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The northeastern Pacific Ocean provides the
perfectexample of this feedback mechanism,
becauseit liesadjacent to the seismically active
beltknownasthe ‘ringof fire’and containslarge
amounts of ice. Du et al. hypothesized that
theiron-rich ashresulting from the increased
volcanismacted as afertilizer — supercharging
the production of organic matterin the surface
waters, which, inturn, exhausted all the oxygen
intheunderlyingintermediate waterswhenit
was remineralized.

Conceptually, the authors’ idea is
straightforward. But, as is often the case in
geosciences, even simple ideas are difficult
to prove, because high-resolution chronolo-
giesare hard to obtain. Inthis respect, Duand
colleagues’ study is an exception: through a
combination of dating approaches, the
authors constructed a precise timescale,
spanning the past 20,000 years, for sediment
samples that they acquired from two sites in
the Gulf of Alaska. These data show that the
melting of the CordilleranIce Sheet coincided
withvolcanic phases thatoccurred at the same
time as periods of complete oxygen loss in the
northeastern Pacific intermediate waters.
Although correlation does not equal causa-
tion, the authors’ idea provides an elegant
explanation for the data.

Thelink between ice-sheet retreat, volcan-
ismand regional ocean deoxygenationis com-
pelling; however, its global relevance remains
unclear. Future research will need to look for
similar correlations in other places and at
different times. Crucially, however, Duand col-
leagues’ workimplies that short periods of iron
fertilization can lead to long-lasting oxygen
deficienciesin marine ecosystems. Thisis a key
observationin the emerging discussion of how
global warming will reduce the oxygen content
of the ocean, and suggests that, once waters
are entirely devoid of dissolved oxygen, the
resulting marine dead zones could affect fish-
eries for millennia. Asa corollary, the authors’
findings highlight the potential side effects of
large-scale geoengineeringideas, such asthe
use of iron fertilization toincrease theamount
of organic matter that sinks from the surface
andthusboost carbon sequestrationto reduce
atmospheric CO, concentrations®.

Our planetis currently experiencing unprec-
edented challenges as aresult of global warm-
ing. During the past 50 years alone, the total
areaof oxygen minimum zones hasincreased
fourfold (see go.nature.com/3fgmazr), and
ocean models predict that this trend will
continue. Although there is some uncer-
tainty as to how much warming we will see in
the near future, geological data suggest that
oxygen-free waters might become widespread
inawarming world®. The loss of oxygen from
the ocean affects the world’s most-extensive
and least-explored ecosystems, with unknown
consequences for food security®. Du and col-
leagues’ work therefore points to the urgent
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need for improved understanding of how
biogeochemical feedbacks affect the health
of oceans across the globe.
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An exceptional fossil lizard
from theJurassic period

Arnau Bolet

Lizards and snakes belong to the highly successful group of
reptiles called squamates, but a poor fossil record has obscured
their early evolutionary history. A discovery now sheds light
on this enigmatic portion of the tree of life. See p.99

Our collective imagination tends to picturea
palaeontologist as anintrepid character sim-
ilar to the fictional explorer Indiana Jones,
searching for ancient material in remote
places. But what comes after specimen gather-
ingis frequentlyignored. Tatandaet al.' show
on page 99 that finding a fossil is just the start
ofthejourney. Their discovery, ablock of rock
exposing a few delicate bones onits surface,
was hiding a surprise that only modern imag-
ing techniques could reveal. The sample con-
tained an almost complete skeleton of a tiny
lizard, with most of its bones in contact in
their original anatomical position (partially
articulated). The findings could help to answer
questionsabout thefirst stepsinthe evolution
ofsquamates, agroup of reptilesthatincludes
lizards and snakes.

The history of Tatanda and colleagues’ find-
ing starts with the description in 1998 of the
firstidentified specimens of thislizard, called
Bellairsia, at asiteinKirtlington, UK, and dated
toaround 167 million years ago® These speci-
mens belong to one of the oldest known fossil
assemblages of lizards, but the fragmentary
and disarticulated bones prevented recogni-
tion of Bellairsiaas having aformsimilar to that
ofancestral early squamates. Years later, newly
uncovered lizard fossils of asimilar geological
age, includingtheblock studied by Tatandaand
colleagues, were found ontheIsle of Skye, UK.

After their discovery, some specimens
must undergo lengthy mechanical prepara-
tioninthelaboratory tobe properly exposed
for study. Occasionally, however, the bones
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are too small or too delicate to be prepared
mechanically, and animaging method called
computed tomography (CT)isinstead used to
generate 3D digital models that can be stud-
ied without harming the fossils. Although
CT has long been used in palaeontology,
scanning small specimens requires special
instrumentation to achieve high-resolution
imaging. Tatanda et al. used a combina-
tion of high-resolution X-ray micro-CT and
phase-contrast synchrotron X-ray micro-CT
to generate 3D models of all of the elements
contained in the block, including those hid-
denbeneath the surface.

By a great stroke of luck, the unveiled com-
plete skeleton was a mind-blowing finding
when compared with squamate fossils of a
similar age. But the authors were not done
yet with their discoveries. This fossil, identi-
fied asthe most complete and only articulated
specimen of the enigmatic lizard Bellairsia
found so far, enabled the authors to investi-
gate the animal’s evolutionary relationships
to other reptiles for the first time, using an
approach called phylogenetic morphologi-
cal analysis. But before they could begin this
assessment, Tatanda et al. had to check a pre-
assembled list of hundreds of morphological
characters describing features of bones that
would serve as input data for their analyses.

Squamates are astonishingly diverse, with
thousands of species adapted to alarge array
of environments. However, little is known
abouttheinitial stages in the evolution of this
group, and fossils that record the transition
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Figure 1| The fossil lizard Bellairsia. Tatanda et al.' report the discovery of a167-million-year-old fossil of
Bellairsia. This specimen from the Jurassic period sheds light on previously unknown anatomical features of
the species, which is part of the group of reptiles called squamates (which includes lizards and snakes). The
closest relatives to squamates on the evolutionary tree are the rhynchocephalians. Bellairsia is the oldest
known stem squamate — an extinct form that is related to, but outside, crown squamates, which is the group
that contains all living forms of squamates. One question of interest when investigating squamate evolution
iswhether aspecies had the ability to rotate certain bones in the head relative to other bones. One type of
suchmovementis called streptostyly (S), whereas movement of certain other structures is called mesokinesis
(M).Red circles indicate the axes around which these rotations would occur, and if no arrows for rotations
are shown, the species lacked the corresponding type of movement. The analysis of Bellairsia reveals that

streptostyly was an early hallmark of squamates.

from primitive (ancestral-like) to advanced
(modern-like) forms are extremely rare.
Tatanda et al. present evidence that
Bellairsia represents a milestone in the evo-
lutionary history of squamates. The specimen
is a stem squamate — an extinct form that is
closely related to, but just outside, the group
that contains all living forms of squamates. It
thus provides a snapshot during akey period
in squamate evolution. As the authors note,
thereis robust evidence for this assignment
of Bellairsia as astem squamate, regardless of
the type of analysis or dataset used. Although
other fossil forms, such as Huehuecuetzpalli
and, with less certainty, Oculudentavis from
the boundary between the Early and Late
Cretaceous periods (about 100 million years
ago), are suggested to represent a similar
positionto Bellairsiain the tree of life**, those
fossils were recovered from deposits more
than 60 million years younger than the fossil
samples analysed by Tatanda and colleagues.
Bellairsiais thus expected tobe amorereli-
able example of aprimitive squamate because
ithad comparatively less time to diverge from
the original form of the ancestral squamate.
However, it is much younger than the age of
the splitbetween squamates and their closest
relatives (the rhynchocephalians), which
occurred at least 240 million years ago®.

Crucially, Bellairsia presents amosaic of fea-
turesassociated with primitive and advanced
squamates, and shows which sets of charac-
teristics were established initially, and which
were acquired subsequently during evolution.
For instance, Bellairsia shares with modern
squamates some of the traits related to a fea-
ture called cranial kinesis — the ability of the
skullbones to moverelative to each other. The
quadratebone, which serves as ajoint between
the jawbone and the cranium, would have
been mobile, involving a type of movement
termed streptostyly that is characteristic of
mostsquamates, but not shared by the closely
related rhynchocephalians (Fig. 1), which
instead have what are termed akinetic skulls.
Contacts between specificbonesin the roof of
the mouth (palate) and the cranium suggest,
however, that a different type of movement
called mesokinesis, which is widespread
amongadvanced squamates, andreferstothe
mobility of the snout relativeto therest of the
cranium, was not yet developed in Bellairsia
(Fig. 1). The presence in Bellairsia of small
elements known as intercentra between all
the vertebrae, instead of only in the neck as
occurs in most modern squamates, and of
a particular mode of vertebral articulation
called amphicoely, both represent further,
presumably ancestral, traits.
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The finding that an early squamate such as
Bellairsiahas certaintypical squamate features
related to the braincase, the pectoral girdle
(bones that connect the forelimb to the body)
and the quadrate bone suggests that these
characteristics evolved earlier than did traits
ofthevertebrae or palate. Moreover, some of
these ancestral traits shared by Bellairsia and
other stem squamates are also found in geck-
oes, supporting a nearby (basal) position for
the latterinthe squamate tree, consistent with
the results of studies using molecular data®.

Tatanda and colleagues’ findings will
contributetoarenewedinterestinsmallJuras-
sicvertebratefossils, whichareusually eclipsed
by better-known Cretaceous specimens. They
revealthekeyrole of Jurassic squamatesinforg-
ingthesuccess of this group, and supportevi-
dence from, for example, studies of the fossil
record’ orevolutionary trends atalarge scale®.
Moreover, the authors’ finding emphasizes the
transitional nature of Middle Jurassic faunas,
revealing a mixture of primitive and advanced
forms, and being consistent with the results
of previous studies of squamates’ ™ and other
smallvertebratessuchasamphibiansand mam-
mals™2, The discovery of anarticulated squa-
mate at such an old locality is excellent news,
because it opens up the possibility of finding
complete specimens of other contemporary
species from the time of Bellairsia that might
represent the oldest-known representatives of
their own lineages.

The results confirm Skye as a place of
interest for investigating the early evolution
of squamates. By providing insights into
Bellairsia, the research contributes to efforts
to understand the complex ecosystem that
hosted these lizards, in what is arguably one
of the most crucial known Jurassic localities
of small vertebrates in the world.
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