experiments, in each case adding 0.23 Sv to the local surface freshwater flux over 1,500 yr
and ‘tagging’ the melt water with a 8'0 value of —40%o (the background §'%0 value is
assumed zero everywhere). The model offers insight into the likely spatial and depth-
dependent distributions of meltwater-induced 5'%0 anomalies, while accounting for the
impacts of ocean dynamics on the result. Sensitivity tests have been undertaken with 3'*0
values of —30%o and —50%o. The main experiments considered a series of different
meltwater release scenarios: 100% in the North Atlantic zone 50-70° N (additional
experiments considered partial or complete release into the Gulf of Mexico); a 50:50 split
between the North Atlantic and around Antarctica; 100% around Antarctica; and 20:80,
30:70 and 40:60 splits between the North Atlantic and Antarctica. For diagnostic purposes
we averaged 5180 over four major basins (Atlantic, Southern Ocean, Pacific, Indian) in
four layers (upper, 0—411 m; intermediate, 411-1,158 m; deep, 1,158-2,520 m; bottom,
2,520-5,000 m).

The model has a simplified atmosphere, no carbon cycle (that is, no CO, and CH,
feedbacks), no interactive ice sheets and no insolation changes or solar variability. The
scenarios presented are part of a suite of experiments in which the proportions between
North Atlantic and Antarctic meltwater combinations were varied in 10% increments. The
scenarios comprise constant and simultaneous meltwater fluxes into the North Atlantic and
(equally distributed) around Antarctica. As part of the sensitivity analyses, some scenarios
have also been run with differently phased northern and southern inputs. In total, nearly 150
4,000-yr simulations have been performed to ensure that the results discussed in this paper
are robust with regard to all feasible combinations for the key model parameters.

In the EMIC, the Atlantic overturning is very sensitive to the location of imposed
meltwater releases, similarly to previous studies'”*>*". In our extreme case with 100%
meltwater release into the North Atlantic, the Atlantic overturning circulation collapses
rapidly (Fig. 2), preserving a strong local '®0 signal in surface layers during, and shortly
after, the period of freshwater release (Fig. 3a). The same collapse (and corresponding
isotopic signal) is obtained with every combination of key model parameters considered
here (Supplementary Fig. 4). Similar tests for robustness have been made for the 50:50,
40:60 and 30:70 scenarios. These experiments confirm the robustness of our main results,
namely the collapse of Atlantic overturning under a sustained local freshwater flux
anomaly of about 0.1 Sv, in agreement with other studies®*.
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The skull of living crocodylians is highly solidified and the jaw
closing muscles are enlarged’, allowing for prey capture by
prolonged crushing between the jaws. Living species are all
semi-aquatic, with sprawling limbs and a broad body that
moves mainly from side-to-side’s however, fossils indicate that
they evolved from terrestrial forms. The most cursorial of these
fossils>® are small, gracile forms often grouped together as the
Sphenosuchia, with fully erect, slender limbs; their relationships,
however, are poorly understood®~'°. A new crocodylomorph
from deposits in northwestern China of the poorly known
Middle Jurassic epoch possesses a skull with several adaptations
typical of living crocodylians. Postcranially it is similar to
sphenosuchians but with even greater adaptations for cursori-
ality in the forelimb. Here we show, through phylogenetic
analysis, that it is the closest relative of the large group Croco-
dyliformes, including living crocodylians. Thus, important fea-
tures of the modern crocodylian skull evolved during a phase
when the postcranial skeleton was evolving towards greater
cursoriality, rather than towards their current semi-aquatic
habitus.

The Sphenosuchia includes nine monotypic genera comprising
the most basal members of the Crocodylomorpha, but its mono-
phyly has been controversial. Sphenosuchians were once” thought to
be a paraphyletic assemblage with some taxa closer to the large
group Crocodyliformes. Later evidence suggested that Spheno-
suchia is a monophyletic group>'°, but some analyses found no
resolution owing to conflicting data®. Members of the Crocodyli-
formes are diagnosed by a large suite of features'', some of which are
related to the solidifying of intracranial joints and an increase in the
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size of muscles responsible for producing a powerful bite force.
The new taxon possesses several of these features and greatly reduces
the morphological gap between sphenosuchians and crocodyliforms.

Sphenosuchians are found on every continent except Antarctica
and Australasia and in deposits from the Late Triassic to the Early
Jurassic, and possibly the Late Jurassic®'*. These small (<1.5 m total
length) animals are among the most gracile of non-flying arch-
osaurs. The hindlimb is known in several sphenosuchian taxa in
which its morphology indicates that it moved within a vertical,
parasagittal plane>*; however, the forelimb and the axial skeleton are
not as well known or studied. The new specimen, comprising the
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Crocodyliformes

Figure 1 Results of a maximum parsimony phylogenetic analysis. Strict consensus of 81
trees; length = 109, consistency index (Cl) = 0.569, retention index (Rl) = 0.659.
Junggarsuchus is the closest relative of the Crocodyliformes and the Sphenosuchia are
paraphyletic. See Supplementary Information for details of the analysis.

front half of a skeleton, was discovered during recent fieldwork that we
directed at Wucaiwan, Xinjiang"’. It is the most complete skeleton of a
non-marine crocodylomorph from the Middle Jurassic.

The skeleton possesses four features typical of the large group
Crocodylomorpha®”'®: a broad squamosal overhanging the tem-
poral region; a medially shifted quadrate contacting the lateral
surface of the braincase; a ventrally elongate coracoid; and an
elongate radiale and ulnare. It includes typical sphenosuchian
features™'® such as the thin, ventrally concave squamosal with a
curved posterolateral edge, a compact carpus and a posteroventrally
curving rod-like ventral process of the coracoid. Although it lacks
most features diagnostic of the Crocodyliformes''—a heavily sculp-
tured skull, a shorter rostrum, a flat skull roof, a smaller antorbital
fossa and fenestra, and an anteroposteriorly expanded ventral end of
the coracoid—it possesses several features previously not found in
sphenosuchians.

Our phylogenetic analysis places Junggarsuchus as the sister-
group of crocodyliforms, identifying five unambiguous synapo-
morphies (Fig. 1). Of trees that are two steps longer than ours, some
have a monophyletic Sphenosuchia including Junggarsuchus, and
bootstrap support for the Junggarsuchus-crocodyliform node is
61%. Unambiguous synapomorphies, identified by our phyloge-
netic analysis, include the following (character numbers in brackets
are from the phylogenetic analysis, see Supplementary Infor-
mation): (20) exoccipitals meet on the midline above the foramen
magnum; (36) the large ventrolateral extension of the exoccipital
contacts the quadrate; (37) the jugal is strongly arched dorsally; (42)
the occipital portion of the parietal is narrow; and (46) the quadrate
is fenestrated. Dibothosuchus (7, 22, 41) and Sphenosuchus (16, 19)
are nested with this group on the basis of the following unambigu-
ous synapomorphies, all from the skull: (7) the prefrontal does not
underlie the frontal; (22) the mastoid antrum enters deeply into the
prootic; (41) a horizontal shelf in the posterior part of the supra-
temporal fenestra; (16) the parietals are fused; and (19) the occipital
margin is straight.

Figure 2 Junggarsuchus sloani holotype skull. a, b, Left lateral view. ¢, d, Dorsal view.
e, f, Occipital view. a, angular; aof, antorbital fenestra; bo, basoccipital; bs, basisphenoid;
cf, carotid foramen; d, dentary; eo, exoccipital; f, frontal; j, jugal; la, lacrimal; mf, external
mandibular fenestra; mx, maxilla; n, nasal; o, orbit; p, parietal; pa, palpebral; pf,
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prefrontal; pl, palatine; pm, premaxilla; po, postorbital; pt, pterygoid; g, quadrate; qf,
quadrate fenestra; gj, quadratojugal; rp, retroarticular process; sa, surangular; saf,
surangular foramen; sc, sagittal crest; soc, supraoccipital; sq, squamosal; stf, superior
temporal fenestra. Scale bar, 5cm.
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The skull (Fig. 2) is notable for its lack of kinesis and the
reduction in the supratemporal fenestrae, as in crocodyliforms. A
ventrolateral extension of the otoccipital connects with the distal
end of the quadrate, solidifying the temporal region and preventing
any movement of the quadrate. Broadened areas for muscle attach-
ment on the arched jugal and surangular indicate an increased size
of the Musculus adductor mandibulae externus pars superficialis.
As in living crocodylians, but not the most basal crocodyliforms or
sphenosuchians, the lateral surface of the angular has a large area for
the insertion of the M. pterygoideus posterior extending onto the
anterolateral surface of the retroarticular process.

Procoelous vertebral joints, a lack of osteoderms, and trunk
vertebrae with short transverse processes and sub-vertical zygapo-
physes indicate that the body had a greater capacity for vertical
movement than in living crocodylians. The lack of osteoderms on
the specimen is unlikely to be due to taphonomic loss or ontogen-
etic immaturity because the rest of the skeleton is preserved
undisturbed and the fusion of neurocentral sutures indicates
adulthood'. In living crocodylians the osteoderms are tightly

Figure 3 Postcranial skeleton of Junggarsuchus sloani. a, Skeleton in left lateral view.
b, Left humerus with hemispherical head in proximal view. ¢, Posteroventrally facing
glenoid fossa of left scapula in distal view. d, Left carpus and manus in posteroventral
view (arrow points to reduced fifth metacarpal). e, f, For comparison, the living Alligator
mississippiensis left humerus and shoulder in lateral view () showing the hemi-sellar
glenoid fossa, and left hand in dorsal view (f) showing the asymmetry of the digits and
carpals, the rounded ulna—carpal contact (arrow) and the single distal carpal (stippled
area is cartilaginous). dc, distal carpal; g, glenoid fossa; h, humerus; hh, head of humerus;
hyp, hypapophyses; ra, radius; rl, radiale; sc, scapula; ue, ulnare; ul, ulna; I-V, digits of
hand. f was modified from ref. 16. Scale bars, 4cm (@) and 1 cm (b—d).
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bound to the axial skeleton through tendinous connections to
large epaxial muscles originating on long transverse processes®.
Together with the nearly horizontal zygapophyseal articulations of
the dorsal vertebrae this system greatly restricts vertical mobility
and facilitates undulating lateral movements. Junggarsuchus ver-
tebrae in the anterior trunk and shoulder regions have small or no
transverse processes, and zygapophyses that are oriented less than 30
degrees from the vertical (Fig. 3).

The configuration of the shoulder and wrist and the reduction of
the outer fingers indicate that the forelimb was held directly beneath
the body. In living crocodylians the shoulder joint involves a
posterolaterally facing, notch-shaped glenoid fossa and an elongate,
convex humeral head (Fig. 3). This ‘hemi-sellar’ type of joint is
present in all living amniotes except mammals'®. The glenoid fossa
of Junggarsuchus instead involves a ventrally or posteroventrally
facing concave scapular component superficially similar to that of
mammals and a smaller, posteriorly facing much shallower coracoid
component. The humerus of Junggarsuchus is unlike that of any
other crocodylomorph in that it has a well-developed hemispherical
head projecting perpendicular to the shaft, with a convex proximal
articulating surface. The convex head must have articulated with the
concave scapular glenoid fossa and have been buttressed anteriorly
by the coracoid, so that the shaft of the humerus was vertical or
posteroventrally inclined.

The wrist indicates that movement of the hand was in line with
the rest of the forelimb and not splayed out as in living crocodylians.
In living crocodylians the wrist forms a complex joint in which the
broadly convex distal end of the ulna articulates with both proximal
carpal bones, which rotate against the ulna when walking, spreading
the hand. In Junggarsuchus the distal end of the ulna is squared off,
and the contact for the radiale on the medial side of the ulna is
perpendicular to the rounded distal articulation surface with the
ulnare, limiting rotation against the ulna. In living crocodylians
there is only one distal carpal and it lies laterally so that the carpal—
metacarpal joint is oblique'; in Junggarsuchus the two distal carpals
are flattened, equally thick and form a straight joint perpendicular
to the long axes of the radiale and ulnare.

The first digit is absent and the fifth digit was relatively small,
flexing towards the other toes rather than facing the ground, making
the hand functionally tridactyl. In living crocodylians the five
fingers are usually spread out lateral to the forearm during loco-
motion and all face the ground. The first three digits are robust and
the other two are smaller. In Junggarsuchus the four metacarpals are
like those of sphenosuchians in that they are compressed together
proximally and not spread out>’, suggesting the manus was digiti-
grade. Metacarpal V is about half the thickness of metacarpals [I-IV
and shortened proximally so that it does not reach the carpus. The
distal articulating surface of metacarpal V is oriented such that the
phalanx flexes towards the other digits rather than posteroventrally,
and the metacarpal joint surface is not ginglymoid like those of
II-IV. Metacarpal IV is similar in size to metacarpal II, so that the
metacarpals of the three weight-bearing digits (II-IV) are sym-
metrical in size.

The orientation of the glenoid fossa, the convex head on the
humerus, the lack of rotation around the distal end of the ulna, the
compact metacarpals and reduced outer digits all indicate that
the limb moved in a vertical, parasagittal plane. Reduction of the
outer digits is typical of highly cursorial mammals'’.

The paraphyly of sphenosuchians implies that the postcranial
features shared among these taxa are ancestral for crocodyliforms
rather than specializations of ‘Sphenosuchia’. The posteroventrally
oriented, concave glenoid fossa on the scapula, the elongate process
on the coracoid, the compact carpus and the extremely slender
limbs were gained in sphenosuchians and then lost in crocodyli-
forms. The ‘Sphenosuchia’ was thus a phase in the evolution of
crocodylomorphs during which the group as a whole became highly
adapted for terrestriality. The procoelous vertebrae, lack of osteo-
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derms, inturned humeral head and reduced digits of Junggarsuchus
indicate that the closest known relative of crocodyliforms was
also the most highly adapted cursor. The consolidation of the
crocodylian skull thus began well before crocodylians entered the
water. ]

Methods

Order Crocodylomorpha Hay, 1930 sensu Walker, 1970°
Junggarsuchus sloani gen. et sp. nov.
Etymology. For the Junggar Basin in northern Xinjiang, souchous (Greek) meaning

crocodile and for C. Sloan, who discovered the holotype.
Holotype. IVPP V14010, (Institute of Vertebrate Paleontology and Paleoanthropology,

Beijing), the articulated anterior half of a skeleton including a nearly complete skull (Figs 2

and 3).
Locality and age. Lower part of the Shishugou Formation'® at Wucaiwan, Altay Prefecture,

Xinjiang. The lower Shishugou (also known as the Wucaiwan Formation) is considered

late Middle Jurassic (Bathonian—Callovian)'>%,
Diagnosis. Small (body length ~1m) non-crocodyliform crocodylomorph with

longitudinal concavity on ventrolateral surface of dorsally arched jugal, broadened dorsal
edge of surangular, shallow fossa on distal edge of paroccipital process and part of
squamosal, enlarged anterior maxillary teeth, well developed surangular foramen,
retroarticular process lacking medial process and with broad dorsolateral and
posteroventral flanges, shallow procoely in all preserved vertebrae, anteroposteriorly and
distally elongate hypapophyses on posterior 4 cervical and anterior 4 dorsal vertebrae,
broadened posterior border and sinusoidal dorsal edge on scapula, anteriorly directed
humeral head and reduced deltopectoral crest, reduced metacarpal V not contacting
carpus, no manus digit I, and no osteoderms.

Phylogenetic analysis

Phylogenetic relationships were analysed using a matrix of 55 characters from the skull and
postcranial skeleton distributed among 17 taxa (see Supplementary Information). The
taxa included four outgroups and three representatives of the Crocodyliformes. The
matrix is derived from earlier studies' with 16 additional characters and the addition of
Junggarsuchus, Erpetosuchus®™ and Gobiosuchus™. The data were analysed in PAUP**.
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Explaining altruistic cooperation is one of the greatest challenges
for evolutionary biology'~. One solution to this problem is if
costly cooperative behaviours are directed towards relatives*’.
This idea of kin selection has been hugely influential and applied
widely from microorganisms to vertebrates*'°. However, a prob-
lem arises if there is local competition for resources, because this
leads to competition between relatives, reducing selection for
cooperation®'''*, Here we use an experimental evolution
approach to test the effect of the scale of competition, and how
it interacts with relatedness. The cooperative trait that we
examine is the production of siderophores, iron-scavenging
agents, in the pathogenic bacterium Pseudomonas aeruginosa'"".
As expected, our results show that higher levels of cooperative
siderophore production evolve in the higher relatedness treat-
ments. However, our results also show that more local compe-
tition selects for lower levels of siderophore production and that
there is a significant interaction between relatedness and the
scale of competition, with relatedness having less effect when the
scale of competition is more local. More generally, the scale of
competition is likely to be of particular importance for the
evolution of cooperation in microorganisms, and also the viru-
lence of pathogenic microorganisms, because cooperative traits
such as siderophore production have an important role in
determining virulence®*'7*°.

Explaining altruistic cooperation is fundamental to understand-
ing the main evolutionary transitions from single-celled organisms
to complex animal societies'. The problem is why should an
individual carry out an altruistic behaviour that is costly to perform,
but benefits another individual or the local group? Hamilton’s*’
kin selection theory provides an explanation for altruism between
relatives: by helping a close relative reproduce, an individual is still
passing on its genes to the next generation indirectly. This is
encapsulated by Hamilton’s rule**, which states that an altruistic
behaviour is favoured whenever rb—c > 0, where r is the genetic
relatedness between the actor and the beneficiary, b is the benefit of
receiving the altruistic behaviour and c is the cost of performing the
behaviour. The theory of kin selection is well accepted, and variation
in relatedness has been applied to explain variation in the level of
altruistic cooperative behaviours in organisms ranging from micro-
organisms to vertebrates® .

However, selection for altruism depends also upon the scale of
competition (population demography or structure)''. There is a
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