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Fossilization causes organisms to appear
erroneously primitive by distorting
evolutionary trees
Robert S. Sansom1,2 & Matthew A. Wills2

1Faculty of Life Sciences, University of Manchester, Manchester M13 9PT, UK,2Department of Biology and Biochemistry, University
of Bath, Bath, BA2 7AY, UK.

Fossils are vital for calibrating rates of molecular and morphological change through geological time, and
are the only direct source of data documenting macroevolutionary transitions. Many evolutionary studies
therefore require the robust phylogenetic placement of extinct organisms. Here, we demonstrate that the
inevitable bias of the fossil record to preserve just hard, skeletal morphology systemically distorts phylogeny.
Removal of soft part characters from 78 modern vertebrate and invertebrate morphological datasets resulted
in significant changes to phylogenetic signal; it caused individual taxa to drift from their original position,
predominately downward toward the root of their respective trees. This last bias could systematically inflate
evolutionary rates inferred from molecular data because first fossil occurrences will not be recognised as
such. Stem-ward slippage, whereby fundamental taphonomic biases cause fossils to be interpreted as
erroneously primitive, is therefore a ubiquitous problem for all biologists attempting to infer
macroevolutionary rates or sequences.

Evolutionary biology aims to reveal the nature of macroevolutionary processes and therefore seeks answers to
the following fundamental questions: Over what timescale does macroevolutionary change occur, and how
do major clades originate and diverge? The first of these questions is usually addressed by calibrated rate

studies, typically applying likelihood models to molecular data. Molecular clock analyses can draw on vast
repositories of sequence data, but the only reliable way to apply an absolute timescale is to date and calibrate
at least some divergences using the ages of fossils1…4. As to questions concerning major clade originations and
transitions, fossils are the only source ofdirectevidence; they document historical sequences of character change
and bridge morphological gaps within extinct branches of the tree of life5 (for example, how did fish evolve into
tetrapods or dinosaurs evolve wings?). Modern taxa are distant from these transitions meaning that long evolu-
tionary histories and large gaps exist between them and their ancient cladogeneses. Extinct taxa proximate to
those events and enable reconstruction of morphological changes and transitions during these historic events. In
order to address deep macroevolutionary questions, it therefore becomes vitally important to place fossils
accurately within phylogenies. Without this, molecular clocks will be incorrectly calibrated, morphological
sequences of change will be oversimplified, and our understanding of evolutionary processes will be flawed.

The phylogenetic affinities of fossils are almost universally inferred using morphological characters optimised
with parsimony algorithms. Fossils, however, yield only a small and predictably restricted set of anatomical
features, specifically those that survive the process of fossilization (usually shells, teeth and bones). The majority
of extinct morphology is therefore lost to decay and decomposition and unavailable for study. It is currently not
known if, or how, this systematic data loss and preservation bias affects our ability to reconstruct the phylogenetic
relationships of most fossil taxa. Problematic fossilization biases have been experimentally demonstrated to
distort our understanding of vertebrate origins; the decay of characters in entirely soft-bodied living chordates
occurs in a systematic order, whereby the most derived synapomorphies diagnosing the crown are lost before
more general, plesiomorphic characters6…8. Decay biases therefore cause early chordate and vertebrate fossil taxa
to lack defining apomorphies. Unless fossilization processes (taphonomy) are taken into account, these fossils are
artificially displaced to lower branches on the tree, towards, on even in, the stem of the crown clade to which they
actually belong9. If fossils are misplaced in this way, it is likely that other candidate first occurrences for clades will
be younger, thereby causing divergence dates to be underestimated; low fossil placement in a phylogeny therefore
causes higher inferred rates of evolution (Fig. 1c). It remains unclear, however, whether this phenomenon of
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