






and although they broadly overlap in stratigraphy, they evidently
peaked in generic richness and dominated total diversity at dif-
ferent times (Fig. 2). These observations affirm that the evolu-
tionary paleocommunities, like EEUs, succeeded each other
through the Phanerozoic, each supplanting its predecessor during a
biotic crisis involving ecological reorganization (Fig. 2A).
The o–n network contains five modules (Fig. 1A and SI Ap-

pendix, Fig. S4A) with distinct clusters dominating total diversity
in the Cambrian, Ordovician–Permian, and Mesozoic–Cenozoic
intervals (Fig. 2A). Two other modules, which are dominated by
specific groups (Triassic chordates and Paleogene “worms”), are

probably consequences of taxonomic homophily induced by
sampling and reporting biases. Although these other modules
account for ∼12% of orders, their contributions to total diversity
at the generic level are relatively minor for all geologic stages,
and they never dominate generic diversity (Fig. 2A). Our anal-
yses, therefore, demarcate three evolutionary paleocommunities
at the ordinal level. These associations broadly correspond to
Cambrian, Paleozoic, and Modern evolutionary faunas (1), in-
dicating that ecological restructuring followed major shifts in the
balance of animal diversity over time.
Because community structure can vary with taxonomic rank,

the ordinal (o) network differs from the corresponding familial
(f) and generic (g1) networks in this study (SI Appendix). The f–n
network contains five modules (Fig. 1B and SI Appendix, Fig.
S5A), which peaked in diversity in the Cambrian, Ordovician–
Devonian, Carboniferous–Permian, Mesozoic, and Cenozoic
intervals (Fig. 2B). Evidently, the Devonian and Cretaceous–
Paleogene (K–Pg) crises resulted in division of families (but not
orders) into distinct associations. Partitioning of the g1–n and
g2–n networks returned comparable clusters (Fig. 2 C and D and
SI Appendix, Figs. S6A and S7A), demarcating five main modules
(>97% of genera) in addition to various small modules that
never dominate diversity (SI Appendix, Dataset S1). Taken as a
whole, our analyses of the f, g1, and g2 networks support the
existence of five evolutionary paleocommunities of animal life at
the family and genus levels. This result applies both to the entire
marine realm (Figs. 1B and 2 B and C and SI Appendix, Figs. S5A
and S6A) and to reefs (Fig. 2D and SI Appendix, Fig. S7A),
affirming that the history of reefs largely parallels that of the
fossil record as a whole (24).
The g3–n network contains nine modules (SI Appendix, Fig.

S8A), including six modules that account for the majority
(∼98%) of taxa as well as three (“other”) low diversity modules
(Fig. 2E). Four of the six main modules resemble analogous units
in the f–n, g1–n, and g2–n networks (Figs. 1B and 2 B–D and SI
Appendix, Figs. S5A, S6A, and S7A). In the Cenozoic, two (g3–
CzA and g3–CzB) modules (SI Appendix, Fig. S8A) represent
roughly comparable numbers of taxa (Fig. 2E), with ranges that
broadly overlap through stratigraphy. These modules represent
consequences of taxonomic homophily, as the g3–CzA and g3–
CzB modules are largely comprised of anthozoan corals and
bryozoans, respectively. In view of these biases, these two mod-
ules are perhaps best interpreted as a single Cz-equivalent evo-
lutionary paleocommunity (Fig. 1B and SI Appendix, Figs. S5A,
S6A, and S7A).
Inclusion of weights did little to change the results. Parti-

tioning of the weighted o–w, f–w, g1–w, and g2–w networks
yielded modules comparable to those in the nonweighted net-
works, except that in each case (SI Appendix, Figs. S4–S7), the
algorithm divided Mesozoic and Cenozoic taxa among additional
small modules (SI Appendix, Fig. S12 A–D). Each of these ad-
ditional modules is dominated by one or several clades (e.g.,
Anthozoa, Bryozoa, or Chordata), suggesting that they reflect
biases in sampling of taxa in those clades. Despite these biases,
the analyses corroborate identification of five evolutionary
paleocommunities at the family and genus levels as well as the
three macrolevel associations of orders (SI Appendix, Figs. S4–
S7). The g3–w network differs most substantially from its non-
weighted counterpart (SI Appendix, Fig. S8). This network con-
sists of 10 modules, including 8 representing the majority
(∼93%) of taxa in addition to two (other) Mesozoic sponge- and
rudist-dominated clusters (SI Appendix, Fig. S7E). Four of the
eight main modules resemble clusters detected in the corre-
sponding g3–n network. However, unlike its counterpart, the g3–
w network contains g3–w–O, g3–w–SD, g3–w–Tr, and g3–w–JK
modules, which dominated diversity in the Ordovician, Silurian–
Devonian, Triassic, and Jurassic–Cretaceous intervals, respectively.
Thus, the g3–w network provides evidence that the Ordovician

Fig. 3. Taxonomic loading of modules in the nonweighted network (g1–n)
of marine animal genera (Fig. 2C and SI Appendix, Fig. S6A). Plot shows
proportions of modules for various nonnested clades (classes, subclasses, and
infraclasses). These clades account for 95% of the taxa in the network. De-
tailed breakdowns of each module in this study are presented as interactive
sunburst diagrams, which can be found online: https://deeptime.tw.rpi.edu/
viz/SunBurst_Fossils_ByCommDetection/Sunburst_f_all.html.

5220 | www.pnas.org/cgi/doi/10.1073/pnas.1719976115 Muscente et al.

D
ow

nl
oa

de
d 

by
 g

ue
st

 o
n 

Ju
ne

 1
4,

 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719976115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719976115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719976115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719976115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719976115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719976115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719976115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719976115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719976115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719976115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719976115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719976115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719976115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719976115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719976115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719976115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719976115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719976115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719976115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719976115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719976115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719976115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719976115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719976115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719976115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719976115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719976115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719976115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719976115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1719976115/-/DCSupplemental
https://deeptime.tw.rpi.edu/viz/SunBurst_Fossils_ByCommDetection/Sunburst_f_all.html
https://deeptime.tw.rpi.edu/viz/SunBurst_Fossils_ByCommDetection/Sunburst_f_all.html
www.pnas.org/cgi/doi/10.1073/pnas.1719976115


and Triassic–Jurassic mass extinctions strongly affected sessile
benthic reef-building animals.

Implications of Network Paleoecology for Mass Extinctions
Our analyses lay the groundwork for several approaches to
evaluating ecological impacts of critical transitions. First, the
results permit qualitative assessment of their impacts at various
taxonomic and ecological levels. For example, our results dem-
onstrate that the Permian–Triassic (P–Tr) mass extinction af-
fected communities at the ordinal, familial, and generic levels, as
opposed to the Devonian and K–Pg crises, which significantly
affected familial and generic but not ordinal compositions. Our
results also show that although marine communities did not
change radically during the Ordovician and Triassic–Jurassic (T–
J) mass extinctions, ecological restructuring during these events
affected reefs more than other marine ecosystems (25). Second,
network analysis supports an approach to quantifying magnitudes
of ecological change. In essence, we calculate changes in the
relative loadings of evolutionary paleocommunities through time
(Fig. 4). This approach recognizes that the emergence/disap-
pearance of communities parallels the origination/extinction of
taxa and that the ecological severity of an event is related to its
selectivity, i.e., the degree that taxonomic turnover diminishes
certain types of communities in favor of others (11–13). Our
metric of ecological change is “total swing,” which we de-
termined for each geologic stage of the Phanerozoic above the
Fortunian (Fig. 4). This metric is calculated from shifts over
geologic time in the relative (percentage) contributions of net-
work modules (i.e., evolutionary paleocommunities) to total di-
versity. For a given geologic age, in which one evolutionary
paleocommunity supplants another, the total swing is approxi-
mately equal to the relative increase in representation of the
former as well as the absolute decrease in representation of the
latter (Fig. 4).
By considering total swing over time, we can assess the record

of ecological change (Fig. 4 and SI Appendix, Fig. S13). In the
Cambrian, ecological changes appear concentrated in the stage
3 and Drumian–Guzhangian intervals (SI Appendix, Fig. S13),
which encompass the “Botomian” and “Dresbachian” extinctions
(26), respectively. However, these patterns may at least in part
reflect rock record biases (26) and/or artifacts of taphonomic
windows (27), stratigraphic gaps (28), and endemic faunas (29).
As expected, and in agreement with previous studies (2, 3, 8, 9),
our data show that the major biotic crises of the Phanerozoic
Eon (Figs. 2A and 4)—the big five mass extinctions (5)—involved
significant ecological reorganization. In each case, ecological
change proceeded over an extended period of time, varying in
duration (up to tens of millions of years) with the nature of bio-
diversity loss (elevated extinction versus reduced origination) and
the rate and timing of recovery. The Devonian and middle
Permian–Triassic stand out as intervals of sustained ecological
change that likely encompass multiple pulses of taxonomic loss and
recovery (3, 17, 30–32).
The P–Tr mass extinction involved the greatest disruptions to

communities, and the Ordovician event entailed the least sig-
nificant changes in ecology. These results do not vary with tax-
onomic rank (Fig. 4), and are consistent with interpretations of
qualitative data (2, 3, 8, 9). Our total swing metric, however,
supports a ranking of the K–Pg, Tr–J, and Devonian crises that
differs from previous treatments (SI Appendix, Tables S8 and
S9), showing that the K–Pg event entailed the greatest swings at
the generic and familial levels, and that the Tr–J event involved
the most severe changes at the ordinal level (Fig. 4). In-
terestingly, comparing all critical transitions in the Phanerozoic
record, the greatest ecological changes at the family and genus
levels did not result from a mass extinction, but rather from
the Great Ordovician Biodiversification Event (GOBE), a major
radiation of skeletonized invertebrates (33), possibly driven by

ocean cooling and/or oxygenation (34, 35). Like the P–Tr mass
extinction, the GOBE left a strong imprint on ecological organi-
zation, as evidenced by the turnover of evolutionary faunas (1) and
ordinal-level evolutionary paleocommunities (Figs. 1A and 2A).
The Tr–J and Ordovician extinctions differ from the other

major biotic crises of the Phanerozoic. Both extinctions entailed
ecological reorganization of reef communities, including signifi-
cant changes in the frequencies and interactions of reef-building
animals (SI Appendix, Figs. S8B and S12E), but neither event left
a strong imprint in the comprehensive (o, f, and g1) networks in
this study or entailed turnover of the evolutionary paleo-
communities represented therein. Overall, these results corrob-
orate qualitative studies (SI Appendix, Tables S8 and S9) that
rank the severity of Ordovician extinction well below other
events in Earth history (2, 3, 8). Indeed, our total swing metric
suggests that environmental and biodiversity crises in the Penn-
sylvanian, mid-Permian, late Triassic, mid-Cretaceous, and Eo-
cene may have induced ecological changes of greater impact
than the Ordovician extinction (SI Appendix, Fig. S13).
During middle to late Devonian times, a severe reduction in

the origination of taxa caused a mass depletion of biodiversity
(32, 36). The high swing values of the Givetian, Frasnian, and
Famennian stages (Fig. 4) suggest that the significance of this
biotic crisis, the Devonian mass extinction, has been under-
estimated (3, 8, 9). Our results indicate that, in terms of eco-
logical severity, the Devonian ecosystem changes as a whole rank
second or third behind the P–Tr mass extinction but on par with
the K–Pg event (Fig. 4 and SI Appendix, Fig. S13 and Tables S8
and S9). Although the P–Tr and K–Pg extinctions were associated
with relatively rapid (∼10 Ma) episodes of ecological change, the
Devonian crisis entailed protracted replacement of one evolu-
tionary paleocommunity by another over 50 My (Figs. 2 and 4 and
SI Appendix, Figs. S12 and S13). In this light, the Devonian does
not conform to the EEU model (11–13), which implies that eco-
logical reorganization typically occurs during short intervals of
community turnover. Instead, ecological reorganization occurred
throughout the time of mass biodiversity depletion, amounting to
secular variation in marine animal communities.
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Fig. 4. Ecological severities of biotic crises and critical transitions. Plot shows
the total swing in diversity of each Phanerozoic (post-Fortunian) geologic
stage for the nonweighted (o–n, f–n, and g1–n) networks. A swing is a rel-
ative change in representation (i.e., growth of one module and reduction of
another) across an interval, and is expressed in terms of percent total di-
versity minus singletons (data downloaded from the PBDB using the contain
method of time binning). To calculate total swing for a geologic stage, the
absolute difference in percent total diversity between the upper and lower
boundaries was determined for each module. The sum of these values was
then determined and divided by 2. Results did not significantly vary with
binning approach (SI Appendix, Fig. S13).
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Conclusions
Methods rooted in network theory provide powerful tools for
describing and evaluating long-term ecological change, specifi-
cally the rise and fall of interrelated communities over time.
Identification of evolutionary paleocommunities supports qualitative
and quantitative approaches to assessing the severities of mass
extinctions. These approaches have great potential, as they uti-
lize fossil co-occurrence data, which are common and easy to
compile. Given that network analysis has received limited at-
tention in paleobiology, much work remains to be done. Ulti-
mately, network paleoecology may help to bridge gaps between
ancient and modern networks of life, illuminate the threats as-
sociated with continuing species losses, and contribute to de-
velopment of conservation strategies for mitigating the present
biotic crisis (37).

Methods
Data on fossil occurrences, taxonomy, and diversity over time were accessed
from the Paleobiology Database on various dates in spring 2017 (https://
paleobiodb.org/#/). Taxonomic data were revised to correct for inconsistently
ranked clades, update classification schemes, and fill in empty fields (SI Ap-
pendix, Dataset S1). In compiling diversity over time data, we assigned oc-
currences to geologic stages based on the overlap of age ranges using the
“contain” (occurrence age ranges are strictly contained within time bins) and
“major” (50% or greater overlap) methods. Our estimates are based on oc-
currences of regular (body) genera, exclude uncertain taxa, and assume extant
taxa range to present. Fossil co-occurrence data were accessed using a custom
application programming interface (API) written in Python. The API (https://

github.com/zhongh/dtdi-api/tree/b42540b6062e390f31f57aa9259214c33f332ccc)
outputs adjacency lists and matrixes containing co-occurrence counts. The
built-in functionality of the API allows for varying taxa with respect to age,
level (rank), and clade. We processed the API outputs to remove form and
trace taxa, invalid taxa (i.e., taxa of uncertain rank and those with subordinate
names), and taxa lacking connections or occurring in small isolated clusters.

The datasets were analyzed in RStudio using functions in the igraph,
GGally, network, ggplot2, and sunburstR packages. Network graphs were
generated using the ggnet2 function of ggplot2 and its default parameters,
and nodes of equal size were placed without self-loops according to the
Fruchterman-Reingold force-directed algorithm.Measures of whole-network
properties were computed using functions of the igraph package. The net-
works were partitioned into mutually exclusive groups (modules/clusters)
based on their nonweighted (equally weighted) andweighted (co-occurrence
count) link attributes using community-detection algorithms of the igraph
package. For each module, the number of occurrences of taxa was de-
termined for a variety of paleoenvironments, based on data in the “environ-
ment” field of the PBDB. For simplicity, we combined similar environments
into more inclusive paleoenvironmental categories (SI Appendix, Table S7).
Lastly, sunburst diagrams depicting the taxonomic breakdowns of the network
modules were generated for analysis using the sunburstR package.
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