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Recent renewed interest in using fossil data to understand how biotic interactions
have shaped the evolution of life is challenging the widely held assumption that
long-term climate changes are the primary drivers of biodiversity change. New
approaches go beyond traditional richness and co-occurrence studies to
explicitly model biotic interactions using data on fossil and modern biodiversity.
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Biotic Interactions on Large Spatiotemporal Scales
Interactions among individuals operate on timescales shorter than the typical temporal



important role for biotic interactions [





form the base of the marine food web drove the extinction of over 100 species of benthic
foraminifera during themid-Pleistocene [73]. Similarly, loss of herbivorousmammalianmegafauna
at the end of the Pleistocene, many of which were keystone species, dramatically reduced
dispersal distances among herbivore-dispersed plants, creating population and genetic
discontinuities [74–76].

Following major extinction events, communities of species undergo variable durations of recovery.
During these periods of ecological reorganization, functional diversitymay play important roles in
determining the time it takes to reach a new dynamically stable state (Figure 2). Recovery of the
marine biological nutrient pump post-KPg was accelerated relative to increase in species richness,
suggesting that functional roles of species were more important in shaping whole ecosystem
recovery [77–79]. Conversely, reassembly of tetrapod communities following the PT mass
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Recovery often involves the incorporation of new species into communities and new biotic
interactions through the processes of origination and immigration (Figure 2). Ecological release
has been invoked to explain the diversification of post-KPg mammals for decades but is now
being studied in ways that more explicitly invoke biotic interactions. Analysis of niche occupation



Table 1. Approaches Recently Used to Quantify or Model the Macroevolutionary Effects of Biotic Interactions Using Fossil Occurrence or Trait Data
(Some Are Novel, While Others Are Extensions of Previously Applied Methods)



Table 1. (continued)

Method Approach How it is used to detect
biotic interactions from
fossil evidence

Advantages Limitations Example applications

Detecting
causality with
time series
analysis

Stochastic differential
equations (SDEs) are
used to establish the
presence of causal
relationships between
time series data of
origination, extinction,
and sampling rates. The
time series can be from
different clades and/or
climate variables.

If there is a causal
relationship between
combinations of
origination and/or
extinction rates within or
between clades, this
indicates that biotic
interactions are influencing
macroevolutionary
patterns.

SDEs are a strong test of
whether a variable in one
time series is driving
patterns in a second
time series, rather than a
correlation which could
be driven by a third
unmeasured (abiotic)
variable.

The time continuity and
resolution of fossil
occurrences required for
this approach to have
statistical power are
uncommon in the fossil
record, so it is not yet
broadly applicable.

[23]* (clams and
brachiopods); [45]*
(birds, hares and lynx,
brachiopods and
bivalves)

Trophic
networks

Trophic networks have
been used in a variety of
new approaches,
starting from inferring
the network within
communities of extinct
(and extant) species,
followed by applying
stability analyses,
modeling, and
simulation of networks
through time as well as
across space, or
incorporating traits to
understand how they
relate to the network.

By calculating network
metrics through time,
the broad-scale effects
of large events that
include the removal or
addition of particular
species (e.g., during
mass extinctions or the
loss of the mammalian
megafauna) on
interactions between
other species can be
assessed. These
approaches are primarily
used to infer stability
resulting from the
cumulative effect of
biotic interactions.

With these approaches
it is possible to
characterize and
sometimes predict the
effects of removal of
species (including
humans) in different
functional or trophic
roles, or to predict the
resilience of an
ecosystem based on its
current network of biotic
interactions.

It is difficult to reliably
infer the nature of links
between fossil taxa in
the network, and the
presence or absence of
particular links. In
particular, taphonomic
and other sampling
biases affect recovery of
portions of the network,
and some fossil
assemblages; therefore,
these may be subject to
a high degree of missing
data.

[5] (terrestrial
vertebrates); [72]*
(terrestrial vertebrates);
[70] (marine animals);
[95]* (humans and
marine organisms)

Co-occurrence
analysis

Co-occurrence analysis
in this context builds
upon existing methods
that use a null model to
classify co-occurrence
patterns as significantly
aggregated, segregated,
or random, or measure
them on a continuous
scale from negatively to
positively associated.
New approaches then
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Table 1. (continued)

Method
Human Impacts on Biotic Interactions
Modern humans (Homo sapiens) left Africa and began their global dispersal before 50 ka [83].
Humans interact with numerous species, thus their ecological impacts and effects on biotic
interactions have been diverse [84,85]. New integrative studies suggest that human alteration
of ecosystems extends thousands of years into the past [83,86,87]. It is therefore increasingly



clear that the ecological consequences of human migration and colonization are not adequately
captured by contemporary ecological studies. Recent studies examine changes in continental
and global patterns of mammal diversity [64,88,89], animal and plant species composition on
islands [90], and the large-scale human domestication of plant species in regions previously
considered pristine [91] (Figure 3). Herein, we focus explicitly on anthropogenic impacts on biotic
interactions among non-human species, excluding studies of human–environment and human–

non-human interactions (Figure 3F). The studies we review use trophic network analysis [92],
macroecological analyses of species co-occurrence [34,86], and species distribution modeling
[15] to show that human activities (e.g., species translocation, agriculture, extinctions) have

Image of Figure 2


altered the diversity and types of biotic interactions among non-human species over periods
extending to many thousands of years.

As large-bodied predators, humans increase average connectivity of trophic networks, due to their
exploitation of wide arrays of prey items and tendency to feed at multiple trophic levels [92,93].
Human global migration during the late Pleistocene (16–14 ka) and Holocene (11.7 ka to modern)
was therefore particularly destabilizing to terrestrial mammal trophic networks, leading to extinction
cascades, loss of functional redundancy, and reduction in resilience to further environmental
change [92,94]. In marine systems consisting of mammals and non-mammals, however, these
effects were mitigated by seasonal shifts in the focus of human foraging efforts based on resource
availability [95]. Combined, these studies indicate that, historically, humans have had divergent
effects in different realms and continents.

Application of null models for identifying statistically significantly associated pairs of species
(Table 1) indicates that humans have also had pervasive, spatially extensive impacts on the ways
in which communities of species assemble and, by extension, the ways in which species interact
(Figure 3). By the Pleistocene–Holocene transition (11.7 ka), humans had altered the pattern of a
preponderance of positive associations (statistically significant rates of coexistence) that had
persisted for 300 million years [86]. This shift could not be explained by non-anthropogenic factors
(e.g., climate) [86,96]. Application of new methods for differentiating between abiotic and biotic
controls on species associations (Table 1) shows that the loss of positive species associations
reflects a breakdown in the frequency and importance of biotic interactions [34], such as those
between carnivores and their prey [96]. Weakening of biotic interactions may have resulted from
the spread of generalist life strategies in the wake of the loss of large-bodied, ecosystem
engineering mammals that followed human colonization [34,96]. Similarly, species distribution
modeling shows that human introduction of the domestic dog (Canis familiaris) induced shifts
away from shared niche space among extant wild canids [15], potentially driving at least some of
the observed change in the frequency of positive species associations.
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