
R E P O R T S  

References and Notes 
1. W. Dansgaard et dl., Nature 364, 218 (1993). 
2. C. Bond et al., Nature 365, 143 (1993). 
3. W. S. Broecker. Nature 372, 421 (1994). 
4. R. B. Alley et a[., Geology 25, 483 (1997). 
5. C. H. Denton and W. Karlen, Quat. Res. 3. 155 (1973). 
6 S. R. O'Brien et dl., Science 270, 1962 (1995). 
7. C. Bond et a[., Science 278. 1257 (1997). 
8. C. C. Bianchi and 	I. N. McCave, Nature 397, 515 

(1999). 
9. C. C. Bond et al.. in Mechanisms of Global Climate 

Change at Millennia1 Scales, P. U. Clark, R. S. Webb, 
L. D. Keigwin, Eds. (Geophysical Monograph Series, 
American Geophysical Union, Washington, D.C., 
1999), vol. 12, pp. 35-58. 

10. J. M. Crove, The Little Ice Age (Methuen. London, 1987). 
11. W. Ruddiman, M. Sarnthein, J. Baldauf, Eds., Proceed- 

ings of the Ocean Drilling Program Leg 108, vol. A 
(ODP. Colle~e Station. TX. 1988). 

12. G .  Fischer, Donner. V. ~atmeier ,  R. Davenport, C. 
Wefer, 1. Mar. Res. 54. 73 (1996). 

13. L. Schutz. R, Jaenicke, H. Pietrek. Geol. Soc. Amer. 
Bull. Spec. Pap. 186, 87 (1981). 

14. Raw, freeze-dried samples of about 3 g were washed 
through a 64-pm sieve, dried, weighed, and then 
dry-sieved through a sieve with 150-pm openings. 
The >150-pm fraction was split a sufficient number 
of times to  microscopically identify and count be- 
tween 400 and 900 specimens per sample. This rel- 
atively large number of specimens was counted to 
ensure that counting uncertainties were minimized 
for the 29 identified species. The F13' transfer func- 
tion was used because i t  specifically addresses the 
"P-D intergrade" identification problem [a species 
present in these West African samples that is mor- 
phologically intermediate between N. pachyderma 
(dextral, or right coiling) and N. dutertrei (15, 16)]. 
Computed average communalities for the estimated 
warm and cold SST values, which are a measure of 
how well the Hole 658C faunal assemblage data 
match the F13' transfer function model, were uni- 
formly high (0.82 was the average). 

15. 	N. C. Kipp, in Investigation of Late Quaternay Pale- 
oceanography and Paleoclimatology, R. M. Cline and 
1. D. Hays. Eds. (Geological Society of America, Boul- 
der, CO. 1976), pp. 3-42. 

16. W. F. Ruddiman and L. K. Clover, Quat. Res. 5, 361 
(1975). 

17 	Web table 1 is available at Science Online at www. 
sciencemag.org/feature/data/1048976.sh1. 

18. M. Stuiver et dl., Radiocarbon 40, 1041 (1998). 
19. AMS radiocarbon dates were conducted on monospe- 

cific samples of between 1000 to 1500 picked (>I50 
bm) specimens of the planktonic foraminifer C, bul- 
loides. Samples were sonicated in deionized water be- 
fore analysis and measurements were conducted at the 
Center for Accelerator Mass Spectrometry (CAMS) at 
the Lawrence Livermore National Laboratory and the 
University of Kiel, Germany. Raw radiocarbon ages were 
corrected for the global average surface ocean reservoir 
correction (-400 years) plus an additional -100 2 50 
year correction to reflect the higher and more variable 
surface ocean reservoir age of this upwelling region. 
Corrected radiocarbon ages were converted to calibrat- 
ed, calendar ages with the Calib 4.12 program (17. 78). 
Paired AMS dates on G. bulloides and G. inflata were 
conducted at seven levels to assess possible species 
offsets. These paired dates indicate that the G. bulloides 
ages were consistently older than G. inflata ages by 
several hundred vears which we attribute to G, bul- 
loides' known preierence for calcifying during the main 
upwelling season when older subsurface waters are 
brought to the upper photic zone (38).The Hole 658C 
age model was based on the youngest measured age at 
any given stratigraphic level. 
P, B. deMenocaleta1.. Sci. Rev. 19.347 (2000). 
A. C. Mix* W. F. Ruddiman, A. Mcint~re, 

ography 1, 339 (1986). 

F. Casse and E. Van Campo, Earth Planet. sci. Lett. 
126, 435 (1994). 
P. D, Jones and R. S. Bradley, Climate Since A.D. 7500 
(Routledge, London. 1995). 
D. Dahl-Jensen et al.. Science 282, 268 (1998). 
L. D. Keigwin. Science 274, 1504 (1996). 

26. M. R.Chapman, N. J. Shackleton, M. Zhao, C. Eglinton, 
Paleoceanography 11, 343 (1996). 

27. M. Zhao, N. A. S. Beveridge, 	N. J. Shackleton, M. 
Sanrthein, C. Eglinton, Paleoceanography 10, 661 
(1995). 

28. F. A. Street and A. T. Crove, Quat. Res. 12,83 (1979). 
29. COHMAP Members, Science 241. 1043 (1988). 
30. P. deMenocal, J. Ortiz, T. Cuilderson, M. Sarnthein, 

data not shown. 
31. W. L. Prell and 	J. E. Kutzbach, j. Ceophys. Res. 92, 

8411 (1987). 
32. M. Claussen et dl., Geophys. Res. Lett. 	26, 2037 

(1999). 
33. L. D. Keigwin and R. S. Pickart, Science 	286. 520 

(1999). 
34. J. W. Hurrell, Science 269, 676 (1995). 
35. R. B. Alley et dl., Nature 362, 527 (1993). 
36. M. E. Mann, J. Park, R. S. Bradley, Nature 392, 7797 

(1998). 

37. E. J. Steig, Science 286. 1485 (1999). 
38. M. Sarnthein and C. Canssen, in Coastal Upwelling: 

Its Sediment Record, E. Suess and J. Theide, Eds. 
(Plenum, New York, 1983), pp. 99-121. 

39. The authors would like to  thank J. Adkins, C. Bond, W. 
Broecker, B. Chaisson, M. Claussen, F. Casse, L. Keig- 
win, C. Kukla, C. Ravelo. D. Rind, N. Shackleton, and J. 
Lynch-Steiglitz for insightful comments, stimulating 
discussions, and helpful criticisms. The foraminifera1 
census counts were conducted by M. Bryant and the 
sediment analyses were completed by L. Baker; A. 
Esmay assisted with the transfer function develop- 
ment. We also gratefully acknowledge J. Miller and P. 
Weiss of ODP who helped sample Hole 658C. Sup- 
ported by NSF grant OCE-9818631. This is Lamont- 
Doherty Earth Observatory Publication Number 
6066. 

27 January 2000; accepted 3 May 2000 

Nonavian Feathers in a Late 

Triassic Archosaur 
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Longisquama insignis was an unusual archosaur from the Late Triassic of central 
Asia. Along its dorsal axis Longisquama bore a series of paired integumentary 
appendages that resembled avian feathers in  many details, especially in  the 
anatomy of the basal region. The latter is sufficiently similar t o  the calamus of 
modern feathers that each probably represents the culmination of virtually 
identical rnorphogenetic processes. The exact relationship of Longisquama t o  
birds is uncertain. Nevertheless, we interpret Longisquama's elongate integu- 
mentary appendages as nonavian feathers and suggest that they are probably 
homologous wi th  avian feathers. If so, they antedate the feathers of Archae- 
opteryx, the first known bird from the Late Jurassic. 

Longisquama insignis was a small, Late Trias- 
sic [Norian, -220 million years ago (Ma)], 
gliding archosaur with unusual integumenta- 
ry appendages (1-3). Fossils are known only 
from lacustrine deposits in central Asia 
[Madygan, Osh Province, Kyrgyzstan (1,2)]. 
The most complete specimen consists of a 
slab and counterslab that contains articulated 
elements from the skull, vertebrae, ribs, fur- 
cula, and forelimbs and impressions of much 
of the integument (Fig. 1 and Web fig. 1). 
There are five other fossils of integumentary 
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appendages from the same site (1, 4). 
The anterior portion of Longisquama's 

body was covered with imbricating, scalelike 
appendages; those on the chin and neck were 
particularly delicate and elongate (Fig. 1, up-
per left inset). In addition, a series of scales 
(1) formed an apparent aerofoil-like surface 
along the postaxial margins of the forelimbs 
(Fig. 1 ,  lower right inset). Most remarkable, 
however, are the series of six to eight pairs of 
bilaterally placed, markedly elongate, pin- 
nate, integumentary appendages that oc-
curred at segmental intervals along the ani- 
mal's dorsum (Fig. 1 and Web fig.- 1)

~ 	 - - ,  

Longisquama,s pinnate integumentary ap-
pendages each a distinct shaft that 
included a distally expanded vane. At its base, 
the elongate shaft was tubular, with a solid wall 
that surrounded a number of transverse parti- 
tiOns. six these partitions are 
in one particularly well-~reserved shaft (Fig. 2). 
Additionally, as seen in three successive units 
immediately adjacent to the dorsal vertebrae, 
the broad, tubelike bases of the appendages 
were approximately barrel-shaped and tapered 
proximally-a morphology consistent with 
their placement within, and origin from, folli- 
cles (Fig. 2). 
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Beyond its base, each shaft consisted of 
an uninterrupted central axis from which ra- 
diated a continuous series of pinnae (Fig. 1, 
Figs. 3 through 5, and Web figs. 1 and 2). 
Portions of the central axis appear to have 
been hollow and unsubdivided (Fig. 4). 

At their distal extremities, the shah were 
vanelike and consisted of distinct markedly 
elongate pinnae that branched regularly from 
the central axis (Figs. 4 and 5 and Web fig. 2) 
(5). Some of the individual pinnae appear to 
have been branched, and the distal ends of 
successive pinnae formed a ribbonlike margin 
that was more delicate along the trailing edge of 
the vane (Fig. 4). In addition, pinnae at the 
distal extremities of the integumentary append- 
ages were sufficiently delicate that details of 
their morphology can be resolved even when 
they are overlain by other units (Fig. 5). 

Proceeding proximally from the expanded 
vanelike portions of the shaR, the pinnae be- 
came increasingly abbreviated, massive, and 
less delicate, so that the long proximal portion 
of the shaft consisted largely of the central axis 
and a long series of short, less delicate pinnae. 
In addition, an extensive sheath was retained in 
this region as an integral part of the shaft, where 
it formed a distinct robust jacket that fully 
enclosed the central axis and its associated pin- 
nae (Figs. 1 and 3). 

Longisquama's elongate integumentary ap- 

pendages have previously been described as 
"long scales" or "extremely modified homy 
scales" (I, 3). However, a pinnate shaft, vane, 
and sheath are not attributes of reptilian scales 
(6). Additionally, because the morphology of 
the shaft base in Longisquama was consistent 
with each unit having developed within a folli- 
cle, each must have been formed, and therefore 
shed, individually. This differs sharply from 
epidermal replacement of a reptilian scale. Be- 
cause the latter lacks a follicular morphology, 
mature corneous materials form, and are shed, 
in large flakes or continuous sheets (6). 

Like Longisquarna's pinnate integumentary 
appendages, avian feathers are elongate, indi- 
vidually distinct, follicular units that bear pin- 
nae, or barbs. Additionally, as in the rachis of 
many feathers, the axes of Longisquama's ap- 
pendages spanned most of their overall length. 
The apparently hollow remnant of the spongy 
air-filled pith in the rachis of many feathers 
closely resembles hollow portions of the axis in 
Longisquama's appendages (Fig. 4). 

Pinnations in Longi'squama's integumentary 
appendages, and especially those in the distal 
vane, are generally comparable to feather barbs 
(Figs. 4 and 5 and Web fig. 2). However, 
barbulelike structures were not present in 
Longisquama, and the aforementioned branch- 
ing and comparable distal connections between 
consecutive pinnae are uncommon in feather 

Fig. 1. Holotype of L. insignis from Late Triassic lacustrine deposits, Madygan (southern Fergana 
Valley), Osh Province, Kyrgyzstan (PIN 258414). (Inset above) Skull and neck; the arrow points to 
impressions of the elongate scales of the chin and neck. (Inset below) The left humerus [digitally 
reversed from the counterslab (PIN 258414)l the elongate postaxial scales are indicated by the 
arrow. Scale bar, 1 cm. 

barbs of extant birds. Nevertheless, branching 
of individual barbs and fusion of successive 
barb tips in avian feathers resulting from mod- 
ulations of cellular activities within the ramo- 
genic zone at the base of the follicle during 
feather replacement are well documented (7-9). 
Additionally, examples of Longisquama-like 
barb structure can be found in some modem 
avian feathers (9). As in Longisquama's pinnae, 
individual feather barbs may be branched (for 
example, in downy feathers of the jungle fowl, 
Gallus) (8) and successive barbs may be fused 
distally (for example, in spangled feathers of 
the curl-crested aracari, Pteroglossus beauhar- 
naesii, and the scaled cuckoo, Lepidogrammus 
cumingi) (9). 

The sheath that surrounded the extensive 
proximal region of the central axis and its more 
massive pinnae created the unusual appearance 
of Longisquama's integumentary appendages 
(Figs. 1 and 3) (10). Although the sheath of an 
avian feather cracks and flakes and is usually 
eliminated by preening (8), its morphology and 
spatial relationships are closely comparable to 
those of the epidermal sheath in Longisquama 
(Fig. 3). 

Fig. 2. Tubular bases of three successive shafts 
that inserted on the left dorsum above the ribs 
(asterisks) of L. insignis (PIN 258414). Note the 
proximal tapering as well as the distinct, trans- 
versely subdivided, hollow core (indicated by ar- 
rows) of each tubular base. The morpholoey of 
these bases strongly implies that development of 
Longisquama's elongate integumentary append- 
ages took place within a follicle. Apparent pulp 
cavities (p) are also preserved. Scale bar, 5 mm. 
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The bases of Longisquama's integumentary and 6). Additionally, in feathers, the hollow caps (Fig. 6) (8). The calamus bears a 
appendages also resemble those of avian feath- base, or calamus, has a tubular outer wall sur- striking resemblance to the transversely 
ers. Both exhibit a tubular morphology consis- rounding an inner thin-walled tube that is trans- subdivided tubular base of Longisquama's 
tent with development within a follicle (Figs. 2 versely partitioned by a series of wrnified pulp appendages (Fig. 6). 

The calamuslike anatomy of the base of 
Fig. 3. The sheath/axis/pinna 
complex of the proximal vane of 
L. insignis (PIN 258414) (above) 
and the sheathhachidbarb com- 
plex in a primary feather of a 
juvenile Coffin's cockatoo (Caca- 
tua goffini) (below). 1, the epi- 
dermal sheath; 2, the central axis 
and rachis in Longisquama and 
Cacatua, respectively; 3, pinna 
and barbs in Longisquama and 
Cacatua, respectively. In both 
cases, the sheath has broken 
away to reveal the underlying 
structures. Scale bar, 5 mm. 

Fig. 4. The distal portion 
of the vane of L. insignis 
(PIN 2584/5). The arrow 
denotes where breakage 
reveals the hollow rem- 
nant of spongy air-filled 
pith of the central axis. 
Note the distal fusion of 
the pinnae at both the 
leading edge (above) and 
trailing edge (below) of 
the vane. Pinnae are 
clearly distinct from one 
another except where 
they are fused distally 
and where they join the 
central axis (5). Postmor- 
tem disturbance probably 
resulted in the apparent 
overlapping of some pinnae. Scale bar, 2.5 mm. 

Fig. 5. Overlapped 
distal ends of elon- 
gate integumentary 
appendages in L. in- 
signis (PIN 258419). 
Vanes were sufficient- 
ly delicate that the 
structure of underly- 
ing vanes remains vis- 
ible. Scale bar. 5 mm. 

Longisquama's integumentary appendages may 
provide insight into their mode of development. 
Feathers form from the circular epidermal col- 
lar of a follicle. The invaginated base of the 
follicle houses a dermal papilla. This organiza- 
tion of the follicle is the defining developmental 
and morphological characteristic of feathers (8). 
In the mature feather, only the feather base or 
calamus remains tubular, so that it encloses the 
pulp caps, unique structures that result from 
regression of the dermal papilla during late 
feather growth (8). Consequently, the struche 
of the calarnus is a signature of the complex 
developmental patterns distinct to feathers. 
Thus, it is particularly noteworthy that preser- 
vation of a follicular, calamuslike base in 
Longisquama's appendages is consistent with a 
developmental pattern heretofore known only 
in avian feathers. 

Both birds and Longisquama are archosau- 
rians. Beyond this, the taxonomic status of 
Longisquama is poorly understood; thus, the 
relation between integumentary derivatives in 
birds and ~ongisqua& remais unclear. Nev- 
ertheless, because feathers are perhaps the most 
complex derivatives of the integument in any 
vertebrate (8, 9), we suggest that the combina- 
tion of shared, specialized morphological char- 
acters (apomorphies) of avian feathers and the 
pinnate integumentary appendages in Longis- 

Fig. 6. Calamus of a green wing macaw (Ara 
chloroptera) tail feather (left) and one of the 
tubular bases of the elongate integumentary ap- 
pendages of L. insignis (PIN 2584/4) (right). Ar- 
rows indicate pulp cavities. Scale bar, 2.5 mm. 
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quama were unlikely to have evolved more than 
once. Sigmficantly, the development of Longis- 
quama's integumentary appendages probably 
followed complex specialized patterns previous- 
ly thought to be distinct to avian feathers. Thus, 
we interpret the pinnate appendages of Longis- 
quama as nonavian feathers, probably homolo- 
gous to those in birds. 

Archaeopteryx, the earliest known bird (145 
Ma), possessed a complete plumage of flight 
feathers that differed little from those of many 
extant birds (8, 11). Consequently, factors as-
sociated with earlier stages of feather evolution, 
the morphology of the earliest feathers, and the 
taxonomic groups in which they first occurred 
remain uncertain. Nevertheless, if Longisqzta- 
ma's integumentary appendages are homolo- 
gous with those of birds, they may provide 
insight into an evolutionary grade through 
which feathers passed almost 75 million years 
before Archaeopte~x and perhaps before the 
origin of Aves itself. 
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A Metalloprotease Disintegrin 

That Controls Cell Migration in 


Caenorhabditis elegans 
Kiyoji Nishiwaki,lS Naoki Hi~amoto,~ Kunihiro MatsumotoZ 

In Caenorhabditis elegans, the gonad acquires two U-shaped arms by the 
directed migration of its distal tip cells (DTCs) along the body wall basement 
membranes. Correct migration of DTCs requires the mig-77 gene, which en- 
codes a member of the metalloprotease-disintegrin protein family. The MIG-17 
protein is secreted from muscle cells of the body wall and localizes in the 
basement membranes of gonad. This localization is dependent on the disin- 
tegrin-like domain of MIG-17 and its catalytic activity. These results suggest 
that the MIG-17 metalloprotease directs migration of DTCs by remodeling the 
basement membrane. 

Many new insights into the molecular mech- 
anisms controlling cell migration have been 
gained by the genetic analysis of model or- 
ganisms such as the nematode C. elegans. 
The shape of the C. elegans hermaphrodite 
gonad is determined by the migration path of 
the DTCs during larval development (1). 
DTCs migrate in a complex trajectory con-
sisting of three linear phases punctuated by 
two orthogonal turns (Fig. 1, A and B). DTCs 
are generated at the ventral midbody and 
migrate in opposite directions along the base- 
ment membranes of ventral body wall mus- 
cles. Mutation of the mig-17 gene alters DTC 
migration (2): initially, migration along the 
ventral body wall muscles is normal, but the 
migration path deviates from normal after 
the dorsal turn (Fig. 1C). In addition, these 
DTCs often detach from the dorsal muscles 
and migrate along the intestine or gonad. 
As a result of this misdirected migration, 
mig-17 mutants exhibit morphologically 
abnormal gonadal arms (3). These results 
indicate that mig-17 is not required for 
DTC migration per se, but father influences 
the route of migration. 

A similar defect is observed in the male 
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gonad of mig-17 mutant worms. In wild-type 
worms, the male linker cell (MLC) migrates 
anteriorly, then reflexes and migrates to the 
posterior end of the worm (Fig. 1, D and E) 
(I). In mig-17 mutants, the MLC fails to 
migrate correctly (Fig. IF). However, muta- 
tion of mig-17 does not affect the migration 
of other cell types such as HSN neurons and 
Q neuroblasts (2). Therefore, mig-17 does not 
affect cell migration generally, but rather is 
required specifically for the correct migration 
of gonadal leader cells. 

We cloned the mig-17 gene by positional 
mapping followed by transformation rescue 
(4). Fragments containing only the F57B7.4 
gene rescued mig-17(kl74). The mig-17 gene 
encodes a single protein of 509 amino acids 
length (Fig. 2A). The MIG-17 protein is a 
member of the metalloprotease-disintegrin 
protein (ADAM) family (5). It contains a 
signal sequence followed by a pro-domain, a 
catalytic domain, a disintegrin-like (DI) do- 
main, and a cysteine-rich domain (Fig. 2B). 
MIG- 17 also lacks a transmembrane domain, 
suggesting that it is secreted. Comparison 
with the ADAM family members indicates 
that MIG-17 is most similar to the mouse 
ADAMTS-1 (6 ) .The metalloprotease and DI 
domains are relatively well conserved (Fig. 
2A). However, the domain organization in 
the COOH-terminal region following the DI 
domain of ADAMTS-1 diverges from that of 
MIG-17 in that ADAMTS-1 possesses the 
thrombospondin type I motif ( 6 ) ,  whereas 
M1G-17 does 

We sequenced four mig-17 mutant alleles 
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