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In recent years, it has been strongly argued that the Arthropoda are 
polyphyletic, with the origin of the crustaceans being independent of the 
other two major arthropodan lines. We disagree with the latter conclusion. 
The topic can be meaningfully disc us sed only in terms of the similarity of 
primitive crustaceans to possible progenitors. From a suite of crustacean 
characters, primarily those seen in the Cephalocarida and in primitive 
Malacostraca and Branchiopoda, one can reconstruct a hypothetical primi
tive crustacean. Its fundamental similarity to the Trilobitomorpha far out
weighs the list of valid differences. Thus, the present argument suggests that 
the Arthropoda has had at most a diphyletic origin : a terrestrial line running 
from Onychophora through Myriapoda to Insecta, and a marine radiation, 
with Trilobitomorpha giving rise to both Crustacea and Chelicerata. 

Robert R. Hessier and William A. Newman, Scripps Institution of 
Oceanography, La Jolla, California 9203 7, 1st August, 1 9 73. 

I t  is not difficult to recognize an arthropod. This phylum possesses diagnostic features that are 
among the most distinct and simply determined in the animal kingdom. One would not think to 
question the phyletic unit y of this clear-cut taxon, yet in the last few years this unit y has not 
only been restudied,but rejected by some of the phylum's most accomplished students. 

The primary building blocks of the Arthropoda are the five great classes Trilobitomorpha, 
Chelicerata, Crustacea, Myriapoda, and Insecta. In addition to these are several taxonomically 
minor groups, the Onychophor�, Tardigrada, Pentostomida, and Pantopoda, whose precise 
relationship to or within the "euarthropods" is still undecided. 

The affinities of some of these taxa are no longer seriously in doubt. The myriapods are 
thought to have given rise to the insects, although the details of this relationship are unclear 
(Manton, in Brooks et al. ,  1 969 ) .  The trilobitomorph origin of the chelicerates seems weU 
established (Størmer, 1 944) . Other alliances are not so uniformly accepted. 

The gulf which deserves most serious attention is that which isolates the Myriapoda-Insecta 
line from the rest of the arthropods, as proposed by Tiegs ( 1 947 )  and Tiegs & Manton ( 1 958 ) .  
Those authors trace that lineage back t o  an onychophoran ancestor, which they regard as a 
primitive arthropod rather than a separate phylum. In their view, there is no evidence that this 
onychophoran can be related to any other arthropod group , including the trilobites, which they 
regard as the other arthropodan stem form. Tiegs & Manton suggest that these two primitive 
arthropods are derived from separate annelid ancestors. Thus , the Arthropoda has a polyphyletic 
origin. Manton ( 1 9 72 )  formally designated the onychophoran-myriapod-insect line as the phylum 
Uniramia, but gives the rest of the arthropod taxa no parallel designation. 

The conception of the position of the Crustacea has fluctuated considerably. Because of 
their common possession of antennae and mandibles, it was long thought that crustaceans and 
insects had strong affinity. The lucid work of Snodgrass ( 1 938 ,  1 950 ,  1 956 ,  1 958 )  is the best 
documentation of this school of thought, which graced the relationship with the formal appeUa
tion, Mandibulata. Manton's ( 1 963 ,  1 964) extensive study of the arthropodan j aw destroyed 
this conception. The onychophoran-myriapod-insect jaw is derived from the whole limb, in 
contrast to the crustacean jaw which is derived from just the base of the limb.  The strong 
similarity of the jaws of advanced insects and crustaceans is simply the result of convergent 
evolution. The documentation of this point is a critical factor supporting Tiegs & Manton's  
diphyletic hypothesis. 

The bond between crustaceans and trilobitomorphs has had an equally venerable acceptance. 
The history of this idea is weU reviewed by S tørmer ( 1 939 , 1 944, 1 95 1 )  and for the most part 
will not be repeated here .  The discovery that trilobites had filamentous antennae and biramous 
postoral appendages (Walcott, 1 88 1 ;  Beecher, 1 893 )  was the most compelling proof of trilobito-
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morph-crustacean affinity. For some this relationship displaced the possibility of t�ilobitomorph

chelicerate kinship , yet in the main, a trilobite origin for both crustaceans and chehcerates 

seemed most reasonable (Raymond, 1 920 ,  1 9 35 ;  Tiegs, 1 94 7 ) .  
I n  an extensive series o f  papers, S tørmer ( 1 933 ,  1 9 3 9 ,  1 942 ,  1 944) gives strong support 

to trilobitomorph-chelicerate affinity, but rej ects any phyletic union of these groups with the 
crustaceans. In his view the biramous limb is not at all the same in crustaceans and trilobito
morphs. In the former, the exite is an exopod, arising from the basis, while in the latter it is a 
pre-epipod arising from a small segment proximal to the coxa. Nor is the structure of the exite 
the same in the two groups. S tørmer regards these differences as unbridgeable .  In addition to 
this the trilobitomorph cephalon included four postoral primary somites ( in the sense of Ivanov, 
1 933 )  in contrast to two in crustaceans. Crustaceans lack the tendency toward trilobation of 
the dorsal shield, have a cephalic shield only secondarily, do not display a styliform telson, and 
do not have strongly developed intestinal diverticula. 

On the other hand, in S tørmer's view, chelicerates showed good correspondence with 
trilobitomorphs in these same areas. As a result of these and other considerations, S tørmer 
( 1 944 : 0 1 48 )  concludes : "To the present author a polyphyletic origin of the Arthropoda seems 
to be most in accordance with the fossil record. F inally we may conclude that the Arachno
morpha [Trilobitomorpha plus Chelicerata] appear to constitute a distinct major group of the 
Arthropoda, a phylum which may have evolved directly from a special group of polychaete 
annelids. " 

Considerable disagreement with his views on the isolation of crustaceans (Heegaard, 1945 ; 
Linder, 1 945 ; Tiegs , 1 947 ;  Vandel, 1 949)  caused S tørmer ( 1 95 1 ,  and in Harrington et al. , 1 959 )  
to  re  trench and allow that the affinity of  crustaceans may still be  an  open question. 

S tørmer's ideas find strong support in the works of Manton ( 1 963 ,  1 964, 1969 ) .  While 
Manton's primary concern was with the independent origin of the onychophoran-myriapod
insect line, she frequently considered the origin of the other classes and concluded that there is 
no demonstrable arthropodan bridge between the crustaceans and the trilobite-chelicerate line. 
In addition to accepting S tørmer's arguments about the fundamental limb differences, Manton 
raises several issues of her own. The function of gnathobases in crustaceans and xiphosurans is 
fundamentally different. The crustacean limb is sternal in origin, while that of the xiphosuran 
and probably the trilobite arose from a flexible pleural region. S ince the primitive crustacean 
probably did not have a compound eye, this organ must be convergently evolved in the two lines. 
The head shield of trilobites and merostomes has more in common than with that of the crusta
ceans. Manton (in Brooks et al. ,  1 96 9 :  R53)  concludes, "Thus, as far as the evidence at present 
available goes, a supposed polyphyletic evolution of Arthropoda seems inescapable in the sense 
that the Onychophora-Myriapoda-Insecta and the Crustacea have evolved independently from 
each other and from the Merostomata and Trilobita." 

Few investigators have addressed themselves to Manton's arguments for a triphyletic origin 
of the arthropods, so it is difficult to assess the degree to which these ideas have found 
acceptance. One gets the impression that the independent origin of the Uniramia has be en 
received with general favor, although the concept of the Mandibulata lingers surprisingly in the 
texts (Barnes ,  1 968 ; Kaestner, 1 968 ;  Meglitsch, 1 9 7 2) .  Anderson ( 1 969)  documents the gulf 
between Crustacea and the Uniramia on embryological grounds. We are in tentative accord with 
this conclusion that crustaceans are not closely related to the onychophoran-myriapod-insect 
line ( Fig. 1 2) .  

The lack o f  published disagreement to recent arguments regarding the independence of 
crustaceans from the trilobitomorph-chelicerate line implies by default the validity of this idea. 
In our minds, this is an unsatisfactory conclusion. We feel that much new evidence ,  such as the 
functional morphology of the Cephalocarida (Sanders , 1963a, 1 963b) ,  has been overlooked, and 
that much of the old evidence has been improperly handled. Furthermore, we think that the 
philosophical ground rules within which the question of polyphyly should be treated have of ten 
be en ignored. 

It  is within this framework that the present essay considers the origin of the crustaceans. 

THE PRIMITIVE CRUSTACEAN 

A discussion of the origin of crustaceans would not be meaningful unless a primitive crustacean 
were used in the comparisons. The derivative features of advanced �orms are of small concern. 
Therefore it is crucial to ask what the primitive crustacean looked lIke. 

The fossil record gives seemingly little insight, mainly because those fossil forms which do 
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Fig. 1. Nauplius of the copepod Cyclops bicuspidatus, from Gurney ,  1 9 3 3 .  Note that the mandible at this 
early stage lacks jaws and that it is the basal endite (n.p . )  of the second antenna that serves to pass food into 
the mouth. Symbols : Al ' first antenna; A2 , second antenna; Md, mandible; l ,  labrum; n.e . ,  naupliar eye; n.p. , 
naupliar proeess. 

not belong to extant taxa are so problematical that there is real question about their true 
affinities .  This is usually a function of  poor preservation of critical features .  In this category 
we place the Cydoidea, Bostrichopodida, Oxyuropoda, Marria, and Mimetaster (Brooks et al. ,  
1 969) . Furthermore, none of these forms displays dearly features giving insight into primitive 
crustacean morphology that are not better documented in living forms. Schram ( 1 9 7 1 ) places 
Oxyuropoda in the Euthycarcinoidea, and Birenheide ( 1 9 7 1 ) documents placement of Mime
taster in the Trilobitoidea. 

The Lower Triassic Euthycarcinoidea is considered by some to be the only extinct 
crustacean dass (Moore, z·n Brooks et al. ,  1969 ) .  The indusion of up to four thoracic segments 
under a single tergite is unique within the Crustacea and is surely a specialization. The cephalon 
seems to have the typical crust(j,cean complement of a pair of first antennae, second antennae, 
and mandibles. Eyes are sessile. Preservation is not sufficient to allow judgement concerning 
the form of the first maxilla and sec ond maxilla. All the thoracic limbs se em to be uniramous 
and completely alike. The abdomen is apparently limbless. The existence of this advanced dass 
in the Mesozoic tells us nothing of the origin of the Crustacea. S chram ( 1 9 7 1 )  suggests that this 
group actually belongs to the Trilobitomorpha. 

Of the eight extant crustacean dasses, five have fossil records (Brooks et  al. ,  1 969 ) .  Copepod 
remains are first found in the Miocene. Cirripeds date back to the Upper S ilurian. The oldest 
branchiopods are Lower Devonian. Ostracode valves date from the Cambrian. The earliest 
malacostracan, a phyllocarid, is from the Cambrian ;  eumalacostracans first appear in the Middle 
Devonian. These patchy records (Benson et al . ,  1 9 6 1 ;  Brooks et al . ,  1 969 )  document an early 
Paleozoic or Precambrian origin and Middle Paleozoic radiation of the Crustacea. Unfortunately 
the Cephalocarida is known only from the Recent, although its morphology has a Lower Paleo
zoic cast. The radiation in to the basic extant dasses  had been completed by the Devopian ,  with 
only the date of origin of the maxillopodan dasses Mystacocarida, Copepoda, and Branchiura 
being in serious doubt. 

With the few exceptions to be discussed later, poor preservation of fossil crustaceans 
prevents us from recognizing significant primitive features which are not displayed in living 
forms. The primitive features seen on living animals to be discussed below are well established in 
the carcinological literature and may be found in C alm an ( 1 909 ) ,  Brooks et al. ( 1 969 ) ,  or 
Kaestner ( 1 9 70 ) .  

All have a nauplius or  metanauplius larva in  a t  least some representatives (F ig. 1 ) .  That is, 
the earliest free-living stage is one in which the cephalon bears as few as three pairs of appendages : 
preoral , uniramous first antennae, and postoral , biramous second antennae and mandibles. The 
last may be uniramous in the aberrant ostracods and branchiurans. In metanauplii, rudimentary 
first maxillae may be present. Where present, the photoreceptor is a median naupliar eye. The 
mouth is covered by the posteriorly directed labrum, except in the ostracodes and branchiurans. 
Tliese two exceptions are of no fundamental importance, since the former, although free-living, 
are highly specialized, and the latter are wholly parasitic . The naupliar trunk is undivided or of 
only a few segments. 
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Fig. 2'. Anterior end of the cephalocarid Hutchinsoniella macracantha, ventrai view. Symbols : A 1& 2 '  first and 
second antennae; Md, mandible; Mx 1&2 ' first and second maxillae; T I ' first thoracopod. 

The cephalon of the adult bears five pairs of appendages (F ig. 2 ) : the preoral first antennae 
and sec ond antennae, and the postoral mandibles ,  first maxillae ,  and second maxillae. It is 
important to note that while the second antennae are embryologically postoral ,  they have 
migrated to an essentially preoral position in the adult .  In ostracods the presence of sec ond 
maxillae has been controversial ,  but we agree with Kaestner ( 1 9 70)  that the interruption in the 
developmental addition of limbs has been given undue importance, and consider the first so
called walking limb the sec ond maxilla (Hartmann, 1 966 ,  1 9 6 7 ) .  In many classes, thoracic 
segments may be fused to the cephalon, with their limbs becoming trophic in function. 

In at least the most primitive members of each class, the telson bears a pair of uniramous 
appendages called the caudal furca (F ig. 3 ) .  

The basic postoral limb i s  multiramous. A biramous limb i s  most common (F ig. 4 ) .  Here 
the single exite, the exopod, arises from the sec ond segment of the protopod, the basis. (In 
thoracopods 6-8 ,of the hoplocarid malacostracans, the exopod arises from the third segment of 
the protopod. Hansen ( 1 925 )  used this as evidence for existence of a precoxa. However, it may 
actually be that the three-segmented condition is a result of subsequent subdivision of the basis. ) 
Such a limb is characteristic of second antennae and mandibles, and may be found among 
various postmandibular limbs of all the maxillopodan classes including the ostracods. A biramous 
limb is also characteristic of the malacostracan abdominal appendage. 

In the thoracopods of the cephalocarids, branchiopods, and primitive malacostracans, 
there are additional lateral rami (F ig. 5 ) .  Most characteristic is the epipod, arising from the first 
limb segment, the coxa. This ramus does not stem from the proximal coxal portion of the pro
topod in cephalocarids, but distally, near the exopod. Therefore, it has been called the pseudepipod. 
However, it is sa similar to the undoubted epipod of leptostracans that it seems reasonable to 
conclude its present position in cephalocarids has resulted from a secondary shift. Branchiopods 
may have one or two additional exites. 

The cirripeds, copepods, branchiurans, and mystacocarids are of ten claimed to be a 
phylogenetic unit within the Crustacea called the Maxillopoda (Dahl, 1 956b;  S iewing, 1 963 ;  
Newman, Zullo , and Withers in Brooks e t  al. ,  1 969 ) .  I t  has been sugge sted that !he ostracodes 
may belong to this lineage, as a reduction of the general plan (Dahl, 1 95 6b) . I f  so, the ex tensive 
specialization resulting in the Maxillopoda was at least an ancient feature of crustacean evolution, 
dating to the early Paleozoic. I t suggests a bifurcation which left on the other hand three classes 
(Malaeostraca, Cephalocarida, and Branchiopoda) that are not only primitive in many ways, but 
similar to each other in a num ber of features not shared with the Maxillopoda. Because of the 
general similarity of these three subclasses ( Figs . 3, 5) particularly with regard to their common 
primitive feeding method, which relies on the thoracic limbs (Sanders, 1 963a) ,  we give them the 
collective name Thoracopoda, a term equivalent in rank to the Maxillopoda. 

It has be en frequently argued that the Malacostraca occupy an isolated position within the 
Crustacea (Cannon, 1 9 2 7 ;  Dahl, 1 963 ;  Manton, 1 934;  discussion following S iewing, 1 963 ) .  This 
line of reasoning emphasizes embryological differences in the form of the nervous system and 
compound eye, the fixed position of the gonopores ,  differences in the gut ,  and the presence 
of abdominal appendages. Corollary to this point of view is the conclusion that the Phyllocarida 
are an early secondary specialization (Cannon, 1 9 2 7 ;  Manton, 1 964; for contrast, S iewing, 1963 ) .  
In our view this idea puts undue emphasis on  the caridoid facies (Calman, 1909 ) .  The lepto-
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Fig. 3. Three primitive crustaceans in lateral view : A. The cephalocarid Hutchinsoniella macracantha. B .  The 
leptostracan malacostracan Nebalia bipes (after Calman, 1 909 ) .  C. The notostracan branchiopod Lepidurus 
glacialis (after Calman, 1 909 ) .  In B and C portions of the carapace fold have been removed to show structures 
beneath. Symbols : cp.fo . ,  carapace fold; cd.fu. ,  caudal furca. 

stracan phyllocaridans are too similar in form and function to the cephalocarids (Sanders, 1 963a; 
Hessier, 1 964) for this to be simply convergence. Furthermore it ignores the antecedence of 
phyllocarids to eumalacostracans in the fossil record (Rolfe ,  in Brooks et  al. ,  1 969 ) .  

The body form of maxillopodans ( including ostracodes) is so modified that there is little 
to tell us what the primitive crustacean was like. In the Ostracoda, the profoundly abbreviated 
trunk, the strong serial specialization of the limbs, and the advanced development of the carapace 
fold into valves label this group as morphologically progressive in spite of its ancient age. S imilar
ly, the majority of the Cirripedia are so altered as a result of their,evolution to a sedentary mode 
of life ,  that few primitive features remain. Even the free-living Ascothoracica are advanced 
crustaceans, although as the most primitive order they merit special attention by those study-
ing the origin of Maxillopoda. The Branchiura are apparently related to the cirripeds and the 
copepods, but are quite specialized for the benefit of their ectoparasitic mode of life .  The free
living Copepoda are well known for their relatively primitive head appendages, but the abbrevia
tion of the trunk, with its distinct subdivision into thorax and limbless abdomen is a maxillopo
dan condition which is quite derived. This combination of characters has always lent special 
appeal to the idea that the basic copepodan form, and therefore in part, the basic maxillopodan 
form is a result of neoteny in a malacostracan ancestor (Gumey, 1 942 ) .  The argument of neoteny 
can be applied to the Mystacocarida as well. The seemingly primitive cephalic appendages 
(particularly second antenna and mandible) then, would be simply the retention of basic 
naupliar or metanaupliar morphology.  
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Fig. 4. Biramous crustacean appendages. A, B. Second antenna and mandible of the mystacocarid Derocheilo· 
caris ingens (after Hessier, 1 969 ) .  C. Fourth urosomal limb of the copepod Cy clops bisetosus (after Gurney, 
1 9 3 3 ) .  Note the high degree of similarity of A and B, and their essential likeness to the naupliar appendages 
shown in Fig. 1 .  Symbols : ba. ,  basis; co. ,  coxa; en., endopod; ex . ,  exopod. 

Of the Thoracopoda, the Cephalocarida (F igs. 2, 3, 5) is especially primitive and is suffi
ciently generalized to reflect much of the precursor condition for the other classes, particularly 
the branchiopods and malacostracans (Sanders, 1 95 7 ,  1963a, b) . That is, it is most richly en
dowed with features we are compelled to ascribe to the urcrustacean. Lack of photoreceptors, 
abdominal limbs, and perhaps  carapace is apparently secondary. 

Cephalocarids possess a large number of trunk segments, twenty in number. This trait 
characterizes the malacostracans and branchiopods as weU, the former having 1 5  segments, the 
latter, up to 42 .  Most branchiopods have a much smaller number of segments, but in the Noto
straca supemumerary trunk segments ( and limbs which exceed the number of segments) are 
secondarily derived. That the precursor should have more segments than derivative forms is 
generally accepted, although the condition of the notostracan branchiopods is an exception 
(Calman, 1 909) . The tendency is well shown in the vertebrates, in the annelid-arthropod line, 
in the myriapod-insect line, and in the trilobitomorph-chelicerate line. 

The cephalocaridan trunk displays a high degree of serial homology. Other than the division 
into thorax and abdomen, all the segments are alike. Most significantly, the limbs are also 
essentially alike, except for the eighth thoracic and genital appendage, both of which are greatly 
reduced, in part for reproductive purposes. Even the postoral cephalic appendages share in the 
basic thoracic plan, the sec ond maxill<t being almost exactly the same (F ig. 2 ) .  The first maxilla, 
mandible, and sec ond antenna are very different in the adult, but have l arv al morphologies that 
clearly indicate derivation from the thoracic plan (Sanders, 1963a; Hessier, 1 964) .  

The primitive malacostracans and branchiopods similarly display a high degree of serial 
homology (F ig. 3 ) ,  although in neither is the similarity of head appendages to those of the trunk 
so clearly expressed. As with the cephalocarid, the malacostracan trunk is clearly divided into 
thorax and abdomen, but the malacostracan may be more primitive in that all of its pretelsonic 
abdominal segments ( except the seventh, as se en in the Leptostraca) bear appendages ,  albeit 
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Fig. 5. Derivation of the urcrustacean trunk limb morphology from that of a notostracan branchiopod, Triops 
cancriformis (after Lankester) , a cephalocarid, Hutchinsoniella macracantha (after Hessier) , and a leptostracan 
malacostracan, Nebalia b ipes (after Claus ) . Symbols : ba. ,  basis; C O . ,  coxa; d.s .c . ,  distal setal claws; en., endopod; 
ep. ,  epipod; ex. ,  exopod; pr., protopod. pr.e . ,  protopodal endites. 

ones that differ markedly from those of the thorax. The division into thorax and limbless . ab
domen is well expressed in the notostracans, anostracans , and most primitive diplostracans.  

That a high degree of serial homology in metameric animals is a primitive trait hardly needs 
defense. S erial homology is illustrated by the trilobites and onychophorans, which are the oldest 
and most primitive known arthropods, by annelids, in the evolution of the vertebrates, and 
apparently even in primitive molluscs. 

Did the urcrustaceans have a carapace? There are two alternative views. ( 1 )  (preferred by 
Newman) : The most primitive malacostracans (Phyllocarida, Hoplocarida, and caridoid 
eumalacostracans) ,  branchiopods (Notostraca and Conchostraca) , Cir.ripedia, Ostracoda and 
Branchiura display a carapace fold which develops as an extension of the posterior margin of 
the segment of the second maxilla ( commonly called the maxillary segment) (Fig. 3 ) .  Where 
the carapace is bivalved (Phyllocarida, Conchostraca, Cirripedia, Ostracoda) , it is flexed by a 
carapace adductor muscle located in the maxillary region posteroventral to the esophagus 
(Hessier, 1 964) . On this basis it is reasonable to conclude that the urcrustacean possessed a well 
developed carapace enveloping a large portion of the trunk. ( 2 )  (Preferred by Hessier) : In the 
Cephalocarida (F igs. 2, 3) there is no carapace fold of the cephalon; each thoracic segment 
possesses pleurae which are flexed by a pair of segmentally arranged adductor muscles (Hessier, 
1 964) .  The cephalic shield possesses three pairs of muscles which are homologs to those of the 
thoracic somites : those of the mandibular, first  maxillary and sec ond maxillary segments. The 
latter two pairs are combined into a single major pleural adductor presurnably homologous ( all 
or in part) to the carapace adductor muscle in other classes. If this condition is primitive, as 
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suggested by Hessier, then the urcrustacean had no carapace fold, and the carapace fold of 
other Crustacea must be secondarily and polyphyletically derived. At present we do not have 
sufficient knowledge to determine which of these hypotheses for the carapace is correct. 

Sanders ( 1 963a) documented the essential similarity of feeding function of the thoracic 
limbs in branchiopods, leptostracan malacostracans, and cephalocarids, with the situation in 
the last being most basic of the three .  By means of the metachronal beating of the trunk limbs, 
food is concentrated midventrally. Through action of the protopodal endites, food is moved 
forward to the mouth. In connection with this function, all three taxa have limbs which are 
largely foliaceous, for more efficient maintenance of currents. In all, the protopod and exites 
are quite flattened. In the leptostracans, the endopod is also flattened, but it is probably derived 
from a more stenopodial form (Calman, 1 909) , as seen in the cephalocarids. The cephalocaridan 
mixopodial limb form (Sanders, 1 963a) is the most "primitive trunk limb morphology known 
in the crustaceans and can therefore be tentatively ascribed to the urcrustacean (F ig. 5 ) .  This 
stands in contrast to hypotheses which favor a biramous stenopodial limb ( e.g. S iewing, 1 963 ) .  

Cephalocarids and mystacocarids lack eyes. This i s  related, of course, to  the subsurface 
habitat. Compound eyes are found in all the other classes excep t  for the copepods. Considering 
primitive forms,  they are stalked in malacostracans, and in anostracan and conchostracan 
branchiopods. They are sessile and trilobitan-like in notostracans but this is a secondary 
invagination of stalks beneath the carapace. This may also be the case in the branchiurans (Calman, 
1 909) . In ostracodes and the cypridid larvae of cirripeds, they lie beneath the bivalved carapace. 
In the former the ommatidia appear to be supported on a short, narrow pedicle, but in the latter 
they are not distinctly elevated above the body surface .  In the non-malacostracans then, there 
is the suggestion that the compound eye is basically stalked but the stalked nature becomes 
suppressed with an anterior elaboration of the carapace. I t  would follow that the urcrustacean 
probably had stalked compound eyes ( Fig. 6 ) . 

Both the heart and nerve cord of primitive crustaceans (F ig. 7 )  reflect the high degree of 
serial homology seen in the external morphology.  A tube-like dorsal heart runs the length of 
the thorax and bears a pair of afferent ostia in each segment. The heart is enclosed in a portion 
of the haemocoel set off by the pericardial sep turn. This condition is seen in cephalocarids, less 
advanced branchiopods and malacostracans. In the last, the heart may extend into the abdomen, 
probably in relation to the presence of abdominal limbs, but the number of ostial pairs there 
is u� ... ally reduced. 

Tl ' � ventral nerve cord consists of a pair of longitudinal tracts (F ig. 7 ) .  In each segment 
they are connected by two commissures and are invested by paired ganglia. The commissures 
for the postoral cephalic appendages run posterior to the esophagus,  and the ganglia for the 
postoral segments are discernible from each other. 

The gut is tube-like, but with a pair of digestive glands emptying into the midgut at its 
junction with the foregut (F ig. 7 ) .  The foregut curves up from the mouth and then passes 
posteriorly (Dahl, 1 9 5 6a) ; otherwise, the gut is straight. In malacostracans, ostracodes and 
cirripeds there may be a stomach, but this we regard as a secondary elaboration. The presence of 
digestive caeca in cephalocarids, branchiopods, malacostracans, and cirripeds suggests that these 
are fundamental structures. 

Excretory and reproductive glands are the last coelomic remnants. The former are located 
at the bases of the second antennae and/or the sec ond maxilIae (F ig. 7 ) .  Sanders reports both to 
be functional in the adult cephalocarid, although the maxillary gland is much the larger. 

The features discussed above are, in our opinion, reasonably ascribed to the primitive or 
urcrustacean. To summarize, the urcrustacean appeared as follows (F igs. 5-7 ) : The cephalon 
bore first antennae, sec ond antennae, mandibles, and two pairs of maxillae . The sec ond antennae, 
while essentially postoral , had lost feeding function in the adult and had gained sensory capa
bilities. Their job of directing food under the labrum was taken over by the mandibles and first 
maxillae, the extent of whose alteration for this purpose is conjectural. The second maxillae , 
although attached to the cephalon, retained thoracic functions. The trunk was many-segmented, 
with most of the segments bearing limbs. All postantennal segments exhibited a high degree of 
serial homology in regard to morphology and functions of body shape,  limbs, heart, gut, and 
nerve cord. Postoral limbs were multiramous mixopodia, with flattened protopod, foliaceous 
epipod and exopod, and stenopodial endopod. Metachronal activity of postoral limbs resulted 
in concentration of food along the ventral midline, which in turn was passed forward to the 
mouth by protopodal endites. These same limbs also participated in locomotion and respira-
tion. The mouth was directed posteriorly and was floored by a posteriorly directed labrum. If a 
carapace fold was not developed, all thoracic segments would have had weU developed pleurae .  
The compound eyes were stalked. The first free-living stage was a nauplius larva. 
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Fig. 6. The urcrustacean. A. Ventral view. B .  Oblique dorsal view showing the hypothetical condition where 
a carapee fold is absent, and each anterior trunk segment possesses pleurae. C .  The urcrustacean as it would 
look if a carapace fold covered the anterior portion of the trunk. 

Fig. 7. The urcrustacean. Midsagittal section through the cephalon and the first three thoracic segments . 
l'feither the museulature nor the reproductive organs are included. The dashed line above the thorax represents 
the position of  a possible carapace fo ld. Symbols : A I&2 ' first and sec ond antennae; Md, mandible; MXI&2 ' first 
and second maxillae; TI _ 3 , first three thoracopods; A2 g. ,  antennal gland; fg. ,  foregut; h . ,  heart; 1 . ,  labrum; 
mg. ,  midgut; mg.c. ,  midgut caecum; MX2 g. ,  maxillary gland; n .c . ,  nerve cord; sLe . ,  stalked compound eye. 
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ORIGIN OF THE CRUSTACEA 

With this hypothetical urcrustacean in mind, we may now attempt to deduce what its progenitor 
might have been like. There are but two possibilities - either the urcrustacean descended 
directly from the Annelida, or it evolved from a pre-existing arthropod stock. There are no 
appropriate annelids, living or fossil , for one to use as models in understanding the derivation 
of urcrustaceans as envisaged here. Furthermore the urcrustacean diseussed above, although 
generalized, is clearly a fully developed arthropod. At its inception the urcrustacean had jointed 
appendages, a midventral feeding mechanism formed by the limb bases, and well developed 
limb mouthparts. These features preclude a direct annelid derivation - there must have been 
some intermediate arthropod form. Among the arthropods, the Triolobitomorpha (sensu S tørmer, 
in Harrington et al. ,  1 959 ) ,  while differing from the crustaceans on a number of counts, bear 
many similarities, and it is therefore necessary to look critically at the possibility that it is from 
within this group that the antecedents of the Crustacea are to be found. 

The general facies of the urcrustacean body, with or without carapace fold, is �ell represented 
among the Trilobitomorpha. The condition of the most primitive trilobites, the Olenellidae, is 
quite similar ( Fig. 8 ) .  Here the development of an axis with pleural expansions is characteristic 
of the cephalon and much of the trunk, although the strong development of the trilobite axial 

Fig. 8. The Lower Cambrian trilobite Olenellus vermontana (after Walcott, 1 9 1 7 ) .  Symbols : Te, telson; se. e . ,  
sessile compound eye. 

446 



furrows would not have been a feature of the progenitor of the urcrustacean. Interestingly, the 
olenellid trunk terminates in a few segrnents that lack extensive pleurae, much as in a crustacean 
abdomen. There is no pygidium. 

Within the Trilobitomorpha the mouth is posteriorly directed because it is covered ventrally 
by a posteriorly directed labrum (= hypostome) ( Fig. 9 ) .  The gut is a straight tube ,  but with 
midgu t diverticula. 
branched appendages. The latter are basically like the appendages of the thorax, thus forming a 
repetitious series that changes little from end to end. The telson bears a caudal furca ( Fig. 9 ) .  

In the basic trilobitomorph type,  best represented b y  the Trilobita but also most common 
among trilobitoideans,  food must be gat her ed by the postoral cephalic-trunk limb series by means 
of metachronal activities. It is then passed forward to the mouth along the ventrai midline between 
the limbs, most of ten via manipulation of the basal endites .  

The arguments for the above attributes of the urcrustacean have already been made in  the 

Trilobitomorphan 

Onychophoran 

Fig. 9. Comparison of the urcrustacean to a trilobitomorph, Olenoides serratus (after Harrington, 1959 ) ,  and 
an onychophoran, Peripatoides novae-zealandiae (after Snodgrass, 1 9 3 8 ) .  The arrow shows the direction of 
feod trav elling to the mouth. Symbols : hy. ,  hypostome; 1 . ,  labrum. 
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section on the morphology of the primitive crustacean.  The trophie features with which we endow 
the trilobitomorph progenitor still need clarification. Our belief in the possibility of gnathobasic 
manipulation will be taken up in the section on J aw Structures (p. 45 3 ) .  The dorsolateral food 
channel suggested for trilobites by Bergstrom ( 1 969 )  can hardly apply in pleuraeless types like 
Marrella (Whittington, 1 9 7 1 ) .  Only midventral transport between the limbs ( Stlirmer & Bergstrom,  
1973 )  satisfies all knowll morphologies. I t  also avoids the awkward problem of efficient transfer 
from epipods to the mouth. 

That food must have be en gathered by postoral limbs is simply based on the posteriorly directed 
orientation of the mouth and the absenee of anteriorly directed trophie structures.  The use of 
a long series of such limbs rather than just those of the cephalon is suggested by the lack of 
serial differentiation, a condition which would surely not have evolved if the re were any mark-
ed partitioning of limb function. The likelihood of a metachronal activity is based on the 
almost universal existence of such behavior when movement of a long series of similar s truc-
tures is involved. Many Burgess Shale trilobitoids have some cephalic appendages which are 
clearly developed for approaching and handling food directly from the front. Assuming the 
Trilobitomorpha are not in themselves polypheletic, it  is reasonable to conclude that this pre
surnably predacious morphology is derived from the more generalized type seen best in the 
trilobites. Thus, we regard posteriorly conducted trunk limb feeding as being basic within the 
Trilobitomorpha. 

The strength of these similarities is heightened by comparison with the primitive attributes 
of the onychophoran-myriapod line (F ig. 9 ) .  Here there is no trilobation in the broad sense. 
There is no labrum, and the mouth is directed forward. The gut lacks diverticula, at least 
primitively.  The postoral limbs are uniramous and lack endites .  Only those few appendages 
that are specifically cephalized are used in feeding, and the food is approached from the front. 

Onychophoran-myriap od features which are common with those of the trilobitomorph
crustacean are the first antennae and possible caudal cerci. The value of these features as in
dices of affinity are of course thus diminished. S imilarly , metachronal activity within a long 
series of similar trunk liinbs is no more than a functional necessity . 

Even considering these deletions, the suite of similarities which characterize trilobito
morphs and crustaceans stands as compeIling indications of their affinity. It should be empha
sized that the mode of postoral feeding with which we endow the trilobitomorph-crustacean is 
unique to that arthropodan branch, which includes the chelicerate line as weU. It is not only 
absent in the onychophoran-myriapod-hexapod line , but does not occur in any known annelid 
or minor vermiform phylum, and it is from annelidan-like ancestors that the arthropods are 
generally considered to have evolved. In view of the uniqueness of this mode of life, its presenee 
surely conveys the likelihood of a common phyletic bond. 

However, as already indicated, both Størmer ( 1 933 ,  1 939 ,  1 942,  1 944) and Manton (in 
Brooks et al. ,  1 969)  have noted differences which at the time they regarded as so profound as 
to render any similarity between crustaceans and trilobitomorphs the result of convergence. 

THE ARGUMENTS AGAINST CRUSTACEAN-TRILOBITOMORPH AFFINITY 

Trilobation 

Trilobation involves the division of the body into an axial portion containing the vital organs, 
and a pair of lateral outgrowths, the pleurae, which cover the limbs and which may house the 
glandular tissue (reproductive, digestive ,  and/or excretory) .  

S tørmer ( 1944, 1 95 1 )  lists trilobation of the tergum as  being a feature of significant 
similarity between trilobites ,  xiphosurans, and many trilobitoideans. He points out that this 
morphology is not characteristic of the Crustacea. 

The validity of this statement is unchallenged regarding the homology of trilobation in 
trilobites and xiphosurans, particularly the aglaspids. However, while this feature may be 
atypical of crustaceans, it is at least characteristic of the most primitve known forms, the 
cephalocarids, whose cephalon and thoracic segments are each supplied with extensive pleurae. 
That the elaboration of pleurae do es not result in dorsally expressed trilobation is of minor 
importance; the required parts are present. Many trilobitoideans (Sidneyia, Burgessia, Waptia, 
Marrella, Yohoia) lack an axial furrow, or even lack pleurae (F ig. l OA) .  

! f, on  the other hand, the urcrustacean possessed a carapace, with the cephalocaridan con-
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Fig. 1 0. Three of the Trilobitoidea, to illustrate some of the range of morphologies within the Trilobitomorpha. 
A. Marrella splendens (after Whittington, 1 9 7 1 ) .  B .  Waptia jieldiensis (after Stormer, 1 944) . C. Cheloniellon 
calmani (after Størmer, 1 9 44 ) .  Symbols : A2 , second antenna; T l

' 
first trunk appendage; gn., gnathic basal 

endite;  st .e . ,  stalked compound eye. 

dition being secondary, then the crustacean ancestor may have been related to one of the more 
derived carapace-bearing trilobitomorphs, the "pseudocrustaceans" of the Burgess Shale. One 
such form, Waptia, possessed other crustacean features ,  such as second antennae and stalked 
eyes (Fig. 1 OB ) . Thus, the presence of pleurae versus a carapace fold in the urcrustacean bears 
mainly on where within the trilobitomorph radiation the crustacean could have appeared. 

Postoral cephalic somites in larva and adult 

It has been generally agreed that the basic number of postoral cephalic appendages, and there
fore the number of postoral somites in trilobites was four (Raymond, 1 920 ;  Walcott, 1 9 2 1 ;  
Snodgrass,  1 938 ;  Størmer, 1 95 1 ,  in Harrington e t  al. ,  1 959 ) .  The presence o f  only three in 
Phacops and Asteropyge (S tUrmer & B ergstrom, 1 9 73 )  is considered a secondary reduction 
(Bergstrom, 1 9 73 ) .  The cephalon of the protaspis, the earliest knowri larva of the trilobite, 
usually consists of five discernable somites, as indicated by transverse furrows in the axial 
cuticle (Størmer, 1 942;  Whittington, z·n Harrington et al. ,  1 959 ) .  The developmental fate of 
these somites in combination with the evidence from adult limb counts suggests that the basic 
number of postoral somites in the protaspis was also four. 

The fact that the adult crustacean also possesses four postoral cephalic somites is a strong 
argument for affinity between these two groups. However, S tørmer ( 1 944) considered the 
basic number in crustaceans to be two because of the num ber of naupliar appendages and be
cause in at least one crustacean (Hemimysis) the primary, nonteloblastic mesoderm includes 
only two postoral somites. 

It is true that the nauplius has only two pairs of postoral appendages ,  the second antennae 
and mandibles. However the mesoderm of the two maxillary segments is already present in the 
nauplius, as shown in cirripeds and branchiopods (Anderson, 1 965 ,  1 96 7 ) .  In the cirriped lb la 
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(Anderson, 1 965 )  and the malacostracan Leander (Sollaud, 1 923 ) ,  the maxillary mesoderm is 
probably primary, that is ,  not of teloblastic origin, but in the malacostracan Hemimysis lamor
nae it is a product of the mesodermal teloblast (Manton, 1 928 ) .  In the branchipods Limnadz"a 
and Artemia even some of the anterior thoracic somites se em to differentiate from non tel 0-
blastic mesoderm (Anderson, 1 96 7 ) .  This variation shows that the number of somites appearing 
before activation of the mesodermal teloblast is not of gre at phylogenetic significance .  

Regardless of i t s  embryogenesis, the naupliar cephalon does possess the mesoderm of the 
full complement of four postoral cephalic segments. Thus, the difference between protaspis 
and nauplius is not the number of cephalic segments, but only the degree to which they are 
developed. The evidence that all the protaspid postorai cephalic segments are well differenti
ated seems adequate, but there is still no information on whether all these segments bore limbs 
at this early stage. I t  may well have been less than the adult number, as is the case in the 
nauplius. On the other hand, it has also been suggested (Sollaud, 1 923 ;  Gumey, 1 942)  that the 
nauplius is a derivative specialization of a precursor larva that had more cephalic limbs, such 
as the protaspis. 

As Manton ( 1 964) has shown, Snodgrass ( 1 938 )  was in error in considering the basic 
anostracan head to have only one postoral segment. The cervical groove in branchipods is not 
an extemal expression of the junction of the maxillary region with a primitive cephalon that 
carried only two postoral segments , but is merely a structural bar which aids the functioning of 
the mandible. No adult crustacean gives cause to suspect that the basic cephalon ever included 
anything fewer than four postoral segments. 

In the final analysis, these arguments about the similarity between cephalic somite counts 
in crustaceans and trilobites may largely be irrelevant. What is important is the similarity be
tween crustaceans and trilobitomorphs as a whole , not simply the trilobites sensu strz"cto" The 
trilobitomorphs show a great range in the num ber of postoral cephalic somites. For example, 
there is one in Marrella (Whittington, 1 9 7 1 ) ,  three in Leanchoilia (S imonetta, 1 9 70; Bruton, 
in prep . ) ,  and five in Emeraldella (S imonetta, 1 9 64; Bruton, herein ) .  Finally , eisne ( 1 9 7 3  and 
in prep . ) ,  has found that Triarthrus, representing the basic trilobitan stock, has only three posto
ral cephalic limbs , not four as it was always thought. Thus, even the basic count for trilobites 
needs to be reconsidered. 

Compound eye 

Manton ( 1 963 ) ,  in enumerating the major arthropodan structures which are thought to be con
vergently evolved, notes that the compound eyes in those crustacean classes that have them 
(malacostracans, cirripeds, ostracods,  branchiurans, and branchiopods) are not exactly the same, 
and that copepods show no evidence of having ever lost them. She concludes that the urcrust
acean lacked compound eyes,  which therefore evolved more than once within the superclass. 

I f  neoteny is the organizing principle around which the origin of copepods is centered 
(Gumey, 1 942) ,  one would expect that the eyes as weU as the body plan might be involved. 
That is, copepods retain the larval eye, the compound eye common to the maxillopodan 
ancestor simply having been lost through neoteny. The evidence for copepods then does not 
seem sufficient to justify Manton's conclusion. 

More serious is the question of difference between compound eyes in crustaceans (Dahl, 
1963 ,  and the following discussion; Elofsson & Dahl, 1969 ) .  These need not indicate inde
pendent evolution, but rather lead one to question what kind of compound eye might have 
been present in the ancestor. 

The malacostracan eye, with chiasmata and meduUa intema in addition to the structures 
seen in the branchipod eye, is the more highly evolved. It is claimed that the gulf between the 
two types is deep , but the leptostracans give some hint of intermediacy (Elofsson & Dahl, 1 969 ) .  
Here the medulla interna i s  not  developed, but  a projection of the medulla terminalis may be  
its equivalent. This i s  highly suggestive in  view of the fact that the meduUa intema of eumala
scostracans is embryologically derived from the medulla terminalis. While these considerations 
do nothing to reveal the origin of chiasmata, the y at least show us that the unbridgeability of 
evolutionary gaps is of ten more apparent than real .  

Pre oral limbs 

The number of antennae has been considered a feature which distinguishes crustaceans from 
trilobitomorphs; the former has two preoral pairs, and the latter has but one. A few crustaceans 
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have less than two pairs, but this has come about through reduction and is of  no importance 
here. On the other hand, certain of the Trilobitomorpha (e .g. Marrella) have an additional pair 
of appendages resembling antennae, but these are postoral in position (S tørmer, in Harrington 
et al. ,  1 95 9) .  Actually, then, two pairs of antennae may appear in the Trilobitomorpha as weU 
as in Crustacea (Fig. l OA) . The only distiriction between the two is the postoral position of the 
sec ond antenna in the former group. 

In the fundamental crustacean larva, the nauplius, the second antennae are also postoral 
in position ( Fig. l ) .  In addition, they have a part for part correspondence with the foUowing 
pair of appendages, the mandibles, and are not antenniform at all .  In those nauplii that feed 
they are provided with gnathobasic endites (F ig. 1 ) ,  as may be the mandibles ,  and both pairs of 
appendages are utilized in pushing food under the labrum to the mouth ,  as weU as in loco
motion. As  ontogeny progresses the naupliar postoral antennae, while retaining their nervous 
connections with the postoral tritocerebrum, shift forward to a preoral position. Here , 
having become antennular in function, they are no longer involved in feeding, and the mandibles 
become the first postoral appendages.  

What is the significance of the naupliar condition? While we do not know the appendages 
of the trilobite protaspis, they must have be en present for locomotion and feeding, and there 
is no reason to suspect the y were arranged much differently than in the adult, Since the nauplius 
has the primary head appendages of the trilobite, the naupliar arrangement must also be comp
arable to that of the protaspis. Thus, the ontogenetic postoral to preoral shift of the second 
antennae must certainly represent a recapitulation of crustacean evolution. 

Postoral lz"mbs 

Of all the features that have been used to separate the crustaceans from the trilobitomorphs, 
most important are the differences between their biramous postoral limbs. The trilobitan limb 
consists of a main ambulatory shaft, the telopod, with an exite arising from the proximal seg
ment. S tørmer ( 1 939 ,  1 944, in Harrington et al. ,  1 959 )  claims the point of origin of the exite 

o 

O 

Urcrustacean 

o 

O 
Triarthrus eatoni, 

according to 

Størmer, 1 939 

Triarthrus eato n i ,  

according t o  Cisne, 1973 

6 
7 

tel. 

Fig. 1 1. Comparison of the urcrustacean trunk limb to two interpretations of the trilobitomorph limb as 
seen on the trilobite Triarthrus eatoni. The numbers count the segments of the inner ramus (endopodjtelopod) . 
Each limb is labelled according to the appropriate author. We suggest a possible homology between the distal 
claws of the urcrustacean and the seventh telopodal segment of Triarthrus. Symbols : co . ,  coxa; d.s .  c., distal 
setal claws; en., endopod; ep., epipod; ex. ,  exopod; exi. , exite; pr., protopod; preco. ,  precoxa; tel. , telopod. 
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is a small ring proximal to the large coxa. He called this segment the precoxa and therefore 
labelled the exite the pre-epipod (F ig. 1 1 ) .  Størmer does not document the existence of an 
articulation between precoxa and coxa. Furthermore, the presence of a precoxa is strongly 
claimed on ly in Ceraurus ; its existence is only suggested for Neolenus, Triarthrus, and Crypto
lithus. The validity of an independent precoxa has been questioned by Garstang ( 1 940) ,  Calman 
( 1 939 ) ,  Snodgrass ( 1 956 ) ,  and Sanders ( 1 9 5 7 ) .  Recently, Cisne ( 1 9 7 3  and herein) has restudied 
the limb of Triarthrus eatoni. He finds no precoxa and interprets the epipod as inserting mid
way along the outer edge of the coxa, not proximally. Thus, there is litde reason to consider 
this structure characteristic of the trilobitomorph limb. Rejecting the precoxa as being ill
proven, we subscribe to the idea that the exite arose from the coxa. Thus,  the exite should be 
considered an epipod. 

It  is the crux of S tørmer's argument that, whether pre-epipod or epipod, the exite cannot 
be homologous to the crustacean eXDpod because the latter arises from the second segment of 
the limb, the basis. In all discussions of the possibility of independent origin of the Crustacea 
and Trilobitomorpha, this has been a prime consideration. 

Calman ( 1 939)  and Sanders ( 1 95 7 )  minimize this difference by suggesting that the basal 
segment in the trilobitan limb is a protopod or sympod composed of combined coxa and basis. 
In this context the exite could be considered an exopod as in the crustaceans. Calman points 
to the not uncommon occurrence of such a condition in crustaceans. S tørmer ( 1 944) counters 
Calman by disbelieving that a protopod would be reduced to so small a segment as is the trilo
bitan precoxa, and by pointing to Hansen's ( 1 925 ,  1 930)  claim that the primitive crustacean 
limb base consisted of three segments (precoxa, coxa, basis) , not one (protopod) . S tørmer 
goes on to point out that the structure he is calling a coxa would be an ischium in Calman's 
interpretation. Not only would this be unusually large for an ischium, but it would give the 
primitive endopod eight segments, two more than in any known crustacean. However, Calman's 
wording leads us to believe that he doubted the validity of the precoxa as an independent seg
ment at all . Thus he would not have accepted the statements S tørmer regarded as corollary to 
his view. 

Sanders ( 1 9 5 7 )  emphasizes that the cephalocarid thoracic limb (Fig. 5) has an undivided 
protopod and therefore conforms to the trilobitan condition. This interpretation minimizes the 
distal origin of the exit es from the cephalocarid protopod in contrast to the proximal origin in 
trilobites ,  and suggests that it is a question of relative growth patterns causing the position of 
the exite to shift .  

However, while the cephalocarid thoracic protopod is not sharply demarked into cox a and 
basis, there is a line of preferential bending which subdivides it into nearly equal distal and 
proximal portions. This zone is expressed by indistinct furrows in the cuticle (Sanders, 1 9 5 7 )  
and by the limb musculature (Hessier, 1 964) . In the activity o f  the animal, the limb i s  usually 
flexed along this zone, and in preserved specimens, the protopod is of ten bent. Thus the proto
pod of thoracic appendages and the second maxiIla is divisible into coxa and basis , with the 
basis bearing both exopod and "pseudepipod".  In the second antenna, mandible , and first 
maxilla the coxa and basis are distinct and articulated segments. Here the single exite is on the 
basis. One mus t conclude that if the ancestor of the crustacean had an undivided protopod, it 
was at a grade of development more primitive than that of the Cephalocarida. The trilobito
morphs fill this category. 

There is some evidence regarding the question of whether the position of the exite can 
shift as Sanders suggests. The thoracic limb most similar to that of the cephalocarid is seen on 
the Leptostraca (F ig. 5 ) .  They both have foliaceous exites and a multisegmented endopod. The 
similarity in the function of their limbs plus the many similarities between these taxa in other 
respects makes certain the basic homology in these thoracic limb structures. However, in the 
leptostracan protopod, which is faindy but unequivocally divided into coxa and basis, the 
proximal exite stems from the coxa and is therefore a true epipod. Because this ramus is 
apparently a homolog of the cephalocaridan pseudepipod, it follows that the "p seudepipod" 
has secondarily migrated distally. S imilarly , the mandibular palp is known to have shifted 
onto the labrum in thoracican cirripeds, and branchiae have shifted onto the body wall in 
decapods. Thus, Sanders' hypothesis that the different position of the exite in trilobites and 
crustaceans is only a function of differential growth is reasonable. 

Yet another possible way in which trilobitan and crustacean limbs may be related empha
sizes the crustacean epipod. The presence of this exite in cephalocarids, malacostracans , and 
branchipods suggests the presence of an epipod on the urcrustacean limb. If  so, then the 
homologization with the trilobitan epipod is direct. Complications with this hypthesis are 
twofold. First, the complete lack of an epipod in the Maxillopoda may mean that this exite is 
not primitive, but a specialization of the thoracopodan line . Second, if primitive, it means the 
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basic crustacean limb was multiramous, a situation unknown in trilobitomorphs. I t  is our 
view that the maxillopodan condition is derived, as are so many other maxillopodan features. 
Thus,  we must contend with the problem of the multiramous limb. 

The trilobitan telopod (= inner ramus distal to the coxa) is daimed to consist of a con
stant seven segments (S tørmer, 1 939 ) .  Størmer finds a similar or easily derived segment count 
in chelicerates, but not es that in crustaceans the endopod has generally five segments, one 
fewer than in trilobitomorphs if one takes the segment distal to the trilobitan coxa to be  the 
basis. Sanders ( 1 95 7 ) s tated that the cephalocarid endopod also had seven segments, but this 
assumed the second of the three distal daws was a segment, which proves not to be the case 
(Hessier, in Brooks et al. ,  1 969 ) .  Whittington ( 1 9 7 1 )  reports six segments in the trilobitomorph 
Marrella, because he considers the distal daw to be merely a seta, as in the cephalocaridan situ
ation. If the distal segment of the trilobitomorph limb (pretarsus) did prove in general to be 
only a seta, and if the most proximal segment ( "coxa") was homologous to the crustacean pro
topod, then the trilobitomorph telopod would have the same six segments seen in the cephalo
carid endopod (Fig. 1 1 ) .  Manton ( 1 969) minimizes the phylogenetic significance of segment 
number in the endopod/telopod, stressing the ready response of limbs to changing functional 
needs. The variability of endopodal segment num ber between crustacean dasses illustrates this 
point, although the rather constant composition of the eumalacostracan thoracic endopod 
shows that the need for change may be balanced by a basic conservatism. 

Størmer ( 1 93 1 , 1 944, in Harrington et al. ,  1 959 ) ,  foUowed by Manton (in Brooks et al. ,  
1 969 ) ,  emphasizes the uniqueness o f  the flattened filaments of the trilobitan epipod which 
have no easy counterpart in the Crustacea. However, not all trilobitomorphs have this structure. 
The foliaceous epipod of Malaria and Emeraldella ( Simonetta, 1 964)  is fringed with setae in a 
manner most reminiscent of the cephalocaridan condition ( see addendum) .  

jaw structures 

Størmer ( 19 3 9, 1 944, 1 95 1 )  has made much of his interpretation that trilobites lack any sort 
of jaw structure. He daims that the postoral cephalic appendages are essentially like the post
cephalic limbs ,  and the limb origins are so far lateral that the medial edges of the coxae could 
not meet at the ventral midline . This would contrast strongly with the Crustacea, where the 
presenee of a mandible is characteristic and where primitively trunk limbs pass food forward 
to the mouth through manipulation by opposing protopodal endites .  

The supposed absenee of mandibular structures in trilobites is no impediment to phylo
genetie relationship to the Crustacea. What is important is that trilobitomorphs in general must 
have carried food forward via gnathobases along the midline (Bergstrom, 1 9 7 3 )  and had a 
capacity to form jaws. 

Cisne ( 1 9 7 3  and herein) reconstructs Triarthrus eatani as having weU developed enditic 
lobes on all the postoral limbs (Fig. 1 1 ) ,  and those of the cephalon even show slight modifica
tion as mouthparts .  This stands in strong contrast to S tørmer's ( 1 939 )  interpretation. I t  agrees 
with that of Raymond ( 1 920) , who ascribes enditic lobes to trilobites in general. S imonetta 
( 1 962 ,  1963 )  reconstructs the limbs of Marrella and Sidneyia as having enditic proeesses on the 
coxa, although Whittington ( 1 9 7 1 )  disagrees regarding the former. As the morphology of the 
other trilobitomorphs becomes better known, other examples may emerge .  

The capacity to form jaws is demonstrated by the xiphosurans, on which they are weU 
developed (Manton, 1 964) . Here, all the prosomal appendages are capable of dose midline 
interaction. If the xiphosurans are derived from the trilobitomorphs, it must foUow that either 
some trilobitomorph developed the capacity for gnathobasie mastication, or that trilobito
morphs in general already had this capaeity. Furthermore, the trilobitomorph Cheloniellon 
(Fig. I OC)  gives direct evidence that some trilobitomorphs had evolved j aws. Here, the first 
four pairs of postoral limbs have weU developed gnathobases. S turmer and B ergstrom ( 1 9 73 )  
endow the trilobite Phacops sp . with more than one pair of strong gnathobasie jaws. 

In her elegant study of mandibular mechanisms, Manton ( 1 964) has decisively shown the 
lack of homology between the crustacean and hexapod mandibles ,  thus deriving critical 
evidence for the artifieiality of the taxon Mandibulata. At  the same time she shows that there 
are fundamental differences between the biting mechanisms of xiphosurans and crustaceans, 
in spite of the faet that in both cases the coxa of the limb is the structure involved. In 
cruståceans , biting is supposedly achieved through modification of the promotor-remotor 
movements of the preeursor ambulatory limb.  Opposite to this is the eondition of L imulus, 
where biting results from direct transverse movements totally divorced from ambulatory be-
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havior. Manton ( 1 964 : 1 00)  concluded that "this , and the associated morphology,  must surely 
mean that the merostome and crustacean gnathobases have been independently acquired as a 
paraUel evolution not indicative of affinity".  _ 

While we will not argue about the gre at differences between xiphosuran and crustacean 
mandibular mechan; sms, we do not see that this constitutes evidence for the independent and 
totally separate origin of the Crustacea. There is no question that the chelicerates and crustaceans 
are not directly related, but this does not preclude the possiblity of a common ancestrai stock 
which used gnathobases in feeding. Fossil evidence indicates a rather direct lineage from trilo
bites or related trilobitoids to xiphosurans via the aglaspids (Størmer, 1 944) .  Manton ( 1 964 : 
1 00)  states, "if a common basis for the limulid and crustacean gnathobasic mechanisms had 
ever existed, it could only be sought for in a small arthropod possessing no basal articulations 
to its limbs, an undifferentiated link by arthrodial membrane permitting a variety of slow 
movements by promotor, remotor, and abductor muscles. " There is no solid information on 
trilobite musculature, but there is every reason to believe her criteria for the cuticle are satis-
fied quite weU by trilobitomorphs. The ventral integument is very rarely preserved, and then 
only faintly (S tørmer, 1 939 ) .  It must have been very thin and flexible. Such a cuticle floored 
not only the axial lobe, but the medial half of the pleurae as weU. This encompasses the entire 
area that gave rise to the liinbs .  Thus there is every reason to believe that the trilobitomorph's 
limbs were flexibly attached to the body (Cisne, 1 9 73 ) .  With this type of flexible limb attach
ment in mind, the fact that trunk limb endites do not meet at the midline in reconstructions 
of some fossil forms (S tlirmer & Bergstrom, 1 9 73 ;  S imonetta, 1 962 ;  S tørmer, 1 939 )  does not 
preclude their ability to interact as a result of dynamic muscular control in the living animal. 
In view of the complete lack of contrary evidence ,  there is no reason why the Trilobitomorpha 
could not have given rise to both types of mandibular motion. 

The pleural origin of limbs in xiphosurans (Manton, 1 969 )  has no bearing on the issue at 
hand, since as far as we know, the origin of the trilobite's limbs was ventral or only moderately 
ventrolateral. 

Digestive trac t 

The digestive system of the Chelicerata is characterized by extensive and_highly ramified pairs 
of digestive diverticula stemming from the midgut. Dendritic impressions of internal soft parts 
on the pleurae of trilobites have be en interpreted as digestive diverticula a aekel, 1 9 0 1 ,  Opik, 
1 9 6 1 ) .  In Burgessia and Naraoia the glands themselves have left fossil imprints. From this, 
S tørmer ( 1 944) and others conclude that the gut of chelicerates and trilobitomorphs is basic
ally the same. 

S tørmer further points out that as a characteristic feature, highly ramified diverticula are 
limited to those taxa, perhaps in conjunction with the lack of true jaws. In his view, while 
similar structures may be found in parasitic copepods and ascothoracians, they are the excep
tion in crustaceans. This feature, then, would join the list of  differences. Sanders ( 1 95 7 )  agrees 
with S tørmer's functional interpretation, and on those grounds regards the difference as trivial 
in view of the unquestioned evolution of the crustacean mandible from a nonmandibulate 
ancestor. However, xiphosurans are not truly jawless. They triturate food with their coxae and 
in contrast to nonmerostome chelicerates ,  swallow large chunks which are further reduced by 
a gastric mill. 

A point of some significance that is lost in these discussions is that a pair or more of mid
gut diverticula is actuaUy characteristic of crustaceans, being typical of branchiopods, cirripeds, 
malacostracans, and cephalocarids. This stands in contrast to the Onychophora and basal Myria
poda, where they are lacking. Thus, the presence of midgut digestive diverticula is a feature 
that relates crustaceans and trilobitomorphs rather than separates them; they differ only in the 
degree of ramification. 

Telson 

As one last potential difference between trilobitomorphs and crustaceans, we note S tørmer's 
( 1 944) comment that while the styliform telson is characteristic of trilobitomorphs, it is not of 
crustaceans. That this structure is not of great significance is seen from its absence in the trilo
bitomorphs Sidneyia, Marrella, Waptia, Cheloniellon, Yohoia, and others (F ig. 10 ) .  
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Burgess Shale and o ther trilo b itom orphs 

The diverse arthropodan fauna of the Middle Cambrian Burgess Shale has always played an 
important part in considerations of crustacean and trilobite phylogeny. Prior to S tørmer's 
s tudies, it was generally agreed that many of the Burgess Shale genera were crustaceans because 
of their close similarity to crustacean facies. Hym enocaris (=Canadaspis) looked like a phyllo
carid; Waptia is strikingly like a natantian decapod; Burgessia resembles notostracan branchio
pods, while L eanchoilia and Opab inia resemble anostracans; Marrella has a generally crustacean 
appearance, even bearing what may be  called a second antenna. 

S tørmer ( 1 944) studied the limbs of these genera and concluded that they were basically 
like those of trilobites. In view of the seemingly unbridgeable differences that separated the 
trilobite and crustacean limbs, he concluded that the similarities in body form were convergent
ly evolved. Tiegs and Manton ( 1958 )  are reluctant to discredit the remarkable resemblances as 
being simply convergence. But later Manton (in Brooks et al. ,  1 969 ) ,  agreeing with S tørmer on 
the limb issue and concluding an independent origin of the Crustacea, must have regarded 
crustacean similarities in the Burgess Shale fauna as convergence.  

The real significance of the Burgess Shale and Devonian "pseudocrustaceans" is not in 
whether they establish firm linkages between trilobites and crustaceans, but in the fact that 
they demonstrate a portion of the range of morphology that trilobitomorphs were capable of 
attaining. The trilobite facies was only a small stereotyped part of this gre at  range. The trilo
bitomophs encompassed a large number of the body forms also se en in crustaceans today. 
They showed that the trilobitan postoral limbs were not rigidly confined to a single morpholo
gy, but differed from gro up to gro up and even along the length of a single animal. As seen in 
previous pages, this taxon displays a range in the number of postoral cephalic somites ,  the 
development of a carapace or pleurae, and in the form of the telson and compound eye. In 
each case, this range easily encompasses the primitive crustacean morphology and offers cause 
to suspect affinity.  

It should not surprise us that the fossil record had not yielded taxa actually on the stem 
line of the crustaceans. The urcrustacean was probably small and ill-suited to fossilization 
(Tiegs & Manton, 1 958 ;  Sanders, 1 95 7 ) .  The preservation of the Burgess Shale fauna was an 
extraordinarily rare event,  and it is likely that it gives us only a fraction of the taxa that actually 
lived in the Cambrian. 

CONCLUSIONS 

Of the reasons which have be en offenid in defense of indep endent origin of trilobitomorphs 
and crustaceans, only the following se em to present real or potential support for this view. The 
basic crustacean limb is not just biramous, but actually multiramous. There is no substantial 
evidence to show that the trilobitomorph epipod is homologous with the crustacean exopod, 
although the crustacean epipod may fill this gap . 

As evidence for a common origin of the two taxa there is a common general appearance 
which included trilobation, the same organization of mouth and digestive tract ,  and a common 
mode of feeding conducted by a series of serially similar postoral cephalic and trunk append
ages which are branched and which possess enditic proeesses. 

As our knowledge of arthropods has improved we have come to perceive with increasing 
clarity the phylogenetic pathways that led to the variety of morphologies alive today. As part 
of this we are increasingly aware of the fact that complex structures have evolved more than 
once, in a parallel or even convergent fashion. The compound eye, tracheae, malpighian tubules, 
and the mandible are among the more important examples of dear convergenee (Manton, in 
Brooks et al . ,  1 969 ) .  

In the face of  such remarkable examples, i t  i s  not surprising that the uniqueness of the 
very suite of characters that de fines the phylum is questioned. The result has been the increasing
ly accepted view that the onychophoran-myriapod-hexapod line has evolved from an annelidan 
ancestor completely independently of the other superclasses (Tiegs & Manton, 1 9 58 ) .  The 
essence of this is expressed by Manton (in Brooks et al . ,  1 969 :R35 ) : "In view of the strong 
probability of a parallel evolution of uniramous legs and of more than one type of biramous 
leg, as well as several types of jaws and compound eyes, and a variety of resp ira tory and 
excretory organs, we may ask what sure ty have we that surface sclerites and a hemocoel have 
been evolved once only in metamerically segmented animals? " 

While we would not question the fact of convergence in many of the examples mentioned 
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above, we are concerned about the philosophical implications inherent in the above quotation. 
Does this attitude not lead to phylogenetic anarchy? How can one ever decide that two taxa 
are related i f  one i s  always willing to  invoke convergence? In short, how does one falsify the 
hypothesis of polyphyly? Fortunately, Manton in Brooks et al. ,  1 969 : R 1 06 )  suggests workable 
guidelines : "Where similarities exist which can reasonably be accounted for by convergence, such 
similarities cannot b� considered to represent sound evidence of affinity in the face of much con
trary evidence " (italics ours ) .  The critical issue becomes the nature of the features that pre
clude affinity and the degree of aSSurance that such differences cannot be bridged. 

Is there, then, strong reason for concluding that those features that make the urcrustacean 
and trilobitomorphs lo ok so very much alike are actually convergent similarities? Most of the 
differences which have been emphasized in the past are in our opinion either nonsequitors, in 
eITor, based on supposed attributes of trilobitomorphs that are insufficiently known, or are 
easily bridged. All but the morphology of the limb seem to fall into one or more of these 
categories. 

Even features of the limb do not drive us without recourse toward independent origin. So  
little i s  really known about limb structure in  the diverse Cambrian trilobitomorph fauna. Such 
glimpses into the true potential for adaptive radiation as the evolution of a series of gnathobasic 
jaws in Cheloniellon undermine arguments that attribute a narrow, inflexible suite of character
istics to the trilobitomorph stock. In view of the availability of two reasonable hypotheses for 
the relationship between the trilobitomorph epipod and crustacean exites, the apparent differ
ences in the exites of these two taxa do not seem to fulfill the criterion of "much contrary 
evidence" . 

In short, we believe that trilobitomorphs and crustaceans share so many features in com
mon, both in terms of characteristics of the phylum and aspects not found in other arthro
podan taxa that the only reasonable conclusion is that they stem from a common arthropod 
stock: The differences between the two taxa do not seem to carry the weight necessary to 
force us to define separate phyla at the arthropodan grade of evolution. This is not to say that 
as presently known they are not different. Crustaceans are not trilobitomorphs; the two taxa do 
have diagnostic features ,  as do all taxa in our present Linnean classification. But as in most 
cases, the ability to distinguish related taxa is dependent upon the poor quality of the fossil 
record and the lack of relict living intermediates .  The wonder is that there are as many primi
tive or generalized forms living as there are. 

\ Chelicerata 

TERRESTR/AL 

\ Insecta 

I 
MYrJTdQ 

Crustacea 

\ 
/onYChOphoro 

Annelida 

MARINE 
Fig. 12. A phylogeny of the Arthropocta, combining the diphyletic hypothesis of Tiegs & Manton ( 1 9 5 8 )  
with the evolution o f  the Trilobitomorpha, Chelicerata, and Crustacea a s  suggested herein. Only major features 
are shown. The Pantopoda, Tardigrada, and Pentostomida are not considered. 
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ADDENDUM 

This paper was written on the basis of infonnation available prior to the symposium on trilo
bites and merostomes held in Oslo,  July 1-8 ,  1 9 73 .  During the course of this meeting there 
emerged additional data which enhanee the likelihood of trilobitomorph-crustacean affinity . 

Whittington (herein) redescribed the limbs of the trilobite Olenoides (= Neolenus) 
serratus from the Burgess Shale. The presenee of only three pairs of postoral cephalic limbs 
further increases the possibility that this , and not four, is the basic number in the Trilobita. 
The inner ramus of the trunk limbs comprised only six segments beyond the coxajprotopod, 
Størmer's pretarsus being interpreted as merely a distal daw-seta as in Marrella. There is no 
precoxa. The coxajprotopod had weU developed enditic spines, making the animal weU suited 
for midventral transport of food toward the mouth. 

During an informal evening discussion on Burgess Shale trilobitomorphs. Simonetta 
drew attention to a somewhat damaged, isolated appendage he ascribed to Leanchoilz"a (S imo
netta, 1 9 70, Pl. XXV:3a,b) . Bruton suggested, and S imonetta concurred, that this appendage 
more probably belonged to Emeraldella. In the fonnal sessions, Bruton ( in prep . )  described 
the limb. It  is a triramous mixopodium having a flattened coxajprotopod, ambulatory inner 
ramus, and two large, foliaceous outer rami. Thus, it corresponds to a startling degree to the 
urcrustacean limb postulated herein. 

This is not to say that Emeraldella must be regarded as a dose relation to the urcrustacean 
line. Among the obvious differences are its five postoral cephalic limbs and its styliform tel son. 
Nevertheless, it does once again demonstrate that features attributed to the urcrustacean fall 
weU within the spectrum of trilobitomorph morphologies. In particular, it dispels the important 
argument that the limb of crustaceans and trilobitomorphs are basically different. 

It  might be argued that the question which now emerges is whether the Trilobitomorpha 
is in itself polyphyletic. On the b'asis of present knowledge, we regard such speculation as 
without foundation and unnecessarily complex. More reasonable is the suggestion that the 
Trilobitomorpha as se en in the Burgess Shale were representatives of an explosive early 
Paleozoic radiation. Most of the lineages were short-lived. A few, as se en in the Hunsrlick Shale 
(illustrated by Stiinner and Bergstrom at the meeting) lasted until the last half of the Paleozoic, 
and perhaps even into the Mesozoic ( e.g. Euthycarcinus) . Only three lines were truly successful 
(Fig. 1 2) .  These were the enormous, sustained radiations that comprise the Trilobita, Chelicer
ata, and Crustacea. 
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