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Abstract

Our knowledge of past cultures relies considerably on written material. For centuries, texts have
been copied, altered, then transmitted or lost – eventually, from surviving documents, philologists
attempt to reconstruct text phylogenies (“stemmata”), and past written cultures. Nonetheless, funda-
mental questions on the extent of losses, representativeness of surviving artefacts, and the dynamics of
text genealogies have remained open since the earliest days of philology.
To address these, we radically rethink the study of text transmission through a complexity science ap-
proach, integrating stochastic modelling, computer simulations, and data analysis, in a parsimonious
mindset akin to statistical physics and evolutionary biology. Thus, we design models that are simple
and general, while accounting for diachrony and other key aspects of the dynamical process underlying
text phylogenies, such as the extinction of entire branches or trees. On the well-known case study of
Medieval French chivalric literature, we find that up to 60% of texts and 99% of manuscripts were lost
(consistent with recent synchronic “biodiversity” analyses). We also settle a hundred-year-old contro-
versy on the bifidity of stemmata. Further, our null model suggests that pure chance (“drift”) is not the
only mechanism at play, and we provide a theoretical and empirical framework for future investigation.
Keywords: Transmission of Texts, Complexity Science, Loss of Cultural Artefacts, Complex Systems,
Human Past, Stochastic Models, Evolutionary Dynamics

1 Introduction
How did written works survive [14]? Why do we know the names of Gilgamesh, Ulysses or King Arthur,
and how many others have we forgotten? How much do we preserve of the written knowledge and cultures
of the past? And how representative is what we know, compared to what existed? Such fundamental
questions depend on the actual and material process through which texts were produced, distributed and
ultimately transmitted or lost.

Before the advent of the printing press, written texts were circulated in manuscript form. In order
to make the text available, the author would dictate it to a secretary, or write a draft on wax tablets,
papyrus, parchment or, later, paper, and this original, authorial, manuscript would then have to be copied
manually by a scribe in the form of a new manuscript, and then circulated. Copies could in turn be
used to create more manuscripts, again by manual copying, perhaps by other scribes in other regions at
a later date. During this process, successive innovations were introduced in the text, either mistakenly,
or intentionally to make the text more suited to its intended audience. These alterations in the written
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sequence forming the text could then be transmitted to its “descendants” by a given manuscript. Wear
and tear, accidents, and fashions caused the destruction of some manuscripts, while others enjoyed the
long life of library preservation. In the end, knowledge was lost, textual diversity reduced, and some texts
went extinct, while others gained traction and were eventually preserved for future generations.

Scholars have tried to make sense of the surviving documents, by ascertaining the network of rela-
tionships between them, by making assumptions about lost sources or by trying to reconstruct such lost
sources. In the process of doing so, they have produced evolutionary trees that philologists call stemmata.
Yet, these stemmata only reflect the portion of the trees that are accessible to us by surviving evidence,
while loss of documents can prune away entire branches (Figure 1, A and B). For centuries, historians
and philologists working on the transmission of medieval texts have found their efforts counteracted by a
gaping hole in existing documentation — a hole the actual size of which remained unknown: how much
of what actually existed do surviving works and documents represent?

A variety of methods have been used to estimate the loss of documents, drawing from the items sur-
veyed in medieval catalogues [9], or using methods inspired by paleodemography [14] or ecology. In
particular, recent work by Kestemont et al. [26, 27] used unseen species methods to estimate the “un-
seen” (i.e. lost) part of medieval chivalric literatures, treating works as species, individuals as documents,
and contemporary libraries as observation sites. Doing so, they produced plausible estimates, that have
received wide attention. Yet, the unseen species method takes the point of view of contemporary libraries
and treats manuscripts that were produced at very different dates as equivalent individuals; as such, it
does not take into account the dynamic nature of the process of textual transmission and evolution in
time. Manuscripts were simultaneously being copied and destroyed during hundreds of years; effects and
biases leading to the survival or extinction of different branches in the tree of a text are hard to predict.
In this sense, the problem of transmission, survival and extinction of texts is one of loss of evolutionary
history, as is encountered also in evolutionary biology [48]: how does the loss of nodes and branches
affect the trees of texts, that are known to exhibit peculiar properties such as bifidity and imbalance?
We present here a stochastic modelling and simulation framework that accommodates dynamical phe-
nomena while allowing us to investigate the aforementioned properties and to estimate observed as well
as unobserved variables. In so doing, we take what one may call a complexity science approach to philol-
ogy.

2 A philological forest of imbalanced trees
Philology studies the transmission and evolution of texts. Some of its classic models were introduced
in the 19th century, contemporaneously to Darwin’s work on the evolution of species and similar evolu-
tionary models in historical linguistics [40]. One of the staple methods introduced then is the so-called
“common errors” method [45, 20], whereby common innovations in the text appearing in surviving copies
(called witnesses) of a work are exploited in order to infer genealogy-like relationships. From these, a
tree-type graph is obtained for the tradition (the set of manuscripts that collectively preserve a given
work), and this graph is called a stemma codicum (Fig. 1, C). This is of course much reminiscent of the
way phylogenetic trees or cladograms are obtained in biology, based on shared characteristics between
observed or inferred species, and it is possible to turn a stemma into a binary phylogram (Fig. 1, D).
Methods from cladistics and phylogenetics have sometimes been directly applied to texts, with results
that remain debated [5, 24, 44, 32, 22].

An interesting observation about the structure of stemmata1 was made by French philologist Joseph
Bédier, almost a century ago, in 1928 [7]: most trees reconstructed by philologists exhibit root bifurcation,
i.e. a root with out-degree 2. In most reconstructions, Bédier observed, the original or the last common
ancestor (LCA, commonly called archetype) has two, and only two, direct descendants. This prevents an

1It is customary to use the Latin form of the plural for stemma, hence stemmata.
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Figure 1: From the real tree to the stemma codicum. The stemma will contain all witnesses, and as
many hypothetical nodes as are needed to explain their relationships. A. Simulated complete tree of a
textual tradition, red nodes depict surviving manuscripts (i.e. witnesses), and grey nodes lost ones; B. re-
duced tree (stemma codicum) showing only witnesses, and their latest shared ancestors; this corresponds
to the part of the original tree that could be inferred by philologists from surviving evidence; C. Stemma
of the Song of Roland, following Segre [42], roman letters (in red) stand for extant witnesses, and greek
letters for hypothetical shared ancestors; stemmata contain polytomies (nodes with out-degree greater
than 2) when a given ancestor has been copied more than twice, and more than two lineages of its descen-
dants survive; D. in practice, a stemma codicum could be turned into a binary phylogram, by introducing
time, and considering successive copies of a same manuscript as distinct events.
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accurate reconstruction of the original text by majority principle (e.g. two witnesses vs one in favour of a
given variant). Discarding without further ado the possibility that such dominance of degree-2 roots might
actually emerge from the dynamics of text transmission, Bédier immediately interpreted this “forest of
bifid trees” as resulting from a methodological flaw or some unconscious bias, spurring a century-long
debate and causing a long-lasting methodological schism within textual scholarship — a schism that
remains to be fully resolved [4, 15] and that we address here. Modern estimates for the proportion of
bifid stemmata lie somewhat lower (70% to 83%; Supplementary Table 4) than Bédier’s (95.5%), but
it is the case that a strong prevalence of root bifurcation is observed among reconstructed philological
trees [43, 11, 19].

Ubiquitous features in the genealogies inferred from surviving manuscripts, like bifidity, need not
stem from biases in the reconstruction method itself, but could instead emerge from the transmission
process’s own dynamics. Previous modelling research has often approached the question of bifidity by
using purely combinatorial approaches or by applying decimation to static trees [17, 31, 11, 18, 21, 23].
Yet they were generally focused specifically on the property of bifidity alone, and have left aside the
dynamic nature of the transmission of texts.

Abundance of degree-2 roots – and, more generally, of nodes with out-degree 2 [19] –, is not the
only salient property of stemmata. Large asymmetry (or imbalance) between the size of branches (see
Fig. 1 C and D), a phenomenon pervasive in evolutionary biology [1], is also observed in many stemmata.
Moreover, absence of large parts of the original tradition, when the stemma’s root is known to be not the
original text but a later manuscript – meaning that the stemma represents only a localised portion of
the original tree – or quasi-generalised absence of direct descent between surviving witnesses are also
properties potentially revealing of the transmission process and the extent of losses. In some cases, the
presence of lateral transmission (generally called contamination) originating from outside the stemma
can also point to the loss of complete branches from the original tree.

Are these properties artefacts or biases from the reconstruction method, as Bédier assumed, or could
they in principle emerge from the sole dynamics of text transmission, and the effects of chance (drift)?
This calls for a null model thanks to which one could measure discrepancies between manuscript tra-
ditions and their reconstructed counterparts. The modelling approach which is needed should therefore
have the capacity to settle questions such as Bédier’s, and provide estimates for losses of individual
manuscripts and whole traditions. Meanwhile, it should remain as simple and general as possible, be-
cause, quoting British polymath Michael Perry Weitzman (who introduced mathematical methods and
computer simulations in philology): “General phenomena require general explanations” [47]. This trans-
lates into models that are, just like in statistical physics, voluntarily sparse, almost bare – but it is precisely
this feature that makes them powerfully informative: they show how relatively simple ingredients may
combine to produce complex properties that often wrongly appear at first sight extremely intricate and as
necessitating a host of complicated details.

3 Complexity science for philology
Until now, attempts to model the dynamic process of text transmission have remained somewhat isolated.
Weitzman articles [46, 47] have pioneered the use of stochastic models for manuscript transmission, but
for a limited number of scenarii constraining parameters to predefined values motivated by historical
extrinsic factors. We shall in fact elaborate on Weitzman’s work, but within a broader, more general
framework benefiting from the present-day conceptual and computational developments of complexity
science, that allows us to model, simulate and analyse the process of manuscript transmission and thus
overcome the limitations of previous studies.

Complexity science [25] focuses on systems that typically involve large numbers of interacting entities
and exhibit a phenomenon termed emergence [2], whereby properties at the macroscopic level appear
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(“emerge”) from the aggregation and the interaction of multiple events at the microscopic level — just as
the general properties of surviving texts and of their reconstructed genealogies stem from the interplay
between the individual scale (manuscripts) and the collective one (whole corpora). Complexity science
draws much upon statistical physics [33, 38, 30] and has proven increasingly effective to understand
both natural and social systems, from spin glasses [36] and starling flocks [12], to organisations [3],
networks [6], and many other examples [8, 29, 37].

Contemporaneously, over the past two decades an unprecedented availability of data has opened new
avenues of research in multidisciplinary complex systems, perhaps most notably in the so-called digital
humanities [39, 41]. Philology has partially espoused this movement, particularly for data visualisation
and textual analysis across large data-bases. However, just as other fields in the humanities, philology is
yet to harness the potential of the comprehensive approach that complexity science offers: intertwining
physics-type modelling, including stochastic and agent-based models, with state-of-the-art computational
statistics and machine-learning techniques.

It is this path that we follow here: we use stochastic processes that are analytically tractable in their
simplest form, and can always be computer simulated, in order to generate tens of thousands of artificial
manuscript populations governed by the copy rate and the loss rate of manuscripts. Stemmata are then
constructed for these artificial populations via an algorithm that emulates a philologist’s work on surviving
manuscripts. This way, we produce synthetic data allowing us to analyse manuscript transmission with
tools from statistical physics and machine learning. Heatmaps are obtained for various observables (eg
the bifidity rate among stemmata) across ranges of values for the copy and loss rates. They are then
compared to historical data, gathered for medieval traditions on observable features, allowing inferences
for features that are not historically observable (such as loss rates).

Manuscript transmission as a stochastic process

The specific process of text transmission – that is, the copy and circulation of manuscripts – varied through
time and space, from on-demand production of a single copy by an individual (amateur or professional)
copyist to forms of serial production in dedicated workshops. Instead of trying to account for all details,
complexity science follows statistical physics in opting for a parsimonious type of modelling: the idea
being that some, if not all, of the fundamental properties of a system (especially a large system – here tens,
hundreds or even thousands of manuscripts) will most likely not depend on a host of details but rather
on only a couple of variables. Hence it is relevant to start with the simplest possible model and examine
what properties it already exhibits. Here we abstract all details away except the fact that manuscripts
underwent copy (birth) and/or destruction (death).

This leads to a stochastic process called a birth and death (BD) process, a special case of a Markov
chain [35]. In a BD process, individuals (here manuscripts) appear (“are born”) and are lost (“die”) at
certain rates, corresponding to the copy or birth rate (λ) and to the loss or death rate (µ) of manuscripts.
Thus, a population initially consisting of a single original manuscript evolves through time according to
the following rule: at every time step t → t +∆t, each member of the population that is present at time
t has probability λ∆t to engender a new individual (a birth event) and probability µ∆t to disappear (a
death event), where rates λ, µ ∈ R+ are non-negative real numbers.

Generating artificial manuscript populations

In the case where the rates λ and µ are constant over time, simple observables of the BD process such
as survival probabilities or average population are analytically tractable and may be solved exactly with
pencil and paper. For more intricate observables (in particular, topological properties of the resulting
trees), or when the rates λ and µ are time-dependent, it becomes tedious to solve the model analytically.
However, it may always be computer simulated as an agent-based model (ABM), which is what we do. In
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our ABM, agents are manuscripts, starting initially with N of them. A time-step corresponds to a typical
duration for a manuscript to be copied. At every time-step t, each extant manuscript has probability λt to
be copied and probability µt to be lost. Keeping track of the filiations between manuscript, trees (or arbres
réels in Fourquet’s words[16]) are built for each original manuscript, representing the genealogy of the
full manuscript tradition stemming from that original. These trees are then reduced by only keeping the
genealogical relationships between surviving manuscripts (see Methods), giving rise to the ideal stemma
that a contemporary philologist would produce.

We posit that some of the characteristics of real manuscript populations may be captured by the
relatively simple stochastic process described in the previous paragraphs. To probe whether this is indeed
the case, we study this process by exploring its parameter space, building heatmaps obtained by varying
the parameters λ (copy rate) and µ (loss rate) through ranges corresponding to reasonable orders of
magnitude; here between 10−3 and 10−2 (Methods). The survival rates and probability distribution of
extant witnesses can be computed exactly (Methods) as a function of the parameters. Other properties
were computed by simulating a number N = 104 of artificial manuscript traditions (that is, a realisation
of the stochastic process described above with 104 original living manuscripts at t = 0) for each pair
of values (λ, µ), and for each of these traditions the corresponding stemma is constructed. We can then
compute the average value of a variable of interest over the N populations: this gives the (λ, µ)-point in
the heatmap.

The empirically observable variables that we examine are: the median final population of surviving
witnesses for traditions with at least one witness; the extant lifespan of traditions (i.e. the distance in
years between the oldest and youngest surviving witnesses); the bifidity ratio of stemmata; all of which
can be compared to observed data from historical traditions. Additionally, we examine the survival rate
of traditions (i.e., trees); the survival rate of manuscripts (i.e., nodes); as well as the median distance
between the lowest common ancestor of the surviving witnesses and the actual root of the original tree
(i.e. the original manuscript); all of which are not directly observable in historical data.

Subsequently, comparisons between the values of some of the same variables obtained through esti-
mations based upon different methods point toward a particular region in the parameter space where our
artificial populations may be seen to coincide reasonably well with real manuscript populations – as far
as the estimated observables are concerned (Methods). This allows us to use this region in the parameter
space to suggest (within confidence intervals) values for variables for which we do not have estimates
through other means.

4 The Lost manuscripts and extinct texts of Charlemagne and King
Arthur

We take a well-known case study, that has been subject to renewed attention lately [27]. It concerns
the beginnings of Modern European Literature, through the emblematic case of chivalric narratives, the
heroic tales of Charlemagne, Arthur or Alexander and their knights, that emerged in French during the
12th century and then spread across Europe. Advantages of this case study include its geographical and
chronological reach, as well as its central cultural importance. Indeed, these narratives were widely cir-
culated in an area ranging from England to the Near-East, and subsequently translated in many European
languages as diverse as Norse, Irish, Castilian or Middle High German, in a period extending for more
than four centuries (Figure 2). Moreover, a large part of them has been well studied, from the 19th century
onward, facilitating the collection of information on them such as list of manuscripts, dates and stemmata
(Methods).

We ran agent-based simulations of a birth-and-death tradition with a total time frame of 500 pseudo-
years, of which 250 active, and 250 inactive (in which manuscripts can be destroyed, but no longer
copied), corresponding roughly, for the first part, to the time from the beginning of the 13th century,
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Figure 2: Old French chivalric narratives around Europe (years 1100-1500); 1. Charlemagne and
Roland from the 11th to the 15th century A Beginning of the Chanson de Roland (assonanced version,
composed around 1090, maybe in Normandy), here in a manuscript copied in England (Oxford?) around
1130 (Oxford, Bodleian Library, Digby 23, Part 2, fol. 1r, - Photo: © Bodleian Libraries, University
of Oxford, CC-BY-NC); B Roland rhymed version, copied in Western France, after 1431 (Cambdrige,
Trinity College Library, R. 3. 32, fol. 1r – Photo: © University of Cambridge, CC-BY-NC); 2. From
Champagne to Egypt, Chrétien de Troyes’ Yvain, C beginning of Chrétien de Troyes’ Yvain ou le
Chevalier au lion (originally composed around 1177 at the court of Marie de Champagne), in a parchment
manuscript copied by the scribe Guiot in Provins (Champagne), around 1235 (Paris, BnF, fr. 794, fol.
79v; source: gallica.bnf.fr / BnF); D fragment on paper of the same text, likely copied in Egypt in the
middle of the 13th century (Wien, Österreichische Nationalbibliothek, L 00114 Pap – Source: Austrian
National Library);
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seeing the rise of vernacular fiction, to the introduction of the printing press during the Renaissance, and,
for the second part, to the time between the Renaissance and the beginning of modern cultural heritage
conservation efforts. A pseudo-year is composed of four time-steps in the simulation, each time-step
corresponding to 3 pseudo-months. This was derived using an estimate for the time taken to produce
an average 200 pages manuscript (Methods). Hence, we simulate 2,000 time-steps, with the second half
being “extinction-only” (∀t ≥ 1000, λt = 0).

As for the remaining free parameters, namely the base “birth” or copy rate, λ, and “death” rate µ, we
explore systemically (via discretization) possible pairs of values of these parameters within their range
(from 0 to 1 in theory, but reduced here to 10−3 to 10−2 by field expertise, Methods).

We produced heatmaps for a number of relevant observables. The approach then consists in identify-
ing, within the parameter space, regions in which the values are consistent either with measured quantities
(as is done in the natural sciences) or with estimates for these quantities coming from other, independent
and altogether different, models. We have circled in red such regions on the phase diagrams in Fig. 3
and 4.

4.1 Model results on observables
These heatmaps show that the results obtained through our simulations are internally consistent in terms
of not only population size and lifespan of surviving traditions, but also in terms of bifidity ratio of the
resulting trees. In particular, the results obtained for a ratio λ

µ around 2, and perhaps more specifically
values of λ ∈ [7.5 10−3, 9.5 10−3] and µ ∈ [3.2 10−3, 4.4 10−3], are very consistent with the observed
properties of medieval chivalric narratives in Old French (Figure 3, A, B and C). The proportion of bifid
trees in the simulations is slightly lower than the one observed in historical stemmata (60 to 64% in the
simulations; 77% CI 65%,86% in real stemmata).

These results mean that the average manuscript would have been copied λ
µ times, i.e. two times

during their average lifespan. The half-life of manuscripts would be log(2)/µ time steps, ranging from
60 to 40 years. The half-life of all texts, on the other hand, would be close to 500 years (in accordance
with survival rates), but only around 30 years for the texts that ultimately did not survive.

4.2 Loss estimates
In terms of losses, this yields estimates of 40 to 50% of survival of works, and around 1% of survival of
witnesses (fig. 4, A and B). They are close, yet more pessimistic than those provided by Kestemont et al.
[27] using the Chao1 species richness estimator [13] for the same corpus (resp. 53.5 and 5.4% as upper
bound of survival). It is to be noted that both loss estimates for manuscripts are in the range or close to
the global loss rate of non-illustrated manuscripts of 93-97% estimated by historians based on external
evidence (Methods). Interestingly, if the Chao1 estimator had been applied to our simulation results, it
would have overestimated survival by a factor of 2 (fig. 4, C), showing that there are contexts in which the
Chao1 estimator gives an upper bound of survival that can be substantially different from actual survival
rates, and lead to underestimate losses2.

Beyond the mere probability of survival or extinction, our results also show that the trees that philol-
ogists can draw from surviving witnesses would often represent a localised subset of the original tree: the
loss of complete branches is apparent in the average distance of 2 generations between the original and

2The fact that our estimates of loss are close to those obtained with a Chao1 estimator on historical data [27], while the ap-
plication of the same methods to the simulation results would underestimate the loss significantly can be explained by differences
in terms of distribution of witnesses per work. Indeed, our model creates data that follows an exponential distribution, while they
have, in real data, a power-law type behaviour. Indeed, a large fraction of the total population has a vanishingly small probability
of being sampled at any rate in the case of an exponential distribution of witnesses per text, which causes the Chao1 estimator to
largely underestimate the size of the underlying population.
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Figure 3: Heatmaps of model results for some empirically observable data, namely A Median number
of surviving manuscripts per tradition (i.e. surviving nodes per tree); B Proportion of stemmata with root
out-degree equal to 2 (bifid stemmata); C Average lifespan of a tradition (difference in simulation years
between oldest and newest witness birth time). The area circled in red is consistent with historical data
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Figure 4: Heatmaps of model results for some non empirically observable values, namely the survival
rates computed from birth-death model for A works (i.e trees), in the region (in red) with best agreement
of the model with the observable, we find values in the range 40%− 50% and B manuscripts (i.e. nodes.)
with best agreement around 1%; C deviations between these survival rates computed exactly on the
simulations, and those that would have been estimated using Chao1 on works (estimated to be 2); D
median distance in generations (number of nodes) between the archetype and the original, that is between
the root of the full tradition’s tree and that of the stemma (best fit : 2). Here too the area circled in red is
the one that proved consistent with historical data on observables (Methods).
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the latest common ancestor of the surviving tradition, the archetype (fig. 4, D). This means that, in most
cases, the original state of the text is not accessible through the preserved tradition, that does not extend
beyond a later archetype. It implies also a loss of textual diversity and of the text’s evolutionary history,
through the disappearance of collateral branches that are entirely missing from the preserved tradition.

5 Discussion

5.1 Solving Bédier’s paradox and providing loss estimates
Adopting a complexity science approach, we have shown how a relatively simple stochastic process that
can be computer simulated has the capacity to reproduce the properties observed in historical data for,
at least, the textual traditions from medieval French stories about Charlemagne, King Arthur and the fall
of Troy. Our results are consistent with those obtained through different methodologies, such as those
recently published by Kestemont et al. [27]. Our work incorporates previous work by Weizmann and
Cisne and provides a much more general framework in which it is possible to refine and tune details from
a simple birth-and-death process to a heterogeneous agent-based model calibrated via machine learning
methods. This approach allows us to account for population dynamics in time, for loss and production
estimates, as well as for certain structural properties of the trees of texts (stemmata). In particular we solve
Bédier’s century-old paradox [7], that has been, to this day, at the core of a lasting schism in philological
studies.

Indeed, our model shows that a simple, parsimonious stochastic process, without any of the supposed
philologists’ methodological bias that Bédier assumed, produces a ratio of tree root bifurcation around
60 to 65% in the range of parameter values consistent with the observed sizes of textual traditions and
their average lifespan. This ratio shows that bifid stemmata are to be expected as the most frequent
topology of tree for historical traditions, a fact congruent with existing philological reconstructions (see
Supplementary Table 4). Yet, it remains slightly lower in the simulations than in historical data for
now. Let us emphasise here the fact that further details may be added easily into our model (such as
heterogeneity in the copy and destruction rates of manuscripts, meso-scale destruction corresponding to
historical events, so-called speciation, etc. – see 5.2), that could lead to higher ratios of root bifurcation.

A second important result obtained through our general framework is a set of refined estimates for
the loss of texts and manuscripts across centuries – these are the first estimates based on computer sim-
ulations of artificial manuscript populations. Consistent with the upper range of loss estimates provided
by external historical evidence (see Supplementary Table 2), our results bring new insights into the vast
continent of lost cultures and establish a link between the immaterial loss of cultural diversity (both qual-
itatively and quantitatively) and the disappearance of entire branches from the trees of texts, as well as a
relatively high ratio (up to 60%) of fully missing trees. This makes evident how partial and fragmented
our perception of past cultures may be.

Further, our results show the importance of taking into account diachrony and the evolutionary nature
of text transmission. In addition to a better understanding of the process of text transmission itself, these
results tend to indicate how a purely synchronous approach, as the one with ecodiversity methods, could
lead to estimates relatively far from actual losses in time, and would not allow us to fully grasp the way in
which loss is distributed. This is an important aspect, as the loss of entire branches (let alone entire trees)
has a very different impact in terms of observed diversity than the mere loss of individuals distributed in
surviving branches.

5.2 A call for evolutionary modelling of text transmission
Our results clearly show how much of the transmission, survival and extinction of texts can be explained
by drift, and how some of the salient properties of textual traditions, in terms of chronology, sizes of
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Figure 5: A The distribution of the number of witnesses per work shows a Pareto-like, heavy-tail be-
haviour which does not correspond to the exponential distribution produced by our first level model
(Methods). B Distribution of manuscripts production date for historical data. In these figures, surviving
witnesses are shown in red, and surviving fragments of lost manuscripts in blue.

traditions or topological features of stemmata, may in large part be explained by the role of chance.
Yet, they also point to the existence of other potential factors that need to be accounted for, such as the
interrelation between texts and the possible role of selection and extrinsic factors.

Indeed, considering texts as independent entities does not fully reflect the ways texts were created,
very often by a process of derivation from preexisting texts, by translating, adapting, or rewriting existing
material. This might be apparent in the way in which our model gives an exponential distribution for the
number of witnesses per work, while real data appear to follow a Pareto-like heavy-tail behaviour (Fig-
ure 5, A). The type of distribution observed is an intrinsic property of the qualitative dynamics of the
model, and this discrepancy suggest that some important aspects of the dynamics of actual text diffusion
are not captured – this does not come as a surprise, since the complex systems methodology voluntarily
starts from the most basic model possible, before climbing one step at a time up the ladder toward more
sophisticated models, in order to see which ingredients suffice to produce each observed property. In our
case, accounting for the apparition of new texts from existing ones, through a process of speciation, might
be enough to capture the heavy-tail distribution of the number of witnesses in historical data. Indeed, a
famous and widely used model including speciation, the Yule process [49], is known to produce power-
law type distributions, and was originally aimed at understanding the power-law distribution of species
per genus.

Additionally, our results point to the importance of extrinsic factors and perhaps also of selection.
Indeed, in our simulations, the distribution in time of witnesses grows exponentially, but historical data
exhibit other kinds of variation (Figure 5, B), with ups and downs reflecting literary trends or external
events, such as the Black Plague of 1346-1353, the Hundred Years’ War or more generally the economic
and demographic crisis of the late Middle Ages [10]. Models including selectivity, or accounting for
extrinsic factors and non-random drivers of extinction such as climate change in biology [48], could
help account for these discrepancies. Moreover, if our simulations solve Bédier’s paradox on tree root-
bifurcation, they still produce trees that are relatively less imbalanced than actual stemmata (Table 1,
see also section 6.3). This is a problem that is also observed in evolutionary biology [34, 1, 28], and
constitutes a further indication that drift alone cannot fully explain the process of text transmission. Let us
emphasise once more that our general framework is designed to accommodate the more detailed models
mentioned in this discussion, and that this is precisely one of its main advantages.

12



Table 1: Comparison of various topological properties for real stemmata and simulated ones in the region
of best agreement in the parameter space. Upper and lower bounds for our estimations on real world data
are computed from the 10% confidence interval of the bootstrap distribution over our corpus of 117 stem-
mata, with 100 resamplings. The range indicated under Simulations corresponds to the min/max values
in the region of best agreement in parameter space. The direct witnesses connections percentages are the
proportion of all edges in stemmata that are filiations between surviving manuscripts. The degree distri-
butions P(degree = k) are restricted to internal (non-leaf) nodes. As for the definition of the imbalance
index i3, see Methods.

Property Real stemmata Simulations

Bifid tree proportion 77 % 86%
65%

60 % – 64 %

Direct witnesses connections 2 % 4%
1%

1 % – 4.5 %

P(degree = 2) 0.81 0.87
0.76

0.71 – 0.78

P(degree = 3) 0.11 0.16
0.08

0.14 - 0.15

i3 0.93 0.96
0.89

0.80 – 0.85

Another point that requires research attention is to account for evidence not strictly falling into the
categories of survival or loss: in particular, a large number of fragments (a few leaves of otherwise lost
manuscripts) have been preserved across time. They may not be considered cases of survival, yet they give
empirical proof of the existence of lost manuscripts, in a way similar to fossils in paleodemography3. Yet,
existing evidence still points to the fact that fragments behave similarly as surviving witnesses in terms
of distribution, and do not radically challenge results obtained only on surviving witnesses, while being
slightly older in terms of date, reflecting the cumulative damage in time affecting manuscripts (Figure 5,
A and B).

Finally, the generality of our framework and the models it can accommodate makes it applicable
not only to medieval texts, but to any type of cultural transmission, at least in written form. Further
investigations should include the broadest possible range of cases, starting with Western Medieval and
Antique texts, but preferably also encompassing cultural productions from very different time periods and
geographical areas. In this sense, our work calls for the emergence of a new strand of research dedicated
to evolutionary modelling of cultural transmission.

References
[1] David J. Aldous. Stochastic models and descriptive statistics for phylogenetic trees, from Yule to

today. Statistical Science, 16(1):23–34, 2001.

[2] Philip W Anderson. More is different: broken symmetry and the nature of the hierarchical structure
of science. Science, 177(4047):393–396, 1972.

3There are also more pragmatic reasons for not including fragments in this research: very often, it is hard to assess if different
fragments of a few leaves originally came or not from a unique now lost manuscript; moreover, due to their size, they usually offer
very limited usable information in terms of date, origin, or even identity of the text they contain. Worse, due to their fragile nature,
they still are often not identified or lost by curatorial institutions, limiting the quantity of information available to us today.

13



[3] Robert Axelrod and Michael D. Cohen. Harnessing Complexity: Organizational Implications of a
Scientific Frontier. Free Press, New York, 2000.

[4] Craig Alexander Baker, Marcello Barbato, Mattia Cavagna, and Yan Greub, editors. L’ombre de
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des lettres de l’Université de Strasbourg, fasc. 105, 1945.

[17] Walter W. Greg. Recent theories of textual criticism. Modern Philology, 28(4):401–404, 1931.
Publisher: University of Chicago Press.

[18] Vincenzo Guidi and Paolo Trovato. Sugli stemmi bipartiti. Decimazione, asimmetria e calcolo delle
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6 Methods

6.1 A dynamic model of text transmission
The continuous-time Markov process that we consider in this work is a multi-agent generalization of the
birth-and-death process. The state of the system at any time is described by the number Mt of agents
(representing manuscripts) generated up to time t as well as the states {si}0≤i≤Mt

of these agents with
si ∈ {living,dead}. For each living agent i at time t, two transitions can occur during instant [t, t+dt]:

• A birth event with rate λ, such that with probability λ dt a new agent (originating from i) is added
to the system with state sMt+1 = living,

• A death event with rate µ such that the state of i switches to si = dead with probability µ dt.

Starting with Mt=0 = 1 with a single living agent, we split the time evolution of the process into two
phases:

• An active phase for 0 ≤ t ≤ ta where both λ and µ are finite and constant

• A decimation or pure-death phase for ta ≤ t ≤ ta + te where λ = 0.

Moreover, we keep track of the parent-offspring relationship, so that the state of the system can be al-
ternatively described by a directed tree with nodes standing for agents, where an edge (i, j) is drawn
when agent j was generated by a birth event triggered by i (i.e. j was copied from i). We call a single
realisation of this process a manuscript tradition.

6.1.1 Pure birth-death processes with fixed or variable rates

The probability distribution of the number of surviving manuscripts in a tradition, as well as the survival
rates of manuscripts and traditions can be computed analytically for the model with active and decimation
phase. With ta the duration of the active phase and nt = e(λ−µ)t the average number of living manuscripts
(for t ≤ ta), the probability that a given tradition has n surviving witnesses at ta is given by [21]

Pn(ta) =

{ µ
ληta if n = 0
(1− µ

ληta)(1− ηta)η
n−1
ta if n ≥ 1

,

where

ηt =
λ(nt − 1)

λnt − µ
.

Denoting now by te the duration of the decimation phase, the probability that the final population of living
manuscript is n given that there were k extant manuscripts at time ta is

P (N(te) = n | N(ta) = k) =

(
k

k − n

)
(1− e−µte)k−n

so that the final probability for the number of surviving witnesses for n ≥ 1 is

Pn(te + ta) =

∞∑
k=n

(
k

k − n

)(
1− e−µte

)k−n
Pk(ta)

=
(
1− µ

λ
ηta

) 1− e−µte

ηta

(
1

ηta
(1− ηta)(e

µte − 1)

)−n

.
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while for n = 0 the extinction rate of traditions – or equivalently the survival rate of works sWorks =
1− P0(ta + te), is

P0(ta + te) =
µ

λ
ηta +

(
1− µ

λ
ηta

)(
1

ηta
− 1

)
ηta(1− eµte)

1− ηta(1− eµte)
.

The number of surviving witnesses follows a geometric distribution for n ≥ 1, from which one can
compute the median number of witnesses of surviving traditions plotted in Fig. 3.

It can also be shown [21] that the average cumulative population of a given tradition, i.e. the total
number of manuscripts produced during the active phase, writes

M ta = 1 +
λ

λ− µ

(
e(λ−µ)ta − 1

)
,

while the average number of living manuscripts at ta + te is

N ta+te = e(λ−µ)ta−µte

so that the survival rate of manuscript over all traditions writes

sMan =
N ta+te

M ta

.

These results are plotted on figures 3 and 4.

6.1.2 From simulated trees to stemmata

Once the full manuscript tradition originating from a given original is generated, one has to construct
the corresponding stemma in order to allow for comparison with real philological data. This stemma
should contain only surviving nodes of the full tree along with the minimal number of dead nodes needed
to keep track of the genealogical relationship between those. In particular all terminal nodes (leaves)
of the tree have to be surviving witnesses, and all internal (non-leaves) nodes need to have at least two
direct children. Indeed, chains of non-branching (parents of single child) hypothetical ancestors cannot
be inferred from the comparative method, and thus shouldn’t appear on a stemma by application of the
parsimony principle.

The stemma is then constructed from the full tree by first recursively removing dead leaves until all
branches have only surviving manuscripts as terminal nodes, then removing chains of non-branching dead
nodes, until all remaining dead nodes have at least out-degree two (see figure 6).

The resulting reduced tree then corresponds to the ideal (correct) stemma that would be reconstructed
a posteriori by a philologist based on the systematic comparison of the witnesses of the tradition.

6.2 Simulations parameter values
6.2.1 Time-step and total duration

The base time-step of the model is the time necessary to copy a manuscript. This is of course dependent
on the length of the text and the speed of copyists. Other factors may have played a role, such as the care
and quality of execution, the script type, the presence or not of ornamentation implying the interventions
of painters after the end of the copy itself, or the existence of modes of serial productions such as the
pecia system, which allowed several scribes to work simultaneously on copying a single exemplar.

The speed of scribes is known to vary a lot, from less than 1 to 10 leaves a day, while the total time
taken to copy a volume often counted in months, often between 3 or 6 months, and in some rare cases in
years (up to 12 years) [30].
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Figure 6: Steps of the algorithmic construction of the stemma from the full tree of a simulated tradition
with original Ω, surviving manuscripts in green and lost ones in grey and red: removal of dead branches
(left), removal of non-branching lost manuscripts (middle), final stemma (right).

A survey of observable copy rates of professional scribes (see Supplementary Table 1), that are ex-
pected to have been most of the time the producers of vernacular literary manuscripts in the 13th to 15th
centuries, gives an average rythm of between 2 and 3 folio per day (f/d), with a mean rate of of 2.76 f/d,
equivalent to a duration of 72 days for a volume of 200 leaves, between two or three months.

We wish to model the transmission of medieval chivalric texts, that originated mostly in the years
1150-1350 and went out of fashion during the Renaissance, and then knew a period of inactive life (de-
struction, but almost no copy) until the beginning of preservation efforts during the Industrial Revolution.
We therefore aim for a total duration of the simulation of 500 pseudo-years, split in two between an ac-
tive period of 250 years and an equal inactive period of 250 years, each then being composed of 1000
simulation time-steps of three pseudo-months.

6.2.2 Copy (or birth) and loss (or death) rates

Historical and philological knowledge of loss rates is very scarce and elusive. However, it is possible
to approach them through different types of external evidence, such as data from ancient library cata-
logues [8], inventories or wills, as well as using intertextual evidence, such as allusions or references to
unknown texts [35, 2] (see Supplementary Tables 2 and 3 for more details).

Ancient catalogues. Using data based on a large collection of historical catalogues of manuscripts,
Buringh [8] provides estimates for the Latin West, with a geometric mean of loss around -25% per century,
with variations from -11% in the 9th to -32% in the 14th and 15th centuries (with local variations between
medieval institutions from –3% to –71% per century). The global loss rate for non-illustrated manuscripts
of several well known collections has been estimated around 93-97% [22, 28, 34, 29]. But estimations
based on well known institutional collections, from which some manuscripts are known to have survived,
are potentially biased. Trying to account for fully lost libraries, Buringh [8] is compelled to revise his
estimates higher, to -25% by century until the 12th, up to -43% in the 15th.

Moreover, generally speaking, using catalogues leads to several biases that can lead to an underesti-
mation of the loss rates:

1. medieval catalogues are produced mostly by institutions, and among them mostly ecclesiastical
institutions;
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2. they concern mostly Latin religious texts, that are presumed to have been less decimated than
vernacular leisure literature;

3. catalogues reveal the existence of a preservation effort;

4. catalogues do not necessarily record all books, only the ones that are deemed most worthy of
description and preservation.

All this can lead to underestimate the loss rate, and is also tributary to the fate of ecclesiastical institu-
tions. In France, where many of them were maintained until the Revolution, and their assets then seized
and included in national collections, the loss rate estimated from Buringh’s data collection [8] is 72%. In
England, where the Dissolution caused the scattering and destruction of many ecclesiastical collections,
the loss rate is 91%. In addition, the few data that we have concerning non ecclesiastical collections,
that included more vernacular literature, seem to confirm this bias: the loss rate for the Royal Library of
the Louvres, in France, is of 92% [8], while, for the few examples of aristocratic libraries recorded by
Buringh, it reaches 100% loss.

In addition to the institutional nature of the library preserving them or the nature of the text, the
monetary value of books causes also important variations in survival rates [6], in particular when they
are richly decorated with miniature and other paintings. For instance, concerning the luxury collection of
the dukes of Burgundy, Wijsman [34] notes both a low destruction rate (41% for the books in the 1487
catalogue), but also notes that those catalogues tended to exclude books of lower values.

Print runs of early prints. For incunabula, using editions whose original number of copies made is
known, it is possible to gather loss estimates by counting known surviving exemplars in public or private
collections: doing so for Venetian incunabula, Trovato [32] finds very variable loss rates according to
textual and material typology, from 73% for the Decretales printed on parchment to 99.3% for more
popular chivalrous literature (Orlando furioso for instance). This shows the importance both of variation
in time and space, and of textual contents and material typology. A more general estimate for 15h century
prints yields a loss rate of 95.7% for Europe [27].

Other estimates. In some extreme cases, loss can be very close to 100%, for reasons that may combine
the fragility of the document form, lack of consideration for the documents or large scale historical events
such as political instability, invasions or major cultural changes; examples are provided by cases as dif-
ferent as the Merovingian royal diplomas on papyrus or the Lombard royal charters [15], the Mayan (pre-
colombian) manuscripts or medieval notarial acts [19]. Production estimates have also been attempted
on the basis of the quantity of sealing wax acquired by a given producer (a chancellery for instance [3]).
More founded loss estimates have also been gathered by counting how many of the acts mentioned in im-
perial or royal registers are kept in original or consigned in the archives of the recipients: this gives a loss
rate of originals varying from 80% (acts from the emperor Charles IV in 1360-1361) to 90% for the acts
from Louis X of France, increasing to 99% for the judgements rendered by his Parliament, suggesting
here as well a massive effect of typological variation [19, 12], resulting in very strong biases in the body
of documents available to us.

Order of magnitude for copy and loss rates in the simulations. Most general estimates give a total
loss that is superior to 90%. For chivalric texts, if we look at Trovato’s estimates (potentially more reliable,
because based on editions whose original number of copies is known), we have a total loss rate superior
to 99% (99.3% on average). For our simulation needs, on this basis, we get a survival rate whose order of
magnitude is between 0,1% and 10% in 500 years (2000 steps in our model). From this we can deduce a
step loss rate for a given total survival rate. For instance, for 1% survival rate, (1−µ)2000 = 0.01, which
simplifies to µ = 0.0023. So we retain values of µ between 10−3 to 10−2. Given that books could not
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Figure 7: The two possible topologies of a 3-leaves tree with only branching internal nodes

have been produced order of magnitudes faster or slower than they were destroyed (or we would either
drown in medieval manuscripts or have none), we explore the same range for λ.

6.3 Tree imbalance
Traditional philological studies have focused on the proportion of bifidity in stemmata collection. Yet
this measurement is relatively restricted in scope and does not reflect more general topological properties
of the trees, and in particular their tendency to display imbalance at all levels. The characterization of
imbalance is the object of a considerable literature in computational phylogenetics [1, 26], and a number
of metrics have been proposed to quantify this property [14]. In this work we chose to focus on a single
imbalance index for the stemmata, based on the subtrees generated by subsets of leaves representing
witnesses of a tradition.

There are only two possible topologies for a rooted tree with three leaves (forbidding internal nodes
with a single child), one maximally imbalanced denoted by Timb, corresponding to the simplest ”caterpil-
lar tree” in the terminology of [14], and one perfectly balanced Tbal with root node having three children
(see figure 7). Given a stemma with Nl leaves, we construct the subtrees generated by all subsets of tree
leaves {l1, l2, l3} which then fall into one of the two previously defined cases. Denoting by nimb the
number of generated subtrees having a Timb structure, the imbalance index i3 of the stemma is defined as
the proportion of imbalanced subtrees

i3 =
nimb(
Nl

3

)
This specific index, rather than other summary indices used to measure imbalance of tree topologies
seems particularly fit to the study of stemmata as the construction of subtrees generated by witnesses is
in itself an elementary emulation of the comparative method in philology, thus making the index readily
interpretable. Besides, it allows for a rather scale-independent estimation of imbalance, as the root ω of
a given subtree, or hyparchetype of the corresponding set of witnesses, ranges from low lying internal
nodes to the actual archetype of the whole stemma when different subsets of witnesses are considered.

The value of this index on real stemmata (see table 1) is found to be equal to 0.93 (±0.03), a value sig-
nificantly higher than what is found in simulated stemmata for a wide range of parameters. Remarkably,
the fact that empirical evolutionary data display a higher level of imbalance than cladograms generated
by constant-rate birth-and-death models is also observed in biological phylogenetics [24].

6.4 Observables of historical traditions
Data about the works and witnesses of medieval texts were collected from secondary literature and ex-
isting databases [9, 25, 33, 20, 7, 23] and reviewed using editions of the texts when they were available.
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Information on the stemmata is based on a restriction to the relevant genres of the data provided by the
open-source collection OpenStemmata [11, 10]. All used data (and relevant code) is provided as supple-
mentary information to this article.

6.4.1 Corpus and data collection

The corpus is composed of longer narrative works in Old French (i.e. composed before c. 1340), namely
chansons de geste (epics) and romans (romances) in verse and prose. They are traditionally divided in
three main thematic areas, or “matters”: matter of France (stories about Charlemagne, his lineage and his
peers); matter of Britain (stories about Tristan or King Arthur and his knights); matter of “Rome” (stories
inspired by Antiquity, and dealing with Alexander the Great, with the Fall of Troy and its consequences,
or with Theban and Oriental myths). In addition from texts dealing with these matters, texts of the matter
of England (stories of noble Anglo-Norman or English families) and of the Crusades were also included,
as well as standalone adventures or courtly romances, containing similar narratives about knights and
lovers. Shorter narrative forms, such as lais, fabliaux were excluded, as well as romances not fitting in
these thematic categories (roman de Renart, and allegoric romances such as the Roman de la Rose).

The list of texts was established by crossing lists existing in the literature [9, 25, 33, 17], with existing
databases [23] and online reference repositories [20, 7]. When available, existing editions of individual
texts were consulted, to verify the information and to collect existing stemmata. When no stemma was
found in editions, scientific articles listed in the repositories were browsed to find them.

The notion of texts is relatively fluid in manuscript transmission, where every copy introduces inno-
vations, that can range from simple copying errors to complete rewriting. Very often, decision had to be
made whether two versions of a given story constituted two versions of the same text or two distinct texts.
To establish this, in ambiguous cases were information in repositories and reference works did not fully
coincide, the following definition of text and set of criteria were used: a text is taken to be the formulation
of a given story in human language, whose literary form and style can be detected and whose creation can
be attributed to one or more individuals. Following this, two versions of the same story were taken to be
different texts when:

• they differ in terms of language (e.g., Continental French vs. Anglo-French);

• they differ in terms of form: prose vs. verse; octosyllabic versus decasyllabic verses; assonance vs.
full rhyme;

• they differ in authorship (a different individual is associated with their creation);

• they substantially differ in terms of story, or their texts cannot be aligned (i.e. there are no signifi-
cantly matching text portions).

For each text, the following information was collected, in addition to author and title:

• date of creation (usually estimated based on historical, linguistic and literary evidence);

• witnesses;

• stemma.

The stemmata were encoded in DOT format, and submitted to an open repository using their set
of conventions for representing surviving and lost nodes, as well as direct or lateral transmission and
uncertainty [10]. In addition, the following information was collected about the witnesses:

• date of creation (usually estimated based on material, linguistic and paleographic evidence, some-
times known through declarations by the scribe, known as “colophons”);
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• curatorial information: institution of preservation and shelfmark;

• status (complete, mutilated or fragmentary).

6.4.2 Dates and date ranges

Most of the times, the dates of the texts or of the witnesses are not known precisely, but estimated.
Estimates made by experts are usually expressed in relatively vague form, in prose. We opted to convert
them to explicit ranges, following this set of rules:

Exact dates exact dates, sometimes given by the scribe of the manuscript in the colophon, are followed;

Explicit Range the range given is kept;

Non explicit range a range of 20 years is used, bounded or centred according to the information given;

Cumulative ranges both ranges are included. When the ranges given are not continuous, the in-between
period is added;

Fuzzy date/range a period of 10 years (5 before, 5 after) is added to the date or range expressed ;

Single delimiter pseudo-range i.e., terminus ad quem/post quem without explicit range) are treated sim-
ilarly as fuzzy dates;

Exotic modifiers such as “at the latest” are ignored for now;

Competing dating when two dating are given, the most precise is used.

Example of conversions are given in Table 2.

6.4.3 Extraction of summary statistics from data and parameter estimation

In order to fit the model to real world data, a subset of observables on manuscript traditions were selected
for comparison with the model’s results:

• The proportions fk of surviving traditions consisting of k witnesses for 1 ≤ k ≤ 3;

• The median lifespan of a tradition defined as the difference in age between the oldest and newest
witness of a tradition. Since our model does not account for historical extrinsic factors on the
variation of manuscripts and works production rates, we expect this observable to be invariant
enough by translation in time to allow for meaningful comparison with the model;

• The proportion of trees with root-degree 2 (see section 2 on the relevance of this specific feature);

• The proportion of internal nodes of degree 2 as an additional topological feature on stemmata.

These summary statistics can be readily extracted from simulations, however some additional interpreta-
tive work is needed on empirical data.

Regarding temporal data, in order to convert collected evidence into distributions of creation date of
manuscripts and lifespan of traditions, we assumed a uniform probability distribution for the birth time
of a manuscript whenever its dating was given as an interval. Thus for a manuscript with creation date
estimated to be within an interval [yl, yu], we assign the probability of creation 1/(yu − yl) to each year
within this range (see figure 5).

The difference in creation date of two witnesses dated in (potentially overlapping) ranges is then
estimated by the expectation values of the difference between two random dates uniformly drawn from
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Table 2: Example of conversion of prose dating to ranges
Prose Range

Exact dates
17th may 1423 1423

Explicit range
12th century 1101-1200
2nd half of the 12th century 1151-1200
14th century, after 1339 1340-1400

Non explicit range
end of the 12th century 1181-1200
middle of the 12th century 1141-1160
first decades of the 14th century 1301-1320

Cumulative ranges
end of the 12th or beg. of the 13th c. 1181-1220
beg. or 3rd quarter of the 15th c. 1401-1475

Fuzzy date or range
circa 1240 1236-1245
around the end of the 12th c. 1176-1205

Single delimiter pseudo-range
after 1460 1461-1470
before 1460 1451-1460

Exotic modifiers (ignored)
beg. of the 13th c. at the latest 1201-1220

Competing dating
2nd quarter of the 13th c., c. 1240 1236-1245

these ranges. Explicitly for two manuscripts dated in respective ranges [a, b] and [c, d], with a ≤ d, the
difference D writes

D =
1

b− a

1

d− c

∫ b

a

∫ d

c

|x− y|dxdy

Summary statistics on stemmata was extracted from the DOT files available on OpenStemmata [10].
Beforehand, stemmata were treated to be in an homogeneous format, by removing lateral transmission, as
well as superfluous nodes conventionally represented on many published stemmata (i.e. nodes standing
for hypothetical lost manuscripts, but having only an out-degree of one).

It is then possible to single out a region in the parameter space where these observable on simulated
traditions coincide within an average error margin of 20% to their empirical values, namely for λ ∈
[7.5 10−3, 9.5 10−3] and µ ∈ [3.2 10−3, 4.4 10−3]
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Supplementary information

Supplementary Tables
Copy speed of scribes

The following table contains a summary of the estimates of scribes copy speed, measured in the number
of leaves (folia) per day (f/d). The estimates are gathered from the bibliography. Publications giving
estimates for a single scribe or manuscript have not been taken into consideration. A distinction has been
made between professional scribes on one hand, and amateur scribes, monastic or otherwise, on the other.
Most estimates are based on colophons, i.e., formules written by scribes at the end of the copied book,
sometimes giving a date or the length of the copy. In rare cases, the information is complete (i.e., we
have the start and end date, or the duration), but most often the start date has to be estimated from other
evidence, such as the end date of the copy of the previous volume (in the case of multi-volume texts). On
some occasions, we keep the contracts passed between the scribe and his customer, giving the number of
leaves to be copied each day, or the total expected duration for the copy of a book of a given length. It
is to be noted that most of those estimates do not substract non worked days (sundays, holidays), nor are
able to account for the possibility that scribes could have worked in parallel on copying other documents,
which means that the actual rate, for a full work day dedicated to a single manuscript, is expected to be
higher. In addition, most of those estimates focus on the production of commercial books, and discard
the speed of copy by authors of their own drafts, by students of their studying books, etc. For these
productions, evidence is that the rates could be much higher (up to 10 f/d or even higher), but at the
detriment of the quality of execution. In addition, this data does not take into account variations based
on the actual quantity of text per leave, dependent on the book size, number of columns and lines per
columns. The sample size N is the number of manuscripts from which the information is derived.

Ref. Source Date Region Type f/d N
[6] colophons 1200-1600 West. Europe all 2.85 63
[16] both medieval West. Europe all 2.00 800
[30] colophons 1400-1500 Italy prof. 2.36 13
[6] contracts 1400-1500 Avignon prof. 2.74 3
[30] colophons 1400-1500 Netherlands monast. 0.84 18

Supplementary Table 1: Estimates of manuscript copying speed

Loss rates of manuscripts and incunabula

The loss rates indicated here are drawn from the bibliography. Their original sources include, for manuscripts
(MSS), medieval catalogues (mostly of ecclesiastical institutions), where the number of original entries
is compared to the number of (identifiable) surviving manuscripts; for early printed books (Pr), the print
run of early incunabula editions; as well as, for reference, the results of different mathematical models.
The sample size (N) is equal to the estimated total original population, before decimation.

The tables are split between a first table presenting the most relevant data to our study case (medieval
vernacular chivalric literature), while the second table gives other estimates for comparison purposes.

In the second table, the final estimates of manuscript loss for the Holy Roman Empire of the Ger-
man Nation and for Europe are based on the observed loss of contemporary incunabula, while trying to
accommodate for historical factors specific of manuscript production and conservation.
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Ref Type Source Date Region Lang. Loss (%) N
[9] MSS catalogues 1100-1500 UK Fre. 82.00 45
[32] Pr print run 1495-1532 Italy Ita. 99.31 5200
[23] MSS unseen sp. 800-1500 West. Eur. vern. ≥91.00 41 244
[23] MSS unseen sp. 1100-1500 West. Eur. Fre. ≥94.60 27 278

Supplementary Table 2: Estimates of loss rates of documents from various sources for chivalric vernacular
texts

Ref Type Source Date Region Lang. Loss (%) N
[8] MSS catalogues 700-1500 UK Lat.* 90.83 17207
[8] MSS catalogues 700-1500 France Lat.* 72.01 11645
[32] Pr print run 1476-1542 Italy Ita. 92.39 14700
[32] Pr print run 1495-1532 Italy Lat. 94.56 3300
[27] Pr print run 1453-1500 Europe all 95.70 18488000
[27] Pr print run 1453-1500 Centr. Eur. all 94.50 6144000
[27] MSS estimate 1400-1500 Empire all ≥95 1122000
[27] MSS estimate 1400-1500 Europe all ≥95 ≥ 2396000

Supplementary Table 3: Estimates of loss rates from various sources (all other types) – starred languages
means they constitute the majority of the collection, but that some other languages may be marginally
present

Bifidity ratio in historical stemmata collections

The following table gives the computed bifidity ratio in stemmata collections since Bédier. When avail-
able, are additionally given the number of trees analysed (N), the restrictions in terms of language(s),
literary genre, status of the trees (final tree, used as basis of text editions versus provisional tree) and the
criteria used for inclusion in the collection, as well as the reference to the source.

bifid (% ) N Lang. Genre restr. Status Collection Ref.
95.5 110 Fr, Lat, Eng, Ger no NA NA [4]
69.0 130 Pro troubadour lyric NA NA [31]
75.5 94 Fr no all works cited in [5] [13]
82.5 86 Fr no final works cited in [5] [13]
83.1 89 Non no final Bibl. et Ed. Arnamagn. [18]
77.0 117 Fr epics, romances all OpenStemmata [10]

Supplementary Table 4: Bifidity estimates in different stemmata collections, since Bédier
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