






individual locations over centuries are tracked
in fig. S13, measured as multiples me of the
square-root-deviation e from the perfectly bal-

anced diagonal in Fig. 1C and fig. S4. In fact,
individual locations fluctuate substantially in
this respect, as in the case of New York City,

which is now a clear death attractor but gave
birth to more notable individuals than it at-
tracted around 1920.
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Fig. 3. The visualization of birth-death network
dynamics offers a meta-narrative of cultural
history. (A) A sequence of frames, based onmovie
S1, exemplifies the FB narrative for Europe from
Roman times to the present. The dynamically ap-
plied color scheme (with black and white inverted
in print) denotes birth-death imbalance (blue to
red) (compare Fig. 1C). In the supplementarymovie,
individuals appear as particles, indicating collective
directions of flow as they move toward their death
locations.Throughout themovie, local cohesive dy-
namics emerge regionally in addition to themassive
long-range interactions, first from and to Rome and
eventually to emergent country capitals and eco-
nomic centers, including those in the East.The final
network state for locations in 2012—within what is
now France and Germany—is the result of massive
centralization toward Paris versusmulticentric com-
petition in Germany. (B and C) Death-share plots
for locations from before 1300 to 2012 CE confirm
that France is characterized by a winner-takes-all
regime, where Paris takes in a substantial and al-
most constant share of notable individuals (27).
Germany, in contrast, is characterized by a sub-
critical fit-gets-richer regime,where no center sur-
passes 19% in any given century.

Fig. 4. Temporal death rate patterns in cultural centers reveal midterm
trends that are hard to extract from other sources. (A) English Google
Ngram trajectory for the pattern “Paris in {year}” from 1500 to 1995 CE. Dark
spikes point to outstanding historical events in the city, labeled semi-
automatically using Web searches, such as “Paris in 1763” returning “Treaty
of Paris.” (B) Paris death rate trajectories for FB total and AKL total indicate
deviations from the nearly constant fitness hi

D(t) (compare fig. S16 and our

model in the SM).Color indicates periods of accelerated (bright) versus slower
growth (dark). The numbers at the ends of the trajectories indicate the
respective number of individuals. (C) Trajectories for FB governance and AKL
architecture positively correlate around the French Revolution from 1785 to
1805 (r = 0.89), whereas FB governance and artists in AKL fine arts slightly
negatively correlate (r = –0.34). (D) Trajectories for AKL applied arts, AKL fine
arts, and FB performing arts.
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Next, we illustrate the qualitative relevance of
our macroscopic perspective by delineating the
meta-narratives of European and North Ameri-
can cultural history, based on birth-death data
without additional source material (movies S1
and S2, Fig. 3A, and fig. S14). The sequence of
images in Fig. 3A exemplifies the cultural nar-
rative of Europe from 0 to 2012 CE, as presented
inmovie S1 based on FB: In the beginning, a pan-
European elite defined Rome as the center of its
empire via massive long-range interactions, fol-
lowed by increasing point-to-point migration
throughout Europe, where Rome remained a hub
along with rising subcenters, such as Cordova
and Paris. Starting in the 16th century, data den-
sity in Europe becomes sufficient to reveal re-
gional clusters. In fact, it becomes evident that
Europe is characterized by two radically different
cultural regimes: A winner-takes-all regime, with
massive centralization toward centers such as
Paris, and a fit-gets-richer regime, where many
subcenters compete with each other in federal clus-
ters throughout Central Europe and Northern
Italy (27) (see Fig. 3, B and C, and fig. S15).
After demonstrating the global quantitative

and qualitative relevance of our macroscopic ap-
proach, we now focus on the dynamics of indi-
vidual cultural centers, defined as locations with
substantial amounts of notable deaths.We exam-
ined notable events identified from the Google
Ngram English data set (28), a procedure that
can and should be complemented with data sets
in other languages to allow for comparison and
eventually worldwide coverage (known biases are
discussed in the SM). Recording the frequency of
words and word combinations in an estimated
5% of all books ever published, the Google Ngram
data were originally used to plot the pattern fre-
quency against book publication dates (29). Here,
instead, we obtained events by searching for the
pattern “{location} in {year},” which allows us
to map the “expression” of cultural centers over
longer time periods, similar to a gene expres-
sion plot (30) (Fig. 4A). Particularly after 1750,
dark spikes in the trajectory reveal outstanding
historical events. Web searches even allow us to
semiautomatically add event labels to these spikes.
The resulting Ngram trajectories can be exam-
ined relative to total death rate trajectories (Fig.
4B and fig. S16), tracking deviations of locations
from their nearly constant fitness hi

D(t) (compare
fig. S17 and our model in the SM), and even
relative to births and deaths within professional
genres in FB, AKL, and ULAN (Fig. 4, C and D).
By revealing such correlated changes and con-
tinuities, our approach allows for cross-fertilization
of domain knowledge into other domains, periods,
and geographic areas.
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DINOSAUR EVOLUTION

Sustained miniaturization and
anatomical innovation in the
dinosaurian ancestors of birds
Michael S. Y. Lee,1,2* Andrea Cau,3,4 Darren Naish,5 Gareth J. Dyke5,6

Recent discoveries have highlighted the dramatic evolutionary transformation of massive,
ground-dwelling theropoddinosaurs into light,volant birds.Here,we applyBayesian approaches
(originallydeveloped for inferring geographic spread and rates ofmolecular evolution in viruses)
in a different context: to infer size changes and rates of anatomical innovation (across up to
1549 skeletal characters) in fossils.These approaches identify two drivers underlying the
dinosaur-bird transition.The theropod lineage directly ancestral to birds undergoes sustained
miniaturization across 50 million years and at least 12 consecutive branches (internodes) and
evolves skeletal adaptations four times faster than other dinosaurs.The distinct, prolonged
phase of miniaturization along the bird stem would have facilitated the evolution of many
novelties associated with small body size, such as reorientation of body mass, increased aerial
ability, and paedomorphic skulls with reduced snouts but enlarged eyes and brains.

T
he evolution of birds from bipedal carniv-
orous dinosaurs is one of the most com-
pelling examples of macroevolution (1–7).
Numerous studies (1–18) have documented
the cumulative evolution of avian charac-

teristics along the ~160million year (My) lineage
leading from large Triassic theropods (oldest
widely accepted records, Herrerasaurus and
Eodromaeus, ~230 million years old) to modern
birds (Neornithes; oldest widely accepted record,

Vegavis, ~67 million years old). Nevertheless,
there remain many intriguing questions regard-
ing size and anatomical evolution along the bird
stem lineage. Theropods were typically large to
gigantic, but small body size characterized all
taxa near the origin of forewing-powered flight
in birds [Avialae sensu (1–3), Aves sensu (15)].
It has been both proposed (4–8) and contested
(9–11) that sustained trends of size reduction oc-
curred within theropod evolution. However, most

562 1 AUGUST 2014 • VOL 345 ISSUE 6196 sciencemag.org SCIENCE

RESEARCH | REPORTS
on N

ovem
ber 3, 2017

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://science.sciencemag.org/


A network framework of cultural history
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distances remained unchanged over more than eight centuries.
Patterns of city growth over a period of 2000 years differed between countries, but the distribution of birth-to-death 
death of more than 150,000 notable individuals revealed human mobility patterns and cultural attraction dynamics.
history from simple but large sets of birth and death records. A network of cultural centers connected via the birth and 

 developed a tool for extracting information about culturalet al.cultural interactions on a historical time scale. Schich 
Sociologists and anthropologists study the growth and evolution of human culture, but it is hard to measure

A macroscopic view of cultural history
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