li.millillilillllii

Mmollim

.

REFERENCES AND NOTES
1. J.-y. Chen, G. D. Edgecombe, L. Ramsk6ld, G.-g.
Zhou, Science 268,1339 (1995).
2. X.-g. Hou, Acta Pal. Sinica 26, 272 (1987);
L.
Ramskold, J. Bergstr6m, Zool. Scr. 20, 395 (1991).
3. M. A. Wills, D. E. G. Briggs, R. A. Fortey, Paleobiology 20, 93 (1994).
4. _ , M. Wilkinson, Verh. Dtsch. Zool. Ges. 88,
203 (1995).
5. J. Bergstrbm, Acta Zool. (Stockh.) 73, 287 (1992).
Bergstrbm considered the marrellomorphs to be
basal within the arachnomorphs.
6. D. E. G. Briggs, R. A. Fortey, M. A. Wills, Science
256, 1670 (1992); gross topology in all analyses has
been: Atelocerata versus [Marrellomorpha versus
(Crustacea versus Arachnomorpha)].
7. P. A. Selden, Trans. R. Soc. Edinb. Earth Sci. 72, 9
(1981).
8. W. StOrmer and J. Bergstr6m, Palaont. Zeitschr. 55,
237 (1981).
9. _ , ibid. 52, 57 (1978).
10. A data matrix and list of characters are available from
the author. Tree statistics: Cl = 0.37, RI = 0.60.
11. J. A. Gauthier, A. G. Kluge, T. Rowe, Cladistics 4,
105 (1988); M. J. Donoghue, J. A. Doyle, J. Gauthier,
A. G. Kluge, T. Rowe, Ann. Rev. Ecol. Syst. 20, 431

(1989).

12. See review of models in M. Averof and M. Akam,
Philos. Trans. R. Soc. Lond. B 347, 293 (1995).
13. M. Averoff and M. Akam, Curr. Biol. 3, 73 (1993).
14. W. D. I. Rolfe and J. K. Ingham, Sc6tt. J. Geol. 3,118

(1967).
15. D. E. G. Briggs, Acta Zool. 73, 293 (1992).
16. H. B. Whittington, Philos. Trans. R. Soc. Lond. B
292, 329 (1981).
17. F. R. Schram and M. J. Emerson, Mem. Queensl.
Mus. 31,1 (1991).
18. J. Zrzavy and P. Stys, J. Evol. Biol. 7, 743 (1994); W.
StOrmer and J. Bergstr6m, Paliont. Zeitschr. 50, 78

(1976).

19. This lability is most marked for those features used to
define modern higher taxa, for example, head segmentation and overall tagmosis.
20. S. J. Gould, Paleobiology 17, 411 (1991).
21. D. E. G. Briggs, D. L. Bruton, H. B. Whittington,
Paleontology 22,167 (1979).
22. P. A. Selden, in The Fossil Record 2, M. J. Benton, Ed.
(Chapman and Hall, London, 1993), pp. 297-320.
23. J. W. Schultz, Cladistics 6, (1990).
24. F. R. Schram, Fieldiana Geol. 39, 61 (1978).
25. K. J. McNamara and N. H. Trewin, Palaeontology
36, 319 (1993).
26. D. L. Bruton, Philos. Trans. R. Soc. Lond. B 295,619

(1981).
27. If the number of cephalic appendages is treated as
an ordered character [a problematic assumption (C.
NOsslein-Volhard and E. Weishaus, Nature 287, 795
(1980), but one implicit in Chen et al. (1)], the Fuxianhuia emerges as the closest relative of Sidney/a in
one clade of arachnomorphs, opposing the chelicerates Cheloniellon and Aglaspis in another.
28. J. Bergstr6m, Geol. Fren. Stockh. Fdrh. 90, 489

(1968).
29. D. E. G. Briggs and D. Collins, Palaeontology 31, 71

(1988).
30. C. Nielsen, Animal Evolution: Inter-Relationships of
the Living Phyla (Oxford Univ. Press, Oxford, 1994);
J. Monge-Najera. Zool. J. Lin. Soc. 114, 21 (1995).
31. Thanks to D. E. G. Briggs, A. L. Allen, R. Chapman,
D. H. Erwin, C. Labandeira, S. J. Suter, and E. L.
Yochelson for helpful criticisms of this manuscript.
22 June 1995; accepted 13 October 1995; revised
12 March 1996

Response: We welcome Wills's test of our
hypothesis (1) that Fuxianhuia is a basal
euarthropod. However, his conclusion that
Fuxianhuia is a chelicerate conflicts with
better quality data than those marshalled in
its support. The exercise he has undertaken
serves to illustrate some analytical problems
SCIENCE * VOL. 272 * 3 MAY 1996
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that may be producing spurious results in
parsimony analyses of arthropod phylogeny.
The cladogram derived by Wills is consistent with the traditional interpretation of
chelicerate tagmosis: No more than 19
somites are divided into a prosoma and
opisthosoma. The former bears six pairs of
appendages, or the appendage of a seventh,
opisthosomally derived somite may be incorporated into the prosoma (2). Fossil
arachnomorphs reveal that the precursors of
chelicerates had biramous head and trunk
appendages (3), but crown group chelicerates provide clear evidence that one ramus was suppressed on each tagma. Evidence for a relict exopod on the prosomal
walking legs of chelicerates may be provided (4) by the flabellum on the sixth leg of
xiphosurids or by transient rudiments on
the embryonic prosomal limbs (5). On other prosomal appendages of xiphosurids and
all other chelicerates, there is meager evidence for an exopod, leading to the general
conclusion that this ramus was lost in the
course of chelicerate evolution. Where
present, opisthosomal appendages of chelicerates have been interpreted as predominantly exopodal. A relict endopod is represented by the small segmented median
branch on the platelike appendages of xiphosurids (4). Wills's interpretation of Fuxianhuia within Chelicerata forces the removal of prosomal-opisthosomal tagmosis,
despite the fact that these body regions may
be identified with precision in all other
chelicerates, living or fossil. Furthermore,
his hypothesis forces the reevolution of exopods on all prosomal limbs except the chelicerae, as well as the reevolution of opisthosomal endopods. Given the extreme
modification of the vestigial rami (when
present at all) in all other chelicerates, it is
most implausible that reevolved prosomal
exopods and opisthosomal endopods would
be completely undifferentiated from those
on the other tagma. Wills states that antennae in Fuxianhuia provide support for their
existence in chelicerate ancestors, a hypothesis already supported by Palaeozoic
fossils (6). Yet if Fuxianhuia is an ingroup
chelicerate as he argues, the presence of
antennae must be interpreted as reevolving
after a prior loss at node 3 of his cladogram.
We will not argue that structures lost in
phylogenesis can never be reacquired-an
atavistic scenario can always be evoked. But
it must be asked if such transformations can
be defended in the name of parsimony. The
low phylogenetic cost (as measured by number of steps) that Wills affords to such major
transformations as the reevolution of lost
limb rami may be an artifact of his method
of coding inapplicable characters. The database used in his prior studies (7) often does
not distinguish between inapplicable characters, such as prosomal exopods and opis747
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though its second appendages were not
coded as chelicerae, they are uniramous,
subchelate, and reminiscent of the range
of morphology displayed by this appendage (23). Moreover, some schemes equate
the cheliceral somite with the antennal
somite of crustaceans [for example, (24)],
so that chelicerae derive from the second
somite after the acron. Thus, the possession of a pair of antennae, as in Fuxianhuia
(9), may represent the primitive chelicerate condition.
The cephalon in Fuxianhuia apparently
incorporates just two pairs of appendages
rather than six or seven as in other chelicerates (8). The number of cephalic limbs
has proved to be one of the most labile
characters in previous cladistic analyses of
the arthropods (6). Its low consistency
index is largely attributable to the inclusion of Cambrian forms. The implications
of this finding for possible post-Cambrian
developmental entrenchment and canalization have already been discussed (3, 20).
The cephalon has proved difficult to define for a number of taxa [for example,
euthycarcinoids (25) and Sidneyia (17,
26)], and it may be an oversimplification
to regard Fuxianhuia as possessing only two
pairs of limbs in the "head" (27).
Statements that other Cambrian arthropods should be drawn into the chelicerate
fold seem based on scant evidence. The
Lower Cambrian Eolimulus is known only
from carapaces and cannot be assigned to
the group with confidence (28). Sanctacaris
from the Middle Cambrian Mount Stephen
Formation has chelicerate-like tagmosis
(29) but has consistently failed to resolve
with the group cladistically (3, 4, 6). The
earliest, undisputed chelicerates therefore
date from the Arenigian (22).
Unweighted cladistic analysis places
Fuxianhuia within the arachnomorphs (3).
Only by making premature assumptions
about the sequence in which characters
are acquired (for example, recruitment of
appendages into the cephalon) or by attributing overriding weight to these features can Fuxianhuia be interpreted as basal to the other euarthropods (1), a status
more probably afforded to the tardigrades
(4, 30). Rooting a phylogeny with a relatively apomorphic taxon could seriously
mislead our understanding of arthropod
evolution.
Fuxianhuia therefore joins the growing
ranks of fossils that, despite their outwardly perplexing array of features, fit decisively into a small number of large and increasingly densely occupied clades (4).
Matthew A. Wills
Department of Paleobiology, MRC-1 21,
National Museum of Natural History,
Smithsonian Institution,
Washington, DC 20560, USA
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taxa for a curiously resolved Hexapoda (13).
This position conflicts with our data, which
indicate a more basal position (14), and, as
significantly, it forces robust apomorphies of
hexapods to be radically reversed in euthycarcinoids (for example, detailed homologies
of the tripartite thorax, cerci, and caudal
filament). A close affinity between Fuxianhuia and euthycarcinoids is irreconcilable
with their cladogram (13), resulting from a
study rooted in the analytical problems (9)
repeated in Wills's arguments.
Gregory D. Edgecombe
Australian Museum,
6 College Street, Sydney South,
NSW 2000, Australia
Lars Ramskold
Museum of Palaeontology,
University of Uppsala,
Norbyvagen 22,
S-752 36 Uppsala, Sweden
E-mail: lars.ramskold@kov.ki.se
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thosomal endopods (and exopods in arachnids), and missing data, both being scored
identically. This may have the effect of
optimizing a nodal state based on other
characters that conflict with the observed
absence (or inapplicability) of a state (8).
By allowing several appendage characters
for the scorpion and eurypterid to be spuriously optimized as missing data, real differences from Fuxianhuia are not being acknowledged in tree construction.
We observe that many of the putative
synapomorphies used by Wills to defend his
interpretation (his nodes 1 through 5) are
characters that are absent in Fuxianhuia (9);
his topology forces their interpretation as
reversals. Compelling chelicerate synapomorphies, such as genital modifications of
the eighth (first opisthosomal) somite, are
lacking in Fuxianhuia.
Wills dismisses the value of diplosegmentation as too ambiguous for comment
and endorses a phylogeny in which the
obliteration of basic chelicerate tagmosis is
associated with the evolution of diplosegments de novo. That such a profound structural innovation would occur within the
crown group of Chelicerata opposes notions
that arthropod morphology was canalized
after the Cambrian explosion (10). Wills
alludes to this canalization being a postCambrian phenomenon, an assertion contradicted by his cladogram. Were Fuxianhuia a chelicerate as he suggests, its eurypterid-arachnid sister group must be as old
( 1), and xiphosurids even older. Again, we
concede that this is a possibility. This scenario contradicts the known evidence concerning the age of these groups as well as
widely held views on chelicerate evolution.
We conclude that the phylogenetic position of Fuxianhuia is near the basal node of
the euarthropods. A more precise positioning awaits the results of our continued study
of the Chengjiang material, promising to
yield new data for use in a stringent phylogenetic analysis. Our original comparison
with euthycarcinoids has already been taken
up in an unorthodox study (12) that, in this
respect, may well be closer to the point than
the view held by Wills. Wills and his coworkers regard euthycarcinoids as ingroup

Response: Classification of the Arthropod Fuxianhuia
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