc.

<A> Investigating scale-adjusted variation
As we will see below, one of the advantages of the approach used in this article is that it allows
one to control for the effects of scale, thus revealing the extent to which entertainment structures
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at specific sites are larger or smaller than expected, based on the population of their associated
settlement. This scale-adjusted deviation from the average relationship is referred to as a
residual. Although archaeologists have typically regarded residuals as a reflection of error, it is
also possible to regard as them as a reflection of meaningful differences in the social and
economic conditions at each site, which are therefore referred to as scale-adjusted urban
indicators.52 We would expect such deviations to result from a range of factors that are not
included in the theoretical model discussed above. In the context of entertainment structures, we
might expect residuals to correlate with the overall wealth, status, and influence of sites. For
example, we might expect the sites with the greatest wealth and status to have had theaters and
amphitheaters that are larger than would be expected based on their population (i.e., the
capacities of their entertainment structures exceeded the needs of their inhabitants).

To test this possibility, we examine correlations between residuals and other attributes of sites, of
which the most important is a site’s civic status. These data are derived from Hanson’s
catalogue, which includes most of the available information offered by standard sources. 53 Civic
statuses are notoriously complicated since they were never properly rationalized, were subject to
constant negotiation, and were open to extensive abuse, but we can group them into four broad
categories: the capital of the empire, provincial capitals, coloniae, and municipia. These
categories are obviously a simplification of the range of civic statuses enjoyed by specific sites,
but they are sufficient for our purpose, which is to offer a coarse-grained classification of the
overall standing of each site that incorporates a variety of factors, such as its historical
importance or its role in the administration of the empire. Since the status of cities changed over
time, we have used the highest status attained by each city, on the assumption that this status
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should bear the closest resemblance to its estimated population, which is usually based on its
maximum extent.

Next, we captured basic information about both the numbers of people living in neighboring
cities and the carrying capacity of the hinterlands of each site. Although it is not possible to
reconstruct these hinterlands in detail, we can estimate their extents using simple ring buffers
representing one day’s travel from the center of each site, on the grounds that we would not
expect most spectators to have travelled for more than one day to reach an event.54 This distance
can be based on modern handbooks, which suggest that an individual of average health and
fitness can cover around 5 km in about an hour on foot, i.e. 40 km in eight hours.55 This figure is
also supported by estimating the distance between Pompeii and the other sites in the
advertisements for events referred to above, since most of them are within 40 km and the average
distance from Pompeii is about 35 km (table 1 and figure 1). Although one could use costsurfaces to take account of differences in the landscape, such as elevation, rivers, and seas, that
might make it easier or harder to traverse, such details should not make much difference to the
results given the scale of our analysis.

The numbers of people living in neighboring cities has been calculated by simply summing the
known estimated populations of the cities in each ring buffer. Although it is not possible to
estimate the numbers of people living in rural areas based on current evidence, it is possible to
use the natural endowment of the landscape as a rough index of the number of individuals who
might have lived on the land. Here, we have used Galor and Özak’s caloric suitability indices,
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which give us an indication of how the total numbers of calories that could have been derived
from each of the crops that were available for cultivation in the pre-1500 C.E. era varied from
region to region (and therefore a rough indication of the relative numbers of individuals who
could have been fed in a given area, i.e. their carrying capacities).56 We combined this model
with the ring buffers to calculate the average numbers of calories available to each site, giving us
a crude sense of how much the average carrying capacity varied from site to site.

Finally, by considering the distances between sites and both seas and rivers as recorded in
Hanson’s catalogue (we have not included roads, since we would expect all the sites to be
located at or near important intersections), we obtain a rough indication of how well-connected
sites were, again taking this information from Hanson’s catalogue.57

<A> Results
Of the 783 theaters and 330 amphitheaters known for the Graeco-Roman world, we have
evidence for the capacities of 173 theaters and 107 amphitheaters (figures 2 and 3; for the full list
see online appendix 1).58 These data derive from 238 sites distributed throughout the Roman
world and dating from the imperial period with estimated populations ranging from under a
thousand to almost a million inhabitants. 43 of these sites have both a theater and an
amphitheater.
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We assess the relationship between the populations of cities and the capacities of their theaters
and amphitheaters through standard regression techniques, as shown in table 3 and figures 4 and
5.59 We have also calculated the residual of the capacity for each city given the value predicted
by each regression.

These results show that there is indeed a systematic relationship between the estimated
populations of cities and the capacities of both theaters and amphitheaters. The slopes of the
best-fit lines for these relationships (i.e. the lines that best describe the data) are almost identical
to each other, exhibiting similar values of about one-third (in other words, the capacities of both
theaters and amphitheaters increase at the same rate, but much slower than the population). In
light of the theoretical discussion above, this result suggests that, in the average city, the social
information conveyed through events in entertainment structures could have spread to the entire
urban population through an average of two intermediaries (ℎ = 2). This result is remarkable,
given the wide range of factors one might have expected to affect the results. It is also worth
noting that removing entertainment structures with irregular forms or that were modified in the
imperial period makes no meaningful difference in the results (for example, removing theaters
with non-semi-circular caveae yields an exponent of 0.338, while removing the theaters that had
been modified gives 0.358 (almost no change)). The results suggest that the structures in
question might have had similar roles and that the overall relationship between city population
and entertainment structure capacity was very robust.

<A> Discussion
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Although our analysis shows that the capacities of entertainment structures did increase as the
populations of cities increased, this relationship was far from linear, meaning that the
populations of sites tended to grow much faster than the capacities of their entertainment
structures. This relationship implies that a smaller fraction of urban residents could have attended
an event in an entertainment structure in larger cities (and this fraction decreases at a consistent
rate across the full range of city sizes). It is also interesting to observe that there is a correlation
between the capacities of theaters and amphitheaters in the small number of sites that had both
kinds of structures; that is, a site with a relatively large theater usually has a relatively large
amphitheater as well (Figure 6). There is a slight imbalance in this relationship, however, since
the capacities of theaters increase slightly faster than the capacities of amphitheaters. As we will
see below, although cities in the east are more likely to have had a theater, and those in the west
an amphitheater, there is no significant difference in the extent to which cities in the east or west
deviate from the theater-size and amphitheater-size relationships. Although the decision about
whether to build a theater or amphitheater might have been culturally informed, any decisions
about how large or small it should be are more likely to be a product of the specific needs of the
community it was destined to serve.

Although it is important not to put too much faith in specific figures for specific sites, an
interesting aspect of our results is that they suggest that the average capacities of theaters and
amphitheaters were one or two times larger than their resident populations. Apparently, most
entertainment structures were designed to accommodate both the residents of the cities in which
they were located and visitors from elsewhere, in keeping with our expectations.60 It is also
striking, however, that there is an inverse relationship between the populations of cities and the
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percentage of residents who could have been accommodated by both theaters and amphitheaters
(figures 7 and 8). The capacities of entertainment structures in the smallest cities were often
several times larger than their resident populations, while those in the largest cities were often
several times smaller. Smaller sites might thus have been more likely to have provided for both
themselves and their neighboring surroundings, while it would have been difficult for the largest
sites to have provided for more than a fraction of their own communities. It is possible, therefore,
that the function of entertainment structures changed somewhat as the size of the sites they are
associated with increased. This observation gives us a new view of both theaters and
amphitheaters that might help to resolve the uncertainties about their design and function
referred to in the introduction. If true, it also raises the interesting possibility that at least some of
this deficit might have been made up by putting on events more frequently in larger sites, in
keeping with our sense that larger sites were more affluent. Regardless, the consistent slope of
the relationships between population and entertainment structure capacities shows that the
fraction of the overall social network of a city that could attend events in an entertainment
structure decreased in a consistent way across cities of all sizes. Given this, an important
question for future research is whether the sizes of the overall social networks (i.e. all those who
regularly interacted with each other in cities, regardless of whether they dwelt within them)
increased faster than, slower than, or at the same rate as, city populations. If the size of the social
network increased faster than the population of the central city it would mean that the fraction of
this social network that could attend events in entertainment structures would decrease even
faster than we observe for the city itself in figures 4 and 5 (i.e., the slope of the best-fit lines
would be less than 1/3); and if the size of the social network increased more slowly than the
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population of the central city it would imply that this fraction decreased less rapidly than
observed (i.e. with a slope of more than 1/3).

The results are consistent with a model of information percolation in social networks in which
the initial number of witnesses was a fraction of the city population given by 𝑁𝛽 , with 𝛽 = 1/3,
and with an average path length of ℎ = 2. In such a social network, everyone would have
received the news in no worse than a second-hand account, and we can conclude that the social
networks of these cities were sufficiently functional for information to have been disseminated
throughout the community and that these communities were sufficiently connected to have
maintained a sense of shared local identity. We also note that these results are consistent with
contemporary real-world networks, including social networks, which are characterized by high
clustering and small average path lengths (these networks are often called small worlds, after the
likelihood that each person is linked to every other person through a small number of mutual
acquaintances). Our results provide the first empirical evidence for an additional advantage of
agglomeration, the enhanced percolation of information, leading to significant economies of
scale in how information is disseminated in settlements. Plotting the relationship between the
capacities of entertainment structures and the populations of sites also allows us to assess how
much of the variation in one is accounted for by variation in the other, which in this case is over
a third for both kinds of entertainment structure, indicating that additional factors beyond
population size were involved in determining the capacities of entertainment structures in
individual cities. Below, we examine some of these potential factors.
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<A> Residuals
As can be seen in Figures 4 and 5, individual sites rarely fall exactly on the best-fit line. Instead,
the observed capacities for most sites are greater than or less than the expected value for their
sizes and populations. This variation is represented by the residuals, that is, the vertical deviation
from the best-fit line, for each site and structure type. These residuals reflect a range of factors,
including not only error in the area and density estimates for sites (and therefore their population
estimates) but also error in the estimated capacities of structures, not to mention slight
mismatches in time between entertainment structure construction and peak urban population and
any misjudgments by patrons and architects regarding current and future demand for
entertainment space. Having said this, we would expect all of these errors to be independent of
the sizes of sites (i.e. for them to be unstructured relative to site size), and, if so, there may be
patterns in the residuals that reflect meaningful differences in local social and economic
conditions. This seems to be borne out by the fact that, across sites containing both theaters and
amphitheaters, the magnitude of the theater residual is correlated with the magnitude of the
amphitheater residual (figure 9). This observation is consistent with the idea that a common set
of factors determined the deviation of both kinds of entertainment structures from the average
relationship. It is also encouraging that positive and negative residuals seem to cluster together in
some areas, as seen in parts of both Gaul and North Africa, for example (figures 10 and 11).

Tables 4 and 5, and figures 12 and 13, summarize the magnitudes of the residuals for,
respectively, the relationships between population and theater capacity and between population
and amphitheater capacity in accordance with the highest civic status associated with each city.
Although the results are not statistically significant, they are nonetheless strongly patterned, with
27

more positive residuals generally being associated with higher-status sites. Specifically,
provincial capitals have the largest positive average residuals for both theaters and
amphitheaters, followed by increasingly negative average residuals for coloniae and municipia.
This result is very much in line with our sense of the overall importance of these different classes
of settlement in the administrative structure of the empire. In short, these patterns suggest that
more important sites were more likely to have had larger theaters or amphitheaters than we
would expect for a city of their size.

It is striking, however, that there is no relationship between the sizes of residuals and the other
attributes described above, which suggests that there is no single explanation for the overall trend
between the residuals and statuses of sites referred to above (table 6). There are clearly some
sites that had a rich tradition of monumental construction and might have attracted more elite
expenditure, other sites that were located in dense networks that might have attracted more
visitors from elsewhere, and still other sites whose deviation is more difficult to understand
(perhaps suggesting that our information about them is less than ideal). There also does not
appear to be any special link between sites with forts and scaling residuals. Although we do not
believe the magnitudes of individual residuals are meaningful, because of the various sources of
error in our data, these analyses do suggest that there are patterns in the residuals across groups
of sites that potentially reflect additional dimensions of the social and economic contexts of cities
and their effects on the development of entertainment structures.
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Another interesting outcome of the residual analyses is that Rome is a positive outlier from the
relationship between population and theater capacity but a negative outlier from the relationship
between population and amphitheater capacity (as illustrated by the magnitude of the residuals,
which are about 0.17 and -0.05 respectively). Even though Rome had by far the largest
entertainment structures in the Empire, it may still have been somewhat underserved in terms of
its amphitheater capacity.61This raises the question of whether the size of this negative residual
reflects some other restricting factor, such as visual and auditory limits. As Rose has shown, we
can examine the effectiveness of entertainment structures by considering the abilities of
spectators to see and hear events, based on a spectator’s maximum viewing angle of 120 degrees,
a distance of 60 to 90 m, and a maximum listening distance of 42 m to the front, 30 m to the
sides, and 17 m to the rear.62 These limits were approached by entertainment structures in the
capital. This suggests that limits of human perception, rather than the limits of building materials
or construction techniques, might have been a primary constraint on the capacities of these
structures and therefore on the extent to which social information could be disseminated through
entertainment structures in the absence of technological aids.63 This observation might in turn
have implications for the maximum size of settlements that could be sustained as functional
socio-economic and spatial organizations in pre-industrial settings before the advent of other
ways of disseminating information, such as newspapers and other broadcast media. In this
context, it may be significant to note that Rome, the capital, would not be surpassed in size by
another city until London did so sometime between 1800 and 1850, around the same time that
fundamental changes were starting to be made in forms of and access to entertainment, along
with nascent forms of mass media.64
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Finally, we note that Pompeii is also a significant outlier from the relationship between
population and amphitheater capacity, with a large positive residual of 0.28, an indication that it
had a relatively large amphitheater for a city of its size. Pompeii’s large amphitheater may reflect
the evidence, discussed above, that the city attracted a large number of visitors from elsewhere,
including Nuceria. Perhaps we should ask whether the kind of intercity rivalry described by
Tacitus in the context of the Pompeian-Nucerian riot was normal for the Roman world (as
assumed by most scholars) or whether we might better regard it as a relatively unusual
consequence of the large numbers of visitors that could attend events at Pompeii.

Our results also highlight the flexibility of the overall relationships discussed above by
demonstrating how much sites may vary while still conforming to the same underlying
relationships. The variation might help to explain why there has been so much difficulty using
the capacities of entertainment structures to estimate the populations of sites, since it suggests
that, although there is a general relationship between them, there is enough variation that using
entertainment structures to estimate the population of sites is not reliable. At the same time, these
results underscore the potential of using the deviations from the overall relationships as a
reflection of the different dimensions of the sites.

<A> Conclusions
In this article, we have argued that one can think of human settlements as built environments
that, in addition to facilitating the flow of goods and services, also facilitate the percolation of
social information. This view leads to a model concerning the expected capacities of structures
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devoted to public entertainment. The model suggests that, as the population of a site increases,
the fraction of the population that attends such events can decline, with no loss of functionality,
because of the increasing connectivity of individuals in larger and denser settlements. We have
tested this model using estimates of the sizes of the populations and the capacities of
entertainment structures at several hundred Graeco-Roman cities and shown that there is indeed
a systematic overall relationship between these urban indicators. Specifically, we find that the
capacities of entertainment structures were sufficient, on average, for the social information
conveyed at a public entertainment to reach the whole urban population through first-hand
accounts of attendees and second-hand accounts of those informed by attendees. This result
suggests that, in Graeco-Roman cities, there were sufficiently connected social networks to
sustain the percolation of social information from eyewitnesses to the rest of the community.

We have also argued that we can use the extent to which each site deviates from these overall
relationships as a reflection of its unique social and economic conditions (which we call scaleadjusted urban indicators), and we have examined a variety of factors that might be expected to
have influenced the deviation of these structures from their expected values. Our results,
although preliminary, indicate that there is a suggestive pattern in the scale-adjusted
entertainment structure capacities and the overall standing of sites as reflected in their civic
statuses. We believe that, when the data are of sufficient quality, the residuals of scaling
relationships can be used to reveal variation in social and economic conditions after taking the
effects of population size into account.
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Future work could expand on these results in a number of ways. First, investigators could seek to
stratify the data into time periods and/or regional groups to investigate how deviations from the
underlying scaling relationships varied over time or across space. Second, investigators could
examine additional factors we have not considered to account for patterns in the residuals of the
relationship between population and structure capacity. Third, investigators could further
improve our ability to estimate the populations of Graeco-Roman cities by incorporating multiple
scaling relationships (area, residential density, entertainment structure capacity, forum / agora
area) into the estimation process.

Dr J. W. Hanson (University of Reading), j.w.hanson@reading.ac.uk, Department of Classics,
University of Reading, Reading, Berkshire, UK, RG6 6AA.

Professor S. G. Ortman (University of Colorado), scott.ortman@colorado.edu, Department of
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<A> Table Captions
Table 1. The sites advertised in notices from Pompeii (based on the list given in Carter and
Edmondson 2014, 545).

Table 2. The range of possible values that will result in the spread of information from an initial
group of witnesses to the rest of the community, as predicted by the model proposed in this
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article. This model takes the form 𝑁𝑟 = 𝑘0 𝑁𝛽+ℎ𝛿 , where 𝑁𝑟 is the number of people who receive
the message, 𝑁𝛽 is the fraction of the population who witness an event, ℎ is how many times the
information will have to be repeated from person to person, and 𝛿 is the average number of
social contacts that each person has. For information to spread across the whole settlement, β+hδ
must equal one. As a result, the smaller the exponent for the initial number of eye-witnesses, the
larger the number of people through whom the information has to pass if the information is to
reach the entire settlement.

Table 3. The results of regressing the capacities of both theaters and amphitheaters against the
estimated populations of sites. The independent variable is the estimated population in all cases,
while the dependent variable is the capacities of either theaters or amphitheaters. This procedure
allows us to estimate the slope of the relationship (the exponent) and a baseline amount for each
kind of structure (the pre-factor), along with confidence intervals, a measure of how much
variation in one variable is accounted for by variation in the other (the R2), and an index of their
statistical significance (the p-value). Despite the modest R2 values, all regressions are significant
at the P<.0001 level. Note that exponents of the relationships between the capacities of
entertainment structures and estimated populations for sites are almost identical for both theaters
and amphitheaters.

Table 4. The average deviation from the theater-population relationship (residuals), by civic
status. Note the difference between the figures for provincial capitals, which are positive, and
municipia, which are negative.
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Table 5. The average deviation from the amphitheater-population relationship (residuals), by
civic status. Note the difference between the figures for provincial capitals, which are positive,
and municipia, which are negative.

Table 6. The results of regressing the residuals for both the theater-population and amphitheaterpopulation relationships against various attributes of cities (above: theaters; below:
amphitheaters). The independent variables include the estimated populations of neighboring
cities, the total carrying capacities (calorific suitability index), and the distances to harbors and
rivers (both in km), while the dependent variables are the residuals. There is no relationship
between them, suggesting that these attributes do not account for the magnitude of the residuals.

<A> Figure Captions
Figure 1. A map of the sites advertised in notices from Pompeii (based on the list given in Carter
and Edmondson 2014, 545).

Figure 2. Locations of the theaters investigated in this study. Symbols are proportional to the
seating capacities (in number of persons) of the structures.

Figure 3. Locations of the amphitheaters investigated in this study. Symbols are proportional to
the seating capacities (in number of persons) of the structures.
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Figure 4. The relationship between the estimated populations of sites and the estimated capacities
of theaters (in persons). The capacities are derived by measuring the amount of space given over
to seating in each structure, divided by an estimated amount of space per person. The equation of
the best-fit line is shown in the inset, where y is the capacity of the theater in question, x is the
population of the site, and the numerals are the y-intercept and the exponent of the relationship.
The R2 is a measure of how much variation in the capacities of theaters is accounted for by
variation in the populations of sites. Both scales are logarithmic. This exercise reveals that,
although there is a consistent relationship between these variables, it is not linear, meaning that
the capacities of theaters increase much more slowly than the populations of sites.

Figure 5. The relationship between the estimated populations of sites and the estimated capacities
of amphitheaters (in persons). The capacities are derived by measuring the amount of space
given over to seating in each structure, divided by an estimated amount of space per person. The
equation of the best-fit line is shown in the inset, where y is the capacity of the amphitheater in
question, x is the population of the site, and the numerals are the y-intercept and the exponent of
the relationship. The value of the R2 is a measure of how much variation in the capacities of
amphitheaters is accounted for by variation in the populations of sites. Both scales are
logarithmic. As with theaters, although there is a consistent relationship between these variables,
it is not linear, meaning that the capacities of amphitheaters increase much more slowly than the
populations of sites.
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Figure 6. The correlation between the estimated capacities of theaters and amphitheaters at sites
with both kinds of structures. The equation of the best-fit line is shown in the inset. Both scales
are logarithmic. Note that increasing theater size is generally accompanied by increasing
amphitheater size.

Figure 7. The relationship between the estimated populations of sites and the percentages of the
population served by theaters (these percentages are generated by dividing the same capacities as
shown in figure 4 by the estimated population of each site, multiplied by 100). The equation of
the best-fit line is shown in the inset. Both scales are logarithmic. Note that the capacities of
theaters associated with smaller sites are often several times larger than the population, while
those in larger sites are often a fraction of it.

Figure 8. The relationship between the estimated populations of sites and the percentages of the
population served by amphitheaters (these percentages are generated by dividing the same
capacities as shown in figure 5 by the estimated population of each site, multiplied by 100). The
equation of the best-fit line is shown in the inset. Both scales are logarithmic. Note that the
capacities of amphitheaters associated with smaller sites are often several times larger than the
population, while those in larger sites are often a fraction of it. Theaters show the same
relationship (see fig. 7).

Figure 9. The correlation among the deviations of sites from the theater-size and amphitheatersize relationships (residuals) shown in figures 4 and 5, focusing on sites with both types of
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structures. These values are derived by measuring the extent of the deviation of each site from
the best-fit line, with the magnitude of the deviation of each site from the theater-size
relationship on the x-axis and that from the amphitheater-size relationship on the y-axis. The
results of regressing these variables are shown in the inset equation. This exercise shows that
there is a relationship between the two sets of residuals, which suggests that the sites that are
more likely to have a larger theater than we would expect for their size are also likely to have a
larger amphitheater than we would expect, again for their size.

Figure 10. The deviation of sites from the expected relationship between the capacity of the
theater at a site and the size of its population (residuals). Green arrows indicate positive
residuals; red arrows indicate negative residuals.

Figure 11. The deviation of sites from the expected relationship between the capacity of the
amphitheater at a site and the size of its population (residuals). Green arrows indicate positive
residuals; red arrows indicate negative residuals.

Figure 12. The deviations of sites from the relationship between theater capacity and population
size (residuals). Each bar is color-coded by civic status. Note that the residuals of provincial
capitals are more often positive, while the residuals of municipia are more often negative.
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Figure 13. The deviations of sites from the relationship between amphitheater capacity and
population size (residuals). Each bar is color-coded by civic status. Note that the residuals of
provincial capitals are more often positive, while the residuals of municipia are more often
negative. A similar effect is seen in theaters (see fig. 12).
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