




Digitized by the Internet Archive

in 2009 with funding from

University of Toronto

http://www.archive.org/details/memoirs07conn











MEM. CONN. ACAD., VOL. VII. FRONTISPIECE.

^
C^ ^/a^£^./.

HELIOTVPE CO. BOSTON



MEMOIRS OF

THE CONNECTICUT ACADEMY
OF ARTS AND SCIENCES

VOLUME VII DECEMBER, 1920

The Appendages, Anatomy, and Rela-

tionships of Trilobites

BY

PERCY E. RAYMOND, Ph.D.

ASSOCIATE PROFESSOR OF PALAEONTOLOGY, AND CURATOR OF INVERTEBRATE

PALAEONTOLOGY IN THE MUSEUM OF COMPARATIVE ZOOLOGY,

HARVARD UNIVERSITY

/ 11-

NEW HAVEN, CONNECTICUT
PUBLISHED BY THE

CONNECTICUT ACADEMY OF ARTS AND SCIENCES
AND TO BE OBTAINED ALSO FROM THE

YALE UNIVERSITY PRESS



.^

THE TUTTLE. MOREHOUSE & TAYLOR COMPANY



TO THE MEMORY OF

CHARLES EMERSON BEECHER
SKILLFUL WITH HAND, BRAIN, AND PEN; REVEALER OF THE MYSTERIES

OF TRILOBITES;

THIS MEMOIR IS DEDICATED





FOREWORD.

,
By Charles Schuchert.

Trilobites are among tlie iiKJst interesting of invertel)rate fossils and have long attracted

the attention of amateur collectors and men of science. These "three-lobed minerals" have
been mentioned or described in books at least since 1698 and now several thotisand species

are known to paheontologists. To this group of students they are the most characteristic

animals of the seas of Paheozoic time, and even though they are usually preserved as dis-

membered parts, thousands upon thousands of "whole ones" are stored in the museums of
the world. By "whole ones" perfect individuals are not meant, for before they became
fossils the wear and tear of their time and the process of decomposition had taken away all

the softer parts and even most of the harder exterior covering. What is usuallv preserved
and revealed to us when the trilobites weather out of the embrace of their entombino- rocks
is the test, the hard shell of the upper or dorsal side. l-"rom time to time fragments of the

under or limb-bearing side had been discovered, first by Elkanah Billings, but l)efore 1876
there was no known place to which one could go to dig out of the ground trilobites retain-

ing the parts of the ventral side.

Students of trilobites have always wanted specimens to be delivered to them weath-
ered out of the rock by nature and revealing the ventral anatomy without further work
than the collecting, but the wish has never been fulfilled. In the Utica black shales, near

Rome, New York, there was finally discovered in 1S92 a layer less than ten millimeters

thick, bearing hundreds of Triarthrus bccki with most of the ventral anatomy intact.

The collector's first inkling that such were present in the Utica formation came to him
in a chance find in 1884, and for eight years he sought of¥ and on for the stratum whence
this specimen came. His long search 'was finally rewarded by the discovery of the bed,

and lo! here were to be had, in golden color, prostrate specimens with the breathing and
crawling legs and the long and beautifully curved feeling organs all replaced by iron

pyrites. Fool's gold in this case helped to make a paheontologic paradise. The bed con-

tained not only such specimens of Triarthrus bccki, but also, though more rarely, of Cryp-

tolithiis tessellatus and exceptionally of Acidaspis trcntoncnsis. This important discovery,

which has figured so largely in unraveling the evolution of the Crustacea and even has a

bearing on that of most of the Arthropoda, was made by Mr. W. S. Valiant, then curator

of the Museum of Rutgers College.

There were, however, great material difficulties to overcome before the specimens

revealed themselves with all of their information exposed for study. Xo surgeon was
needed, but a worker knowing the great scientific value of what was hidden, and with end-

less patience and marked skill in preparation of fossils. Much could be revealed with the

hammer, because specimens were fairly aliundant. A chance fracture at times showed con-

siderable portions, often both antennae entire, and more rarely the limbs protruding beyond

the test, but the entire detail of any one limb or the variation between the limbs of the

head, thorax, and tail was the problem to be solved. Xo man ever loved a knotty problem

more than Charles E. Beecher. Any new puzzle tempted him, and this one of Triarthrus

bccki interested him most of all and kept him busy for years. From the summer of 1893,

when he quarried out two tons of the pay stratum at Rome, until his death in 1904, his
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time was devoted in tlie main to its solution In- preparing these trilo1)ites and learning their

anatomical significance.

The specimens of Triartlinis becki from Rome are pseudomorphs composed of iron

pyrites, as has been said, and are huried in a gra_\ -black carbonaceous shale. A little rub-

bing of the specimens soon makes of them bronze images of the former trilobite and while

under preparation they are therefore easily seen. However, as the average individual is

under an inch in length and as all the limbs other than the antennie are double or biramous,

one lying over the other, and the outer one fringed with a filamentous beard, the parts to

be revealed by the preparator are so small and ilelicate that the final touch often obliterates

them. These inherent difficulties in the material were finally overcome by endless trials on

several thousand specimens, each one of which revealed something of the ventral anatomy.

Finally some 500 specimens worthy of detailed preparation were left, and on about 50 of

these Beecher's descriptions of Triartlinis and Cryptolitliits were based.

Tlie black shale in whicli the specimens are Iniried is softer than the pseudomorphous

trilobites, a condition that is of the greatest value in preparation. With chisel and mallet

the trilobites are sought in the slabs of shale and then with sharp chisels of the dental type

they are revealed in tiie rough. At first Beecher sought to clean them further by chemical

methods, and together with his friends, the chemist Horace L. Wells, and the petrologist

Louis V. Pirsson, several solutions were tried, but in all cases the fossils were so much

decomposed as to make them useless in study. Therefore Beecher had to depend wholly on

abrasives applied to the specimens with pieces of rul)l>er. Much of this delicate work was

done on a dental lathe, but in the final cleaning most of it was done with patient work by

hand. Rubber has the great advantage of being tough and yet much softer than either speci-

men or shale. As the shale is softer than the iron pyrites, the abrasives (carborundum,

eniery, or pumice) took away the matrix more quickly than the trilobite itself. When a

part was fully developed, the rubbers were cut to smaller and smaller dimensions and the

abrading reiluced to minute areas. So the work went on and on, helped along from time to

time by the dental chisels. Finally Beecher [)ccame so expert with these fossils that after

one side was developed he would imbed the specimen in Canada balsam and fix it on a glass

slide, thus enabling him to cut down from the opposite side. This was done especially with

Cryptolithus liecause of the great scarcity of material preserving the limbs, and two of these

revealed lioth sides of the individuals, though they were then hardly thicker than writing

paper.

Then came illustrations, which at first were camera-lucida drawings in pencil smoothed

out with ])en and ink. 'Tn some quarters," however, it has been said, "his methods unknown,

their results were not accepted; they were regarded as startling, as iconoclastic, and even

unreliable." He therefore decided to rework his material and to illustrate his publications

with enlarged photographs. The specimens were black, there was little relief between fossil

and matrix, and the ammonium chloride process of coating them white and photographing

under artificial light was unsuitable. Xevertheless, after many trials, he finally succeeded

in making fine enlarged photographs of the trilobites immersed in liquid Canada balsam, with

a contact co\er of glass through which the picture was taken, the camera standing vertically

over the horizontal specimen. Beecher had completed this work in 1903 and in the winter of

1903-1904 was making the drawings, nearly all of which are here reproduced. On Sunday

morning, February 14, 1904, as he was working at home on a large wash drawing of Cryp-

tolithus. death came to him suddenly, leaving the trilobite problem but partially solved.
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When the writer, in the autumn of 1904, succeeded Professor Heccher in the chair of

Paheontology at Yale, he expected to find consideralile manuscript relating- to the ventral

anatomy i)f the triloliites, but there was only one page, it was Beeclier's method first to

prepare and thoroughly study the material in hand, then to make the necessary illustrations,

and between times to read what others had written. There wa.s no written output until

everything had been investigated and read, certain passages being marked for later reference.

Then when all was assimilated, he would write the headings of topics as they came to him,

later cutting them apart and arranging them in a logical seciuence. When the writer visited

him in his home in January 1904, he was primed for his final trilobite memoir, but the

writing of it had not been begun.

The writer has never made the trilobites his special sulijects for study as he has the

brachiopods, and therefore fell that he should not try to bring to light merely the material

things that Beecher had so well wrought out. It seemed at first an impossible task to

find the specialist and friend to do Beecher justice, but as the years have pas.sed, one of

Beecher's students, always especially interested in trilobites, has grown into a full appre-

ciation of their structures and significance, and to him has fallen the continuation of his

master's work. If in the following pages he departs here and there from the accepted inter-

pretation and the results of others, it is because his scientific training, in desiring to see with

his own eyes the structures as they are, has led him to accept only those interpretations

that are based on tangible evidence as he understands such. Furthermore, in seeking the

relationship of the trilobites to the rest of the Arthropoda, his wide study of material and

literature, checked up by the ontogeny of fossil and recent forms, has led him in places from

the beaten path of supposedly ascertained phylogenies. His results, however, have been won
through a detailed study of the interrelations of the Arthropoda, starting from the fact

that the Trilobita are chronogenetically the oldest and most primitive. The trilobites are

held by him to be the most simple, generalized, ancient Crustacea known, and the progen-

itors, directly and indirectly, of all Arthropoda.

It is now twenty-six years since Professor Beecher began his publications on the class

Trilobita, and in commemoration of him and his work. Professor Percy E. Raymond of Har-

vard Universit}- presents this memoir, to bring to fruition the studies and teachings of his

honored guide. It has been with Professor Raymond a labor of love, and it is for the

writer of this foreword a long-desired memorial to the man to whose position in the .Museum

and University he had the privilege of succeeding.

\

Yale University, New Haven, Connecticut.





PREFACE.

The primary oI)ject of this memoir is, as has been statctl by Professor Schucliert, to

rescue from oblivion tlie resiills of the last few years of Professor Jjeeclier's investigations

on the ventral anatomy of trilobites. Since he left his data in the form of drawings and

photographs, without even rough notes, it became necessary, in order to write a text to accom-

])anv the plates, to restudy the entire subject. Under these circumslruices, it seemed best to

include all that is known about the appendages of trilobites, thus bringing together a

summary of present information on the subject.

The growth of the memoir to its present size has Ijccn a gradual one. As first com-

pleted in 1917, it contained an account of the appendages only. Thoughts upon the prob-

able use of the appendages led to the discussiim of possible habits, and that in turn to a

consideration of all that is known or could be inferred of the structure and anatomy of

tiie trilobite. Then followed an in(|uiry into the relationships to other Arthropoda, which

ultimately upset firmly established preconceptions of the isolated position of the group, and

led to a modification of Bernard's view of its ancestry.

During the progress of the work, I have had the opjiortunity of examining most of

the known specimens retaining" appendages. From the Marsh collection in the Yale Univer-

sity Museum were selected the forty-six specimens showing liest the appendages of Triartlirus,

Cr\ptolithiis, and Acidaspis. Dr. Charles D. Walcott \ery kindly returned to the Museum
of Comparative Zoology the slices of Ccraiinis. Calyiuciii-. and IsoU'lits which were the

basis of his paper of 1881, and which had been loaned him for further study. He loaned

also eight of the more important specimens of Ncolcnus scrratiis, and two of Triartlirus

becki. At the United States National Museum I saw the specimens of Isotclus described by

Mickleborough and the isolated limbs of Calyuicnc from near Cincinnati. The Isotclus at

Ottawa I had already studied with some care while an ofticer of the Geological Survey of

Canada.

This memoir consists, as shown in the talile of contents, of four parts. The appen-

dages of Ncolenus, Isotclus, Ptychoparia, Kootcnia. Ccraurus, Calyuicnc, and Acidaspis are

discus.sed, as fully as circumstances warrant, in the first part, and new restorations of the

ventral surfaces of Ncolcnus, Isotclus, Triartlirus, Ccraurus and Cryptolitiius are included

It is not supposed that these restorations will be of permanent value in all of their detail,

but they are put forward as the best approximations to the real structure that the writer

is able to present from the materials so far discovered. I am greatly indebted to Doctor

Elvira Wood for the care and skill with which she has worked up these restorations from

my rather sketchy suggestions. She has put into them not only a great amount of patient

work, but also the results of considerable study of the specimens.

Part II is a discussion of the internal anatomy of the trilobite and a brief statement of

some of the possible habits and metliods of life of these animals. Part III, which begins

with a survey of the relationships of the triloljites to other Arthropoda, is largely taken up

with an attempt to demonstrate the primitive characteristics of the former, and their probable

ancestral position. The form of the ancestor of the trilobite is deduced from a study of

the morphology, ontogeny, and phylogeny of the group, and evidence adduced to indicate

that it was a depressed, flattened, free-swimming animal of few segments.
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In Part IV are included somewliat detailed descriptions of a few of the best specimens

of Triarthnts and CrxptoUthus. Professor Pieecher, while an observer of the minutest

details, believed in publishing only the broader, more general results of his investigations.

This method made his papers brief, readable, and striking, but it also resulted in leaving in

some minds a certain amount of doubt about the correctness of the observations. In a mat-

ter so important as this, it has seemed that paLxontologists are entitled to the fullest possible

knov.ledge of the specimens on which the conclusions are based. The last part is, therefore,

a record of the data for the restorations of Triartlints and Cryptolithus.

The illustrations in the plates were nearly all made b}- or under the supervision of

Professor Beecher, as were also text figures 45 and 46.

In conclusion, I wish to express my thanks to ]^.Irs. Charles E. Beecher for the use of

drawings which were the personal property of Professor Beecher; to Doctor Charles D.

Walcott for photographs of the limbs of Calyincnc, and for his kindness in sending me the

slices of trilobites from Trenton Falls and specimens of A'colcnus and Triarthnis; to Doctor

R. V. Chamberlin for suggestions and criticisms in regard to the relationship of trilobites

to Insecta, Arachnida, Chilopoda, and Diplopoda; to Air. Samuel Henshaw, Director of the

Museum of Comparative Zoology, for permission to use the time which has been devoted to

this work; and to Miss Clara M. Le Vene, for assistance in the preparation of the manu-

script. My greatest debt is to Professor Charles Schuchert, to whom the work owed

its inception, who has assisted in many ways during its prosecution, and who reatl the manu-

script, and arranged for its publication. To him I can only express my warmest thanks for

the favors which I have received and for the efforts which he has put forth to make this

a worthy nien^jrial to our friend and my teacher, Professor Charles Emerson Beecher.

Harvard University. Cambridge, Mass.
,

November, 1919.
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HISTORICAL RF.VIEW.

The beginning of the search for the limbs of trih)I)ites was coeval with tiie Ijcginning

of scientific study of the group, knowledge of the appendages being essential to the proper

systematic allocation of the animals.

The early search was so barren of results that negative evidence came to be accepted

as of positive value, and it was for many years generally believed that such organs as may
have been present beneath the dorsal test were so soft as to be incapaijle of preservation.

This view is best expressed by Burmeister (i<S.i6, p. 43) :

There is good proof that the feet of trilobites must have been soft membranous organs, for the absence

of the sHghtest remains of these organs in the numerous specimens observed is of itself evidence of the fact,

and it can indeed scarcely be supposed that hard horny extremities should be affixed to a soft membranous
abdominal surface; since they would not have possessed that firm basis, which all solid organs of locomotion

require, in order that they may be properly available.

Very well reasoned, and were it not for the discovery of new material in American local-

ities, Burmeister's views would probably never have been proved incorrect. One can not

escape the suspicion that some of the accepted hypotheses of today, founded on similar

"proof," may yield in time to the weight of bits of positive evidence.

The history of the study of appendages of trilobites may be divided into two periods.

The first, in which there was a general belief that the appendages were soft organs, but

during which numerous "finds" of limbs were reported, extended from the time of Linnc

to the year (1876) in which Walcott demonstrated the fact that the animals possessed

jointed ambulatory and breathing organs.

The second, much more fruitful period, began with Walcott's publication of 1881,

descriptive of the appendages of Ccrauriis and Calyiiicne, and for the purposes of this

memoir, closes with his great contribution on the anatomy of Ncolcnus (1918). Beecher's

brilliant productions came in the middle of the second period.

In the first period, there- were at least two authentic discoveries of appendages, those

of Eichwald (1825) and Billings (1870), but since neither of these men convinced his con-

freres of the value of his finds, the work of neither can be considered as having marked an

especial epocli in tlie history.

As all the authentic finds will l)e treated in detail on later pages, only a brief resume

of the first period will be given here. This has alrea,dy been done by Burmeister (1843,

1846) and Barrande (1852, 1872), whose works have been my primary sources of informa-

tion, but I have looked up the original papers, copies of nearly all of which are to be seen

in the libraries in Cambridge and Boston. Brig.-Gen. A. W. V'ogdes, U. S. A. (retired),

has very kindly placed at mj' disposal a number of references and notes.

Linne (1759) was the first to report the discover}' of apiicndages of trilobites. Torn-

quist (1896) has pressed for a recognition of the contribution of the great Swedish natu-

ralist to this problem, but Beecher (1896 B) doubted the validity of the find. Linne figured

a specimen of Parabolina spinulosa (Wahlenberg), with what he interpreted as a pair of

antennte attached. He states (translation quoted from Tornquist) : "Most remarkable in

this specimen are the antennrc in the front, which I never saw in any other sample, and

which clearly prove this fossil to Ijelong to the insects." TJeechcr has shown as conclusively

as can be shown without access to the original specimen that the supposed antenn;e were

really only portions of the thickened anterior border, the apjjcarance being due to imperfect

preservation. Briinnich as earty as 1781 called attention to the imperfection of this speci-



1

8

Tllli AITENDAGES, ANATOMY, AM) KEI.ATIOXS OF TRILOBITES.

men. and it is also referred to by Wahlenberg (1821, p. 39), Erongniart (1822, p. 42),

Dalnian (1828, p. jt,), and Angelin (1854, p. 46V
Audonin (1821) seems to have l)een the first naturahst witli sufficient knowledge of

the Arlliropoda to be competent to uiiderlake tlie study of the trilobites. He concluded that

the absence of ventral appendages \\as ])rol)al)ly a necessary consecjuence of the skeletal

conformation, and thought if any were disco\ered, they would prove to be of a branchial

nature.

Wahlenberg (1821) in the same year expressed his belief that the trilobites were nearly

allied to Liinuliis and in jiarticular tried to show that the triloljites could have had masti-

catory appendages attached aliout the mouth as in that modern "insect" (p. 20). Wahlen-

Iierg was also the first to describe an hypostoma of a trilobite (p. 37, pi. i, fig. 6), but

did not understand the nature of his specimen, which he descriljed as a distinct species.

Erongniart (1822, p. 40) devoted five pages of his monograph to a discussion of the

affinities of trilobites, concluding tliat it was very probable tliat the animals lacked antennje

and feet, unless it might be that they had short soft feet which would allow them to creep

about and fix themselves to other bodies.

Schlotheim (1823) thought that the spines on AijiiDstus pisifonnis were segmented

and compared tliem with the antennre of ylcants.

Stokes (1823) was the first who, with understanding, published an illustration of the

ventral side of a triIo])ite, having figured the hypostoma of an Isotclus. He was followed

in the next }-ear (1S24) by Dckay, who also figured the hypostoma of an Isntcliis. and

added some observations on the structure of trilol^ites. The researches of Earrande, Novak.

Broegger, Lindstroem, and others have dealt so fully with the hypostoma that further refer-

ences to that organ need not be included here.

Dalman (1826, 1828) reviewed the opinions of his predecessors, and thought it not

impossible that organs of mastication may have been present under the head shield of the

trilobite as in Liinithts (1828, p. 18). In this he of course followed Wahlenberg.

Goldfuss (1828) figured sections of Dalniaiiitcs hausiiiauiii, Pliacops inacropJrthalina,

and Cal\incnc ir-istani, which remind one of some of Doctor Walcott's tran.slucent slices.

So far as one can judge from the illustrations, it is probable that what he took for limbs

were really fragments of other trilobites. Such is certainly the case in his figures 9 and

10, Aviiere a nuiulier of more or less liroken thoracic segments are present. The section of

Encriimnis piinctafiis shown in figure 7 may possibly exhibit the position and folds of the

ventral membrane beneath the axial lobe, and also, perhaps, the appendages. His figures 4,

5 and 8 show the hypostoma in section.

Pander (1830) described the hypostoma in greater detail than had been done by previ-

ous authors, but otherwise added nothing to the subject.

Sternberg' (1830) thought he had individuals showing appendages, but judging from

his poor figures, he was deceived by fragmentar\- specimens.

(.ireen (1S39 A, E, C) described specimens of Pliacops from Berkeley Springs, West
Virginia, which had the hypostoma in position, and appear to have had a tubular opening

under the axial lobe While appendages were not actually present, these specimens sug-

gested fairly correct icieas about the swimming and breathing organs of trilobites. They

were similar to the ones which Castelnau obtained, and all were perhaps from the same

locality.

It is not worth while to do more than enumerate the other authors of this period

:

Hisinger 1837, Emmericl: 1839, Milne-Edwards 1841, for they all shared the same views,

and added nothing to what was already known.
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Castelnau (1843) described and figured a Phacops said to come from Cacapon Springs,
West Virginia, which he thougiit possessed remains of appendages. There is notln'ng in the
description or figures to indicate exactly what was present, Init it is very unhkcly that any
limbs were preserved. The broad thin "appendage" figured may have been a fragment of
a thoracic segment. This specimen was evidently described by Castelnau before "1843 as
is inferred from a reference in the Neues Jahrbuch, 1843. P- 504, but I have not seen 'the
earlier publication.

Burmeister (1843-1846), in his "Organization of the Trilobites," reviewed in cxtenso
the history of the search for appendages, and concluded that they must have been so soft
as to preclude the possibility of their being preserved as fossils. "Their very absence in
fossils most distinctly proves their former real .structure" (p. 10). In figures' 7 and 8 on
plate 6 he gave a restoration of the ventral surface of an Amphits, the first restoration of
the ventral anatomy to be attempted. Since he cho.se modern branchiopods as his model,
he did not go so far wrong as he might have done. Still, there is little in the figure that
would now be accepted as correct. The following quotation will serve to give the opinion
of this zoologist, who from his knowledge of the Crustacea, was the most competent of the
men of his time to undertake a restoration of the api)entlages of the trilobites:

... in giving a certain form to the feet in the restored figure. I have done so raflier intending to
indicate what they might have resembled, than with any idea of assuming their actual form. I merely assert
that these organs were soft, membranous, and fringed, adapted for locomotion in water, placed on the
abdominal portion of the body, and extending sidewise beneath the lateral lobes of the rings, as shown in
the ideal transverse section. These feet were also indented, and thus divided into several lobes at the open
lower side, and each separate lobe was furnished at the margin with small bristles serving as fins. The last
and external lobe was probably longer, smaller, and more movable, and reached to the termination of the
projecting shell lobe, bearing a bladder-shaped gill on the inner side (1846, p. 45).

:McCoy (1846) observed in several trilobites a pair of pores situated in the dorsal fur-

rows near the anterior end of the glabella. He showed that the pits occupy precisely the

position of the antenna; of insects and suggested that they indicated the former jircsence

of antemic-e in these trilobites (chiefly Auipyx and "Trinuclcits" ). The evidence from Cr\<p-

tolitlnis, set forth on a later page, indicates the correctness of McCoy's view.

Richter (1848, p. 20, pi. 2, fig. 32) described and iigured what he took to be a phyl-

lopod-like appendage found in a section through a Phacops. Without the specimen it is

impossible to say just what the structure really was. The outline figure is so obviously
modeled on an appendage of Apics that one is inclined to think it somewhat diagrammatic.
In calling attention to this neglected "find," Clarke (1888, p. 254, fig.) interprets the

appendage as similar to the .spiral branchiae of Calymcne senaria, and adds that he himself
has seen evidence of spiral branchiie in the American Phacops rana.

Beyrich (1846) described a cast of the intestine of "Trinuclcus," and Barrande (1852)
further elaborated on this discover3\

Corda (1847) made a number of claims for appendages, but all were shown by Bar-
rande (1852) to be erroneous.

Barrande (1852, 1872) gave a somewhat incomplete summary of tiie various attempts

to describe the appendages of trilobites, concluding that none showed any evidence of other
than soft appendages, until Billings' discovery of 1870.

Volborth (1863) described a long chambered tubular organ in Ilhcnus whicii be believed

to represent a cast of the heart of a trilobite, but which has since been likened by writers to

the intestinal tract in "Trinuclcus."



PART I.

THi-: .\ppp:xdages of trilobites.

Terminology.

The terminology employed in the succeeding pages is essentially the same as that used

by Beecher, with two new terms added. Beecher assigned to the various segments of the

limbs the names suggested by Hu.xley, but sometimes used the name protopodite instead of

coxopodite for the proximal one. It is obvious that he did not use protopodite in the cor-

rect sense, as indicating a segment formed by the fusion of the coxopodite and basipodite.

The usage employed here is shown in figure i.

Fic. I.

—

Triarlhnis hccki Green. Diagram of

one of the limbs of the thorax, viewed from

above, with the Jndopodite in advance of the exo-

podite. I, coxopodite, the inner extension being

the endobase (gnathobase on cephalon) ; 2, basip-

odite, springing from the coxopodite, and sup-

porting the exopodite, which also rests upon the

co.xopodite ; 3, ischiopodite
; 4, meropodite

; 5,

carpopodite ; 6, propodite
; 7, dactylopodite, with

terminal spines.

The investigatitju of Ccraurits showed that the appendages were supported by processes

extending downward from the dorsal test, and on comparison with other trilobites it appeared

that the same was true in Calynicnc, CryptoUtJius, Ncolcmts, and other genera. Thin sec-

tions showed that these processes were formed by invagination of the test beneath the dorsal

and glabellar furrows. While these processes are entirely homologous with the entopo-

physes of Liiiiulus. I have chosen to apply the name appcudifcr to them in the trilobites.

The only other new term employed is the suljstitution of cudabase for gnathobase in

speaking of the inner prolongation of a coxopodite of the trunk region. The term gnatho-

base implies a function which can not in all cases be proved.

The itidividual portions of which the limbs are made up are called segments, and the

articulations between them, joints. Such a procedure is unusual, but promotes clearness.
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historical.

The first mention of Mcolcnus with appendages preserved was in Doetor Walcott's

paper of 1911, in which two figures were given to show the form of the exopoditcs in com-

parison with the hranchire of the eurypterid-b'ke Sidncyia. In 1912, two more figures were

presented, showing the antennules, exopodites, and cerci. The specimens were found in tlie

Burgess shale (Middle Camhrian) near Field, in British Columbia. This shale is exceedingly

fine-grained, and has yielded a very large fauna of beautifully preserved fossils, either

unknown or extraordinarily rare elsewhere. It was stated in this paper (1912 A) that

trilobites, with the exception of Agnostus and Microdiscus, were not abundant in the shale.

In discussing the origin of the tracks known as Protichnitcs, Walcott presented four

figures of Ncolcnits with appendages, and described the three clavvlikc spines at the tip of

each endopodite.

Three new figures of the appendages were also contril)uted to the second edition of the

Eastman-Zittel "Text-book of Paleontology" (1913, p. 701). Later (1916, pi. 9) there

was published a photograph of a wonderful slab, bearing on its surface numerous Middle

Cambrian Crustacea. Several of the specimens of Ncolcnus showed appendages.

Finally, in 1918, appeared the "Appendages of Trilobites," in which the limbs of

Ncolcnus were fully described and figured (p. 126), and a restoration presented. Organs

previously unknown in trilobites, epipodites and exites, attached to the coxopodites, were

found.

Neolenus serratus (Rominger).

(Text fig. 2-8.)

Illustrated: Walcott, Sinithson. Misc. Coll., vol. 57, 1911, p. 20, pi. 6, figs. I, 2 (exopodites of thorax and

cephalon) ;—Ibid., vol. 57, 1912, p. 191, pi. 24, figs, i, la (antennules, caudal rami, and endopodites of

thorax) ;—Ibid., vol. 57, 1912, p. 277, pi. 45, figs. 1-4 (antennules, endopodites of cephalon and thorax, caudal

rami) ;—Text-book of Paleontology, edited by C. R. Eastman, 2d ed., vol. I, 1913, p. 701, fig. 1343 (exopo-

dites), p. 716, fig. 1376 (abdominal appendages), fig. 1377 (appendages of thorax and pygidium) ;—.'\nn.

Rept. Smithson. Inst, for 1915, 1916, pi. 9;—Smithson. Misc. Coll., vol. 67, 1918, pp. 126-131 et al., pi. 14,

fig. i; pis. 15-20; pi. 21, fig. 6;' pis. 22, 23; pi. 31 (restoration); pi. 34, fig. 3 (restored section); pi. 35,

fig. 4; pi. 36, fig. 3 (hypostoma).

The following description of the appendages of Ncolcnus is summarized from Walcott's

paper of 1918, and from a study of the eight specimen^ mentioned below.

Cephalon.

The antennules are long, slender, and flexible, and lack the formal double curvature so

characteristic of those of Trmrthriis. There are short fine spines on the distal rims of the

segments of the proximal half of each, thus giving great .sensitiveness to these organs. In

the proximal portion of each, the individual segments are short and ftidcr than long, and in

the distal region they are narrow and longer than wide.

There are four pairs of biramous cephalic appendages, whicli differ only very slightly

from the appendages of the thorax. All are of course excessively flattened, and they are here

described as they appear.

The coxopodites, shown for the first time in Walcott's paper of 19 18, are broad, longer

than wide, and truncated on the inner ends, where they bear short, stout, unequal spines
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similar to tiiose along- the anterior niarg;in. The gnathobascs are hut slightly modified to

serve as month parts, nnich less so than in Triarllinis. hut the coxopodites of the cepha-

lon are shorter and wider than those of the thorax.

At the distal end of the coxopodite arise the enddpudite and exopodite. The endo-

podite consists of six segments, the distal ones, jiropodite and dactylopodite, more slender

than tlie others, the last bearing three terminal spines. The first endopodite is shorter than

the others and slightly more slender (pi. i6, fig. i )' and the anterior appendages turn

forward more or less parallel to the sides of the hypostoma (pi. 22). The basipodite,

ischiopodite, meropodite, and carpopodite are, in their fiattened condition, roughly rectan-

gular, only a little longer than wide, taper gradually distally, each i)ears small spines on the

outer rim, and some of the proximal ones usually have a row along the margin.

The exopodites of the cephalon, as of the body of Ncolcniis, are very different from

those of any other Irilobite whose appendages were previoush- known. As shown in the

photographs (pi. 20, fig. 2: pi. 22), each exopodite consists of a single long, broad, leaf-

like blade, not with many segments as in Triartlinis, l.)nt consisting of a large basal and

small terminal lobe. It bears on its outer margin numerous relatively short, .slender, flat

set;e. The long axes of the exopodites point forward, and the setfe are directed forward

and outward. They stand more nearly at right angles to the shaft on the cephalic exopo-

dites than on those of the thorax. This same type of broad-bladed exopodite is also found

on the thorax and pygidium.

The number of functional gnathobases on the cephalon is unknown. That four endo-

podites were present on one side is shown pretty clearly l)y specimen 58591 (pi. 16, fig. 3)

and wdiile no more than two well preserved exopodites have been seen on a side, there

probably were four. Specimen 65513 (pi. 16, fig. i ) shows gnathobases on the second and

third appendages of that indivitlual as preserved, but there is no positive evidence that these

are really the second and third appendages, for they are ol)viously displaced. The hypos-

toma of A^colcniis is narrow but long, several specimens showing that it extended back to

the horizon of the outer ends of the last pair of glabellar furrows. It is not as wide as the

axial lobe, so that, while gnatholiases attached beneath the first pair of furrows would prob-

al>ly not reach Ixick to the posterior end of the hyiiost(jnia, they might lie i^arallel to it and

not extend Iteneath. It seems possible, then, that there were four pairs of endobases but that

the .second rather than the first pair served as mandibles, as seems to be the case in

Ccrauriis.

Thorax.

The thorax of Mcolcmts consists of seven segments, and the appendages are well showm

(pi. 17, fig. i; pi. 18, figs. I, 2; pi. 20, fig. I.), The endopodites of successive segments

vary but little, all are slender but compact, and consist of a long coxopodite with six short,

rather broad segments beyond it. In the figures, the endopotlites extend some distance in

a horizontal direction beyond the edges of the dorsal test, as many as four segments being

in some cases visible, but measurements show that the a])pendages temled to fall outward on

decay of the animal. The dactylopodites are provided with terminal spines as in Triarthrus.

The coxopodites are long, straight, and slender. They are well shown on only one speci-

men (pi. 18), where they are seen to he as wide as the l)asipodite, and the endobases are set

with spines on the posterior and inner margins. They are so long that those on oi)posite

^Nola bene! All icl'ficnccs in this .section are to the plates of IJoctor Walcott's paper in 1918.
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sides must liave almost met on the median line. The segments of the endopodites arc mostly

but little, if any, longer than broad, and at the distal end each shows two or more spines.

The propodite and dactjdopodite are notably more slender than the others. The exopodites

of the thorax are broad and flat, and each shaft has two distinct parts with different kinds

of setie. The posterior edge of the proximal lobe is fringed with a slender, flat, overlapping

hairs which are a little longer than the width of the lobe, and stand at an angle of about

60 degrees with the direction of the axis of the appendage. The outer lobe is at an angle

with the main one, and has short, very fine set;e on the margin. One or two specimens show
some evidence of a joint between the inner and outer lobes, Ijut in the great majority of

cases they seem to be continuous; if originally in two segments, they have become firmly

united. The exopodites of the thorax,- like those of the cephalon, are directed diagonally

forward and outward. (PI. 21, fig. 6; pi. 22.)

Pygidiiim.

The pygidium of Ncolenits scrratus is large, and usually shows fi\e rings on the a.xial

lobe and four pairs of rilis on the sides. There are five pairs of biramous appendages be-

longing to this shield, and behind these a pair of jointed cerci. That tlie number of abdomi-

nal appendages should correspond to the number of divisions of the axial lobe rather than

to the number of ribs on the pleural lobes is of interest, and in accord with other trilobites,

as first shown by Beecher.

The endopodites of the pygidium have the same form as those of the thorax, are long,

and very much less modified than those of any other trilobite whose appendages are known.

On some specimens, they extend out far beyond the dorsal test, so that nearly all the seg-

ments are visible (pi. 17, fig. 3; pi. 18; pi. 19; pi. 20, fig. i), but in these cases are prob-

ably displaced. The segments are short and wide, the whole endopodite tapering gradually

outward. The dactylopodite bears terminal spines, and the individual segments also have

outward-directed spines.

The cerci appear to have been long, slender, very spinose organs much like the anten-

nules, but stiff rather than flexible. They are a little longer than the p\gidium (pi. 17, figs.

I, 2), and seem to be attached to a plate on the under surface of the posterior end and in

front of the very narrow doublure. The precise form of this attachment can not be deter-

m.ined from the published figures. They bear numerous fine spines (pi. 17, fig. 3).

Epipodites and Exitcst

Doctor Walcott has found on several specimens of A'colcinis remains of organs whicli

he interprets as epipodites and exites attached to the coxopodites. A study of the specimens

has, however, convinced me that both the large and small epipodites are really exopodites,

and that the exites are badly preserved and displaced coxopodites. Detailed explanation of

this interpretation is given below in tlie description of the several specimens involved.

Description of Individual Specimens.

Doctor Walcott was kind enough to send me eight of the more important specimens

of Neolcntis figured by him, and since my interpretation of them does not agree in all re-

spects with his, I have thought it fairer to the reader to present here rather full notes

explaining the position I have taken. I understand that since I communicated my interpre-

tation of the epipodites and exites to him. Doctor \A'alcott has sul)mitted the specimens to
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several paleontologists, who consider that epipodites are really present. Since I am not able

to convince myself that their conclusion is based upon sound evidence, I give here my own

interpretation. There is of course, no a [riori reason why triloliites should not have had

ei)ipodites.

Specimen No. 58589.

Illustrated: Walcott, Smithson. Misc. Coll., vol. 57, 1912, pi. 45, fig. 2 ;—Zittel-Eastman Text-book of

Paleontology, vol. I, 1913, fig. 1377;—Smithson. Misc. Coll., vol. 67, 1918, pi. 18, fig. i; pi. 20, fig. I.

This is one of the most important of the specimens, as it shows the coxopodites of

three thoracic limbs and the well preserved endopodites of six thoracic and five pairs of

pygidial appendages.

The appendages are all shifted to the left till the articular socket of the coxopodite is

about 8 mm. outside of its proper position. The endopodites extend a corresponding amount

beyond the edge of the dorsal test and are there so flattened that they are revealed as a

Fig. 2.

—

Ncolciius scrratus (Roininger). A sketch of the coxopodites

and endopodites of two thoracic segments. Note notch for the reception

of the lower end of the appendifer. X 3-

mere impression. The coxopodites, which are beneath the test, seem to have been somewhat

protected by it, and while hopelessly crushed, are not flattened, but rather conformed to the

ridges and grooves of the thorax.

The coxopodite of the appendage of the last thoracic segment is best preserved. It is

rectangular, about one third as wide as long, with a slight notch in the posterior margin

near the outer end. The inner end is obliquely truncated and shows about ten sharp spines

which do not appear to be articulated to the segment, but rather to be direct outgrowths

from it. There are similar spines along the posterior margin, but only two or three of

what was probably once a continuous series are now preserved. On the opposite margin

of the coxopodite from the slight depression mentioned above, there is a slight convexity in

the outline, which is better shown and explained by the coxopodite just in front of this.

That basal segment has the same form as the one just described, but as its posterior margin

is for the greater part of its length pushed under the one behind it, the spines are not shown.

On the posterior margin, two-thirds of the length from the proximal end, there is a shallow

notch, and corresponding to it, a bulge on the anterior side. From analogy with Ccraurus

and Calyiiiene it becomes plain that the notch and bulge represent the position of the socket

where the coxopodite articulated with the appentlifer. Since these structures have not been

shown in previous illustrations, a drawing giving my interpretation of them is here inserted
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(fig. 2). It is evident from the position of the notch that the row of spines was on tlie

dorsal (inner) side of the coxopodite and that the truncation was oliliquely downward and

outward.

The endopodite of the last thoracic appendage is well preserved and may be described

as typical of such a leg in this part. The basipodite is as wide as the coxopodite, and it

and the three succeeding segments, ischiopodite, meropodite, and carpopodite, are all parallel-

sided, not expanded at the joints, and decrease regularly in width. The propodite and

dactylopodite are also parallel-sided, but more slender than the inner segments, and on the

end of the dactylopodite there are four little si)ines, three of them—one large and two small

—articulated at the distal end, and the fourth projecting from the posterior outer angle.

Each segment has one or more spines on the outer articular end, and the ischiopodite has

several directed obliquely outward on the posterior.margin. All of the four proximal segments

show a low ridge parallel to and near the anterior margin, and several endopodites of the py-

gidium have a similar ridge and a row^ of spines along the posterior margin of some of the

segments. These features indicate that the segments in question were not cylindrical in life,

but compressed. From the almost universal location of the spines on the posterior side of

the limbs as preserved, it seems probable that in the natural position the segments were held

in a plane at a high angle with the horizontal, the ridge was dorsal and anterior and the

row of spines ventral and posterior. Because the spines on the endobases are dorsal it

does not follow that those on the endopodites were, for the position of the coxopodite in a

crushed specimen does not indicate the position of the endopodite of even the same appendage.

The endopodites of the pygidium are similar to the one just described, except that

some of them have spines on the posterior margin of the segments, and a few on the right

side have extremely fine, faintly visible spines on the anterior side. The specimen shows

fragments of a few exopodites, but nothing worth describing. In the middle of the right

pleural lobe there is a small organ which Walcott has interpreted as a small epipodite. It

is oval in form, broken at the end toward the axial lobe, and has exceedingly minute short

setse on the posterior margin. From analogy with other specimens, it appears to me to be

the outer end of an exopodite.

Mcasnrciuents: The entire specimen is about 64 mm. lung and 52 mm. wide at the

genal angles. The thorax is about 41 mm. wide (disregarding the spines) at the seventh

segment, and the axial lobe about 13 mm. wide at the same horizon. The measurements

of the individual segments of the seventh left thoracic limb are:

Coxopodite, 9 mm. long. 3 mm. wide, the middle of the notch 8 mm. from

the inner end, measured along the bottom, and 6 mm. measured

along the top.

3 mm. wide

3

2.5 "

Basipodite,
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which, achlcd to the k-iii;tli of the cndopoiUtc, 21 luin., makes a distance of 22.5 mm. from

the appcnditcr to the ti]) of the dactyloi>()(h'tc, sliowiiig that if projected straiglit outward,

the eudopodites of the thorax would project 5.5 mm. beyond the test, including spines.

The (Hstance across the axial lobe from ap])endifer to appendifer on the seventh thoracic

segment is 12.^ mm. Measured along the top of the coxopodite, it is 6 mm. from the middle

of the notch to the inner end, and measured ahmg the bottom it is 8 mm. From the trun-

cated form of the ends it is evident that the coxopodites extended inward and downward

from the appendifers, and witli the dimensions, given above, the inner toothed ends would

practically meet on the median line.

IMeasurements on the appendages of the pygidia show that on this specimen they extend

1.)ack about twice as far beyond the edge of the pygidium as they should, all being displaced.

Illustrated :

Specimen No. 65514.

^\'alcott, Smitlison. Mi.sc. Coll., vol. 67, 1918, pi. 19, fig 1-3-

This specimen is ,so twisted apart that it is not possible to determine to what segments

the appendages belong, but it exhibits the best preserved exopodites I have seen. The

Fig. 3.—Exo[)odite of Neo-

Icmts scrratns (Rominger), to

show form of the lobes of the

shaft, and the setK. X 4-

Fig. 4.

—

Xrolcnus scrratns (Rominger).

One of the so-called epipodites of specimen

65515, showing that it has the same outline

as an exopodite (compare figure 3) and

fragments of setae on the margin. X 3-

l)est one is just in front of the pygidiiun on the matrix, ami shows a form more easily seen

than described (our fig. 3). There is a broad. Hat, leaf-like shaft, the anterior side of

which follows a smooth curve, while in the cur\-e on the posterior side, which is convex

Ijackward, there is a re-entrant, setting off a small outer lolje whose length is about one

third the length of the whole. This lobe seems to be a continuation of the shaft, and the

test of the whole is wrinkled and evidently very thin. The main and distal lobes of the

shaft both bear numerous delicate settc. but those of the outer lolje are much shorter and

finer than those on the main portion. The latter are flattened and blade-like.

The anterior edge of the shaft shows a narrow stiffening ridge and the seta; are but little

longer than its greatest width. The second segment of the pygidium has another exopodite

like this one, but shows faintly the line between the two lobes, as though there were two

segments.

This specimen also shows some very well preserved eudopodites, but they differ in no way

from those described from specimen No. 58589. Walcott mentions two large epipodites pro-

jecting froiu beneath the exopodites. I judge that he has reference to the distal lobes

of the exopodites, but as these are continuous wilh the main shaft, there can be no other

interpretation of them than that which 1 have given above.
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Measurements: The pygidiuni is 19 mm. long (without the spiiu-s) and alxnit 34 m"m.

wide at the front. The exopodites show faintly beneath the i)y8idial sliieid, but their proxi-

mal ends are toa indistinct to allow accurate measurement. Apparendy they were just

about long enough to reach to tlie margin of the shield. The best preserved one. that of
the second segment in the pygidium, is about 11 mm. long, 2.5 mm. wide at the widest;
the distal lobe is 2.5 mm. long, and the longest setje of the main lobe 3.5 mm. long. The
pleural lobe of the pygidium is just 11 mm. wide at this point.

The endopodites project from 8 to 12 mm. beyond the pygidium, showing about four
segments.

The thoracic exopodite described above is 1 1 mm. long and 2.75 mm. wide at the widest
part. The distal lobe is 3.5 mm. long and 2.25 mm. wide, and the longest set;e on the main
lobe 3 mm. long.

Specimen No. 65519.

Illustrated: Walcott, Zittel-Eastman Text-book of Paleontology, vol. i, IQT3, fig. 1343 ;—Smithson. Misc.
Coll., vol. 67, 1918, pi. 21, fig. 6.

This specimen is somewhat difficult to study but is very \aluable as showing the natural
position of the exopodites of the anterior pari of the thorax. Walcott's figures arc excel-

lent and show the broad leaf-like shafts, the distal lobes with the re-entrant angles in the pos-
terior margin, and the long fine setcC of the main lobes. None of the distal lobes retains its

setre. All extend back to the dorsal furrows, but the proximal ends are not actually shown.
The specimen is especially important because it shows the same distal lobes as speci-

men No. 65514, and demonstrates that they are a part of the exopodite and not of any other
structure.

Measurements: The exopodite belonging to the fourth thoracic segment is 23 mm.
long and 4 mm. wide at the widest part. The longest setce are 7 mm. in length.

Specimen No. 65520.

Illustrated: Walcott, Smithson. Misc. Coll., vol. 67, 1918, pi. 20, fig. 2; pi. 22, fig. i.

This is a practically entire specimen, on two blocks, one showing the interior of the shell,

and the other the one figured by Walcott, a cast of the interior. The first shows the low
rounded appendifers at the anterior angle of each axial tergite. They are almost entirely

beneath the dorsal furrows and do not project so far into the axial lobe as those of Ceraurus
and Calymene. In fact, only those at the anterior e^d of the thorax project inward at all.

As expected, there are five pairs on the pygidium. The cephalon is unfortunately so exfol-

iated that the appendifers there are not preserved. The doublure of the pygidium is ex-

tremely narrow.

The cast of the interior shows, rather faintly, the exopodites of the right side of the

thorax and of the left side of the cephalon, and, still more faintly, the caudal rami and
a few pj^gidial endopodites. The exopodites on the right side are in what seems to be the

customary position, directed obliquely forward and outward, and the tips of their distal

lobes project slightly beyond the edge of the test. These lobes were interpreted by Walcott
as epipodites, but after comparing them with the terminal lobes of the exopodites of speci-

mens No. 65519 and 65514 I think there can be no doubt that they represent the same
structure. The pleura of the individual thoracic segments on this side of the specimen

have an unusual appearance, for they are bluntly rounded or obtusely pointed, instead of

being spinose.
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TIk' interpretation of the appendages of the cephalon is soniewliat ditificult. At the

left of the glabella there are two large exopodites, the anterior of which lies over and par-

tially conceals the other. These show by their position that they belong to the fourth and

fifth cephalic appendages. In front of these lie two appendages which may be either endop-

odites or exopcidites, but which I am inclined to refer to the latter. Both are narrow and

shaped like endopodites, but bear on their outer edges close-set fine set:e. They also sliow

what might be considered as faint traces of segmentation. If the first of these ran under

the end of the exopodite behind it, as shown in Walcott's figure (pi. 22), then it would

be necessary to interpret it as an endopodite, but it really continues down bet\\;een the exop-

odite and the glabella, and seems to be attached opposite the middle of the eye. The

specimen does not indicate clearly whether this appendage is above or below the exopo-

dite behind it, but one's impression is that it is above, in which case it also must be an

exopodite. The appendage in front, being similar, is similarly interpreted. If this be cor-

rect, then the exopodites of the second and third cephalic appendages are much shorter and

narrower than those of the fourth and lifth. All of these appendages are obviously out of

position, for the cheek has been pushed forward away from the thorax, though still pivot-

ing on its inner angle at the neck-ring, till the eye has been brought up to the dorsal fur-

row. In this way the anterior exopodites have been thrust under the glabella and all the

appendages have been moved to the right of their original position. The anterior exopo-

dite is very poorly shown, but seems to be articulated in front of the eye. The posterior

exopodites are very similar to those on the thorax. The distal lobe is shown only by the

second from the last. It has the same form as the distal lobes on the thoracic exopodites,

and like them has much finer setre than the main lobe, but it does not stand at so great an

angle with the axis of the main lobe, nor 3-et is it so straight as shown in Walcott's

figure.

Mcasurciiicnts: The specimen is about 72 mm. long and 54 mm. wide at the genal

angles. The pygidium is 22 mm. long and 37 mm. wide. The doublure is 1.5 mm. wide.

The exopodite of the third thoracic segment is 19.5 mm. long. The pleural lobe at this point

is 13 mm. wide without the spines and 18.5 mm. wide with them. The third exopodite of

the cephalon was apparently about 15 mm. long when complete.

Specimen No. 65515.

Illustrated: Walcott, Smithson. Misc. Coll., vol. 67, 1918, pi. 20, figs. 3, 4.

This is a small piece of the axial portion of a badly crushed A'coleiuis, showing appen-

dages on the left side as viewed from above. On the posterior half there are three large

appendages wdiich have the exact form of the exopodites of other specimens. There is a

broad, oval, proximal lobe and a distal one at an angle with it. The proximal part of the

shaft has fine setfe or the bases of them, and the distal lobe faint traces of much finer ones.

The form, and the seta; so far as they are preserved, are exactly like those of the exopodites

on the specimens previously described. (See fig. 4, page 26.) Beneath them there are

slender, poorly preserved endopodites.

In front of the exopodites and endopodites lie a series of structures which Walcott

has called exites, but for wdiich I can see another explanation. Walcott has shown them

as four broad rounded lobes, but his figure must Ije looked upon as a drawing and not as a

photograph, for it has been very much retouched.
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For convenience of discussion, these lobes may be called Nos. i, 2, 3, and 4, the last

being the posterior one (fig. 5). This lobe is best shown on the matrix, where the anterior

end is seen to be margined by stout spines, while the posterior end lies over the endopodite

and under the exopodite behind it. No. 3 is sunk below the level of the others, and only

a part of it has been uncovered. Its margin bears strong spines of different sizes. Its

full shape can not be made out, but it has neither the shape nor the form of spines shown

in figure 3, plate 20 (1918). Lobes 2 and i and another lobe in front of i seem to iovm

a continuous series and to be part of a single appendage. They are all in one plane, arc

so continuous that the joints between them can be made out with difficulty and if they do

belong together, can easily be explained.

Fig. 5.—A sketch

of the so-called

exites of Neolenus

serratus (Rom-
inger), to show the

form and the char-

acter of the spines.

X2.

Fig. 6. — Endop-

odite of a cephaHc

appendage of Neo-
lenus serratus
(Rominger), show-

ing the very broad

coxopodite. X 2.

Before calling these structures new organs not previously seen on trilobites, it is of

course necessary to inquire if they can be interpreted ak representing any known structures.

That they can not be exopodites is obvious, since they are bordered by short stout spines

instead of setaj. The same stout spines that negate the above possible explanation at once

suggest that they are coxopodites (compare fig 6). At first sight, the so-called exites seem

too wide and too rounded to be so interpreted, but if reference be had to the specimens

rather than the figures, it will be noted that the only well preserved structure (Xo. 2) is

longer than wide, has spines only on one side and one end, and does not differ greaUy

from the coxopodite of specimen No. 58589 (pi. 18, 1918). If structures 2, i, and the

segment ahead of i are really parts of one appendage, it can only be an endopodite, of

which No. 2 is the coxopodite, No. i the basij)odite, and the next segment the ischiopo-

dite. If one looks carefully, there are no traces of spines on either end of No. i, but only

on the margin. The extreme width of No. 2 is against this interpretation as a coxopo-

dite (see, however, fig. 6), but it may be rolled out very flat, as this is an unusually
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cruslicd specimen. No. 2 is lo mm. long and 6 mm. wide aL the widest point. No. i is

5 mm. loni;- and 3.5 mm. wide.

The crncial point in this determination is whetiier 2 and i are parts of the same appen-

dage. I beheve they are, but otliers may differ.

Specimen No. 65513.

Illustrated: Walcott, Smithson. Misc. Coll., vol. 57. 1912. pi. 45, fig. 3;—Ibid., vol. 67, 1918, pi. 16, figs. I, 2.

This is nearly all of the right half of an entire specimen, but the only appendages of

any interest are those of the cephalon. Five endopodites emerge from beneath that shield,

but as all are displaced it is not possible to say how many belong to tlie head. When held

at the proper angle to the light, the second and third from the front show faintly the par-

tial oudines of the coxopodites. The anterior side and end of the best preserved one

shows irregular stout spines of unequal sizes, and the inner end is truncated obliquely (fig.

6). These coxopodites are like those on the thorax of specimen No. 58589, but shorter

and wider. This of course suggests that the "exite" No. 2 of specimen No. 65515 may

be a cephalic coxopodite. The endopodite of this appendage, like the others on this cepha-

lon, is shorter and stouter than the thoracic or pygidial endopodites of the others described.

Fig. 7.—A restored section across the thorax of Neolcnus

scrratus, showing the probable form of attachment of the ap-

pendages, their relation to the ventral membrane, and the jaw-

like endobases of the coxopodites.

Measurements: The cephalon is 24 mm. lung and about 60 mm. wide. The coxopodite

of the third appendage is about 10 mm. long and 5.5 mm. wide at the widest point. The

corresponding endopodite is 19 mm. long and projects 11 mm. beyond the margin, which is

about 5 mm. further than it would project were the appendage restored to its proper position.

RESTORATION OF NEOLENUS.

(Text fig. 7, 8.)

This restoration is based upon the information obtained from the studies which have

been detailed in the preceding pages, and differs materially from that presented by Doctor

Walcott. The appendages are not shown in their natural positions, but as if flattened nearly

into a horizontal plane. The metastoma is added without any evidence for its former

presence.

The striking features of the appendages are the Ijroad unsegmented exopodites which

point forward all along the body, and the strong endopodites, wdiich show practically no

regional modification. Although the exopodites have a form which is especially adapted

for use in swimming, their position is such as to indicate that they were not so used. The

stout endopodites, on the other hand, i)roljably perf<]rnu'd the duublc function of natatory

and ambulatory legs.
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Fig. 8.

—

Ncolcnus scrratus (Rominger). A restoration of the ventral

surface, with the endopodites omitted from one side, to permit a better

exposition of the exopodites. The position and number of the appendages

about the mouth are in considerable doubt. Restored by Doctor Elvira

Wood under the supervision of the writer. About one-half larger than the

average specimen.

Nathorstia transitans Walcott.

Illustrated : Walcott, Smithson. Misc. Coll., vol. 57, 1912, pi. 28, fig. 2.

The badly preserved specimen on which this genus and species was based is undoubt-

edly a trilobite, but for some reason it does not find a place in Walcott's recent article

on "Appendages" (1918). The preservation is different from that of the associated trilo-

bites, being merely a shadowy impression, indicating a very soft test. The general outline
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of tlie body, the position of the eye, and even a trace of spines about the pygidium (in

the figure) are similar to tiiose of NcoIcuks, and I would venture the suggestion that

Natliorstia traiisitans is a recently moulted Ncolenus scrrains, still in the "soft-shelled" con-

dition. Even if not a Ncolenus, it is probable, from the state of preservation, that it is

an animal which had recently cast its shell.

Walctjtt describes such fragments of appendages as remain, as follows:

Head. A portion of what may be an antenna projects from beneath the right anterior margin; from near

the left posterolateral angle a large four-jointed appendage extends backward. I assume that this may be the

outer portion of the large posterior appendage (maxilla) of the head.

Thorax. Traces of several slender-jointed thoracic legs project from beneath the anterior segments and

back of these on the right side more or less of six legs have been pushed out from beneath the dorsal shield;

these are composed of three or four long slender joints; fragments of the three proximal joints indicate that

they are shorter and larger and that they have a fringe of fine setae. Indications of a branchial lobe (gill) are

seen in two specimens where the legs are not preserved. This is often the case both among the Merostomata

(pi. 29, fig. 3, Hlolaria) and Trilobita (pi. 24, fig. 2, Plyclioparia).

Two caudal rami project a little distance beneath the posterior margin of the dorsal shield.

This latter feature of course suggests Ncolenus. The other appendages are too poorly

preserved to allow comparison without seeing the specimen.

The specific name was given "on account of its suggesting a transition between a

Merostome-like form, such as Malaria spinifcra, and the trilobites." In what respect it

is transitional does not appear.

Formation and locality: Same as that of N'colcniis scrratus. One nearly complete

specimen and a few fragments were found.

The Appendages of Isotelus.

historical.

The first specimen of Isotelus with appendages was described orally by Billings before

the Natural History Society of Montreal in 1864, and in print six years later (1870, p.

479, pis. 31, 32). The specimen is described in detail on a later page. Billings recog-

nized the remains of eight pairs of legs on the thorax, a pair for each segment, and he

inferred from the fact that the appendages projected forward that they were ambulatory

rather than natatory organs. He was unable to make out the exact number of the seg-

ments in the appendages, but thought each showed at least four or five.

Having examined the individual sent to London by Billings, Woodward (1870, p. 486,

fig I ) reviewed the collection from the American Trenton in the British Museum and

found a specimen in the "Black Trenton limestone," froiu Ottawa, Ontario, in which, along-

side the hypostoma, was a jointed appendage, which lie described as the "jointed palpus of

one of the maxillje." This has always been considered an authentic "find," but I am in-

formed by Doctor Bather that the specimen does not show any real appendage. For

further discussion, see under Isotelus gigas.

In 1871, Billings' specimen was examined by Professors James D. Dana (1871, p.

320), A. E. A^errill, and Sydney I. Smith, who agreed that the structures identified by

Billings as legs were merely semicalcified arches of the membrane of the ventral surface,

which opinion seems to have been adopted by zoologists generally in spite of the fact that

the most elementary consideration of the structure of the thorax of a trilobite should have

shown its falsity. While the curvature of the thoracic segments was convex forward, that

of the supposed ventral arches was convex backward, and the supposed arches extended
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across so many segments as to have absolutely prevented any great amount of motion of

the segments of the thorax on each other. Enrollment, a common occurrence in Isotehis.

would have been absolutely impossible had any such calcified arches been present.

Walcott, in his study of trilobites in thin section (1881, pj). 192, 206, pi. 2, fig. 9),

obtained eleven slices of Jsotclus gigas which showed remains of appendages. He figured

one of the sections, stating that it "shows the basal joint of a leg and anoth.er specimen

not illustrated gives evidence that the legs extended out beneath the pygidium, as indicated

by their basal joints."

Th.e second important specimen of an Isotrliis with appendages was found by Mr.

James Pugh in strata of Richmond age 2 miles north of Oxford, Ohio, and is now in the

U. S. National Museum. It was first described l)y Mickleborough (1883, p. 200, fig. 1-3).

In two successive finds, a year apart, the specimen itself and its impression were recov-

ered. Since I am redescribing the specimen in this memoir (see p. 35), it only remains to

state here that Mickleborough interpreted the structures essentially correctly, though not

using the same terminology as that at present adopted. His view that the anterior appen-

dages were chelate can not, however, be supported, nor can his idea that the sole appendages

of the pygidium were foliaceous branchial organs.

Walcott (1884, p. 279, fig. i) studied the original specimens and presented a figure

which is much more detailed and clear than those of MickleI)orough. By further cleaning

the specimen he made out altogether twenty-six pairs of appendages. He stated that one

of these belonged to the cephalon, nine to the thorax,^ and the remaining sixteen to the

pygidium. He showed that the endopodites of the pygidium were of practically the same

form as those on the thorax, and stated that the "leg beneath the thorax of the Ohio

trilobite shows seven joints in two instances; the character of the terminal joint is unknown."

His figure shows, and he mentions, markings \\hich are interpreted as traces of the fringes

of the exopodites.

In the same year Woodward (1884, p. 162, fig. 1-3) reproduced all of Alicklebor-

ough's figures, and suggested that the last seven pairs of appendages on the pygidium of

Calynicne and Isotclus were probably "lamelliform branchifennis appendages, as in Liiiiuhis

and in living Isopoda."

Professor Beecher published, in 1902, an outline taken from Mickleborough's figure of

this specimen, to call attention to certain discontinuous ridges along the axial cavity of the

anterior part of the pygidium and posterior end of the thorax. These ridges are well shown

in Mickleborough's figure, though not in that of Walcott, and their presence on the speci-

men was confirmed by a stud}- b}? Schuchert, who contributed a diagrammatic cross-section

to Beecher's paper (1902, p. 169, pi. 5, figs. 5, 6). Beecher summarized in a paragraph

his interpretation of this specimen

:

The club-shaped bodies lying within the axis are the gnathobases attached at the sides of the axis; the

curved members e.xtending outward from the gnathobases are the endopodites ; the longitudinal ridges in

the ventral membrane between the inner ends of the gnathobases are the buttresses and apodemes of the

mesosternites ; the slender oblique rod-like bodies shown in the right pleural region in Walcott's figure are

portions of the fringes of the exopodites.

In 1910, Mr. W. C. King of Ottawa, Ontario, found at Britannia, a few miles west of

Ottawa, the impression in sandstone of the under surface of a large specimen of Isotclus

arenicflla, described on a later page (p. 39).

' The posterior one of these he believed to have been crowded forward from beneath the pygidium.
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l''inally ( iyi8, p. 133. pi. 24, figs. 3, 3a; pi. 25), Walcott has reclescribctl the speci-

men from Ohio, presenting a new and partially restored figure. He refers also to the speci-

men from Ottawa under the name Isofclus covinytonensis? Foerste (not Ulrich). He
advances the view, which I am unable to share, that the cylindrical appearance of the

segments of the appendages of Isotclus is due to post-mortem changes.

Isotelus latus Raymond.

(PI. 10, fig. I.)

Illustrated: Asal>hus platyccphalus Billings, Quart. Jour. Geol. Soc, London, vol. 26, 1870, pi. 31, figs. 1-3;

pi. 32, figs. I, 2.—Woodward, Geol. Mag., vol. 8, 1871, pi. 8, figs. I. la.—Gerstjicker, in Bronn's "Klassen u.

Ordnungen d. Thier-Reichs," 1879, pi. 49, fig. i.—von Koenen. X. .Tahrb. f. Min., etc., vol. i, 1S80, pi. 8,

fig. 8.—Milne-Edwards, Ann. Sci. Nat., Zoologie. ser. 6, vol. 12, 1881, pi. 12, fig. 45.

Isotclus latus Raymond, Bull. \'ictoria Mem, Mus.. Geol. Survey Canada, Xo. I. 1913. p. 45 (species

named).

Isotclus covingtonciisis? Walcott (not Foerste), Smithson. Misc. Coll.. vol. 67. 1918, p. 134.

Knowledge of the appendages of this species is derived from the specimen which

Billings described in 1870. It was foimd in the Trenton, probably the Middle Trenton,

near Ottawa, Ontario, and is preserved in the \'ictoria ^Memorial ]Museum at Ottawa.

\'iewed from the upper surface, it shows a large part of the test, but is l)roken along

the sides, so that parts of the free cheeks, considerable of the pleural lobes of the thorax,

and one side of the pygidium are missing. \"iewed from the lower siu-face, the appendages

are practically confined to the cephalon and thorax.

A short time before his death, Professor Beecher had this specimen and succeeded

in cleaning a\vay a part of the matrix so that the appendages show somewhat more clearly

than in Billings' time, but they are not so well preserved as on the Alickleborough si)eci-

men, found in Ohio somewhat later.

The hypostoma is in place and well preserved; the jiosterior points are but 3 miu. in

ad\-ance of the posterior margin of the cephalon. Behind the h.ypostoma there are only two

pairs of cephalic appendages, the first of which is represented l^y the coxopodite and a trace

of the endopodite. The outer end of the coxopodite is close to the outer margin of one

of the prongs of the hypostoma and about 3 mm. in front of its posterior end. The gnatho-

Iiase curves backward and inward, and ai)i)ears to pass under the tip of the h_\-postonia.

There were probably two appendages in front of this, wdiose gnathobases projected under

the hypostoma, but the specimen shows nothing of them unless it be that one small frag-

ment a!)oiU 2 mm. Ijack of the center is really a ]xart of a gnatho1)ase.

The specimen retains only the coxopodite and basipodite of the posterior cephalic ap-

pendage on the left side. The coxopodite is long and apparently cylindrical, the cross-

section being of uniform diameter throughout the length. The inner portion is nearly

straight, while the outer part is curved gently forward.

It is possil)le to make out remains of eight pairs of appendages on the thorax, some of

them represented by coxopodites only, but most with more or less poorly preserved endop-

odites as well. Xo exopodites are visible. The coxopodites of the thorax seem to be of

the same form as the last one on the cephalon, but slighdy less curved. All are long and

heavy, and there seems to be no decrease in size toward the jiygidium. The endopodites are

very imperfectly shown. They seem to be longer than those of Isotclus uiaximus, and the

segments, while of less diameter than the coxopodites, do not show so great a contrast to
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them as do those of that species. The direction of the endopodites is (Hat^Diially forward,

and the outer portions do not appear to be curved backward as in Jsolelus iiiaxiniiis. It

wcnild appear also diat tl^e endopodites were nearly or quite long enough to reach the outer

margin of the dorsal test. On no endopodite can more than three segments be definitely dis-

tinguished, but the longest ones are the most obscurely segmented.

No appendages are preserved on the pygidium, but at one sitle of the median groove

there are two projections which may be processes to which the appendages were attached.

Mcasiiroiicnfs: Total length of specimen, 109 mm. Probable length when complete,

116 mm. Length of cephalon, 40 mm.; width at genal angles, restored, about 62 mm.

(Billings' restoration). Width of doublure of front of cephalon on median line, 17 mm.;

length of hypostoma, 20 mm. Length of coxopodite of last appendage on left side of

cephalon, 10.5 mm.; length of basipodite of the same appendage, 5 mm. Diameter of cox-

opodite, 2 mm.; diameter of basipodite, 1.5 mm. Length of coxopodite on left side o!

the second segment of the thorax, 11 mm.; diameter, about 2.5 mm. Length of basipodite

of the same, 5 mm.; diameter, about 1.5 mm. Length of ischiopodite, 3.5 mm.; diameter

about 1.5 mm. Length of meropodite, 2.5 mm. {this may be less than the total length as

the segment is not completely exposed.) Distance belween proximal ends of gnathobases

of the fifth thoracic segment, about 7 mm. Distance between outer ends of the coxopo

dites of the first thoracic segment (estimated from measurements on the left side), 27 mm
Distance apart of the dorsal furrows at the first thoracic segment, 27 mm. Length uf the

longest exopodite which can be traced, about 20 mm.

Isotelus maximus Locke.

(PI. 10, fig. 2.)

Illustrated: Mickleborough, Jour. Cincinnati Soc. Nat. Hist., vol. 6, iSS.?. p. 200, figs. 1-3 (endopodites

and co.xopodites).—Walcott, Science, vol. 3, 1884. p. 279, lig. i (endopodites. coxopodites, and traces of

exopodites).—Woodward. Geol. Mag., dec. 3. vol. I, 1884, p. 162. figs, t-3 (copies of Mickleborough's

figures).—Bernard, The Apodidae, 1892, text fig. 49.— Beecher, .^mcr. Jour. Sci., vol. 13, 1902, p. 169, pi. 5,

figs. 5, 6 (outline from one of Mickleborough's figures and an original figure).—Walcott, Smithson. Misc.

Coll., vol. 67, 1918, p. 133, pi. 24, figs. 3, 3a; pi. 25, fig. I.

This specimen, which comes from the Richmond strata 2 miles north of Oxford, Ohio,

is the best preserved of the .specimens of Isotelus with appendages which has so far been

found. The individual consists of two parts, the actual specimen, and the impression of

the ventral side.

To describe it I am using very skillfully made plaster reproductions of both parts,

presented to the Museum of Comparative Zoology by Doctor Charles D. Walcott, and pre-

sumably made after he cleaned the specimen as described in Science (1884). I have also

an enlarged photograph (pi. 10, fig. 2) which seems to have been made after some later

period of cleaning, probably l)y Professor Beecher, and I have examined the original speci-

mens in Washington.

Viewed from the dorsal side, it is seen that the individual is very imperfect, the greater

part of the cephalon being removed by a diagonal break which cuts off the anterior third

of the left eye and extends to the front of the second thoracic segment on the right side.

The ends of the pleura of both sides of the thorax are broken away, as are also the greater

parts of the pleural lobes and the posterior end of the pygidium. On the ventral side, merely

the posterior tips of the hypostoma remain, but the distal ends of the appendages were so

far within the outer margin that the appendagi ferous area is quite fully retained.
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The most conspicuDUS feature of this specimen is the presence of nine pairs of large

coxopodites behind the hypostoma, and of the remains of ten pairs of endopodites, mak-

ing in all ten pairs of appendages which are easily seen. The apportionment of these seg-

ments to cephalon, thorax, and pygidium is not agreed upon by the people who have

examined the specimens, l.mt if one remembers that it is the outer and not the inner end

of the coxopodite which articulates with the appendifer, it at once becomes evident that

the first two pairs of appendages on the specimen are the last two pairs belonging to the

cephalon, and that the next eight pairs are those of the thorax.

The impressions of fourteen pairs of coxopodites are readily counted on the pygidium,

and as Doctor Walcott noted sixteen pairs on the actual specimens, his number was prob-

ably correct.

Cephalon.

Projecting the line of the back of the cephalon through from the dorsal side, it is

found that the posterior tips of the hypostoma are 7 mm. in front of the posterior mar-

gin of the cephalon, and that the points of attachment of the posterior pair of cephalic ap-

pendages (the second pair shown on the specimen) are just within the posterior margin.

The gnathobases of this pair of appendages extend back some distance beneath the thorax,

and so give the impression that they belong to that part of the body. So far as can

be determined, the cephalic appendages do not differ in any way from those of the thorax.

On the mould of the ventral surface, just outside of the lateral edge of the right lobe of the

hypostoma, is the somewhat imperfectly shown impression of the endopodite of the third

cephalic appendage. The jioint of junction of the endopodite and coxopodite is about 2 mm
in front of the tip of the adjacent branch of the hypostoma, and the gnathobase is curved

around just behind it. This accounts for three of the pairs of cephalic appendages. The

second cephalic appendages must have thrust their gnathobases under the prongs of the

hypostoma, and the endopodites were probably close to its edge. No trace of this pair ap-

pears on the specimen.

Thorax.

The thoracic appendages are the best preserved of any, and show the large coxopodites

and the more slender endopodites which do not extend to the outer margin of the test.

The latter extend forward and outward for about one half their length, then turn backward

in a graceful curve.

Walcott's figure in Science shows hair-like markings on the under side of the right

half of the thorax. These were interpreted by both Walcott and Beecher as fringes of the

exopodites, but since the sets of those organs on all otlier trilobites are always above the

endopodites, while these are represented as below them, it would seem doulitful if this in-

terpretation can be sustained. Furthermore, I find no trace of them on either cast or mould,

and the actual specimen does not now show tliem.

Pygidium.

The coxopodites and endopodites of the pygidium seem to be similar to those on

the thorax, but both are shorter and more slender, and the former decrease in length

rapidly toward the posterior end. As mentioned above, it is not perfectly plain how many

appendages are present, but I have accepted Doctor Walcott's count of sixteen pairs. Of the

endopodites only the barest traces are seen, and of exopodites nothing.



ISOTELUS. 37

One point of considerable interest in this specimen is the thickness, as it probably gives

some measure of the space occupied by the animal. In Triarthrus and otlier trilobitcs fmm
Rome, New York^ tlie appendages are pressed directly against the dorsal test, but in

this specimen a considerable space intervenes between the plane of the appendages and the

shell. Between the central furrow and the inner surface of the dorsal test at tlie anterior

end of the thorax is a distance of 13 mm. and under the dorsal furrows the thickness is

about 7 or 8 mm., no accurate measurement being possible in the present state of tlie

specimen.

Measurements: Length of specimen on median line, 121 mm.; probable original length,

about 195 mm. (Walcott's restoration).. Length of thorax, 58 mm.' Width of axial lobe

at the first thoracic segment, 45 mm. ; total width as preserved, 92 mm. ; width as esti-

mated from the mould of the ventral surface, no mm.; Walcott's restoration, 105 mm.
Length of coxopodite of fourth left cephalic appendage, about 18 mm. ; diameter,

about 2.5 mm. Length of coxopodite of last left cephalic appendage, about 18.5 mm. Dis-

tance apart of inner ends of gnathobases of fourth cephalic appendages, about 4 mm. Dis-

tance apart of inner ends of endobases of first thoracic segment, about 6 mm. Distance

apart of outer ends of coxopodites of first thoracic segment, about 43 mm.
Length of coxopodite of seventh left thoracic appendage 16 mm., diameter about

3.5 mm.; length of basipodite of the endopodite of the same appendage 6 mm.; diameter

about 2 mm.; length of ischiopodite 5 mm.; length of meropodite 4.5 mm.; length of car-

popodite 4.5 mm.; length of propodite 3 mm.; length of dactylopodite 2.75 mm.; total

length of endopodite 25.75 """•

Length of coxopodite of fourth left thoracic appendage 20 mm., diameter 4 mm.; length

of five proximal joints of the endopodite 25 mm.; diameter of basipodite about 2 mm.

RESTORATION OF ISOTELUS.

(Text fig. 9.)

The exopodites have been omitted from this restoration since nothing is known of their

actual form. The chief reason for the figure is to contrast the greatly developed coxopo-

dites of the posterior part of the ceplialon and thorax with those of other trilobites. The

antennules and first two pairs of biramous appendages of the cephalon are more or less hy-

pothetical, and less is known of the appendages of the pygidium than is shown here. The

restoration is based somewhat upon Walcott's figure in Science. The outline is that of

a specimen of Isotelus maximus from Toronto, Ontario.

Isotelus gigas Dekay.

Illustrated: Woodward, Quart. Jour. Geol. Soc, London, vol. 26, 1870, text fig. i ;—Geol. Mag., dec. 3,

vol. I, 1884, p. 78, text fig.—Milne-Edwards, Ann. Sci. Nat, Zoologie, ser. 6, vol. 12, 1881, pi. 12, fig. 46.—

Walcott, Bull. Mus. Comp. Zool., Harvard Coll., vol. 8, 1881, pi. 2, fig. 9;—Geol. Mag., dec. 4, vol. i, 1894, pi.

8, fig. 9;—Proc. Biol. Soc. Washington, vol. 9, 1894, pi. i, fig. 9.

The specimen in the British Museimi which Woodward called Asaphus platyccphalus,

is, in all probability, an Isotelus gigas. Woodward says of it

:

"If this specimen had the same proportions as specimens of Iso:clus inciximiis from Toronto, the total

length would be only 174 mm. The cephalon would be about 52 mm. long, the thorax 58 mm., and the pygidium

about 64 mm. long.
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Fig. 9.—A restored composite of Isotrhis maximus and /. laius.

The exopodites are left out because entirely unknown. Drawn by

Doctor Elvira Wood. Natural size.

I was at once attracted by a specimen of Asaphtts, from the Black Trenton Limestone (Lower Silurian),

which has been much eroded on its upper surface, leaving the hypostoma and what appear to be the appendages

belonging to the first, second, and third somites, exposed to view, united along the median line by a longitudinal

ridge. The pseudo-appendages, however, have no evidence of any articulations. But what appears to me
to be of the highest importance, as a piece of additional information afforded by the Museum specimen, is

the discovery of what I believe to be the jointed palpus of one of the maxillae, which has left its impression

upon the side of the hypostoma—just, in fact, in that position which it must have occupied in life, judging

by other Crustaceans which are furnished with an hypostoma, as Apus, Serolis, etc.

The palpus is 9 lines in length, the basal joint measures 3 lines, and is 2 lines broad, and somewhat

triangular in form.

There appear to be about 7 articulations in the palpus itself, above the basal joint, marked by swellings

upon its tubular stem, which is I line in diameter.
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Desiring to know more of this individual, I wrote to Doctor Bather and was surprised

to learn that tlie specimen which was the basis of Woodward's observations is so badly pre-

served as to be of Jio real value. With his permission, I append a note made l)y Doctor

Bather some years ago when selecting fossils to be placed on exliiliition

:

Asaphus gigas Dekay. Ordovician, Trenton Limestone. N. America, Canada. Descr. H. Woodward,
1870, Q. J. G. S., XXVI, pp. 486-488, text fig. I, as Asaphus platycephalus. Coll. and presd. J. J. Bigsby,

1851. Regd. I 14431.

This specimen is in the Brit. Mus. Geol. Dept. I 14431. The supposed hypostome is exceedingly doubt-

ful ; it lies dorsad of the crushed glabellar skeleton. The "appendage" is merely the edge of a part in the

head-shield; the maxilla is some calcite filling, between two such lamina.

13 Sept. 191 1. • (Signed) F. A. B.\ther.

Walcott figured a slice of Isotelus gigas from Trenton Falls, Xew York, which shows

a few fragments of appendages, but is of particular importance because it shows the pres-

ence of well developed appendifers beneath the axial lobe.

Isotelus arenicola Raymond.

Illustrated: Ottawa Nat., vol. 24, 1910, p. 129, pi. 2, fig. 5.

The following quotations from my paper are inserted here to complete the record of

appendage-bearing specimens

:

A rather remarkable specimen of this species was found by \\'. C. King, Esq., on the shore of Lake
Deschenes at Britannia [near Ottawa, Ontario]. This specimen is an impression of the lower surface of

the trilobite, and shows a longitudinal ridge corresponding to the central furrow along the axis of the ventral

side of the animal, ten pairs of transverse furrows, and the impression of the hypostoma. The doublure of

the pygidium has also left a wide smooth impression, but in the cephalic region the hypostoma is the only

portion of which there are any traces remaining. The specimen was found on a waterworn surface of the

beach, partially covered by shingle. . . .

The transverse furrows are the impressions left by the gnathobases of the basal joints of the legs. They
were evidently long and very heavy, but the specimen has been so abraded that all details are obscured.

The first six pairs of impressions are longer and deeper than the four behind. The first eight pair#seem

to pertain to the thoracic appendages, while the last two belong to the pygidium. From the posterSr tips

of the hypostoma to the first gnathobases of which traces are present there is a distance of about 22 mm.
without impressions. In Isotelus gigas the hypostoma normally extends back to the posterior margin of the

phalon, so that it seems that in this specimen the impressions of the first two pairs of gnathobases under

thorax may not have been preserved. In that case, the six pairs of strong impressions may represent

lie last six pairs of thoracic segments, and the pj'gidium might begin with the first of the fainter ones.

Horizon and locality: From the sandstone near the base of the Aylmer (Upper Chazy)

formation at Britannia, west of Ottawa, Ontario. Specitnen in the Victoria ^lemorial Mu-
seum, Geological Survey of Canada, Ottawa.

The AprEXD.\GES of Triarthrus.

Triarthrus becki Green.

(Pis. 1-5; pi. 6, figs. 1-3; text figs. I, 10, ri. ^s, 42-)

(Also see Part IV.)

Illustrated: Matthew, Amer. Jour. Sci., vol. 46, 1S93, pi. I, figs. 1-7;—Trans. X. Y. .Acad. Sci., vol. 12,

pi. 8, figs. 1-7.—Beecher, .-Xmer. Jour. Sci., vol. 46, 1893, text figs. 1-3;—.Amer. Geol.. vol. 13, 1894, pi. 3;

—

Amer. Jour. Sci., vol. 47, pi. 7, text fig. 1 ;—Amer. Geol., vol. 15, 1895, pis. 4, 5;—Ibid., vol. 16, 1895, pi. 8,
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figs. 12-14; pi. 10, fig. i;—Amer. Jour. Sci., vol. i, 1896. pi. 8;—Geol. Mag., dec. 4, vol. 3, 1896, pl. 9;—

Eastman-Zittel Text-book of Paleontology, vol. i, 1900. text figs. 1267-1269;—2d ed., 1913, fig. I37S ;—Studies

in Evolution, 1901, reprint of all previous figs. ;—.\nier. Jour. Sci., vol. 13, 1902, pl. 2, figs. 1-5
;

pl. 3, fig- 1

1

pl 4 fig. i; pl. S, figs. 2-4;—Geol. Mag., dec. 10. vol. 9. 1902, pls. 9-". text figs. 1-3.—Walcott, Proc.

Biol.' So°c. Washington^ vol. 9. i804. P'- L figs. i-6;-Geol. Mag., dec. 4, vol. i. 1894. pl- 8;-Smithson. Misc.

Coll vol. 67, 191S, pl. 29, figs. l-ii; pi. 30. figs. 17-20; pl. 32; pl. 34. figs. 4-7; pl. 35, fig. 5.—Bernard, Quart.

Jour. Geol. Soc. London, vol. 50, 1804. text figs. 11, 12.—OEhlert. Bull. Soc. Geol. France, ser. 3, vol. 24, 1896,

text figs. 1-17. 34.—Jaekel, Zeits. d. d. geol. Gesell., vol. 53, iQOi, text fig. 24.—Moberg, Geol. Foren. Fdrhandl.,

vol 29° pt. 5, 1907, pl. 4, fig. 2; pl. 5, fig. I.—Handlirsch, Foss. Insekten, 1908, text fig. 6.—Tothill, Amer.

Jour? Sci.,' vol. 42,'igi6,'p. 380, text fig. 5.—Crampton, Jour. N. Y. Entomol. Soc, vol. 24, 1917, pL 2, fig. 20.

Historical.

Specimens of Triartliriis retaining appendages were first ol)tained by Mr. W. S. Valiant

from the dark carbonaceous Utica shale near Rome, New York, in 1884, but no consid-

erable amount of material was found until 1892. The first specimens were sent to

Columbia University, and were described by Doctor W. D. J^Iatthew (1893). This article

was accompanied by a plate of sketches, showing for the first time the presence of antennules

in trilobitcs and indicating something of the endopodites and exopodites of the appendages of

the cephalon, thorax, and pygidium. Specimens had not yet been cleaned from the lower

side, so that no great amount could then be learned of the detailed structure. Matthew con-

cluded that "The homology with Limulus seems not to be as close in Triarthnis as in the

forms studied l)y Mr. Walcott; but the characters seem to be of a more comprehensive type,

approaching the general structure of the other Crustacea rather than any special form."

Professor Beecher's first paper, dated October 9, 1893, merely mentioned the fact that

the Yale University Museum had obtained material from Valiant's locality, but was quickly

followed by a paper read before the National Academy of Sciences on November 8, and

published in December, 1893. This paper described particularly the thoracic appendages.

This was followed in January (1894 A) by an article in which some information about

the mode of occurrence of the .specimens was added, and in April (1894 B), the limits of

the pygidium were described and figured. The determination of the structure of the appen-

dages of the head evidently presented some difficulty, for the article describing this portion

of the animal did not appear until the next February (1895 A). This cleared up the ven-

tral anatomy of Triarthrus. and was followed by a short article (1896 A) accompanied by

a restoration of the trilobite showing all the appendages.

This ended Professor Beecher's publications on Triartliriis until his final paper in 1902,

although he contributed some of his results and figures to his chapter on the trilobites in

the Eastman-Zittel Text-book of Paleontology^ in 1900.

The discovery of these excellent specimens had of course excited very great interest.

Doctor Walcott also studied a number of specimens from Valiant's locality, and published

in 1894, with some original figures, the results of liis comparison of the appendages of

Triartliriis with those of Calymcnc and Ccranrus.

In his article on the "Systematic Position of the Trilobites," Bernard (1894) used

the results of Professor Beecher's studies of 1893, and also quoted the papers by Matthew

(1893) and Walcott (1894), though the article by the latter appeared too late to be used

exce]3t for a note added wdiile Bernard's paper was in press. A final footnote quoted from

Professor Beecher's paper of April, 1894 (1894 B).

Qihlert (1896) gave an excellent summary in French of the work of Beecher and Wal-

cott on Triarthrus, with reproductions of many of their figures.
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Valiant (1901) in a non-technical article described his long search for trilobites with

antennc-e. The discovery of the wonderful pyritized trilobites at Cleveland's Glen near Rome

Fig. 10.

—

Triarthrus becki Green. A new restoration, modified

from Professor Beecher's, to incorporate the results of his later

work. The inner ends of the endobases are probably too far apart,

as it was not discovered until after the drawing had been made that

the appendifers projected within the dorsal furrows. Drawn by

Doctor Elvira Wood. X about 3.8.

was not the result of a lucky accident, lint the culmination of ei,i;iit years of labor in a local-

ity especially selected on account of the fineness of grain of the shale.

After 1896, Professor Beecher turned his attention largely to the problem of the classi-

fication of trilobites, and while he continued the arduous task of cleaning the matrix from
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specinicns of 'I'riarlhnis and Cryptolilhiis he did not again publish upon the subject of

appeiKhiges until forced to do so by the doubts cast by Jaekel (1901) upon the validity of

his earlier conclusions. Because of certain structures which he thought he had interpreted

correctly from a poorly preserved specimen of Ptyclwparia, Jaekel came to the conclusion

that Beecher"s material was not well preserved. Professor Beecher would have taken much

more kindlv to aspersions upon his opinions than to any slight upon his beloved trilobites,

and his article on the "Ventral Integument of Trilobites" of 1902 was designed not only

as an answer to Jaekel, but also to show by means of photographs the unusually perfect

stale <rf preservation of the specimens of Triartlinis. This article, like so many describ-

ing the appendages of trilobites, beginning with Matthew's, was published in two places

(Beecher 1902).

Most of Beecher's papers, except the last one, were reprinted in the volume entitled

"Studies in Evolution," published by Charles Scribner's Sons at the time of the Yale Bi-

centennial in 1901. The part pertaining particularly to Triartlinis is on pages 197 to 219.

Molierg (1907), in connection w'ith a specimen of Eurycarc anguslafniii which he thought

preserved some appendages, described and illustrated some of the appendages of Triarllirus.

The most recent discussion of Triartlinis, with some new figures, is by Walcott (1918,

p. 13s, pis. 29, 30). He gives a summary of Beecher's work with numerous quotations.

The principal original contribution is a discussion of the form and shape of the appendages

before they were flattened out in the shale. He found also what he thought might possibly

be the remains of epipodites on three specimens, one of which he illustrated with a photo-

graph. I have seen nothing which could be interpreted as such an organ in the many .speci-

mens 1 have studied.

A point in which Walcott differs from Beecher in the interpretation of specimens is

in regard to the development of the endopodites of small pygidia. Beecher (1894 B, pi.

7, fig. 3) illustrated a series of endopodites which he likened to the endites of a thoracic

limb of Apiis. Doctor Walcott finds that specimens in the Ignited States National Museum

show slender endopodites all the way to the back of the pygidium, and thinks that Beecher

mistook a mass of terminal segments of exopodites for a series of endopodites. On care-

ful examination, however, the specimen shows, as Beecher indicated, a series of endopodites

in undisturbed condition (No. 222, our pi. 4, fig. 5).

Restoration of Triartlinis.

One of the more important points noted in the later studies of Triartlinis is that the

gnathites of the cephalic appendages are much less like the endobases under the thorax than

Beecher earlier thought, and showed in his restored figures and in his model. The four

gnathites of each side are curved, flattened, not club-shaped, and so wide and so close together

that they overlap one another. The metastoma is somewhat larger and more nearly cir-

cular than Beecher's earlier preparations led him to suppose.

The restoration here presented is modified only slightly from the one designed by Pro-

fessor Beecher, and the modifications are taken principally from figures published by him.

The gnathites are drawn in form more like that shown liy the specimens and his figures in

the American (iedlogist ( 1895 '^)' ^"^ the metastoma is taken from one of the specimens.

On the thorax the chief modification is in the addition of a considerable number of spines

to the endopodites. In spite of the trivial character of most of these changes, they empha-
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size one of the important characteristics of Triartlirus—the regional differentiation of the

appendages.

It should be pointed out that although Triartlirus is usually considered to be a very

primitive trilobite, its appendages are more specialized than those of any of the others

known. This is shown in their great lengdi, the double curvature of the antennules, the

differentiation of four pairs of endobases on the cephalon as gnathites, and ihc llatten-

ing of the segments of the posterior endopodites. These departures from the uniformity

existing among the appendages of the other genera lead one to question whether the genus

is really so primitive as has been supposed.

Relation of the Cephalic Appendages to the Markings on the Dorsal Surface of the Glabella.

Triarthrns becki is usually represented as having four pairs of glabellar furrows, ])ut

the two pairs at the front are exceedingly faint and the first of them is hardly ever visiJjle,

though that it does exist is proved by a number of authentic specimens. The neck furrow

is narrow and sharply impressed, continuing across the glabella with a slightly backward

curvature. In front of it are two pairs of linear, deeply impressed furrows which in their

inward and backward sweep are bowed slightly forward, the ends of the corresponding

furrows on opposite sides nearly meeting along the crest of the glabella. In front of these,

near the median line, is a pair of slight indentations, having the appearance antl position of

the inner ends of a pair of furrows similar to those situated just behind them.

In front of and just outside this pair are the exceedingly faint impressions of the

anterior pair of furrows, these, as said above, being but seldom seen. They are short, slightly

indented linear furrows which have their axes perpendicular to the axis of the cephalon,

and do not comiect with each other or with the dorsal furrows. The latter are narrow,

sharply impressed, and merge into a circumglaljeliar furrow at the front. In front of the

circumglabellar furrow is a very narrow rounded ridge, ])nt the anterior end of the glabella

is very close to the margin of the cephalon.

Specimen No. 214, which was cleaned from the dorsal side, shows the posterior tip of

the hypostoma, apparently in its natural position, 3.5 mm. back from the anterior margin.

The entire length of the cephalon is 6 mm., so that the hypostoma reaches back slightly over

one half the length (0.583). The greater part of it has lieen cleaned oft', and one sees the

proximal portions of the antennules, which are apparently attached just at the sides of the

hypostoma, 2.5 mm. apart and 2.25 mm. back from the anterior edge of the cephalon. This

position is distinctly within the outline of the glabella and corresponds approximately to

the location of the second pair of glabellar furrows. .Specimens 214, 215, 216, 217, and

2ig all seem to show the same location for the bases of the antennules. Specimen 220 is

the one in which the basal shafts are best preserved and the points of attachment seem to

be further apart in it than in any of the others. This specimen is 38 mm. long, and the

bases of the antennules are 5.5 mm. apart and 4 mm. behind the anterior margin. As the

specimen is cleaned from the ventral side, the dorsal furrows do not show distinctly, but

another specimen of about the same size (No. 228, 38.5 mm. long) has the dorsal furrows

8 mm. apart 4 mm. back of the anterior margin.

On_ tlie same slab with specimens 209 and 210 there is an indi\idual which, although

retaining the test, has had the proximal ends of the antennules so jiressed against it that

the course of the one on the left side is readilv visible. It oritiinates in a small oval mound
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whose posterior margin impinges npon the third glalielhir furrow near tiie middle of its

eourse, and just outside the outer end of the st-cond glabellar furrow. The cephalon of this

specimen is 5 mm. long, and the point of origin of the left antennule is 2.75 mm. in front

of the posterior margin and 0.75 mm. from the dorsal furrow.

It is therefore evident that the antennules in this species are not attached beneath llic

dorsal furroivs. but within them and opposite the second pair of glabellar furrows.

All cephalic ai)pendages behind the antennules are attached somewhat within the dorsal

furrows, the first pair as far forward as the antennules and the last pair apparently under

the anterior etlge of the neck ring. They do not appear to correspond in position to the

jjosterior glabellar furrows and neck ring, being more crowded. The last pair is attached

to appendifers beneath the nuchal segment, and the first pair beneath the third glabellar fur-

rows. There are no depressions on the dorsal surface corresponding to the points of at-

tachment of the mandililes.

Anal Plate.

Professor Beecher, during his first studies of Triarthnis, found no appendages pertain-

ing to the anal segment, but later evidently came upon a spinose anal plate which he caused

Fig. II.— Triarthnis beck!

Green. Ana! plate of specimen

65525 in the U. S. National

Museum. Drawn by Doctor

Wood. X 20.

to be figured. The specimen (No. 201) on which this appendage is preserved is cleaned

from the dorsal side, and the anal plate is a small, bilaterally symmetrical, nearly semicir-

cular structure margined with small spines. Specimen 202 also shows the same plate (pi. 5,

fig. 6), but it is imperfectly preserved. It has a large perforation in the anterior half.

Both of these specimens are in the Yale University Museum.

The anal plate is especially well shown by specimen 65525 in the United States National

Museum (fig. 11). This specimen is from Rome, New York, and two photographs of it

have been published by Walcott (1918, pi. 29, fig. 6; pi. 30, fig. 19). It is developed from

the dorsal side, and the anal plate is displaced, so that it projects behind the end of the

pygidium. It is semicircular in shape, with a hemispheric mound at the middle of the an-

terior half. Two furrows starting from the anterior edge on either side of the mound
border its sides, and, uniting back of it, continue as an axial furrow to the posterior mar-

gin. The mound is perforated for the opening of the posterior end of the alimentary canal.

The lateral borders of the plate bear five jiairs of short, symmetrically placed spines. The

plate is I mm. wide and 0.5 mm. long, and the entire trilobite is 11.5 mm. long.
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The Appendages of Ptychoparia.

Ptychoparia striata (Emmrich).

Illustrated: Jaekel, Zeits. d. d. geol. Gesel!., 1901, vol. 53, part i, pis. 4, 5.

Jaekel has described a specimen of this species obtained from the Middle Cambrian near

Tejrovic, Bohemia, wliiclt on development showed beneath the test of the axial lobe, cer-

tain structures which he believed represented the casts of proximal segments of appendages.

On the basis of this specimen he produced a new restoration of the ventral surface of tlie

trilobite, in which he showed three short wide segments in the place occupied by the coxopo-

dite of an appendage of Triartlirus. He also made the mouth parts considerably differ-

ent from those of the latter genus. Beecher (1902) showed that the structures which

Jaekel took for segments of appendages were really the fillings between stiffening plates

of chitin on the ventral membrane, and demonstrated the fact that similar structures ex-

isted in Triartlirus. It cannot be said, therefore, that any appendages are really known
in Ptychoparia striata, but some knowledge of the internal anatomy of the species is sup-

plied by the specimen.
Ptychoparia cordillerae (Rominger).

Illustrated: Walcott, Smithson. Misc. Coll., vol. S7. 1912, p. 192, pi. 24, fig. 2;—Ibid., vol. 67, 1918, pi.

21, figs. 3-5 (corrected figure).

Walcott has figured a single individual of this species showing appendages, the accom-

panying description being as follows (1918, p. 144) :

Ventral appendages.—Only one specimen has been found showing the thoracic limbs. This indicates verj'

clearly the general character of the exopodite and that it is situated above the endopodite, although there are

only imperfect traces of the latter. . . .

The exopodites are unlike those of any trilobite now known. They are long, rather broad lobes extending

from the line of the union of the mesosternites and the pleurosternites. At the proximal end they appear to

be as wide as the axial lobe of each segment, and to increase in width and slightly overlap each other nearly

out to the distal extremity. . . . They are finely crenulated along both the anterior and dorsal margins,

which indicates the presence of fine seL-e.

The specimen is quite imperfectly preserved, but seems to indicate that the exopodite

of Ptychoparia had a long, rather narrow unsegmented shaft.

Measurements (from Walcott's figure) : The specimen is a small one, about 9.5 mm.
long, an individual exopodite is about 2 mm. long and the shaft 0.33 mm. wide.

Horizon and locality: Middle Cambrian, Burgess shale, between Mount Field and

Wapta Peak, above Field, British Columbia.

Ptychoparia permulta W^alcott.

Illustrated: Walcott, Smithson. Misc. Coll., vol. 67, 1918, p. 145, pi. 21, figs. I, 2.

Walcott fi-gured one individual of this species showing long slender antennules pro-

jecting in front of the cephalon. It is of especial interest because one of the antennules

shows almost exactly the same sigmoid curvature which is so characteristic of the related

Triartlirus. The individual segments are not visible.

Measurements: The specimen is 23 mm. long and the direct distance frum the front

of the head to the anterior end of the more perfect antennule is 9.5 mm. Measured along

the curvature, the same antennule is about 1 1 mm. long.

Horizon and locality: Same as the preceding.
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The Appendages of Kootenia.

Kootenia dawsoni Walcott.

Illustrated: Walcott, Smithson. Mi?c. Coll., vol. 67, 1918, pi. 14, figs. 2, 3.

One specimen figured l^y Doctor \\'alcott shows the distal ends of some of the exopo-

dites and endopodites of the right side. He compares the exopodites witli those of Nco-

Icnus, stating that the shaft consists of two segments, the proxiriial section being long and

fiat, fringed with long set;e, while the distal segment has short fine setje. The endopodite

Ijcst shown is very slender, and the segments are of uniform width and only slightly longer

than wide.

Measurements (from Walcott's figures): Length of specimen, about 41 mm. Length

of five distal segments of an endopodite, 7.5 mm. Since the pleural lobe is only 7 mm.

wide, the endopodites, and probably the exopodites also, must have projected a few milli-

luetcrs l)eyond the dorsal lesl when extended straight out laterally.

Foriiiafinn and locality: Burgess shale, Middle Caml.)rian, on the west slope of the

ridge between Mount Field and Wapta Peak, above Field, British Columbia.

The Appendages of Calymexe and Ceraurus.

historical.

All of the Vv'ork on these species has been done by Doctor Walcott, who summarized

his results in 1881.

In the first of his papers (1875, p. 159), Walcott did not descril)e any appendages

but paved the way for further work by a detailed and accurate description of the ventral

surface of the dorsal shell of Ceraurus. He demonstrated the presence in this species

of strongly buttressed processes which extend directly downward from the test just within

the line of the dorsal furrows. One pair of these is seen beneath each pair of the gla-

liellar furrows, each segment of the thorax has a pair, and there are four pairs on the

pygidium. He pointed out also that these projections were but poorly developed on that

part of the glabella which is covered by the hypostoiua. He called them axial processes, the

only name which appears to have been suggested thus far.

The first announcement of the discovery of actual appendages in Ceraurus and Calyin-

ene was made by the same investigator in a pamphlet published in 1876 in advance of the

28tli Report of the New York State jSIuseum of Natural History, the publication of the

whole report being delayed till 1879. The results were obtained by the process of cut-

ting translucent slices of enrolled trilol)ites derived from the Trenton limestone at Trenton

Falls, New York. Since he summarized all the results of this study in one paper at a

later date, it is not necessary to follow the stages of the work.

A second preliminary paper was published in pamphlet form in September, 1877, and

in final form in 1879, when the first figures were presented.

Li his important paper of 1881, Walcott reviewed all that was known of the appen-

dages of trilobites to that time, and gave the results of .seven years of study of sections of

enrolled specimens. Slices had been made of 2,200 individuals from Trenton Falls, which

resulted in obtaining 270 which were worthy of study. Of these, 205nvere from Ceraurus

pleurexanthcinus, 49 from Calymene senaria, 11 innn Isofelus yigas, and s h-om .Icidaspis

freutonensis.
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Walcott's views on certain portions of the anatomy can l^est be set forth in the form
of a few extracts (1881, pp. 199-208) :

The Ventral Membraue.—In those longitudinal sections in which the ventral nu-nibrane is most perfectly
preserved, it is shown to have been a thin, delicate pellicle or membrane, strengthened in each segment by a
transverse arch, to which the appendages were attached. These arches appear as fiat bands separated by a
thin connecting membrane, somewhat as the arches in the ventral surface of some of the Macrouran
Decapods. . . .

In by far the greater number of sections, both transverse and longitudinal, the evidence of the former
presence of an exterior membrane, protecting the contents of the visceral cavity, rests on the fact that the
sections show a definite boundary line between the white cakspar, filling the space formerly occupied by the
viscera, and the dark limestone matrix. Even the thickened arches are rarely seen.

The mode of attachment of the leg to the ventral surface is shown [in transverse and longitudinal
sections of Ceraiinis and Calymene]. These illustrations are considered as showing that the point of articula-

tion was a small, round process projecting from the posterior surface of the large basal joint, and articulating
in the ventral arch somewhat as the legs of some of the Isopods articulate with the arches in the ventral
membrane. The arches of the ventral membrane in the trilobite . . . aflford a correspondingly firm basis for
the attachment of the legs.

Branchial appendages.—The branchix have required more time and labor to determine their true structure
than any of the appendages yet discovered. They were first regarded as small tubes arranged side by side,

like the teeth in a rake; then as setiferous appendages, and finally as elongate ribbon-like spirals and bands
attached to the side of the thoracic cavity, the epipodite being a so-called branchial arm. All of these parts

are now known to belong to the respiratory system, but from their somewhat complex structure, and the
various curious forms assumed by the parts when broken up and distorted, it was a long time before their

relations were determined.

The respiratory system is formed of two series of appendages, as found beneath the thorax. The first

is a series of branchiae attached to the basal joints of the legs, and the second, the branchial arms, or epipodites.

The branchiae, as found in Calymene, Ceraurus, and Acidaspis, have three forms. In the first they
bifurcate a short distance from the attachment to the basal joint of the leg. and extend outward and downward
as two simple, slender tubes, or ribbon-like filaments. In the second form they bifurcate in the same manner,
but the two branches are spirals. These two forms occur in the same individual but, as a rule, the more
simple ribbon-like branchia is found in the smaller or younger specimens, and the spiral form in the adult.

. . . The spiral branchiae of Ceraurus are usually larger and coarser than those of Calymene.
The third type of the branchis. [consists of rather long straight ribbons arranged in a digitate manner

on a broad basal joint], .^.s far as yet known, this is confined to the anterior se.gments of the thorax.

The epipodite or branchial arm was attached to the basal joints of the thoracic legs and formed of two
or more joints. This has been called a branchial arm, not that it carried a branchia, but on account of its

relation to the respiratory system. It is regarded as an arm or paddle, that, kept in constant motion, produced
a current of water circulating among the branchias gathered close beneath the dor.sal shell. . .

Of the modification the respiratory apparatus underwent beneath the pygidium, we have no evidence.

In his latest publication (1918, pp. 147-153, pis. 26-28, 33), Walcott has reviewed his

earlier work on Calymene and Ceraurus, and presented a new restoration of the former.

The coxopodites are now interpreted as being similar to those of Triarthrus and Neolcnus.

but the exopodites are still held to be spiral and the setiferous organs labelled as epipo-

dites rather than exopodites.

Comparison of the Appendages of Calymene and Ceraurus with those of

Triarthrus.

As one may see by reading the above quotations from Doctor Walcott's descriptions,

he found certain branchial organs in Ceraurus and Calymene which have not been found

in other trilobites but otherwise the essential features of the appendages of all are in agree-

ment.
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Spiral Branchics.

It is now iifcessary to inquire if tlie thin sections can not be interpreted on the basis

of trilobitcs with the same organs as Triarthrus. The interpretation of the structures seen

in these transhiccnt sHces is exceedingly difficult, and Doctor Walcott deserves the utmost

praise for the acumen with which he drew his deductions. Even with the present knowl-

edo-e of Triarthrus, Isotcliis, and Ncolcmis as a guide, I do not think it is safe to speak

dogmatically about what one sees in them.

Walcott has summarized his results in his restoration of the appendages of Calymcnc

' igi8, pi. 'i,T,)- The coxopodite supports a slender six-jointed endopodite as in Triarthrus,

dorsal to wdiich is a short setiferous cpipodite which differs from the exopodite of Triar-

thrus, in being less long, unsegmented, and in having shorter setre. Arising from the same

part of the coxopodite w^ith this epipodite is the bifurcate spiral branchia which has not been

seen in this form in other trilobites. The evidence on which the existence of this organ is

postulated consists of a series of sections across the thorax, the best of them figured by Wal-

cott in his i)lates 2 and 3 (1881) and plate 27 (1918).

The specimens sliced were all partially or quite enrolled, and in that position one would

expect to find the appendages so displaced that it would be only rarely that a section would

be cut, either by chance or design, in such a direction as to show any considerable part of

any one appendage. This expectation has proved true in regard to the endopodites, the

sections rarely showing more than two or three consecutive segments. Sections like those

show-n in figures i and 2 in plate 2 (1881) seem to be unique. On the other hand, there are

numerous slices showing the so-called spiral branchiae. They show for the most part as

a succession of rectangular to kidney-shaped spots of clear calcite.' Usually these clear spots

are isolated, not confluent, but in a small number of specimens, perhaps three or four, the

spots are connected in such a way as to show a zig-zag band which suggests a spiral. Such

an explanation is of course entirely reasonable, but it would be suri)rising if so slender a

spiral should be cut in such a w'ay as to exhibit the large series of successive turns shown

in many of these thin sections. Continuous sections of such organs should be no more

common than continuous sections of endopodites.

One of tiie arguments against tlie interpretation of these series of spots as sections

across spiral arms is that of probabilities. It is known from flattened specimens that jVi'O-

Icnus, Kootcnia, Ptyclioparia, Triarthrus, and Cryptolithus all have a single type of exopo-

dite, consisting of a simple setiferous shaft. All these genera have been examined in a

way that permits no doubt about the structure, and no trace of spiral arms has been de-

tected. On the other hand, Walcott found spiral arms in three unrelated genera, Calym-

c)u\ Ceraurus, and Acidaspis, all of the trilobites in which he found exopodites by the

method of sectioning. What are tlie probabilities that genera of three dififerent families,

studied by means of sections, shoukl agree in having a type of exopodite different from

that of the five genera about whose interpretation there can be no doubt?

Another argument against the interpretation of the sections as spirals is that in any

one line the individual spots are of roughly uniform size. This means of course that the

spiral has Ijcen cut by a plane parallel to the tangent plane. This might happen once, just

as once Doctor Walcott cut all six segments of a single endopodite, but that it should happen

' In looking at Walcott's figures of 1881, it should be remembered that the dark portions of the figures

are clear calcite in the specimens, while the light part is the more or less opaque matrix.
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repeatedly is highly improbable. Moreover, there is a limit to the diameter of the section

which may be made from these slender spirals. Most of the spots have one diameter almnt

one half greater than the other, but others are from three to six times as long as wide.

These last could o^bviously be cut only from a very large spiral, and they are tlierefore

interpreted by Walcott as setjc of epipodites. Yet all gradations are found among the sec-

tions, from the long set;e to the short dots. (See pi. 27, 1918.) In referring to one slice,

Walcott says (1918, p. 152) :

In the latter figure and in figure 13, plate 27, the setae of several epipodites appear to have been cut across

so as to give the efifect of long rows of setx. The same condition occurs in specimens of MarreUa when
the setx of several exopodites are matted against each other.

Fig. 12.

—

A slice of Ccraurus

pleurexanthemus in which the

exopodite happened to be cut

in such a way as to show a part

of the shaft and some of the

setx in longitudinal section.

Specimen 80. X 4-

This is certainly an apt comparison, and equally true if Meolcnns, Triarthriis, or Cryj)-

tolithtis were substituted for Marrclla.

Now consider the "epipodites." They are well shown in Calynicnc in the specimens

illustrated on plate 27, figure 11 (1918), and plate 3, figure 3 (1881), and less clearly in

one or two others. Slices 22 (pi. 27, fig. 12, 1918) and 80 (our fig. 12) show what is

called the same organ in Ceraurus. It will be noted that all of these slices are cut in

the same way, that is, more or less parallel to the under surface of the head, or, at any rate,

on a plane parallel to a plane which would be tangent to the axial portion of the coiled shell.

The sections which show the spirals best are those which are cut l:)y a plane perpendicular to

the long axis of the body. If one were to attempt to cut an enrolled Triarthrus in such a

way as to get a section showing the length of the setas, one would not cut a section per-

pendicular to the axis of the animal, nor, in fact, would he cut one parallel to the ventral

plane, but it is obvious that in this latter type of section he would stand a better chance of

finding a part of the plane of the exopodite coincident with the plane of his section than in

the former. And that seems to be what has happened in these sections of Calymene and

Ceraurus. If the exopodites were preserved, transverse sections were bound to cut across

many sets of fringes, and the resultant slice would show transverse sections of the setre as a

series of overlapping spots. A few fortunately located sections in a more nearly hori-
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zontal plruic niiglit cut the set;e and occasionally the shaft of one or more exopodites in

the longitudinal plane, and the resulting citcct would produce the so-called "epipodites."

A careful study has shown that no one of these epipodites is complete, and they do not have

the palmate form shown in Walcott's figures.

And the last and most important argument against the spiral appendages is that cer-

tain slices, of both Calyiiiciic and Ccraurus, show definitely exopodites of exactly the type

found in other trilobites. These are discussed later in the detailed description of the vari-

ous slices.

If these series of spots are interpreted on the basis of the known structure of Triarthrus,

they are of course a series of sections through the setne of the exopodites. It will be shown

in Part IV that these set;3e are not circular in section, but flattened, in Cryptolithus even

blade-like, and that they oxerlap one another. A section across them would give the same

general appearance as, for instance, that shown in figures 4, 6, 9, and 10 of Walcott's plate

3 (1881).

When both cndopodites and the "spiral branchiae" are present in the same section

(pi. I, fig. 4; pi. 2, figs. I, 2), the "spiral branchiae" are dorsal to the endopodites, as the

seta: of the e.xopodites would be expected to be. The specimens which show the clear

spots connected, and. which suggest a spiral (pi. 3, fig. 5), may seem at first sight to bear evi-

dence against this interpretation, but one has only to think of the effect of cutting a sec-

tion along the edge where the setae are attached to the shaft of the exopodite of Triar-

thrus to see that such a zigzag efliect is entirely possible. One would expect to cut just

this position only rarely, and, in fact, the zigzags are seen in only three or four sections.

The bifurcation of the basal segment of the "spiral branchiae" (pi. 3, fig. 10, 1881) is

probably more apparent than real, if indeed these basal segments have anything to do with

the succeeding one.

A second peculiarity of Calymenc, shown in Walcott's restoration, is the great enlarge-

ment of the coxopodites and of the distal segments of the endopodites of the fifth pair of

appendages of the cephalon. This is based on the sections of plate 3, figures 6, 7, 8, 9,

10 (18S1). After a study of the specimens I regret to find myself still unconvinced that

the posterior cephalic appendages were any larger than those in front.

Ventral Membrane.

The most striking value of the thin sections of Ccraurus and Cdlvniene, and therein

they have a great superiority over all the other forms so far investigated, is that they show

the extent of the body cavity and the position, though not the substance, of the ventral

membrane. Transverse sections through Ccraurus (Walcott's pi. i, figs. 1-5; pi. 2, figs.

I, 3, 1S81) and Calyuicne (pi. 3, figs. 9, 10, 1881) show that the body cavity was

almost entirely confined to the axial lobe. The longitudinal sections of Ccraurus (pi. 2,

figs. 6, 8; pi. 4, fig. 8) and of Calymenc (pi. 2, figs. 5, 7; pi. 5, figs. 1-4) show that the

ventral membrane was exceedingly thin and was wrinkled transversely when the shell was

enrolled.

The specimens of figures 1-3, plate 5 (18S1) show the form of the ventral membrane

more distinctly than any of the others. The section of figure i was cut just inside the

dorsal furrow on the right side, and ligure 2, v.diich is on the opposite side of the same

slice, is almost exactly on the median line. Figure 3 shows a section just inside the left dor-

sal furrow. Section 2 did not cut any of the appendages, and the ventral membrane is
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shown as a thickened, probably cliitinous sheet thrown into low sliarply crested folds equal

in number to, and pointing in a direction just the reverse of, the crests of the segments

of the thorax. Under the pygidium, where there would of course be less wrinkling, the

folds are hardly noticeable. In the actual specimens one sees more plainly than in the

figures the line of separation between the ventral membrane and the appendages, but the state

of preservation of everything beneath the dorsal shell is so indefinite that one does not feel

sure just what the connection between the appendages and the membrane was. In the origi-

nal of figure 5, plate 2, which seems to have been cut so as to cross the appendages at their

line of junction with the ventral membrane, there appear to be narrow chitinous (?) plates

extending from the ventral membrane _ to the dorsal test.

Appcndifers.

In Ccraurus there are regular calcareous processes which extend down from the dor-

sal test just inside the line of the dorsal furrow, and wliich undoubtedly serve as points

of attachment of the appendages. These processes, which for convenience I have desig-

nated as "appendifers," are broken off in most specimens showing the lower surface of

Ceraurus pleurcxanthcmus , but on certain ones cleaned with potash they are well preserved.

Doctor Walcott showed them well in his figures of the lower surface of this species (1875,

pi. 11; 1881, pi. 4, fig. 5), while the attempt of Raymond and Barton (1913, pi. 2, fig. 7)

to show them by photography was not so successful.

There is one pair of appendifers on each of the thoracic segments and four pairs on

the pygidium. On the cephalon there is one pair under the neck furrow, and a jiair under

the posterior glabellar furrows. These are not concealed by the hypostoma. Further for-

ward, and completely covered by the hypostoma, are two much less strongly developed but

similar ones, so that there are in all four pairs of appendifers on the cephalon, though it

is extremely doubtful if the appendages were articulated directly to all of them. On a

specimen of Ceraurus plcure.vanthemus 30 mm. long on the median line, the dorsal furrows

are 7.5 mm. apart at the anterior end of the thorax, and the tips of the appendifers of

this segment are only 4 mm. apart. Each consists of a straight slender rod with a knob-

like end projecting directly downward from the dorsal test, and supported by a thin cal-

careous plate which runs diagonally forward to the anterior edge of the segment directly

under the dorsal furrow. On the pygidium three pairs of the appendifers have this form,

while the fourth pair consist of low rounded tubercles which are concealed by the doublure.

These appendifers are probably cut in many of Walcott's sections of Ceraurus, but owing

to the state of preservation it is not always possible to determine what part is appendage,

what part is body cavity, and what part is appendifer.

Nearly forty years ago Von Koenen (1880, p. 431, pi. 8, figs. 9, 10) described

and figured the appendifers of Phacops latifrons. He found them to be calcareous pro-

jections on the hinder margin of each segment, converging inward, and about 1.5 mm. long.

He correctly considered them as supports (Stiitzpunkte) for the feet.

Appendifers are well developed also in Plionierops, and in well preserved specimens

of Calymene senaria from Trenton Falls they are present, but instead of being rod-like

processes, they are rather thick, prominent folds of the shell. They are also well shown
in some of the thin sections. A specimen of Triarthrus (No. 229, our pi. 5, fig. 2) has

broad processes extending downward from the lower side of the test below the dorsal

furrows, much as in Calymene, and the individual of Cryptolithus shown in plate 8, figure
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I, possesses slender appendifers. Two other specimens (Xos. 237 and 242) show them

quite well. They were probably present in all trilol^ites, Ijut seldom preserved. The appen-

difers have the same origin as the entopopliyses of IJiiiiilus, and like them, may have rela-

tively little effect on the dorsal surface.

Calymene senaria Conrad.

(Text figs. 13-16, 23.)

Illustrated: Walcott, Bull. Mus. Comp. Zool., Harvard Coll., vol. 8, 1881, pi. i, figs. 6-10; pi. 2. figs. 5-7,

to; pi. 3, figs. I, 3. 8-10; pi. 4, figs. 3. 7; pi. S, figs. 1-6; pi. 6, figs. I (restoration), 2 ;—Proc. Biol. Soc.

Washington, vol. 9, 1894. pi. I, fig. 7 (restoration) ;—Geol. Mag., dec. 4, vol. i, 1894, pL 8, figs. 7, 8;—

Smithson. Misc. Coll., vol. 67, 1918, pi. 26, figs. 1-7, 9-13; pi. 27, figs. 4, 5 (not 5a), 11 (not 12, Ceraurus),

13, 14. IS (not Ceraurus) ;
pi. 28, figs. 7, 8; pi. 33, fig. i (restoration); pi. 34, fig. 2; pi. 35, fig. 6.—Dames,

N. Jahrb. f. Min., etc., vol. i, 1880, pi. 8, figs. 1-5.—Milne-Edwards, Ann. Sci. Nat., Zoologie, ser. 6, vol. 12,

1881, pi. II, figs. 19-32; pi. 12, figs. 33-41.—Packard, Amer. Nat., vol. 16, 1882, p. 796, fig. 12.—Bernard, The

ApodidK, 1892. text figs. 50, 52, 341—Quart. Jour. Geol. Soc, London, vol. 50, 1894, text figs. 13, 15, 17.—

CEhlert, Bull Soc. Geol. France, ser. 3, vol. 24, 1896, fig. 12.—Beecher, Amer. Jour. Sci., vol. 13, 1902, pi.

5. fig- "•

In both of Walcott's accounts (1881, 191S) of the appendages of Calymene and

Ceraurus. he has described them together, so that those who have not taken time to study

the illustrations and disentangle the descriptions are very apt to have a confused notion

in regard to them. I have therefore selected from the original specimens those slices of

Calviucnc which are most instructive, and bearing in mind the probable appearance of the

appendages of an enrolled Triartlirus, have tried to interpret them. In such a method of

study, I have of course started with a pre-formed theory of what to expect, but have

tried to look for differences as well as likenesses.

Cephalic Appendages.

Antcnnules.—The evidence of antennules rests on a single slice (No. 78). The appen-

dage in question is exceedingly slender and arises at the side of the hypostoma near its

posterior end. It shows fine, slender segments, and ciu'ves first outward and then forward.

If it is in its natural position, it is not an antennule, but the endopodite of the second or

third pair of cephalic appendages. It is short, only about one-third the length of the hy-

postoma, but is doubtless incomplete. The two distal segments show a darker filling, indi-

cating that they were hollow. Judging from analogy with other trilobites, the appendage

is probably an endopodite and not an antennule. There can be no reasonable doubt, how-

ever, that Calymene possessed antennules.

Some idea of the form of the coxopodites of the cephalic appendages may be obtained

from sections which cut in approximately the plane of the hypostoma. Such sections are

shown in Walcot-t's photographs (pi. 26, figs. 4, 6, 11, 1918). Specimens 50 (fig. 4, our

fig- 13). 51 (fig- 6), 6 (fig. 11), and 40 (our fig. 14) agree in showing two pairs of slender

coxopodites which are attached at the sides of the hypostoma and run backward parallel and

close to it, and two pairs of larger coxopodites which are behind the hypostoma, although the

point of attachment of the third pair is in front of its tip. The anterior, pair are appar-

ently under-developed and no longer function as mouth parts, while the posterior two pairs

are large and armed on their inner ends with spines. Specimen 78, which has already been

mentioned in connection with the antennules, .shows a second very slender appendage back

of the so called antennule, which is equally slender, but is directed outward instead of for-
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ward. It seems not improbable, from their position and similarity, that these two are the

endopodites of the first two appendages on one side of the hypostoma. Specimen 6 shows
rather inadequately the endopodites of the second and third cephalic appendages. I have
not found other slices showing endopodites of the cephalon. Walcott, in Ijoth his restora-

tions, has shown enlarged, paddle-shaped dactylopodites on the distal ends of the fourth

cephalic endopodites. The evidence for this rests principally on three slices. No. 38 (pi.

26, figs. 9, 10), 53 (pi. 26, fig. 12), and 43 (pi. 26, fig. 13). Of these, No. 43 may be dis-

missed at once as too poorly preserved to be interpreted. No. 53 does show a section of

an appendage which seems to have an unusually wide dactylopodite, but this slice presents

no evidence at all as to the appendage to which the dactylopodite appertains, nor can one
even be sure that there has not been a secondary enlargement. Specimen 43 shows this

Fig. 13 —Slice through Cayhnene
sciiaria in the plane of the hypostoma,

showing the very slender coxopodites

beside that organ, the spines on the

inner end of one of the maxillulse,

and the anterior position of the at-

tachment of all these appendages.

From a photographic enlargement.

Specimen 50. X 4-

Fig. 14.— Slice

through the hypo-

stoma and tho-

rax of Calymene
senaria Conrad,
showing the small

size of the coxop-

odites nearest the

hypostoma. Shell

in black, append-

ages and filling of

abdominal cavity
dotted. From a

photographic en-
largement. Speci-

men 40. X 3.8.

Fig. 15.—Transverse section

of Calymene, showing method
of articulation with the ap-

pendifer. The shell is in solid

black, the filling of the append-

age and appendifer stippled.

Traced from a photographic

enlargement of the slice.

Specimen 63. X 7.

feature much less definitely than is indicated by the published photograph and drawing.

The segment in question is strongly curved, with a constriction possibly dividing it into

two. If it is in its natural position in this section, it obviously belongs to one of the

thoracic segments and not to the cephalon. With evidence of difference so unsatisfactory,

I prefer to reconstruct the posterior cephalic endopodites on the same plan as those of the

thorax.

Exopodites.—Walcott admits that there is no direct evidence of spiral exopodites in

the cephalon of Calymene. No one of the sections cutting through the plane of the hypos-

toma shows any trace of appendages which could be interpreted as exopodites.

Thoracic Appendages.

The large coxopodites of the anterior thoracic appendages are well shown in many speci-

mens cut longitudinally, of which Nos. 23, 50, and 55 may be mentioned, since photographs

of them have been published by Walcott (pi. 26, figs. 1-4, 1918). The endobases of all

taper toward the proximal ends. Transverse slices show sections of the coxopodites which
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arc no wider than tliosc in longiUidinal sccticms, indicating that they were not compressed

bnt proliably cylindrical. Tliis is lx>rne out by an individual (pi. 28, fig. 7, 1918) which is

not a slice but an actual specimen, the body cavity of which was hollow, and, opened from

above, shows the impressions of the last two coxopodites of the cephalon, and the first four

of the thorax.

One transverse section (No. 63, see our fig. 15) is especially valuable, as it shows

the method of articulation of the coxopodites wit!\ the dorsal skeleton. Another specimen

(No. '/2') shows that appendifcrs are present in Calymene, and while the appendifer does

not retain its original form in slice No. 63, the section does show clearly that there was a

notch in the inner (upper)' side of the coxopoditc into which the lower end of the appen-

difer fitted, thus giving a firm, articulated support for the appendage. This notch appears

to be slio'hdy nearer the outer than the inner end of tlie coxopodite, and since it must have

made a kind of ball-and-socket joint, considerable freedom of movement was allowed. The

appendage must have been held in place by muscles within the coxopodite and attached to the

appendifer.

No slice which I have seen shows a continuous section through all the segments of an

endopodite, but many, both longitudinal and transverse, show one, two, or as many as three

segments.

Such sections as No. 120 show that the endopodites of the thorax were slender and

composed of segments of rather uniform diameter. Other sections, notably No. 83, 154,

and III, show that they tapered distally, and bore small spines at the outer end of each

segment.

The exopodites of course furnish the chief difficulty in interpretation. Doctor Wal-

cott finds two sets of structures attached to the coxopodite, a long, slender, spiral exopo-

dite, and a short, broad epipodite with a fringe of long seta;. Since he has given the same

interpretation for Calymenc, Ccraurus, and Acidaspis, I have considered the question of

all three together on a preceding page (p. 48),and given my reasons for regarding both struc-

tures as due to sections in different directions across setiferous exopodites.

Sections like those shown in figures n, 13, and 14 of plate 27 (1918) happen to be cut

in or near the plane of the set;e of an exopodite, and so show hairs of considerable length.

Such sections are, as would be expected, very few in number, while sections like those shown

on figures 4, 5, 7, and 9 of plate 2y, which cut the setas more nearly at right angles, are

very common. Slices which give any definite idea of the form of the shaft of the exopodite

are exceedingly rare. Perhaps the most satisfactory one is No. 23 (pi. 3, fig. 3, 1881),

which shows the proximal part of a long, slender, unsegmented shaft, with the bases of a

number of slender sets. The organ is not complete, as would be inferred from die pub-

lished figure, but the section cuts diagonally across it, and the total length is unknown.

It is directed forward, like the exopodites of Ncolcmis, but whether or not this is a natural

position is yet to be learned.

The proximal, non-setiferous portion of tlie exopodite is evidently at an angle with

the setiferous part. Another similar exopodite is apparendy shown by specimen 29 (pi. 3,

fig. 9, 1881, which has a similar angulated shaft and just a trace of the bases of the setae.

Pygidial Appendages.

That appendages were present under the pygidium is .shown by longitudinal sections,

but nothing is known of the detail of structure.
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Relation of Hypostoma to Cephalon in Calymene.

In Calymene the shape of the hypostoma bears little relation to the shape of the gla-

bella, and it is relatr\-ely smaller, both shorter and narrower, than in Ccraurus. In shape,

neglecting the side lappets at the front, it is somewhat rectangular, but rounded at the back,

where it is bifurcated by a shallow notch. The anterior edge has a narrow flange all

across, which is turned at almost right angles to the plane of the appendage, and which

Fig. i6.—Restoration of Calymene senaria Con-

rad, based upon data obtained from the study of

the translucent sections made by Doctor Walcott.

Prepared by Doctor Elvira Wood, under the su-

pervision of the author. About twice natural size.

fits against the doublure of the free cheeks at the sides and against the epistoma in the

middle. The side lappets show on their inner (upper) surface shallow pits, one on each

lappet, which fit over projections that on the dorsal surface shoAV as deep pits in the bottom

of the dorsal furrows in front of the anterior glabellar furrows. The appendifers on

the head in Calymene take the form of curving projections of shell underneath the gla-

bellar and neck furrows, and owing to the narrowness of the hypostoma, all these are visi-

ble from the ventral side, even with it in position. This shield extends back about 0.6 of
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the length of the cephalon, and to a point a little behind the second glabellar furrow from

the back of the head.

In Doctor Walcott's restoration of Calynicne he has represented all four pairs of bira-

mous appendages as articulating back of the posterior end of the hypostoma. I think his

sections indicate that the gnathobases of two pairs of these appendages rested alongside or

beneath it, and in particular, the longitudinal sections (1881, pi. 5) would appear to show

that the mouth was some distance in advance of its posterior end.

Restoration of Calymcne.

(Text fig. 16.)

From what has been said above, it is evident that for a restoration of the appendages

of Calymcne considerable dependence must be placed upon analogy with other trilobites.

Nothing is positively known of the antennules, the exopodites of the cephalon, or any ap-

pendages, other than coxopodites, of the pygidium, but all were probably present. It is

inferred from the slices that the first two pairs of cephalic appendages were poorly devel-

oped, the endopodites short and very slender, the coxopodites lying parallel to the sides of

the hj'postoma and nearly or quite functionless. The gnathites of the last two pairs of

cephalic appendages are large, closely approximated at their inner ends, and bear small

tooth-like spines. The endopodites are probal^ly somewhat better developed than the an-

terior ones and more like those on the thorax.

The coxopodites of the thorax appear to have had nearly cylindrical endobases which

tapered inward. The endopodites were slender, tapering gradually outward, and probably

did not extend beyond the dorsal test. Small spines were present on the distal end of

each segment. Each exopodite had a long, slender, unsegmented shaft, to which were at-

tached numerous long, overlapping, flattened setae. The shaft may have been angulated

near the proximal end, and may have been directed somewhat forward and outward as

in Neolenus, but the evidence on this point is unsatisfactory. The number of pairs of ap-

pendages is that determined by Walcott from longitudinal sections, namely, four pairs on

the cephalon beside the antennules, thirteen pairs in the thorax, and nine pairs on the

pygidium.

Calymene sp. ind.

(PI. 6, figs. 4, 5-)

Illustrated: Walcott, Bull. Mus. Comp. Zool., Harvard Coll., vol. 8, 1881, pi. 6, figs. 5a, b;—Proc. Biol.

Soc. Washington, vol. 9, 1894, pi. I, fig. 10 ;—Geol. Mag., dec. 4, vol. i, 1894, pi. 8, fig. 10;—Smithson. Misc.

Coll., vol. 67, 1918, pi. 36, figs. I, 2, 2a-d.—Milne-Edwards, Ann. Sci. Nat., Zoologie, ser. 6, vol. 12, 1881, pi.

12, figs. 44a, b.

In the United States National Museum there is a thin piece of limestone, about 3

inches square, which has on its surface eight jointed objects that have been called legs of

trilobites. Two of these were figured by Walcott (1881, pi. 6, fig. 5). The slab contains

specimens of Dahnanella and CrypfolitJius, in addition to the appendages of trilobites, and

is said by Doctor Ulrich to have come from the upper part of the Point Pleasant formation

(Trenton) on the bank of the Ohio River below Covington, Kentucky.

The specimens are all endopodites of long slender form, siinilar to those of Triarthrus,

but since that genus does not occur in the Point Pleasant, it is necessary to look upon some

other trilobite as the former possessor of these organs. Both Isotehis and Calymcne occur
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at this horizon, and as tlie specimens obviously do not lielong to Isotclus or Cryptolithus,

it is probable that the}^ were formerly part of a Calyiiiriu'.

All the endopodites are of chitinous material, and the various specimens show, accord-

ing to the perfection of their preservation, from four to six segments. The endopodite as

a whole tapers but slightly outward, and the individual segments are of nearly equal length.

They appear to be but little crushed, and are oval in section, with a crimped anterior and

posterior margin. One or tvv-o show a median longitudinal ridge, such as is seen in some

appendages of Triartlints. Each segment is parallel-sided, with a slight expansion at the

distal end, where the next segment fits into it.

Under the heading "Ordovician Crustacean Leg," Walcott (1918, p. 154, pi. 36, figs.

I, 2) has recently redescribed these specimens, and thinks that they do not belong to Calyin-

cne, nor, indeed, to any trilobite. He concludes that they were more like what one would

expect in an isopod. Passing over the fact tliat the oldest isopod now known is Devonian,

the fossils in question seem to me quite trilobite-like. Walcott says:

The legs are associated with fragments of Calymcue mccki but it is not probable that they belong to

that species; if they did. they are unlike any trilobite leg known to me. The very short coxopodite and

basopodite are unknown in the trilobites of which we have the legs, as they are fused into one joint forming

the long protopodite in the trilobite. The distal joint is also unlike that of the trilobite legs known to us.

A great deal of Doctor Walcott's difficulty probably arises from his homology of the

coxopodite of the trilobite with the protopodite of the higher Crustacea. The coxopodite

of the trilobite is not fused with the basipodite, this latter segment always remaining free.

Indeed, Walcott himself says of Neolcnus (1918, p. 128) :

Each thoracic leg (endopodite) is formed of a large elongate proximal joint (protopodite), four strong

joints each about 1.5 times as long as wide (basopodite, ischiopodite. meropodite and carpopodite) ; two

slender elongate joints (propodite and dactylopodite) and a claw-like, more or less tripartite termination.

Walcott's drawing (pi. 36, fig. i ) is a composite one, and while it shows eight seg-

ments, I was not able to count more than seven on any of the specimens themselves. In

regard to the terminal segment, the dactylopodite of the limb shown in his plate 36, figure 2,

is unusually long, and a comparison with other photographs published on the same plate

shows that such long segmeilts are unusual.

Proof that these are appendages of a Calymcne is of course wanting, l)ut there is no

particular reason so far to say that they are not.

Mcasurciiients: Two of the more complete specimens, each showing six segments, are

each 8 mm. long.

Somewhat similar to the .specimens from Covington are the ones described by Eich-

wald ( 1S25, p. 39, i860, pi. 21 ) , the specimens being from the Silurian of (jotland. The figure

copied by Walcott (1881, pi. 6, fig. 4) has never been looked upon as entirely satisfactory

evidence of the nature of the specimen, and so far as I know, the fossil has not been seen

by any tnodern investigator.

Ceraurus pleurexanthemus Green.

(PI. II ; text figs. 12, 17-19, 21, 22, 24, 29. 30.)

Illustrated: Walcott, Ann. Lye. Nat. Hi.st. New York, vol. 11. 187.S, pi. 11;—31st Ann. Rept. New York

State Mus. Nat. Hist.. 1879. pi. i, lig. 3;—Bull. Mus. Comp. Zuol,. Harvard Coll.. vol. 8, 1881, pi. I, I'lgs.

1-5; pi. 2, figs. 1-4, 6-8; pi. 3. figs. 2, 4-7; pi. 4. figs. I, 2, 4-6, 8; pi. 6, fig. 3;—Smithson. Misc. Coll., vol. 67,
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1918, pi. 26, figs. 8, 14, 15; pi. 27, figs. 1-3, 5a, 6-9, 12 (not Calyinenc), (not 15, Calymene)
;

pi. 28, figs. 1-5;

pi. 34, fig. I
;

pi. 35, fig. 7.—Milne-Edwards, Ann. Sci. Xat., Zoologic, ser. 6, vol. 12, 1881, pi. 10, figs. 1-18.—

Bernard, The Apodidse, 1892, text figs. 46, 51.

Cephalic .Ippendagcs.

Xo trace of antenmilcs ha.s yet been found.

I find only tliree sections cut through the plane of the hypostoma of Ccraurus which

show anything of the ce])halic appendages, and no one of them is very satisfactorj-. The

best is No. 22, the one figured by Walcott (pi. 3, fig. 2, 1881; pi. 2/, fig. 12, 1918), but

one should remember that this section is not actually cut in the plane of the hypostoma but

is a slice diagonally through tlie head, cutting through one eye and the posterior end of

the hypostoma. It shows what seem to be the coxopodites of the second, third, and fourth

pairs of cephalic appendages, the exopodites of the third and fourth pairs, and the metas-

toma. If this interpretation is correct, the first pair of gnathites lay alongside the hypos-

Fig. 17.—Transverse section of Ceraurus

plcurcxanthcmus, showing the relation of

the co.xopodite to the appendifer. Traced

from a photographic enlargement of the

slice. Specimen 128. X 4-S-

Fig. 18.— .Slice of Ccraurus plcurcx-

anthcmus, showing a nearly continu-

ous section of an endopodite and an

exopodite above it. The latter is so

cut as to show only the edge of the

shaft and the bases of a few setae.

Traced from a photographic enlarge-

ment. Specimen iii. X 4-

toma or under its edge, and were feebly developed, the second pair were attached in front

of the tip of the hypostoma, curved back close to it, and their inner ends reached the sides

of the metastoma. The third and fourth pairs were back of the metastoma, the third

pair was stronger than the second, and the fourth probably like the third.

Specimen 92 shows traces of the slender endopodites belonging to the cephalon, but no

details. Specimen 22 shows on one side exopodites (epipodites of Walcott) belonging to

the third and fourth cephalic appendages. That belonging to the third shows some long

setje and a trace of tlie shaft, while the one on the fourth appendage (third coxopodite) has

a portion of a l)road shaft and a number of long setfe. It should again be remembered

that the slice does not cut through the plane of tlie exopodite, but across it at a low angle,

so that a part but not all of the shaft is shown. On the other side of this slice there is a

fairly good section of one of tlie thoracic exopodites. It is, however, turned around in

the opposite direction from the others, as would be expected in an enrolled specimen.

Specimens 4 and 5 (pi. i, figs. 4, 3, 1881) are slices cut diagonally through the head

of Ccraurus. in front of the posterior tip of the hypostoma. They show fragments of

end(.)podites and e.xopodites which may be interpreted as practically identical in form with

those of the thora.x. IJne to the diagonal plane in which the section is cut, slice 5 shows
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the coxopodites of two pairs of appendages, one lying nearer the median cavity than the

other. It is extremely difficult to visualize the interpretation of such sections.

Thoracic Appendages.

A transverse section through a thoracic segment (Xo. 128, our fig. 17) shows the re-

lation of coxopodite to appendifer to be the same as in Calymene, the upper side of the

coxopodite having a notch a little outward from the middle. After seeing that specimen,

it is possible to understand slice No. 168, which shows longitudinal sections through a num-
ber of coxopodites of the thorax, with fragments of both exopodites and endopodites artic-

idated at the distal ends. These and 'longitudinal vertical sections like Xo. 18 (pi. 2, fig.

8, 1881) show that the endobases taper inward, and the general uniformity in width in

sections taken at various angles indicates that the coxopodites were not greatlj' flattened.

A unique slice (Xo. iii, pi. 2, fig. 2, 1881 ;
pi. 27, fig. i, 1918; our fig. 18) shows a

nearly complete thoracic endopodite, and above it a part of the proximal end of the exopo-

dite of the same segment. When one considers that out of over two thousand sections only

this one shows the six successive segments of an endopodite, one realizes how futile it is

to expect that dozens of the equally slender "spirals" should be cut so as to show prac-

tically all their turns.

This endopodite is slender, all the segments have nearly the same length and diameter,

though there is a slight taper outward, each segment is expanded distally for the articula-

tion of the next, and there are small spines on the distal ends of some of them. There is

probably a terminal spine present, though it is neither so long nor so plainly visible as in

Walcott's photograph.

The exopodite on this same specimen was evidently cut diagonally across near the setif-

erous edge, showing a section through the shaft and the bases of seven setie (fig. 18). This

section is so exactly what would be obtained by cutting similarly an exopodite of either

Neolenus or Triarthrus that it should in itself dispose of the "spiral-exopodite" theory.

Several sections have already been illustrated showing sections across the setae of the

exopodites (pi. 3, figs. 4-6, 1881 ;
pi. 27, figs. 3, 4, 9, 1918), and similar sections are not

uncommon. Only a very few, however, show sections in the plane of the exopodite. If

only Xo. Ill, described above, were known, it would be inferred that the exopodite had a

slender shaft as in Calymene, but another good slice, X'^o. 80 (fig. 12, ante) shows that the

blade was rather broad, though not so broad as in Neolenus. The other specimen is Xo. 22,

which has already been discussed. The thoracic exopodite of this specimen has been very

incorrectly figured by Walcott, as it shows no such palmate shaft as he has indicated, but a

long blade-like one is outlined, though its entire width is not actually shown.

Pygidial Appendages.

Sections 14 and 18 (pi. 2, figs. 4, 8, 1881) prove the presence under the pygidium of

three pairs of appendages, the coxopodites and fragments of endopodites of which are shown.

X'othing is known of the exopodites.

Relation of Hypostoma to Cephalon.

In Ccraurus the body portion and posterior end of the hypostoma are roughly oval,

about as wide as the glabella at its broadest part, and the posterior edge extends back to
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witliin 0.5 to I mm. of tlic neck furrow. The posterior pair of appendifers are behiiKJ the

hypostoma, while ttic second ])air arc in front of its posterior end l)ul escape being covered

by it on account of its oval sha])e. .At the anterior end the hypostoma is widened by the

presence of two side !a])iicts which extend bevcnd the Ijoundaries of the glabella. In both

Ccraurits and (.'lirininis the anterior edge of the hypostoma fits against the doublure at the

anterior margin of the head and the epistoma is either entirely absent or is so narrow as not

to be .'^een in specimens in the ordinary state of preservation. .\ section across the cephalon

of Ccrcmrus plcurcxantlicinus at the horizon of the eyes shows the sides of the hypostoma

lifting closelv against llie sides of the glabella ( Walcott's pi. i, fig. i). Further back on

the head it is n(_it in contact with the dorsal test, and the gnathobases extend beneath it.

Restoration of Ceraiirns pleiircxanthomis.

(PI. II ; text fig. 19.)

The restoration of the appendages of Ceraunis plcurcxantlicinus is a tentative one, based

upon a careful study of the translucent sections prepared by Doctor Walcott. In no case

Fig. 19.—Restoration of a transverse section of the thorax

of Ccraurus pleurexanthcmus Green, showing the relation of the

ai)pendages to the appendifers and the ventral membrane. The
jirobable positions of the heart and aUmentary canal are

indicated.

among these sections is the actual test of any appendage preserved, and the real form of each

part is generally obscured by the crystallization of the calcite which tills the spaces formerly

occupied by animal matter.

No section shows anything which can be identified as any part of the antennules, so

that these organs have been supplied from analogy with TriartJirus.

There are undoubtedly four pairs of biramous cephalic appendages, but their points of

attachment are not so obvious. There are two pairs of conspicuous appendifers on the

posterior part of the cephalon and another pair almost concealed by the hypostoma. It is

probable that the appendages of the cephalon were not attached directly beneath them, as

the four pairs have to be placed within the space occupied by the three pairs of appendifers.

As the mouth is in front of the posterior end of the hypostoma, the gnathites of the first

pair of l)iramous appendages ma_\' ha^•e extended beneath that organ, or they ma}' have lain

beside it, and only become functional when the hypostoma was dropped down in the feed-

ing position. The second pair of gnathites reached just to the tip of the hypostoma, and the

other two pairs seemingly curved backward behind it.

The points of attachment on the thorax, as shown clearly in sections, were directly be-

neath the lower ends of the appendifers. The endopodites were long enough to reacli to

or a little beyond the outer extremities of the pleural spines, while the exopodites were

apparently somewhat shorter. Each endopodite consisted of six short, fairly stout seg-

ments, each with at least two spines on the somewhat expanded distal ends. The exact
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form of the exopodites could not be made out. The shaft was apparently rather sliort, unseo--

mented, and fairly broad. The seta; appear from the sections to have been more or less

blade-shaped and to have o\-crlapped, as do those of tlie exopodites of Crvplolithiis. Tiulg-

ing from their position in the sections, the seta- not only liordercd the posterior side ot' the

shaft, but radiated out from the end as well.

The pygidium shows three pairs of functional appendifers, hence tiu-ee pairs of appen-
dages have been supplied. There is a fourth pair of rudimentary appendifers, but as they

are beneath the doublure they could not have borne ambulatory ajipcndagcs.

The Appendages of Acidaspis trf.ntonensis Walcott.

(PI. 6, fig. 6.)

A single individual of Acidaspis trentonensis, obtained from the same locality and hori-

zon as the specimens of Triarthnis and Cryptolithus, when cleaned from the ventral side

shows a number of poorly preserved endopodites which seem very similar in shape and
position to those of Triarthnis. One endopodite on the right side of the head and the first

five on the right side of the thorax are the best shown. All are slender, are directed first

forward at an angle of about 45^ with the axis, then, except in the case of the cephalic

appendage, turn backward on a gende curve and extend a little distance beyond the margin
of the test, but not as far as the tips of the lateral spines of the thoracic segments.

The individual segments of the endopodites can not he seen clearly enough to make
any measurements. On the fourth and fifth endopodites of the thorax, some of the seo--

ments seem to be broad and triangular as in Triarthnis. All that can be seen indicates that

Acidaspis had appendages entirely similar to those of Triarthnis, but perhaps not quite

so long, as they seem not to have projected beyond the limits of the lateral spines. There
are no traces of antennules nor, im fortunately, of exopodites.

Measurements: Length 8 mm.
Walcott (1881, p. 206) .stated that his sections had shown the presence in this species

of legs "both cephalic and thoracic" and also the "spiral ljranchi;e."' His specimens were
from the Trenton at Trenton Falls, New York.

The Appendages of Cryptolithus.

Cryptolithus tessellatus Green.

(PI. 6, fig. 7 ;
pis. 7-9 ; text figs. 20, 25, 45, 46.

)

(See also Part IV.)

Illustrated: Beecher, Amer. Jour. Sci., vol. 49, 1895, pi. 3.

When Professor Beecher wrote his .short article on the ".Structure and Appendages of

Trinucleus" (1895), he had only three specimens showing appendages. In his later work
he cleaned several more, so that there are now thirteen specimens of Triiuicleiis ^=^ Cryp-

tolithus available for study, though some of these do not show much detail. In his last

and unpublished study, Beecher devoted the major part of his attention to this genus, and

summarized his findings in the drawings which he himself made of the best individuals (text

figs. 45, 46). Valiant (1901) stated that he had found a Trinucleus with antennie in the

Frankfort shale south of Rome, New York. The specimen has not been figured.



62 THE APPENDAGES, ANATOMY. AND RELATIONS OF TRILOBITES.

None of the specimens shows much more i)f the appendages of the cephalon tlian the

hypostoma and the antennules, so that we are still in ignorance about the mouth parts.

The most striking characteristics of the appendages are as follows: the antennules are

long, and turn backward instead of forward; none of the limbs projects beyond the margin

of the dorsal test: the cxopodites extend beyond the endopodites, reaching very nearly to

the margin of the test : the endopodites are not stretched out at right angles to the axis, but

the first three segments have a forward and outward direction as in Triarthriis, while the

last four turn Ixvck abrui)dy so that they are parallel to the axis; the limbs at the anterior

end of the thorax are much more powerful than the others: the dactylopodites of the endop-

odites show a fringe of set;e instead of three spines as in Triarthriis and Ncolcnus. All

these would, as Beecher has already suggested, seem to be adaptations to a burrowing habit

of life, the antennules being turned backward and the other appendages kept within the

shelter of the dorsal test in order to protect them, and the anterior endopodites enlarged and

equipped with extra spines to make them more efficient digging and pushing organs.

Restoration of Cryptolithus.

(Text fig. 20.)

It should be definitely understood that the present figure is a restoration and not a

drawing of a specimen, and that there are many points in the morphology of Cryptolithus

about which no information is availalile, especially about the appendages under the central

portion of the cephalon. The information aft'orded Ijy all the figures published in this

memoir is comljined here. As gnathites are preserved on none of the specimens, those rep-

resented in the figure are purely conventional.

A person who is accjuainted only with Cryptolilltiis preserved in shale, or with figures,

usually has a very erroneous idea of the fringe It is not a flat liorder spread out around

the front of the head, but stands at an angle about 45 in uncrushed specimens of most

species. When viewed from the lower side, there is a single outer, concentric row of the

cup-shaped depressions, bounded within by a prominent girder. This row is in an approxi-

mately horizontal plane, while the remainder of the doublure of the fringe rises steeply into

the hollow of the cephalon. Since the front of the hypostoma is attached to this doublure,

it stands high up within the vault and under the glabella. Two specimens, Nos. 231 and

233, show something of the hypostoma, and they are the only ones known of any Ameri-

can trinucleid. That of specimen 233, the better jireserved, is very small, straight across the

front, and oval behind. It seems that it is abnormally small in this specimen and I should

not be surprised if in other specimens it should be found to be larger.

In the Bohemian Trinnclcoidcs rcussi (Barrande), the oldest of the trinucleids, the hy-

postoma is very commonly present, and is of the proper size to just cover the cavity of the

glabella, seen from the lower side, and has, toward the anterior end, side flaps which reach

out under the prominent glabellar lobes. This large size of the hypostoma would cause the

antennules t(_i be attached outside the dorsal furrows, and the position in wdiich they are at-

tached in the American species of Cryptolithus may be explained as an inherited one, since

with the small hypostoma they might have been within the glabella, as in Triarthriis.

The antennules are seen in three specimens, and in all cases are directed backward. The

particular course in which they are drawn in the restoration is purely arbitrary. The sec-

ond pair of cephalic appendages are represented as directed downward and forward, since
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in one or two specimens fragments of forward -pointing endopoditcs were seen near the front

of the cephalon, and because in other trilobites the second pair of appendages is always

directed forward. The remaining three pairs have a more soHd basis in observed fact, for

the two or three specimens retaining fragmentary remains of thom indicate that they turn

backward like those on the thorax, and that the individual segments are longer and more

Fig. 20.

—

Cryptolithus tesscllatus Green. A restoration of the appendages drawn by Doctor

Elvira Wood from the original specimens and from the photographs made by Professor

Beecher. X 9.

nearly parallel-sided than those of the more posterior appendages. The gnathites of all

the cephalic appendages are admittedly purely hypothetical. None of the specimens shows

them. As drawn, they are singularly inefficient as jaws, Ir.it if, as is suggested by the casts

of the intestines of trinucleids found in Bohemia, these trilobites were mud-feeders, ineffi-

cient mouth-parts would be quite in order.

The appendages of the thora.K and pygidium can fortunately be taken quite directly

from the photographs of the dorsal and ventral sides of well preserved specimens. There
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is of course a question as to tlie nunil)ei" and ihe exact form of those on the pyilitHuni, but

[ think the ])resent restoration is fairly well justified by the specimens. As would be ex-

pected from the narrow axial lobe, the ,<^nathol)ascs of the coxopodites are short and small.

Summary on the Ventral Anatomy of Trilobites.

comparison of apl'endages of different genera.

Since the appendages of Triarfhrns, Cry^tolithus, Neolenus, Calyincnc, and Ceraitrus

are now known with some degree of completeness, those of Isotclus somewhat less fully,

and something at least of those of Ptychoparia, Kootciiia, and Acidaspis. these forms being

representatives of all three orders and of seven different families of triloliites, it is of some

interest to compare the homologous organs of each.

All in whicli the various appendages are preserved prove to have a pair of antennules,

four pairs of In'ramous limbs on the cephalon, as many pairs of biramous limbs as there

are segments in the thorax, and a variable number of pairs on the pygidium, with, in the

case of Mcoh'ims alone, a pair of tactile organs at the posterior end. Each limb, whether

of cephalon, thorax, or pygidium, consists of a coxopodite, which is attached on its dorsal

side to the ventral integument and supported by an appendifer, an exopodite, and an endopo-

dite. The exopodite is setiferous, and the shaft is of variable form, consisting of one, two,

or numerous segments. The endopodite always has six segments, the distal one armed with

short movable spines.

Coxopodite.

The coxopodite does not correspond to the protopodite of higher Crustacea, the basip-

odite remaining as a separate entity. The inner end of the coxopodite is prolonged into

a flattened or cylindrical process, which on the cephalon is more or less modified to assist

in feeding, and so becomes a gnathobase or gnathite. The inner ends of the coxopodites of

the thorax and pygidium are also prolonged in a similar fashion, but are generally some-

what less modified. These organs also undoubtedly assisted in carrying food forward to the

mouth, but since they probably had other functions as well, I prefer to give them the more

non-committal name of cndobascs.

In Triartlints and Ah'olcnus the endobases are flattened and taper somewhat toward

the inward end. In Isolclns. Ciilyiiiciic and Ccraiinis. they appear to have been cylindrical.

In other genera they are not yet well known. In all cases, particularl}' alxnit the mouth,

they appear to have been directed somewhat backward from the point of attachment. As it

is supposed that these organs moved freeh' forward and backward, the position in which they

occur in the best preserved fossils should indicate something of their natural position when

muscles v,ere relaxed.

Cephalon.

.-liitcnuuh-s.—Antennules are known in Triarilinis. Cryplolithiis, NcolcniL<;. and Ptyclio-

pdi-ia. In all they are long, slender, and composed of numerous segments, which are spinif-

erous in Ncolciiii.w and very probably so in the other genera.

In Triarthnts. Ncolenu.';. and Ptychoparia they project ahead of the cephalon, emerg-

ing quite close together under the front of the glaliella, one on either side of the median

line. In Crypfolithiis they turn liackward beneath the body, ])ut since only three or four

specimens are known whicli retain them, it is possible that other specimens would show
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that these organs were capable of being turned forward as well as Ijackward. The i)roxi-

mal ends of the antennules being ball-like, it is probable, as Doctor Faxon has suggested to

me, that these "feelers" had considerable freedom of motion. The antennules of I'riartlirns

are apparentl}' somewhat less flexible than those of the other genera, and have a double cur-

vature that is seen among the others only in Pfychoparia. The ])roximal end of an an-

tennule in Triarthrus is a short cylindrical shaft, apparently articulating in a sort of ball-

and-socket joint. The proximal end in the other genera is still unknown. The points of

attachment in Triarthrus seem to be under the inner ])art of the second pair of glal)ellar fur-

rows. In Crj/'/ci/(7/i«5 they appear to be beside the anterior lobe of the glabella under wliat

have long been known as the antennal pits. In the other genera the location is not deiniitely

known, but in A^eolrniis it seems to be under the dorsal furrows near the anterior end of the

glabella. Viewed from the under side, the point of attachment is probalily rdwavs beside the

middle or anterior part of the hypostoma, just liehind the side wings.

Paired hiraiuous appendages.—Behind the antennules all the appendages except those

on the anal segment are biramous, consisting of a coxopodite with an inward-directed endo-

base and an outward-directed pair of branches, the exopodite above, and the six-jointed en-

dopodite beneath. The_ basipodite really bears the exopodite, but the latter also touches

the coxopodite. This structure has been seen in Triarthrus. Cryptolithus. Xeolenus. Koo-
tenia, Calyiiiene, Ccraurus, and Ptychoparia. In Triarthrus. A^coleiius, Aeidaspis. Pfycho-

paria. and Kootenia. the appendages extend beyond the margins of the dorsal test. In

Cryptolithus and Isotelus none (other than antennules) does so. In Isotclus and .lci(hispi.<

only the endopodites have been seen. In Triarlltrus, Calyuicne, Ccraurus. and Meoleuus

there are four pairs of appendages behind the antennules. The other genera probably had

the same number, but the full structure of the under part of their cephala is not known. In

Triarthrus the endopodites of the cephalon are slender, the individual segments parallel-sided.

the inner ones flattened, the outer ones cylindrical in section. They project slightly

beyond the edge of the cephalon when fully extended, and each terminates in three small

spines. In Cryptolithus the endopodites of the cephalon are longer than those of

the thorax, but with the possil)le exception of the first pair, are bent backward at

the carpopodite, and do not ordinarily project beyond the brim of the test. In Ncolcnus
the endopodites of the cephalon are rather thick and wide, but are long, pniject for-

ward, and extend beyond the brim. The indi\idual segments are flattened, probai)ly com-
pressed oval in section. The terminal segment of each is furnished with three strong spines

at its distal end. In Calyniene and Ccraurus the endopodites appear to consist of slender

segments which are oval or circular in section. In Calyi/ienc Walcott believed the tliree

distal segments of the last endopodites of the head to be greatly enlarged, giving these ap-

pendages a paddle-like form similar to some of the appendages of eurypterids. The evi-

dence for this does not seem to me to be good. The cephalic endopodites of L^otclus are

entirely similar to those of the thorax, and are rather short, consisting of a series of short

cylindrical segments which do not taper greatly toward the distal end. The endopodites of

the cephalon of Aeidaspis, Kootenia, and Ptychoparia are still unknown.

The exopodites of the cephalon seem in all known cases {Triarthrus, Cryptolithus, Neo-
lemts, and Ccraurus) to be like those of the thorax. They pcjint more directly forward in

most cases, project beyond the margin of the head normally only in Triarthrus, and usually

occupy the region under the cheeks (fixed and free).

The endobases of the coxopodites of the appendages of the cephalon probably in all cases
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function as mouth-parts (gnathites), and are especially modified for this purpose in Triar-

llinis. l)cing flattened, shoe-shaped in outline, and so arranged that they work over one an-

other in a shearing fashion. While tlie more anterior of the coxopodites are attached in

front of the posterior tip of the hypostoma, the gnathites of Triartlinis bend backward so

that all are behind the hypostoma. In Calymcnc and Ccraitnis, two or three pairs of the

gnathites are back of the hypostoma, and one or more jjairs may be beside or under the

hypostoma. In these genera the mouth is probably in front of the tip of the upper

lip. In Isotchts. the mouth seems to have been situated in the notch between the

two branches of the hypostoma, and the gnathites of two or three pairs of the appendages

probably worked under its forks. Since the length of the hypostoma differs in the various

species of Isofelus, there would be a variable number of gnathites projecting under its forks,

according to the species. In this genus the gnathites are of the same long form, cylindrical

in cross-section, as the endobases of the thoracic segments, Imt each is bowed back consider-

ably from the point of attachment.

The gnathites of Ncolenus are like the endobases of the thorax, but broader. The great

length of the hypostoma makes it probable that the mouth was far back and that some of

the gnathites were in front of it. The gnathites of CryptoHtlius are unknown. Professor

Beecher in his drawing shows some fragments with toothed ends near the hypostoma, and

it may be that they are inner ends of gnathites, but I see nothing to substantiate such an in-

terpretation. If, as some sup])ose, Cryptolithus was a mud feeder, the gnathites were prob-

ably poorly developed. Of the gnathites of Kootcnia, Ptychoparia. and Acidaspis also

nothing is known.

Thorax.

In each genus there is a ])air of appendages for each segment of the thorax. When
the axial lobe is narrow, the endol)ases of the coxopodites are small and short (Cryptolithus,

Cci-aitnts, Calyiiieiie). When the axial lobe is wide, the endobases are long and stout {Isot-

chts. Triarthriis). The exopodites always lie above and in front of the corresponding endop-

odites. In Triarthnts the two branches are of practically equal length. In Cryptolithus the

exopodites are much the longer. In Ncolenus, Calymcnc. Ccraiirus, Kootcnia, and Pty-

choparia, the exopodites are shorter than the endopodites.

The exopodites in Triarthnts consist of a proximal shaft, succeeded by numerous short

segments, and ending distally in a long, grooved, somewhat spatula-shaped segment. Along

the anterior margin of the shaft there are many small spines. Along the posterior margin

there are numerous flattened set;e, which all lie in one plane and which seem to be more or

less united to one another like the l)arbs of a feather. The setfe are short, not much longer

than the width of one of the thoracic segments, and point backward and outward. In Cryp-

tolithus the shaft does not seem to be made up of small segments, and is narrow, with a

decided Ijackward curve. The setre are considerably longer anil much more flattened than

in TriartJirits. In Calymcnc the state of preservation does not allow a very full knowledge

of the exopodites, but they appear to have a slender, unjointed shaft and short and delicate

setrc. The coiled branches of the exopodites as described by Walcott seem to me to be

only ordinary Triarfhrns-hke organs, and this, as I understand from Schuchert, was also the

view of Beecher. In Ccraiirus the exopodite seems to have been somewhat paddle-shaped,

, expanded at the distal end, and to have had rather thick, blade-like set;c.

The exopodite of Ah'olcnus is decidedly leaf-like, and reminds one somewhat of the exites
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of some of llie phyllopods. The sliaft is a broatl unsegiiicnted blade. Tlic set;u arc slender,

delicate, flattened, and a little longer than the width of the shaft. The (?xopodiles of

this genus point forward all along the body. In Kootcnia the exopodites are like those

of Ncolcnus, but w'ith a narrower shaft. The exopodites of Ptychoparia appear to be very

much like those of Triartlirus, but the shaft is probably not segmented.

The endopodites of the thorax of Triartlirus, Cryptolithus, and Acidaspis show pro-

gressive modification from front to back in the broadening of the individual segments and

the assumption by them of a triangular form. Not only do the individual segments become

more triangular from front to back, but more of tlie segments of each endopodite become tri-

angular. This modification has so far been seen in these three genera only. The individ-

ual segments, except the distal ones, seem to be flattened in all these genera. The distal

end of the terminal segment of each endopodite of Triarthrus bears three small movable

spines, and each of the segments usually bears three or more spines, located in sockets along

the dorsal surface and at the anterior distal angle of each segment. The endopodite of

Cryptolithus is bent backward at the carpopodite and this segment is always thickened. At

the distal end of the dactylopodite there is a tuft of spines, the triangular segments have

tufts of spines on their posterior corners, and there are groups of spines also in the neigh-

borhood of the articulations.

The endopodites of Ceraurus, Calymenc, and Isotclus are all relatively slender, the seg-

ments are parallel-sided, and there seems to be no particular modification from front to back

of the thorax. The endopodites of Isotclus are short, the entire six segments of one being

but little longer than the coxopodite of the same appendage. The segments of the endopo-

dites of Ncolenus are mostly short and wide, and at the distal end of the terminal segment

there are three stout spines. In Kootenia the endopodites are long and very slender. The

endopodites of Ptychoparia are too poorly preserved to show details, and those of the thorax

of Acidaspis likewise reveal little structure, but they seem to have the triangular modifica-

tion, and to turn back somewhat sharply at about the position of the carpopodite.

Pygidiuui.

Beecher showed that in Triartlirus there was a pair of appendages on the pygidium for

every segment of which it is composed except the last or anal segment (protopygidium).

Walcott has since shown that in Ncolenus this segment bears a pair of cerci, and Beecher's

drawings show that in his later studies he recognized a spinous plate, the possible bearer

of cerci, on the anal segment of Triartlirus. The appendages of the anal segment have not

yet been seen on other species of trilobites.

The appendages of the pygidium do not show any special modifications, but seem in

all cases to be similar to those of the posterior part of the thorax. In Cryptolithus all the

pygidial appendages are short and remain beneath the cover of the dorsal test, while in

Triarthrus and Ncolenus they extend behind it.

In the latter genus the endopodites of the pygidial appendages appear to be practi-

cally identical in form with those of the thorax, the individual segments being perhaps a

little more nearly square in oudine. Like those of the thorax, the segments of the pygidial

endopodites bear numerous short spines. The caudal cerci are richly segmented, slighdy

flexible, spinous tactile organs. They are symmetrically placed, nearly straight when in their

natural position, and make an angle of about 75° with one another. They appear to be
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attached to a narrow rim-like plate which seems to fit in just ahead of the douliliire of the

pysidinni, or perhajis over it.

In Cn-aiinis. Calyiiicnc. and Isotclus. tlie cndopodites of the pygidium are similar to

those of the thorax, but seemingly more slender, with less well developed coxopodites, and

with, in the last-named genus, slender cylindrical segments. Exopodites are not known on

the pvgidia of any of these genera, Init since they are present and like those of the thorax

in Triarthnis. Cryj-'tolilluis. Xi-olrniis. and Ptychoparia, there is little reason to think that

ihev were absent in Ccraunis or Cdlyiiiciic. though there is some question about Isotclus.

The limbs are Largest and longest on the anterior part of the thorax of a trilobite, and

dinn'nish regul.arly in length and strength to the posterior end of the pygidium. This reg-

ular gradation shows, as P.eecher was the first to point out, tliat the growing point of the

trilobites is, as in other arthropods, in front of the anal segment. New free segments are

introduced into the thorax at the anterior end of the pygidium, and this has led to some

confusion Ijetween the growing point and the place of introduction of free segments.

ff a new segment were introduced at a moult in front of the pygidium, that segment

would pro])al)lv have less fully developed a])pendages than those adjacent to it, and so make

a break in the regular succession. The condition of the appendages C(.)rroborates the evi-

dence derived from the ontogeny of the ])ygidium, and proves that the new segments are

introduced at the same growing point as in other Arthropoda.

Caudal Rami.

Bernard, who believed that the Crustacea had l)een derived through an Apus-Vike an-

cestor (iSgj, pp. 20, 85, 274), pointed out that four or less than four anal cirri were to

be expected. T\\o well developed cirri and two rudimentary ones are present in Apns, and

they are also to be found in other phyllopods and some i.sopods. It is, however, character-

istic of the Crustacea as a wdiole to lack appendages on the anal segment. Caudal cirri

(cerci) are much more freely developed in the hexapods than in the Crustacea, particularly

in the more primitive orders, Pal?eodictyoptera, .A.pterygota, Archiptera, and Neuroptera.

They are supposed, in this case, to lie modified liml)s, and therefore not homologous with

the bristles on the anal segment of an annelid. Doctor W. M. Wheeler of the Bussey In-

stitution has kindly allowed me to cjuote the following excerpt from a letter to me, as

ex])ressing the opinion of one who has made an extensive study of the embryology of insects:

I woiilil say that I have no doubt that the cerci of insects are directly inherited from the insect ancestors.

They are always highly developed in the lower insects, and only absent or vestigial in a few of the most

highly specialized orders such as the Hemiptera. Diptera. and ?Iymenoptera. I have further no doubt

concerning their being originally ambulatory in function. They are certainly not developed independently in

insects. Enibryologically they arise precisely like the legs, and each cercus contains a diverticulum of the

mesoblastic somite precisely as is the case with the ambulatory legs and mouth parts.

The "pygidial antennie" seem to lie as fully developed in A'Colruiis as in any of the

other arthropods, and may suggest a common ancestry of the phyllopods, isopods, and

hexapods, in the trilol)ites. They were doubtless tactile organs, and while the evidence is

chiefly negative, it would seem that they proved useless, and were lost early in the phylog-

eny of tliis group. Possibly the use of the pygidium as a swimming organ proved de-

structive to them.
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HOMOLOGY OF THE CEPHALIC APPENDAGES WITH THOSE OF OTHER CRUSTACEA.

The head of the typical crustacean bears five pairs of appendages, namely, llie antennules.

antenn.-e, mandibles, and first and second maxilL'c, or, as they are more properly called, the

maxilluke and maxilhe.

As Beecher has pcnntcd out. the "antenna:" of the trilobites, on account of their pre-

oral position and invariably uniramous character, are c|uite certainly to be correlated with

the antennules.

The second pair of appendages, the first pair of liiramous ones, Ueecher homologized

with the antenna: of other crustaceans, and that homology has lieen generally accepted,

though Kingsley (1897) suggested that it was possible that no representatives of tlic true

antenna? were present.

In preparing the restorations in the present study, the greatest difficulty iias been to

adjust the organs about the mouth. In TriartJirus, numerous specimens show that without

question there are four pairs of gnathites back of the hypostoma, and that all four belong

to the cephalon. In forms with a long hypostoma, however, there was no room on the

cephalon for the attachment of four pairs of gnathites, neither were there enough appen-

difers to supply the requisite fulcra. At first I supposed I had solved the difficulty I)y

assuming the mouth to be in front of the posterior tip of the hypostoma, as it really is in

Ccraitnis and Calynicne, and allowing the gnathites to play under the h3-postoma as Wal-

cott (1912) has shown that they do in Marrclla. Finally, when I came to study in greater

detail the slices of Calymcnc and Ccraurus, they seemed to show that the anterior one or two

pairs of appendages became degenerate and under-developed. This was probal)ly a special-

ization due to the great development of the hypostoma in trilobites, that organ being much

more prominent in this than in any other group. As the hypostoma lengthened to accom-

modate the increasing size of sub-glabellar organs (stomach, heart, etc.), the mouth mi-

grated backward, leaving the anterior appendages ahead of it, with their gnathobases, at

least, functionless. That such migration has taken place, even in Triartliriis, is shown by

the fact that the points of articulation of the first biramous appendages are pre-oral, and it

is more obviously true of Ccraurus. Correlated with the weakening of the appendages

on the lower surface is the. loss of glabellar furrows on the upper surface. The glabellar

furrows mark lines of infolding of the test to form the appendifers and other rugosities for

the attachment of tendons and muscles. It is conceivable that this migration backward of

the mouth began very early in the history of the race, and that even before Cambrian times,

the antennie, probably originally biramous appendages like those on the remainder of the

body, had dwindled away and become lost. If this is the case, then the first pair of l)ira-

mous appendages of Triartlrrus would be mandibles, the second pair maxilluke, and the third

pair maxilla.

There remain the last pair of cephalic appendages, and they bring up the whole head

problem of the trilobites. Beecher has stated (1S97 A, p. 96) his conviction that the head

of the trilobite is made up of five segments, representing the third, fourth, fifth, sixth, and

seventh neuromeres of the theoretical crustacean. .Vs a matter of fact, he really made up

the head of seven segments, since he stated that the first neuromerc was represented by the

hypostoma and the second by the epistoma and free cheeks.

Jaekel (1901, p. 1571 nearly agreed with Beecher, but niatle eight segments, as he saw
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five ses^meuts in the glabella of certain trilohites. In his table (p. 165) he has listed the

segments with their appendages as follows: i. Acron, with hypostoma; 2, rostrum (epis-

toma), with free cheeks; 3, first frontal lobe, with (?) antennules; 4. second frontal lobe,

with antenn;e; 5, mandibles; 6, first, or pre-maxillre; 7, second maxilla;; 8, occipital seg-

ment with maxillipeds.

Jaekel refused to believe that the antenn:e of trilobites were really entirely simple, and

so homologized them with the antenn;e and not the antennules of other Crustacea. In this

he was obviouslv incorrect, but it accounts for his homology of the remainder of the cephalic

appendages.

It is, at present, impossible to demonstrate the actual number of somites in the cephalon

of the trilol)ite, but I believe that Beecher was correct in holding that the glabella was

composed of four segments. There are, it is true, a number of trilobites (Mesonacidss, Para-

doxida;, Cheiruridre, etc.) which show distinctly four pairs of glabellar furrows, indicat-

ing five segments in the glabella. This is, however, probably due to a secondary division

of the first lobe.

The correspondence of the five segments on tlie dorsal side with the five pairs of appen-

dages makes it unlikely that any pair of limbs has been lost. The condition in Marrclla,

where a trilobite-like cephalon bears five pairs of appendages, the second pair of which are

tactile ;uitenn;e, is favorable to the above interpretation. In spite of the apparent degener-

ation of the first two pairs of appendages in Calymcne, no limbs are actually missing, and

if some are dropped out in the later trilobites it would not affect the homology of those

now known. I therefore agree with Beecher in homologizing the appendages, pair for pair,

with those of the higher Crustacea.
'

FUNCTIONS OF THE APFEND.VGES.

Antenniilcs.

The antennules were obviously tactile organs, probaljly freely movable in most trilo-

bites, but in the case of Triartlints perhaps rather rigid, judging from the great numbers of

specimens which show the characteristic sigmoid curve made familiar by Professor Beecher's

restoration. The proximal end of the shaft of each antennule of Triarthnis is hemispheric

and doubtless fitted into a socket, thus suggesting great mobility of the whole organ. In

spite of this, I have seen no specimens in which they did not turn in toward each other and

cross the anterior margin very near the median line. In front of the margin, various

specimens show evidence of flexibility, but from the proximal end to the margin the position

is the same in all specimens.

In all the few specimens of CryploliUtiis retaining the antennules, these organs are

turned directly backward, but it is entirely within the range of probabilities that while its

burrowing haljits made this the more usual position, the animal had the power of turning

them around to the front when they could be used to advantage in that direction.

Exopoditcs.

It has been the opinion of most observers that the exopodites of trilobites were swim-

ming organs, while others have thought that they functioned also in aerating the blood.

To the present writer it seems probable that the chief function was that of acting as gills,

for which the numerous thin, flattened or blade-like sel:c are particularly adapted. That
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they were also used in swimming is of course possible, but that was not their chief function.

It should be remembered that the exopodites are always found dorsal to or above the endopo-

dites, and in a horizontal plane. For use in swimming it would have been necessary to

rotate each exopodile into a plane approximately perpendicular to or at least making a con-

siderable angle with the dorsal test. In this position, the exopodites would have been thrust

down between the endopodites, and one would expect to find some specimens in which a

part at least of the exopodites were ventral to the endopodites. Specimens in this condi-

tion have not yet been seen among the fossils. To avoid having the exopodites and endopo-

dites intermingled in this way, the animal would have to bring all the endopodites together

along the axial line in a plane approximately perpendicular to the dorsal test, in which case

the exopodites would be free to act as swimming organs. The fact that the setre of an

exopodite stay together like the barbs on a feather would of course tend to strengthen the

idea that the exopodites could be used in swimming, Init that is not the only possible ex-

planation of this condition. The union of the basipodile and exupodilc shows that the two
branches of the appendage acted together. Every movement of one affected the other, and

the motion of the endopodites in either swimming or crawling produced a movement of the

exopodites which helped to keep up a circulation of water, thus insuring a constant supply

of oxygen.

Although Neolenus is usually accounted a less primitive form than Ptychoparia or

Triarthriis, it has much the most primitive type of exopodite yet known. It would appear

that the exopodites were originally broad, thin, simple lamelke, which became broken up,

on the posterior side, into fine cylindrical seta;. As development progressed, more and more
of the original lamella was broken up until there remained only the anterior margin, which

became thickened and strengthened to support the delicate filaments. The setae in turn be-

came modified from their original simple cylindrical shape to form the wide, thin, blade-like

filaments of Cryptolithiis and Ccraurus.

Another possible use of the exopodites is suggested by the action of some of the bar-

nacles, which use similar organs as nets in gathering food and the endopodites as rakes

which take oft' the particles and convey them to the mouth. The exopodites of the trilo-

bite might well set up currents which would direct food into the median groove, where it

could be carried forward to the mouth.

Endopodites.

The endopodites were undoubtedly used for crawling; in some trilobites, probably most

of them, for swimming; in the case of Cryptolithiis, and probably others, for burrowing; and
probably in all for gathering food, in which function the numerous spines with which they

are arrayed doubtless assisted.

Various trails have been ascribed to the action of trilobites, and many of them doubdess

were made by those animals (see especially Walcott, 1918). Some of these trails seem to

indicate that in crawling the animal rested on the greater part of each endopodite, while

others, notably the Protichnites recendy interpreted by Walcott (1912 B, p. 275, pi. 47),
seem to have touched only the spinous tips of the dactylopodites to the substratum. The
question of the tracks, trails, and burrows which have been ascribed to trilobites is dis-

cussed briefly on a later page, but can not be taken up fully, as it would require another

monograph to treat of them satisfactorily.

The flattened, more or less triangular segments of the endopodites of the posterior part
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of the thorax and iiyj^idiiini in Triartlinis. Cryptolitlnis. and Acidaspis probably show an

adaptation of the ondopodites of the posterior part of the l)ody both as more efficient push-

ing organs and as better swimming legs. The fact that these segments are pointed below

enabled them to get a better grip on whatever they were crawling over, and the flatten-

ing allowed a nnich greater surface to be opposed to the water in swimming. In this con-

nection it might I.)e stated that it seems very probaljle that the trilobites with large pygidia

at least, perha])s all trilobites. had longitudinal muscles which allowed them to swim by an

up and down motion of the fm-like posterior sliield, the pygidium acting" like the caudal fin

of a s(|uid. .Such a use would explain the function of the large, nearly flat pygidia seen

in so many of the trilobites beginning with the Middle Cambrian, and of those with wide

concave borders. It should be noted here that it is in triloljites like Jsofelits, with ])ygidia

particularly adapteil to this method of swimming, that the endopodites are most feebly de-

veloped, and show no flattening or modification as swimming organs.

The relatixely strong, curved, bristle-studded endopodites of Cryptolitlnis, combined

with its shoN'el-shaped cephalon, indicate LiiniiliisAike Ijurrowing habits for the animal, and

the mnd-filled casts of its intestine corroborate this view. That it was not, however, en-

tirely a mud groveller is indicated by its widespread distribution in middle Ordovician times.

Use of tlic Pygidium in Swiiiniiiiig.

The idea that the use of the pygidium as a swimming organ is a possil)le explanation

of that caudalization which is so characteristic of trilobites has not been developed so far

as its merits seem to deserve. Two principal uses for a large pygidium of course occur to

one: either it might form a sort of operculum to complete the protection when the trilo-

bite v,-as enrolled, or it might serve as a swimming organ. That the former was one of its

important functions is shown by the nicety with which the cephalon and pygidium are

adapted to one another in such families as the Agnostid;e, Asaphid;e, Phacopiche, and others.

That a large pygidium is not essential to perfect protection on enrollment is shown by

an equally perfect adjustment of the two shields in some families with small p\-gidia, notably

the Harpedid;e and Cheiruridje. That the large pygidial shields are not for protective pur-

poses only is also shown by those forms with large pygidia which are not adjusted to the

conformation of the cephalon, as in the Goldiithe and Lichadidre. It is evident that a large

pygidium, while useful to complete protection on enrollment, is not essential.

It would proIjaUy Ije impossible to demonstrate that the trilc^bites used the pygidium

in swimming. The following facts may, however, be brought forward as indicating that they

probably did so use them.

1. The appendages, both exopodites and endopodites, are relatively feebly developed

as swimming organs. This has been discussed above, and need not be repeated. It must
in fairness be observed, however, that many modern Crustacea get about very well with

limbs no better adapted for swimming than those of the trilobites.

2. The articulations of the thoracic segments with each other and with the two shields

arc such as to allow the pygidium to swing through an arc of at least 270", that is, from
a position al)o\-e the body and at right angles to it, around to the plane of the bottom
of the cephalon. Si)eciniens are occasionally found in which the thorax and pygidium are

so flexed that the latter shield stands straight aljo\e the body. A well preserved Diplcura

in this position is on exhibition in the ]\Iuseum of Comparative Zoology, and Mr. Narraway
and I have figured a Buiiiastus millcri in the same attitude (Ann. Carnegie Mus., vol. 4,

1908, pi. 62, fig. 3).
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3. What little can be learned of the musculature (see under musculature, seq.) indi-

cates that the trilobites had powerful extensor and flexor muscles, such as would be required

for this method of swimming. It may be objected that the longitudinal muscles were too

small to permit the use of a caudal fin. In the lobster, where this method of progression

is most highly developed, there is a large mass of muscular tissue which nearly fills the pos-

terior segments. Trilobites have not usually been thought of as powerfully nuiscled, but it

may be noted that in many cases broad axial lobes accompany large pygidia. As the chief

digestive region appears to have been at the anterior end, and other organs are not largely

developed, it seems probable that the great enlargment of the axial lobe was to accommo-

date the increased muscles necessary to properly operate the pygidium. It may lie nuted that

in all these genera the axial lobe of the pygidium is either short or narrow.

4. The geological history of the rise of caudalization favors this view. With the ex-

ception of the Agnostida; and Eodiscidae; all Lower Cambrian trilobites had small pygidia,

and the same is true of those of the Middle Cambrian of the Atlantic realm (except for the

Dorypyge of Bornholm). In Pacific seas, however, large-tailed trilobites of the families

Oryctocephalidc-e, Bathyuridre, and Asaphidse then began to be fairly common, though mak-

ing up but a small part of the total fauna of trilobites. In the Upper Cambrian of the

Atlantic province the Agnostida; were the sole representatives of the isopygous trilobites,

while in the Pacific still another family, the Dikelocephalidse, was added to those previously

existing.

With the Ordovician, caudalization reached its climax and the fashion swept all over

the world. It is shown not so much in the proportion of families with large pygidia, as in

the very great development of the particular trilobites so equipped. Asaphidie and Illasnids;

were then dominant, and the Proetidse, Cyclopygidae, Goldiidic, and Lichadidai had begun

their existence. A similar story is told by the Silurian record, except that the burden of

the Asaphidffi has been transferred to the Lichadida; and Goldiida:. All the really old (Cam-

brian) families of trilobites with small pygidia had now disappeared. In the general dwin-

dling of the subclass through the Devonian and later Paleozoic, the few surviving species

with small pygidia were the first to go, and the proetids with large abdominal shields the

last.

The explanation of this history is probably to be found in the rise of the predatory

cephalopods and fishes, the natural enemies of the trilobites, against whom they could have

no other protection than their agility in escaping. While the records at present known carry

the fishes back only so far as the Ordovician (fishes may have arisen in fresh waters and

have gone to sea in a limited way in the Ordovician and more so in Silurian time) and the

cephalopods to the Upper Cambrian, the rise of the latter must have begun at an earlier

date, and it is probably no more than fair to conjecture that the attempt to escape swim-

ming enemies caused an increase in the swimming powers of the trilobites themselves. At

any rate, the time of the great development of the straight cephalopods coincided with the

time of greatest development of caudalization; both were initiated in the Pacific realm, and

both spread throughout the marine world during the middle Ordovician. And since, in the

asaphids, a decrease in swimming power of the appendages accompanied the increase in the

size of the pygidium, it seems probable that the swimming function of the one had been

transferred to the other. A high-speed, erratic motion which could be produced by the

sudden flap of a pygidium would be of more service in escape than any amount of steady

swiftness produced by the oar-like appendages of an animal of the shape of a trilobite.
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Coxopoditcs.

The ])riinary function of the endobases of the coxopodites was doubdess the gatliering,

preparation, and carrying of food to the mouth. Although the endobases of opposite sides

could not in all cases meet one another, they were probably spinose or setiferous and could

readily pass food from any part of the axial groove forward to the mouth, and also send

it in currents of water. The endobases of the cephalic coxopodites were probal)ly modified

as gnathites in all cases, but little is known of them except in TriartJirns, where they were

flattened and worked over one another so as to make excellent shears for slicing up food,

either animal or vegetable. In some cases the proximal ends of opposed gnathites were

toothed so as to act as jaws, but a great deal still remains to be learned about the oral

organs of all species.

The writer has suggested (1910, p. 131) tliat a secondary function of the endobases

of the thorax of Isotehis and probably other trilobites with wide axial lobes was that of loco-

motion. In Isotehis the endobases of the thorax are greatly over-developed, each being much

stouter and nearly as long as the corresponding endopodite, and the explanation seemed to

me to lie in the locomotor or crawling use of these organs instead of the endopodites. Cer-

tain trails which I figured seemed to support this view.

POSITION OF THE APPENDAGES IN LIFE.

In almost all the specimens so far recovered the appendages are either flattened by

pressure or lie with their flat surfaces in or very near the plane of stratification of the sedi-

ment. This flattening is extreme in Ncolcniis, Ptychoparia, and Kootcnia, moderate in Triar-

thnis and Crvptolitluis. and apparently slight or not effective in Isotclits, Ccraunis, and

Cah'iiicnc. These last are, however, from the conditions of preservation, least available

for study.

In Part IV, attention is called to a specimen of Trlarthnis (No. 222) in which some

of the endopodites are imbedded nearly at right angles to the stratification of the shale.

This specimen is especially valuable because it shows that the appendages in the average

specimen of Triartlinis have sufi^ered very little compression, and it also suggests the prob-

able position of the endopodites when used for crawling.

In considering the position of the appendages in life, one must always remember one

great outstanding feature of trilobites, the thinness and flexibility of the ventral membrane.

The appendages were not inserted in any rigid test but were held only by muscular and con-

nective tissue. Hence we must premise for them great freedom of motion, and also rela-

tively little power. Tiie rigid appendifers, and tlic supporting apodemes discovered by

Beecher, supplied fulcra against which they could push, but their attachment to these was

rather loose.

Considering, first, the position of the appendages in crawling, it appears that dififerent

trilobites used their appendages in different ways. Ncolenus had compact stocky legs, which

allowed little play of one segment on another, as is shown by the wide joints at right angles

to the axis of the segment. Such limbs were stiff enough to support the body when the

animal was crawling beneath the water, where of course it weighed Ijut little. That such a

crawling attitude was adopted by trilobites has been shown by Walcott in his explanation

of the trails known as Protichnites (1912 B, p. 278). Many trilolntes probably crawled in
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this way, on the tips of the toes, so to speak. In such the limbs would probably extentl

downward and outward, with the flattened sides vertical.

The limb of Triarthrus, however, is of another type. The endopodites are long, slender,

flexibly jointed, the whole endopodite probably too flexible to be used as a unit as a leg

must be in walking on the "toes." The proximal segments of the thoracic and pygidial

endopodites are, however, triangular instead of straight-sided, and, the spine-bearing apex

of the triangle being ventral, it enabled the endopodites to get a grip on the bottom and

thus push the animal forward. This method of progression was more clumsy and less rapid

than that of Ncolcnus, but it sufficed. The natural position of the endopodite when used

in this way would seem to be with the flattened sides of the segments standing at an angle

of 30° to 45° with the vertical, thus allowing a good purchase on the bottom and at the

same time offering the minimum resistance to the water when moving the appendages

forward.

Isotelus has endopodites different from those of either Ncolcnus or Triarthrus. They

are composed of cylindrical segments, the joints indicating a certain amount of flexibility.

Since there is no method by which the segments may get a purchase on the bottom other

than by pushing with the distal ends, it would seem at first thought that Isotelus, like Nco-

lemis, crawled on its "toes." The endopodites of Isotelus are however, short and feeble

when compared with the size of the test, while the endobases of the coxopodites are ex-

traordinarily developed. These facts, together with certain trails, strongly suggest the use

of the coxopodites as the primary ambulatory organs, the endopodites probably assisting.

In this event, the position of the endopodites and coxopodites would be downward, both

outward and inward from the point of attachment, and the motion both backward and

forward. The fact that in the specimens as preserved the coxopodites point backward and

the endopodites forward indicates that the limb as a whole swung on a pivot at the appen-

difer. It is of course natural to suggest that the coxopodites and endopodites of all the

trilobites with wide axial lobes, Nileus. Biiinastus, Homalonotus, etc., were developed in

this same way.

Cryptolithus presents still another and very peculiar development of the endopodites

where ability to get purchase on the sea floor is obtained by a stout limb of slight flexibility,

bowed and turned backward in the middle, where an enlarged segment insures stiffness.

The segments are flattened, and since the greatest strength when used in pushing and crawl-

ing is in the long axis of the oval section of the flattened liml), it seems probable that these

limbs did not hang directly down, with their sides vertical, but that their position in life

was very much the same as that in which they are preserved as fossils. By moving these

bowed legs forward and backward in a plane at a small angle to the surface of the body, a

powerful pushing impetus could be obtained. They may, however, have occupied much the

same position as do those of Limuliis.

In the case of the endopodites, therefore, it is necessary to study the structure and prob-

able method of their use in each individual genus before suggesting what was the probable

position in life. In the act of swimming, the position was probably more imiform. When
the endopodites were used in swnmming, as they undoubtedly could be with more or less

effect in all the trilobites now known, those with flattened surfaces probably had them at

such an angle as to give the best push against the water on the back stroke, while on the

forward stroke the appendage would be turned so that the thin edge opposed the water.

The great flexibility of attachment would certainly permit this, though unfortunately nothing
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is as yet known of the musculature. The coxopodites of course had less freedom of move-

ment in this respect, and prolmbly could not turn their faces. For this reason, it seems to

me likely that those coxojjodites which are compressed did not stand with their flattened

faces vertical, but in a position which was nearly horizontal or at least not more than 45°

from the horizontal. If the llattened faces were vertical, they would be in constant oppo-

sition to the water during forward movements and would be of no use in setting up cur-

rents of water toward the mouth, as every back stroke would reverse the motion.

The position of the exopodites in life seems to have been rather uniform in all the

genera now kiiown. I have set forth on a previous page my reasons for thinking that they

took litde part in swimming, and I look upon them as being, in effect, leaf-gills. It seems

probable that in all genera the exopodites were held ratlier close to the test, the shaft more

or less rigid, the filamentous set;c gracefully pendent, but pendent as a sheet and not individ-

ually, there having been some method by which adjoining sets were connected laterally.

Free contact with the water was thus obtained without the mingling of endopodites and ex-

opodites which would have been so disastrous to progression.



PART II.

STRUCTURE AND HABITS OF TRILOBITES.

Internal Organs and Muscles.

Granting that the trilobite is a simple, generalized, ancient crustacean, it appears justifi-

able to attribute to it such internal organs as seem, from a study of comparative anatomy,

to be primitive.

The alimentary canal would be expected to be straight and simple, curving downward
to the mouth, and should be composed of three portions, stomoda;um, mesenteron, and proc-

toda;um, the first and last with chitinous lining. In modern Crustacea, muscle-bands run from

the gut to part of the adjacent body wall, so that scars of attachment of these muscles

may be sought. At the anterior end of the stomodjcum, they are usually especially strong.

From the mesenteron there might be pouch-like or tubular outgrowths.

The heart would probably be long and tubular, with a pair of ostia for each somite.

In modern Crustacea, the chief organs of renal excretion are two pairs of glands in the

head, one lying at the base of the antennae and one at the base of the ma.xill?e. Only one

pair is functional at a time, but these are supposed to be survivors of a series of segmen-

tally arranged organs, so that there might be a pair to each somite of a trilobite.

The nervous system might be expected to consist of a supraoesophageal "brain," com-

prising at least two pairs of ganglionic centers, and a double ventral chain of ganglia with

a ladder-like arrangement.

Besides these organs, a variety of glands of special function might be predicted.

Reproductive organs probably should occur in pairs, and more than one pair is to be

expected. There is little to indicate the probable location of the genital openings, but they

may have been located all along the body back of the cephalon.

It may be profitajjle to summarize present knowledge of such traces of these organs

as have been found in the fossils, if only to point out what should be sought.

ALIMENTARY CANAL.

Beyrich (1846, p. 30) first called attention to the alimentary canal of a trilobite, (Cryp-

tolithus goldfussi,) and Barrande (1852, p. 229) confirmed his observations. A number

of specimens of this species have been found which show a straight cylindrical tube or

its filling, extending from the glabella back nearly to the posterior end of the pygidium. It

lies directly under tiie median line of the axial lobe, and less than its own diameter beneath

the dorsal test. At the anterior end it apparently enlarges to occupy the greater part of the

space between the glabella and the hypostoma, but was said by the early observers to extend

only a little over halfway to the front. Beyrich thought the position of the median tubercle

indicated the location of the anterior end.

Walcott (1881, p. 200) stated that in his experience in cutting sections of trilobites it

was a very rare occurrence to find traces of the alimentary canal. The visceral cavity was
usually filled with crystalline calcite and all vestiges of organs obliterated. There were,

however, some slices which showed a dark spot under the axial lobe, which probably rep-

resented the canal. In his restoration he showed it as of practically uniform diameter

throughout, and extending but slightly in front of the mouth.
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Jaekcl (1901, p. 168, fig. 28) has produced a very different restoration. His discus-

sion of this point seems so good, and lias been so completely overlooked, that I will append

a slightly abridged version of a translation made some years ago for Professor Beecher.

The idea was, however, not original with Jaekel, as it was suggested by Bernard (1894, p.

417), but not worked out in detail.

While considering the problem as to what organ could havj lain beneath the glabella of the trilobite, and

while studying the organization of living Crustacea for the purpose of comparison, I found in the collections

of the Geological Institute preparations of Limulus which seemed to me to directly solve the entire question.

From the mouth, which lies at about the middle of the head shield, the oesophagus bends forward, swells

out at the frontal margin of the animal at a sharp upward bend in order to take a straight course backward

after the formation of an enlarged stomach. Still within the head shield there branch out from each side

of the canal two small vessels which pass over into the richly branched mass of liver lying under the broad

lateral parts of the head shield. After seeing this specimen. I no longer had the least doubt that the head

shield of the trilobites is to be interpreted in a similar manner. The position of the hypostoma and

gnathopods makes it necessary to assume that the position of the mouth of the trilobite lay pretty far back.

If, therefore, this depends upon the secondary ventral deflection of the oral region, as seems to be the case,

then it is a priori probable that the anterior part of the canal has also shared in this ventral inflection.

The posterior part of the canal in the region of the segmented thorax and pygidium is comparatively

narrow, as shown long ago by Beyrich; he represents only a thin tube which shows no swellings whatever,

and such are usually missing in Arthropoda.

As the glabella of most trilobites is regularly convex, there must lie beneath it an organ running from

front to back, which presses the bases of the cephalic legs away frotn each other and down from the dorsal

test. An organ so extensive and unpaired, running thus from front to back, can, among the Arthropoda, be

regarded only as an alimentary canal, for the swellings of the cephalic ganglia and the heart are by far too

small to produce such striking elevations on the front and upper surface of the glabella. The canal might

then have consisted of a gizzard belonging to the oesophagus, and a stomach proper or main digestive canal.

. . . Among the trilobites there are two pairs of vessels on both sides of the glabella which have

precisely the same position with reference to the supposed course of the alimentary canal as the ducts of

the hepatic lobes in Limulus. One observes in numerous trilobites, although in different degrees of clearness

and under various modifications, a dendritic marking of the inner surface of the cheeks which takes its

rise at the lateral margins of the glabella and spreads thence like a bush over the entire surface of the

cheeks. Exactly the same position is taken by the richly branched hepatic lobes of Limulus on the lower

surface of the head shield; a fact of special weight in favor of the homology and similar significance of the

two phenomena, is that in the trilobites also, the anterior of the two main ducts is the larger, the posterior

the smaller. The striking similarity of the two structures is shown by a comparison of the head shield of

Eurycare {Elyx'\ from the Cambrian of Sweden, in which the course of the canals is shown with remarkable

clearness [with those of Limulus].

I have been able to convince myself that the existence of the two canals on each side is also the rule in

other genera, even though the posterior pair is frequently but feebly developed or completely obscured by

the anterior pair. In Dionide formosa, for example, I find only the anterior pair, which is very large and

divided into two principal branches. From all these considerations it seems to me no longer doubtful that

the median elevation was caused by the stomach and gizzard, and that the cheeks have principally served to

cover the hepatic appendages of the alimentary canal.

The cause of the incomplete development of the glabellar lobes lies, hence, in the intrusion of the

alimentary canal, and it makes naturally the most effect where the gizzard spreads out and bends into the

stomach. This spot lies behind the frontal lobe, which is hence increased in size according as the stomach

increases in size; in this way not only the foremost segments of the glabella become enlarged, but also the

following ones more or less pressed aside. This process is easily followed phylogenetically and ontogenetically.

From the latter point of view, the development of Parado.vidcs is very instructive. In a head shield

2.5 mm. long the whole anterior part of the glabella is broadened, but the five pairs of lateral impressions

are clearly marked and the six segments of the head bounded by them are all of about the same size. In a

head shield about 13 mm. long, the foremost segment is very much increased in size, the jaw lobes pressed

still further apart ; in adult forms both anterior segments are combined into the frontal swellings of the

glabella. In other groups this process proceeds phylogenetically still further, so that among the Phacopidse

and in Trinucleus, behind the frontal swelling of the glabella only the last cephalic segment retains a certain

independence. The frontal lobe is thus no definite part, although it is as a rule composed of the mesotergites

of the first two cranidial segments.
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This idea of an enlarged raesenteron certainly has much to commend it, and such actual

evidence as exists seems in favor of rather than against it. The strongest, firmest, best-

protected place in the whole body of the trilobite is the cavity lietween the vaulted glabella

and the hypostoma. As Jaekel has said, it is far too large a cavity for the brain, larger

than would seem to be required for a heart, and what else could be there but a stomach?
As has already been pointed out, Beyrich and Barrande found a pear-shaped enlargement of

the alimentary canal under the glabella of Cryptoliihus. Longitudinal sections through
the glabella of Calyincnc and Ccraurus practically always show the cavity there filled with
clear crystalline calcite. One actual specimen of Ceraurus (Walcott 1881, pi. 4, fig. i)

shows the ca\ity between the glabella and hypostoma entirely empty. The vacant spaces in

these two classes of specimens do not, however, necessarily mean anything more than im-
perfect preservation.

Fig. 21.—Transverse slice through

Ccraurus plcurcvanthcvius, to show

the dorsal sheath above the abdomi-

nal cavity. Specimen Ii8. Traced

from a photographic enlargement.

X4-

Fig. 22.—Transverse section through

the cephalon of Ccraurus pleurcxan-

thcinus, showing the abdominal sheath

and the large mud-filled alimentary

canal (clear white). Traced from a

photographic enlargement. Specimen

97- X 3-3-

Fig. 23.—Trans-

verse section of

the thorax of Ca-
lymene scnaria,
showing the large

size of the mud-
filled alimentary
canal (clear white).

Traced from a

photographic en-
largement. One
appendifer (also
clear white) is

shown. Specimen

153. X 3-3-

Ceraurus pleurexanthemus.

This species is taken up first, as it is the one shown in Walcott's often-copied figure

(1881, pi. 4, fig. 6). It is to be feared that too many have looked at this figure without

reading the accompanying explanation, and have taken it for a copy of an actual specimen

and not a mere diagram, which it admittedly is. The evidence on whicii it is based is com-

prised in eight transverse slices, one through the glabella and seven through the thorax.

Three of these have been figured by Walcott: No. 2y, 1881, pi. 3, fig. 7; No. 13, 1881, pi. 2,

fig. 3, 1918, pi. 26, fig. 14; No. 202, 1918, pi. 2^, fig. 8. In all, as can be seen by reference to

the figures, the canal is partially collapsed, and is much larger than is indicated in Walcott's

restoration. The other sections bear out the testimony of those figured. One of these figured

specimens (No. 27) and another figured herewith (No. 118, see fig. 21) show an exceedingly

interesting structure which has previously escaped notice. The body cavity seems to have

had, in this region at least, a chitinous sheath on the dorsal side. As shown especially in

figure 21, this sheath impinges dorsally and laterally against the axial lobe and thus fur-

nishes a special protection for the soft organs beneath, prol)ably protecting them from the

strain of the dorsal muscles.
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While there is no way in which the location of these sections in the thorax can be posi-

tively determined, it is probable that they came from the anterior end. In sections further

back, supposed to be in the posterior region of the mesenteron, no sheath is shown, but the

canal is nearly if not quite as large in relation to the size of the axial lobe.

The single section through the glabella (specimen 97) is of course important and for-

tunately well preserved (fig. 22). It shows the dorsal .sheath pressed against the inner sur-

face of the axial lobe along its middle portion, but diverging from it at the sides. The

section of the canal is oval, nearly twice as wide as high, but it is obviously somewhat de-

pressed. The original canal evidently filled nearly the whole of the dorsal part of the glabella

in this particular region. Unfortunately, the connection with the mouth is not shown, and

the form of the hypostoma indicates that the section cut the glabella diagonally, either in

the anterior or posterior part, probably the latter. In all these cases it should be remem-

bered that the specimens were found lying on tlieir backs, and the canal has fallen in (dor-

sally) since death.

The sections show that in Ccraurus plcure.vanthemus the anterior part of the alimentary

canal was large, filling the part of the glabella below the heart; that the body cavity was

provided with a chitinous dorsal sheath extending back into the thorax; and that the pos-

terior portion of the mesenteron was likewise large and oval in section. Since the alimen-

tary canal must be connected with the mouth and anus, some such restoration as that of

Jaekel is indicated. No chitinous lining of the stomoda;uni or proctoda;um was found, but

it is not certain that any of the sections cut either of those regions.

Calymcnc scnaria.

Ten transverse sections and one longitudinal slice show the form of the alimentary canal

in Calymcne. One of these has been figured by Walcott (18S1, pi. i, fig. 9) but without

showing the organ in question.

The only section ctitting the cephalon which shows any trace of the canal is a longi-

tudinal one (No. 141), which is not very satisfactory. It has a large, nearly circular,

opaque spot under the anterior part of the glabella which may or may not represent a sec-

tion across the anterior end of the mesenteron. Three sections (No. 9, 115, 143) show

the dorsal sheath, the latter having the nlud-filled canal beneath it. The sheath arches

across the axial lobe as in Ceraurus, leaving room for the dorsal muscles at the sides and

above it. In this region the canal is large and oval in section. Six slices cut the mesen-

teron behind the abdominal sheath (Nos. 39, 117, 148, 153, 62, 65) (see fig. 23). In the

first four of these it is oval in section and large, but not so large as in No. 143. In the

last two, it is small and circular in section, from wdiich it is inferred that the canal tapers

posteriorly.

Cryptolithus goldfussi (Barrande).

Illustrated; Beyrich, Untersuch. iiber Trilobiten, Berlin, 1846, pi. 4, fig. ic.—Barrande, Syst. Sil. Boheme,

vol. I, 1852, pi. 30, figs. 38, 39.

Both Beyrich and Barrande have shown that from the posterior end of the axial lobe

to the neck-ring on the cephalon, the alimentary canal in Cryptolitliiis has a nearly uniform

diameter of less than half the width of the axial lobe. In front of the neck-ring, it enlarges,

and while its original describers state that it extends only about halfway to the front of
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the glabella, Barrande's figure 39 shows it extending quite to the front, and his figure 38 shows

it fully two thirds of the distance to the anterior end, as does Beyrich's figure oE 1846.

The Museum of Comparative Zoology contains a single specimen of this species from

Wesela, Bohemia, which shows the course of the canal from the middle of the pygidium to

the anterior part of the glabella. The enlargement appears to begin about halfway to the

front of the glabella and to be greatest at the anterior end. At the anterior end of the

glabella, the anterior end of the thorax, and the posterior end of the pygidium, the canal is

still packed full of a material somewhat darker in appearance than the matrix, w^iile the re-

mainder of it is open. A well defined constriction is present under the middle of the next

to the last thoracic segment, but whether this is accidental or whether it indicates the point

where the mesenteron discharges into the proctoda;um can not be determined. The inside

of the canal has somewhat of a lustre and there are three conical projections into it on the

median ventral line, a very small one in front of the neck furrow, a larger one under the

anterior part of the second segment, and a third between the fourth and fifth segments.

SiuiDiiary.

The specimens of Cryptolithus from Bohemia and of Ccraurus and Calymcnc from

Xew York seem to substantiate the claim of Bernard and Jaekel that at the anterior end

Fig. 24.—Longitudinal section of Ccraurus pleurexanlheinus, show-

ing the probable outline of the alimentary canal and the heart above

it. A restoration based on the slices described above.

of the canal there was an enlarged organ which occupied the greater part of the cavity of

the glabella. It appears that it extended into the thorax, and that above it and the heart

was a chitinous dorsal sheath. Behind the enlarged portion, the mesenteron appears to have

been of practically uniform diameter in Cryptolithus, but to have tapered posteriorly in

Ceranrus and Calymene. The proctodeum can not yet be differentiated from the mesen-

teron, and only in Cryptolithus has the posterior portion of the alimentary canal been seen.

It is, there, merely a continuation of the mesenteron. The stomodjeum likewise has not been

identified, but was probably a short gullet leading up from the mouth into the enlarged

digestive cavity.

The principle of the enlargement of the latter and its influence on tlie dorsal shell once

established, the significance of different types of glabellre becomes apparent. It will be re-

membered that the glabella of the protaspis of most trilobites is narrow, and that the same

is true of the glabellce of most ancient and all primitive trilobites. The free-swimming larva;

and the free-swimming ancestors of the trilobites were probably strictly carnivorous, lived

on concentrated food, and needed but a small digestive tract. As the animals "discovered

the ocean bottom" and began to be omnivorous or herbivorous, larger stomachs were re-

quired, and so in the later and more specialized trilobites the glabella became expanded lat-

terally or dorsally, or both, to meet the requirement for more space, until, in such Devonian

genera as Phacops, the cephalon was nearly all glabella.
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CASTKIC GLANDS.

Jaekd's suj;'sestioii, ([uoUhI above, tliat tlie so called "nervures" seen on the under sur-

faces of the heads of some trilobites are really glands for the secretion of digestive juices,

is at least worthy of consideration. Moberg, however (1902, p. 299), suggested that these

markings probably had something to do with the eyes rather than tlie stomach. He says in

part (translation) :

In general we can now s:iy that such features are common to all the eyeless Conocoryphidas. With the

conocoryphs I include Elyx and consider Harpides as at least closely related. Similar impressions are also

found in forms with eyes, as, for instance, in the Olenidae, but here such radiate partly from the border

of tlie eye, partly from the front end of the glabella, partly from the [visual surface of the] eye, and some-

times from the angle between the occipital ring and the glabella. They therefore go out from such different

points that they can not possibly be branches of the liver. It would also be very remarkable if such an

important organ should have been developed in a few eyeless forms, but have failed to leave the least

trace in the rest of the trilobites.

Lindstrocm (1901, pp. 18, 19, 2,s; pi. 5, figs. 29, 31; pi. 6, figs. 43-45) has discussed

these markings and given beautiful figures showing their appearance in Olcmis, Parabolina.

Eh'x, Conocoryphc, and Solcnopkura. He decided that they were to be explained as branches

of the circulatory system, comparing them with the veins and arteries of Liiniiliis. He

pointed out that there was a coincidence between these markings and the position of the eyes,

and suggested a causal connection with the latter.

Beecher (1895 B, p. 309), also from a comparison with Liiiiiiliis, suggested that the

eye-lines of Crypfolitlius, Harpcs, Conocoryphc, Olcmis, Ptyclwparia, Areiluisina, etc., prob-

ably represented the optic nerves, and since the eye-lines are usually the main trunks of the

dendritic markings, it is fair to assume that he considered the whole as due to branches of

nerves.

Reed has recently (1916, pp. 122, 173) discussed these lines as developed in the Tri-

nucleidie, and seems to accept Beecher's explanation.

Three explanations of the "nervures" are thus current, and the authors of all of them

refer us to Liiimhis as proving their claims! So far as general appearance goes, the mark-

ings on the trilobites more closely resemble the veins of a Liiinihis than either the nerves or

"liver" of that aniiual. The veins, however, are not in contact with the dorsal shell, but

are buried in the liver and muscles, while the arrangment of the arteries, which are dorsal

in position, is quite unlike what is seen in the trilobites.

The term nervures, as applied to these markings, is not only misleading, but an incor-

rect use of one of Barrande's words, for by nervures he meant delicate surface markings.

Until the real function of the organs which made these luarkings is definitely established, it

may be well to call them gciial cceca, for they obviously v.-ere open tunnels ending blindly,

whatever they contained.

The question of the function of the genal caeca can not, in any case, be settled by an

appeal to Liniuhts, and it is doubtful if it can be settled at all at the present time. Cer-

tain things tend to show that Jaekel's explanation is the most plausible, and these may be

briefly set forth.

Walcott (1912 A. pp. 176, 179, pis. 27, 28) has described specimens of Naraoia and

Burgcssia in which similar markings are well shown, and where they are obviousl}- con-

nected with the alimentary canal just at the anterior end of the mesenteron. In Burgcssia,

which seems to be a notostracan branchiopod, the trunk sinuses are very wide, and the ap-
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pearance is on the whole unhke that of any known trilobite. In A'araoia, however, ilie

markings are much finer and directly comparable with those of Elyx. if mv contention that

Naraoia is a trilobite should be sustained, it might almost settle the question of the "ner-

vures." In Burgcssia these lateral trunks enter the main canal behind the fifth pair of ap-

pendages. In the trilobites they debouch much further forward.

The principal argument in favor of the interpretation of these markings as nerves lies

in their connection with the eyes. There is considerable evidence to indicate that the eye-

lines and the genal CKca are two distinct structures, but because both originate from the

sides of the anterior lobe of the glabella, and both extend outward at nearly right angles

to the axis, or obliquely backward, they are, when both present, coincident. Genal cjeca

occur on blind trilobites, on trih^bites with simple eyes, and on trilobites with compound eyes.

Eye-lines occur on trilobites with both simple and compound eyes, and genal c;eca mav or

may not be present in both cases. The morphology of the ridge forming the eye-line in

trilobites with compoimd eyes is well known. It is abundantly proved by ontogeny that it

is the continuation of the palpebral lobe, and a development of the pleura of the first dor-

sal segment of the cephalon. Lake, Swinnerton, and Reed have tried to show that the eye-

lines of the Harpedida; and Trinucleidas are homologous with the eye-lines of the trilobites

with compound eyes, and that the ocelli on the cheeks are therefore degenerate compound
eyes.

The simplest form of the genal caecum is seen in the blind Elyx (Lindstroem 1901, pi.

6, fig. 43). The main trunk is at nearly right angles to the axis, the increase in its width

is gradual in approaching the glabella, and an equal number of branches diverge from both

sides.

Ptychoparia striata (Barrande 1852, pi. 14, figs, i, 3) is an excellent example of a trilo-

bite with compound eyes and genal caeca. It will be noted that the main trunk and the eye-

line are coincident, and that both on the free and fixed cheeks the branches are all on
the anterior side of the eye-line. Compare this with the condition in Conocoryphe
(Barrande, pi. 14, fig. 8; Lindstroem, pi. 6, fig. 44), and one sees there a main branch

having the same direction as in Ptychoparia and likewise with all the branches on the anterior

side. At first sight this would seem to support the contention that these lines do lead out

to the eyes, since Conocoryphe is blind, and the main trunk leads practically to the margin.

But although Conocoryphe is blind, it has free cheeks, and the main trunk does not lead to

the point on those free cheeks where eyes are to be expected, but back into the genal angles.

And this direction holds in such diverse genera (as to eyes and free cheeks) as Harpcs, Crypto-

lithus, Dionide, and Endyiiiionia. In all these the genal c;eca fade out in the genal angles, and

in none of them would compound eyes be expected in that region. The coincidence of the

eye-lines with the trunks of the genal caeca in Ptyclioparia seems to be merely a coincidence.

That the markings which radiate from the eyes of Ptychoparia and Solcnoplcura are not im-

pressions maide by nerves is obvious. That they are of the same nature as the similar mark-
ings in the eyeless trilobites is equally obvious. Ergo, they can not be nerves in either case,

and that they have anything to do with the eyes is highly improbable. The eye was merely

superimposed upon these structures.

The relation of the genal casca to the ocelli on the cheeks is best shown in the Trinu-

cleida^. In all species of Tretaspis simple eyes are present, and in most of them there are

very narrow eye-lines. The latter are occasionally continued beyond the ocular tubercle back

to the genal angle. A similar course is seen in Harpes. If the simple eye is the homologue
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of the compound eye, and the eye-line here the homologue of tlie eye-line in Ptychoparia,

why does it continue beyond the eye? In any case, it can not be interpreted as a nerve,

CryptoUthus tcsscUatus. when the cephalon is 0.45 mm. to 0.65 mm. long, shows short eye-

lines and a small simple eye on each cheek. In some half-grown specimens, traces of the ocelli

can be seen, but the eye-lines are absent. In the adult, both the eye-lines and the ocelli are

entirely wanting. Reed states that "nervures" are also absent, and so they are from most

specimens, but well preserved casts of the interior from the Upper Trenton opposite Cincin-

nati show them, and one cheek is here figured (fig. 25). As apparent from the figure, the

main trunk is very short and gives rise to two principal branches, the first of which in

its turn sends off lines from the anterior side. It was a specimen showing these lines which

Ruedemann (1916, p. 147) figured as showing facial sutures. The interest lies in the fact

that while the ocelli and eye-lines were lost in development, the genal c;eca are present

in the adult, showing that they are diiTerent structures.

Fig. 25.— CryptoUthus

icssellalus Green. Side

view of the cheek of a

specimen from the top of

the Trenton opposite Cin-

cinnati, Ohio, to show the

branching genal caeca.

These are the "facial

sutures" of Ruedemann.

Harpldcs is another genus in which genal ca-ca are strikingly shown, and in this case

they completely cover the huge cheeks, radiating from two main trunks to the front and

sides. I have seen no good specimens, but it would appear from Angelin's figure (1854,

pi. 41, fig. 7) that the rather large, simple eyes are not situated exactly on the vascular trunks.

In the Harpides from Bohemia, the main trunks extend out with many branches beyond the

simple eyes. It should be stated that the courses of the genal creca are not correctly figured

by Barrande (Supplement, 1872, pi. i, fig. 11), as shown by casts of the original specimen

in the Museum of Comparative Zoology. From Barrande's figure, one would suppose that

the eye-lines and their continuation beyond the "ocelli" were superimposed upon the genal

casca without having any definite connection with them, but as a matter of fact the radial

markings really diverge from the tuain trunks as in Elyx and similar forms.

Summary.

As Reed has said, these lines are not mere ornamentation, but rather represent traces

of structures of some functional importance. They probably can not be explained as traces

of nerves and more likely represent either traces of the gastric creca or of the circulatory



HEART. 85

system. While they are known chiefly in Cambrian and Lower Ordovician trilobites, there

is no evidence that the organs represented were not present m later forms, even if the shell

may not have been affected by them. While they indicate very fine, thread-like canals, the

present evidence seems to be in favor of assigning to them the function of lodging the glands

which secreted the principal digestive fluids.

HEART.

IllcBnus.

Volborth (1863, pi. I, fig. 12= our. fig. 26) has described the only organ in a trilobite

which suggests a heart. A Russian specimen of Illccnus with the shell removed shows a

somewhat flattened, tubular, chambered organ extending from under the posterior end of

the cephalon to the anterior end of the pygidium. The posterior nine chambers were each

1.5 mm. long and 1.5 mm. wide, while the two anterior chambers were respectively 2.5 mm.

Fig. 26.—Copy of Vol-

borth's figure of the heart

of Illanus.

Fig. 27. — Heart

of Aptis. Copied

from Gerstacker.

and 3 mm. wide. These were all under the thorax, and at least two more chambers are

shown under the cephalon, but rather obscurely. The species of the Illccnus is not stated,

but since no Illccnus has more than ten segments in the thorax, and this tube has at least

thirteen chambers, it is evident that its constrictions are inherent in it, and are not due to

the segmentation of the thorax. Beecher has made a passing allusion to this organ as an

alimentary canal. This was the original opinion of Volborth. Pander, however, suggested

to him that it might be a heart. The alimentary canal of Cryptolithus does not show any

constrictions, while the heart of Apus (see fig. 27) and other branchiopods does show them.

It should be noted, further, that while this heart enlarges toward the front, it is everywhere

very small as compared with the width of the axial lobe, and much narrower than sections

of Ceraurus and Calymene would lead one to expect the alimentary canal of Illccnus to be.

Where the heart is 1.5 mm. to 3 mm. wide, the axial lobe is 11 mm. wide.

While this may be merely a cast of the alimentary canal it is sufficiently like a iieart to

deserve consideration as such an organ.

Ceraurus and. Calymene.

Nothing suggesting a heart has been seen in the sections of Ceraurus and Calymene.

The mesenteron and its sheath crowd so closely against the dorsal test in the anterior part
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of the thonix that tliere seems to be no room for the lieart, ])ut it must have been located

beneath the sheath and above the aHmentary canal. If the latter were filled with mud, and

the animals lay on their backs, as most of them did at deatii, the canal would drop down
into the axial lobe and the soft heart would naturally disappear and leave no trace of its

presence in the fossils.

The Median "Ocellus" or "Dorsal Organ."

Many trilobites, otherwise smooth, bear on the glabella a median pustule which is usually

referred to as a simple eye or median ocellus, but whose function can not be said to have

been certainly demonstrated. Ruedemann (1916, p. 127), who has recently made a careful

study of this problem, lists about thirty genera, members of ten families, AgnostidjE, Eodi-

scidre, Trinucleidse, Harpedidie, Remopleuridffi, Asaphida;, Illsenidffi, Goldiid;e, Cheiruridas,

and Phacopidae, in which this tubercle is present, and had he wished he might have cited

more, for it is of almost universal occurrence in Ordovician trilobites.

I have not especially searched the literature for references to this median tubercle. It

is often mentioned by writers in descriptions of species, but apparently few have tried to

explain it. Beyrich (1846, p. 30) suggested that it indicated the beginning of the alimentary

canal. Barrande mentioned it, but if he gave any explanation, it has escaped me. McCoy
(Syn. Pal. Foss. 1856, p. 146) called it an ocular (?) tubercle, and that seems to have been

the interpretation which most writers on trilobites have assigned to it, if they suggested any

function at all. Beecher (1895 B, p. 309) concurred in this opinion.

Bernard (1894, p. 422) ascribed to this tubercle, as well as to the median tubercle on

the nuchal segment, an excretory function, comparing it with the "dorsal organ" in Apus.

Reed (1916, p. 174) states that it may be either the representative of the "dorsal"

organ of the branchiopods, or a median unpaired ocellus.

Ruedemann (1916) has made the only real investigation of the subject. He came to

the conclusion that it was a parietal eye, without a crystalline lens, but corresponding to the

"parietal eye of other crustaceans, and especially of the phyllopods, which is a lens-shaped

or pear-shaped sac, usually filled with sea water." He found that above the "ocellus" the

test was usually thin or even absent, and in a few cases a dark line beneath seemed to out-

line die original form of the sac. His summary follows:

It is claimed that most, if not all, trilobites possessed a median or parietal eye on the glabella. [In

proof of this assertion the following facts are stated:]

1. A great number of species, belonging to more than thirty genera, possess a distinct tubercle on the

glabella. This tubercle occurs alone in many genera, otherwise smooth, as in the Asaphidce, and is hence of

functional importance.

2. In certain cases, as in Cryf'lolitlius tcsscUatus, distinct lenticular bodies [not lenses] were recognized

;

in others, as in Asaf'hus e.rpansus, only a thinner, probably transparent test. Many other species show a

distinct pit in interior casts of the tubercle, indicating a lens-like thickening of the top of the tubercle. The
median eye therefore probably possessed all the different stages of development seen in other crustaceans.

3. As in the parietal eyes of the crustaceans and the eurypterids, the tubercles are most prominent and

distinct in the earlier growth-stages, notably so in Isotelus gigas.

4. The tubercle is especially well developed in the so called blind forms where tlie lateral eyes are

abortive, as in Cryptolithus {Trinucleus), Dionidc, Amfy-v.

5. The tubercles always appear on the apex on tlie highest part of the glabella, where their visual

function would be most useful.

6. The tubercle is generally situated between the lateral eyes, like the parietal eye in crustaceans and

eurypterids, on account of its close connection with the brain.

7. Frequently it forms the posterior termination of a short crest, also as in certain eurypterids (Sty-

loiiurtis), indicating the direction of the nerve.
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8. The median eye is borne on a tubercle or mound in the Ordovician and Silurian trilobitcs, while the

tubercle is rarely noticed in the Devonian and in few Cambrian forms. In the Devonian forms, similarly

as in many crustaceans and in later growth-stages of some asaphids, the strong development of the lateral

eyes may have led to a Joss of the parietal eyes. In the Cambrian genera evidence is present to suggest that

the parietal eyes consisted only of transparent spots or lens-like thickenings of the exoskeleton, hardly

noticeable from the outside.

9. It is a priori to be inferred that the trilobites should, as primitive crustaceans, have possessed median
or parietal eyes.

As a student, I accepted Professor Beecher's dictum that this tubercle represented a

median ocelUis, but more recently a number of things have led ine to the view that it is

the point of attachment of the ligament b}' which the heart is supported.

The chief arguments against its interpretation as a parietal eye seem to be that its

structure is not absolute proof, being capable of other explanation : its position is variable,

in front, between, or back of the eyes; it is exactly like other tuliercles on the median line,

especially the nuchal spine or tubercle, and the similar ones along the axial lobe of the

thorax; and it is not present in the protaspis or very young trilobites.

1. The structure disclosed by Ruedemann's sections, a sort of sac-like cavity beneath a

thinned test, can be explained as a gland, a ligainentary attachment, or a vestigial spine, as

well as an eye. In a section of Asaphus expansus, which I made some }'ears ago when try-

ing to get some light on this problem, there is a similar cavity under the pustule, but a

secondary layer of shell lay beneath it and apparently cut it off from the glabellar region,

thus indicating that it had lost its function in the adult of this animal. Sections through

the tubercles of the glabella of Cerauriis show all of them hollow, with very thin upper

covering or none at all, and their structure is not unlike that of the tubercle of Cryptolitlms.

In fact, sections can be seen in Doctor Walcott's slices which are practically identical with

the one Ruedemann obtained from Cryptolitlms. Since it is obvious that not all of the

pustules of a Cerauriis could have been eyes, the evidence from structure is rather against

than for the interpretation of the median pustule as such an organ.

2. The position of the tubercle varies greatly in different genera. Where furthest for-

ward (Trctaspis, Goldius), it is just back of the frontal lobe, while in some species of asa-

phids it is in the neck furrow. In species with compound eyes it is frequently between the

eyes, but more often back of them. If its history be traced in a single family, it is gen-

erally found farthest forward in the more ancient species and moves backward in the more
recent ones. The eyes do this same thing, but the median tubercle goes back further than

the eyes. This can be seen, for example, in the American Asaphidje, where the pustule is

up between the eyes of Hemigyraspis and Syniphysurus of the Beekmantown and back of the

eyes of the Isotelus of the Trenton. Turning now to the under side of the head, it appears

that the tubercle bears a rather definite relation to the hypostoma. If the hypostoma is short,

the tubercle is well forward. If long, it is far back on the head. It seems in many cases

to be just back of the posterior tip of the hypostoma, or just behind the position of the

mouth, while in others it is not as far back as the tip of the hypostoma.

The median tubercle is in many cases developed into a long spine. This is usually in

an ancient member of a tubercle-bearing family, and suggests that in most cases the tubercle

is a vestigial organ. An example of this occurs in Trinucleoidcs, the most ancient

of the Trinucleidse. Trinucleaides rciissi (Barrande) (Supplement, 1S72, pi. 5, figs. 17, 18)

has a very long slender spine in this position. It could be explained as an elevated median

eye, but it also verj' strongly suggests the zojeal spine of modern brachyuran Crustacea.
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Gurney (Quart. Jour. Mic. Sci., vol. 46, 1902, p. 462) supports Weldoii in the conclusion

that the long spines of the zo;ca are directive, and states that the animal swims in the direction

of the long axis of the spine. He also suggests that, since the period of their presence cor-

responds to the period before tlie development of the "auditory" organs, the spines may

perform the functions of balancing and orientation. It is generally admitted that tlie spine

of the zotea is also protective, and the obvious function, first pointed out by Spence Bate

in 1859, is that it contains a ligament which lielps suspend the heart, which lies beneath the

spine. This latter function may have been that of the median tubercle in the trilobite. Such

an explanation would account for the backward migration mentioned above, for as the

stomach enlarged and the mouth moved backward on the ventral side, the heart may have

been pushed backward on the upper side.

There is also a curious parallelism between the ontogenetic history of the zo:eal spine

and the phylogenetic history of the Trinucleida? or Cheirurido? (Nicsskozuskia is the ancient

member of this family in which the spine replaces the tubercle). When first hatched, the

larval crab shows no trace of the spine, but very quickly it evaginates, lying dorsally on the

median line, pointing forward (Faxon, Bull. Mus. Comp. Zool., vol. 6, 1880, pi. 2). With

the splitting of the original envelope, the spine becomes erect, but persists only a short time,

and is reduced to a vestigial tubercle toward the end of the zoa?al stages, its disappearance be-

ing, as pointed out by Gurney, coincident with the development of the balancing organs. This

manner of suspension of the heart by a long tendon certainly does suggest that Gurney is

right in his interpretation of the function. Briefly, the zoaeal spine served for a short time

a function later taken over by other organs. It was not present in the youngest stages, it

became prominent at a very early stage, was soon vestigial, and then lost.

Take now the trilobites. There is no trace of the median pustule in the protaspis of

any form, and in many primitive trilobites it is absent. It appears first as a long spine in

certain families, and later becomes vestigial and disappears. Very few trilobites of Silurian

and later times show it at all.

In the particular case of the Trinucleidce, which were burrowers, the spine is present

on only the oldest and most primitive of the group, a form which has only a most rudimen-

tary fringe. It is obvious from the large size of tlie pygidium in the larval trinucleid that

this family is derived from a group of free swimmers. Trinucleoides rcussi \va?> perhaps in

the transitional stage, just leaving the swimming mode of life, and belonged to a group

which had not developed any other "statocyst" than the median spine. Among the later

Trinucleidse the spine became a vestigial tubercle, and in some cases entirely disappeared. A
similar history can be traced in the Cheiruridse, starting from some such forms as the Ameri-

can Lower Ordovician Nicsckozvskia (N. perforator p. ex.).

Another example of a median spine instead of a tubercle is in Goldiiis rhinoceros (Bar-

rande). Since this species is not from the oldest Goldiits-hearmg rocks, but from the Lower

Devonian, it does not follow what seems to be the general rule, but makes an interesting ex-

ception. Goldius rhinoceros (Barrande) (Supplement, 1872, pi. 9, figs. 12, 13) has the

median tubercle elevated into a stubby, recurved spine very suggestive of the horn of a

rhinoceros. Since the eyes of this species are very well developed, there seems no especial

reason for the elevation of a parietal eye, and the example certainly does not support that

interpretation.

3. This tubercle is essentially similar to other tubercles on the median line of cephalon,

thorax, and even pygidium. This has been discussed sufficiently under section i above, but



V^'^KIOUS GLANDS. 89

it may perhaps be justifiable to point out that in some of the .Vgnostid^e there is a median

tubercle on both shields, and since it has not yet been demonstrated beyond question which

shield is the cephaloji, to say which one is a parietal eye and which one is a tulicrcle is im-

possible. In other words, the parietal eye can not be differentiated from any other tubercle

except by its position.

4. One of the as yet unexplained features of the protaspis of trilobites is the absence

of the "nauplius eye." Beecher (1897 B, p. 40) explained this on the ground of the

extremely small size of the protaspis and the imperfection of the preservation. If the me-
dian tubercle were really a median eye, it should lae present in the protaspis and the earlier

stages of the ontogeny, even if not in the adult, and should certainly appear before the com-

pound eyes. (In Liiiiiilus. however, the compound eyes appear first. ) The median eye has

not so far been seen in any young trilobite in any stage previous to that in which compound
eyes are present. The full ontogeny is not known of any species with compound eyes in

which the median tubercle is present in the adult, but theoretically the median eye should be

most prominent in the young of just those primitive trilobites about whose development most
is known.

NERVOUS SYSTEM.

There has been a rather general impression among students of trilobites that the eye-

lines, which should be differentiated from the genal c;cca, denote the course of the optic

nerves, but no other evidence of the nervous system has been found, save the so called

nervures which have been discussed above. In Apits the nerves leading to the eyes come
off from the anterior ganglion or "brain" and run directly to the eyes. If conditions were

similar in the trilobites, the "brain" was beneath the anterior glabellar lobe, provided, of

course, that the eye-lines do indicate the course of the optic nerve.

The ontogenetic history of the eye-lines of trilobites with compound eyes is instructive,

and has already been discussed by Lindstroem (1901, pp. 12-25), 1^"^ he did not cite the

case of Ptychoparia, which is particularly interesting, because in this genus both eye-lines

and "nervures" are present. Beecher (1895 C, p. 171, pi. 8, figs. 5-7) has shown that in

Ptychoparia kingi the eye-lines of a specimen in the metaprotaspis stage run forward at a

low angle with the glabella, while in the adult their course is nearly at right angles to it. They
have therefore swung through an arc of at least 60° and in so doing have had ample oppor-

tunity to become coincident with the primary trunks of the genal ca;ca. Once that was ac-

complished, it is cpiite likely that the one fold in the shell would continue to house both

structures. In other trilobites, there is a similar backward progression of the eye-lines.

As would be expected, the ventral ganglia and the longitudinal cords left no trace in

the test. Since each segment has appendages, there was probably a continuous chain of

ganglia back to the posterior end of the pygidium.

VARIOUS GLANDS.

Dermal glands.—The surface of many trilol)ites is "ornamented" with pustules and

spines which on sectioning are nearly always found to be hollow, and in many cases have a

fine opening at the tip. While it is generally believed that the purpose of these spines was
protective, yet it is possible that many of them were merely outgrowths which increased

the area through which the respiratory function could be carried on. It will jje recalled
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that most of the smooth trilo1)ites are punctate, some of tliem very conspicuously so, and

the spines and pustules of ornamented trilobites may merely subserve the same function as

the pores of smooth ones.

If the spines were protective, it would not l)e surprising if some of them, hollow and

open at the top, were poisonous also, and had glands at the base. These are, however,

purely matters of speculation so far.

Renal excretory organs.—Nothing has been seen of any such organs, unless the genal

ca^ca may possibly be of that nature. The main trunks of these always lead to the sides

of the anterior glabellar lobe, which is not the point of attachment of either antennae or

biramous limbs, so that there seems little chance that they will bear this interpretation.

Reproductive organs.—Nothing is yet positively known about the reproductive organs

or the position of their external openings. If the "exites" of Neolcnus could be interpreted

as brood-pouches, which does not seem probable, then the genital openings were located near

the base of some pair of anterior thoracic appendages.

Tlie Panderian Organs: Infiernal Gills or Poison Glands?

At a meeting of the Mineralogical Society at St. Petersburg, Volborth (1857) announced

that Doctor Pander had two years before discovered certain organs on the lower side of

the doublure of the pleural lobes of the thorax of a specimen of Asaphus e.rpansus. These

organs were oval openings in the doublure, one near the posterior margin of the cephalon,

and one on each thoracic segment of the half-specimen figured by Volborth in 1863. They

were explained by Volborth and by Eichwald (i860, 1863) as the points of attachment of

appendages. Billings (1870) described and figured the "Panderian organs" of "Asaphus

platycephalus" and stated that he had seen them in Asaphus [Ogygites] canadensis and

A. megistos [Isotelns ina.viuius] as well. He thought some sort of organ was attached to

them, but could not suggest its function. Woodward (1870) thought that the openings were

"only the fulcral points on which the pleurrc move." Their position outside the fulcra shows

that this explanation is impossible.

So far as I am aware, the Panderian organs have been seen only in the Asaphidae.

Barrande figured them in "Ogygia" [Hemigyraspis] desiderata (1872) and Schmidt in two

species of Pseiidasaphus. They seem to occupy the same position in Bohemian, Russian,

and American specimens. There is always one pair of openings on each thoracic segment,

and one pair in line with them on the posterior margin of the cephalon. They occur near

the anterior margin of the segment, and near the inner end of the doublure. In some cases

they are surrounded by a ventrally projecting rim, while in others they have a thin edge.

There seem to be no markings on the interior of the shell which are connected with them.

While thinking over the trilobites in connection with the origin of insects, it occurred

to me that these hitherto unexplained Panderian organs might possibly be openings to internal

gills and that the Asaphidae might have been tending toward an amphibious existence. On
mentioning this to Doctor R. V. Chamberlin of the Museum of Comparative Zoology, he

called my attention to the possibility that they might be openings similar to those of the

repugnatorial glands of Diplopoda. While no definite decision as to the function can be

made, the explanation offered by Doctor Chamberlain seems more plausible than my own,

and has suggested still a third, namely, that they might be the openings of poison glands.

If one were to argue that these apertures are really connected with respiration, it might

be pointed out that they are ventral in position, while the foramina repugnatoria are always
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dorsal or lateral, even in diplopods with broad lateral expansions. It offensive secretions

were poured out beneath a concave shell like that of a trilobite, they would be so confined

as to be but slightly effective against an enemy. This would indicate that it these open-

ings were the outlets of glands, the substance secreted might be a poison used to render prey

helpless. On the other hand, openings to gills are normally ventral in position, and if the

pleural lobes were folded down against the body, they would be brought very clc^sc to the

bases of the legs.

A further curious circumstance is that so far no traces of exopodites have been found

on Isoteliis. The endopodites of both Isotelns laliis and /. maxiiniis are fairly well pre-

served in the single known specimen of- each, yet no authentic traces of exopodites have

been found with them. Moreover, Walcott sliced specimens of Isotclus from Trenton Falls

and found only endopodites. It may also be recalled that the finding of the specimen of

Isotclus arenicola at Britannia and the tracks which I attributed to it, suggested to me that

it was a shore-loving animal (1910). It offers a field for further inquiry, whether the

Fig. 28.—Side view of a specimen of

Fsotelus gigas Dekay, from which the test

of the pleural lobes has been broken to

show the position of the Panderian organs.

Natural size. Specimen in the Museum of

Comparative Zoology.

Asaphidse may not have had internal gills, and whether some primitive member of the family

may not have given rise to tracheate arthropods.

The explanation of the Panderian organs as openings of poison glands is less radical

than the one just set forth, and so possibly lies nearer the truth. One would expect poison

glands to lie at the bases of fangs, and so they do in specialized animals like chilopods and

scorpions, but the trilobites may have had the less effective method of pouring out the poison

from numerous glands. The purpose may have been mereh' to paralyze the brachiopod or

pelecypod which was incautious enough to open its shell in proximity to the asaphid.

MUSCULATURE.

This is a field which is rather one for investigation than for exposition. Very little

has been do'ne, though probably much could be. The chief obstacle to a clearer understand-

ing of the muscular system lies in the difficulty of getting at the inner surface of the test

without obscuring the faint impressions in the process.

There exist in the literature a number of references to scars of attachment of muscles,

and any study of the subject should of course begin by the collection of such data. I shall

at this time refer to only a few observations on the subject.

The structure and known habits of trilobites make it obvious that strong flexor and

extensor muscles must have been present, and some trace of them and of their points of

attachment should be found. It is likely that their proximal ends were tough tendons. The

muscles holding up the heart and alimentary canal would be less likely to reveal their pres-
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ence by scars, Init tlu-rc iiuisl have been at least one pair of strong muscles extending from

the under side of the head across to the hypostonia. judging from the method of attach-

ment, the muscles nK.n-ing the limbs were short ones, chietly within the segments of the legs

themselves.

Plexor Aliiscles.

Sin.cc the majority of triloliites had the power of enrollment, and seem also to have used

the pygidia in swimming, the flexors must have been important muscles. Beecher (1902,

p. 170^ appears to have been the only writer to point out any tangible evidence of their

former presence. Walcott (1881, p. 199) had shown that the ventral membrane was

reinforced in each segment by a slightly thickened transverse arch. Beecher showed that

on this thickened arch in Triarlhrus. Isotclits, Pfyclwparia, and Calyiiicnc, there are low lon-

gitudinal internal ridges or folds. One of these is central, and there is a pair of diagonal

ridges on either side. Beecher interpreted these ridges as separating the strands of the

flexor muscles, and believed that a line of median ridges divided a pair of longitudinal

muscles, while the outer ridges showed the place of attachment of the pair of strands which

was set oft' to each segment. He did not discuss the question as to wdiere the anterior and

posterior ends were attached. In trilobites with short pygidia, the attachment would prob-

ably have been near the posterior end, and it is possible that the two scars beneath the dou-

blure and back of the last appendifers in Ccraurus may indicate the point of attachment in

that genus.

There is as yet no satisfactory evidence as to where the anterior ends of the flexors

were attached. In Apiis these muscles unite in an entosternal sinewy mass above the mouth,

but no evidence of any similar mass has been found in the trilobites and it is likely that

the muscles were anchored somewhere on the test of the head.

Extensor Muscles.

The exact position of these muscles has not been previously discussed. The interior of

the dorsal test shows no such apodemes as are found on the mesosternites, but, as I have

shown in the discussion of the alimentary canal of Calyinene and Ceraunts, there is an

opening on either side of the axial lobe between the dorsal test and the abdominal sheath,

and it is entirely probable that an extensor muscle passed through each of these. The ab-

dominal sheath extends onl)' along the posterior region of the glabella and the anterior

part of the thorax, and probably served to protect the soft organs from the strain of the

heavy muscles. The extensors (see fig. 29) probably lay along the top of the axial lobe

on either side of the median line of the thorax to the p3'gidium, where they appear to

have been attached chiefly on the under side of the anterior ring of the axial lobe, although

strands probably continued further back. This is above and slighUy in front of the fulcral

points on the pleura, and meets the mechanical rec]uirements. Ccraurus (Walcott, 1875, and

1881, p. 222, pi. 4, fig. 5) shows a pair of very distinct scars on the under side of the first

ring of the pygidium, and in many other trilobites (lUccnus. Goldius, etc.) distinct traces of

muscular attachment can be seen in this region, even from the exterior. The anterior ends

were probably attached by numerous small strands to the top of the glabella, and, principally,

to the neck-ring.

On enrolling, the sternites of all segments are pulled forward and the tergites backward.

In straightening out, the reverse process takes place. The areas available for muscular at-
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tachment are so disposed as to indicate longitudinal llexor and extensor nuisclcs rather than

short muscles extending from segment to segment. Indeed, the tenuity of the ventral meni-

hrane is such as to preclude the possiliility of enrollment l)y the use of muscles of that sort,

while powerful longitudinal flexors could have been anchored to ceplialon and py,gidium. The
strongly marked character of the neck-ring of trilohites is prolxibly to be explained as due

Fig. 29.—Restoration of a part of the internal organs of

Ceraurus pleurexanthemus as seen from above. At the sides

are the extensor muscles, and in the middle, the heart overlying

the alimentary canal. Drawn by Doctor Elvira Wood, under

the supervision of the author.

to the attachment of tlie extensor nniscles, rather than to its recent incorporation ni the

cephalon. The same is true of the anterior ring on the pygidium.

Possible preservations of extensors and flexors in Ceraurus.—Among Doctor Walcott s

sections are four slices which I should not like to use in proving the presence of longitudmal

muscles, but which may be admitted as corroborative evidence. Two of these transverse

sections (Nos. 114 and 199) show a dorsal and a ventral pair of dark spots in positions

which suggest that they represent the location of the dorsal and ventral muscles, while two

others (Nos. 131 and 140) show only the upper pair of spots. The chief objection to this
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intcr|)retation is lliat it is difficult to imagine liow liie muscles could lie so replaced that they

happen to show in the section. Both the sections showing all four spots are evidently from

the anterior part of the thorax, as they show traces of the abdominal sheath, which seems

to be scjueezed against the inside of the axial lobe, with the muscles (?) forced out to the

sides. The ventral pair lie just inside the appendifers, but even if they are sections of muscles,

all four are probably somewhat out of place.

Hypostoniial Muscles.

The hvpostoma fits tightly against the epistoma, or the doublure when the epistoma is

absent, but in no trilobite has it ever been seen ankylosed to the dorsal test, and its rather

frail connection therewith is evidenced by the relative rarity of specimens found with it

in position. That the hypostoma was movable seems very probable, and that it was held in

place by muscles, certain. The maculcTe were always believed to be muscle scars until Lind-

stroem (1901, p. 8) announced the discover}- by Liljevall of small granules on those of

Goldius polyactin (Angelin). These were interpreted as len.ses of eyes by Lindstroem, who

tried to show that the macuhe of all trilobites were functional or degenerate eyes. Most pa-

laeontologists have not accepted this explanation, and since the so called eyes cover only a

part of the surface of the macuhe, it is still possible to consider the latter as chiefly muscle-

scars.

In Lindstroem's summary (1901, pp. 71, 72) it is admitted that the globular lenses

are found only in Brontcus (Goldius) (three Swedish species only) and Chcirurus spinu-

losus Nieszkowski, while the prismatic structure supposed to represent degenerate eyes was

found in eleven genera (Asaphid^e, lll;enid;e, Lichadidaj). All of these are forms with well

developed eyes, and Lindstroem himself points out that the appearance of actual lenses in

the hypostoma was a late development, long after the necessity for them would appear to

have passed.

The use of the hypostoma has been discussed by Bernard (1892, p. 240) and extracts

from his remarks are quoted

:

The earliest crustacean-annelids possessed large labra or prostomia projecting backward, still retained

in the Apodidx and trilobites. This labrum almost necessitated a very deliberate manner of browsing. The

animal would creep along, and would have to run some way over its food before it could get it into its

mouth, the whole process, it seems to us, necessitating a number of small movements backwards and forwards.

Small living prey would very often escape, owing to the fact that the animal's mouth and jaws were not

ready in position for them when first perceived. The labrum necessitates the animal passing forwards over

its prey, then darting backward to follow it with its jaws. We here see how useful the gnathobases of

Apiis must be in catching and holding prey W'hich had been thus passed over. Indeed the whole arrangement

of the limbs of At>HS with the sensory endites forms an excellent trap to catch prey over which the labrum

has passed.

In alcoholic specimens of Apus the labrum is not in a horizontal plane, as it is in most

well preserved trilobites, but is tipped down at an angle of from 30° to 45°, and the big

mandibles lie under it. It has considerable freedom of motion and is held in place by muscles

which run forward and join the under side of the head near its posterior margin. It seems

entirely possible that the hypostoma of the trilobite had as much mobility as the labrum of

Apus, and that liy opening downward it brought the mouth lower and nearer the food. It

will be recalled that the hypostomata of practically all trilobites are pointed at the posterior

margin, there being either a central point or a pair of prongs. By dropping down the hypos-

toma until the point or prongs rested on or in the substratum, and sending food forward
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to the mouth by means of the appendages, a trilobite could make of itself a most excellent

trap, and if the animal could dart backward as well as forward, the hypostoma would be still

more useful. There is no reason to suppose that they could not move backward, and the

"pygidial antennce" 'of Ncolcntis indicate that animals of that genus at least did so. This

habit of dropping down the hypostoma would also permit the use of those anterior gnatho-

bases which seem too far ahead of the mouth in the trilobites with a long hypostoma.

For actual evidence on this point, it is necessary to have recourse once more to Doctor

Walcott's exceedingly valuable slices. From such sections of Ccraiiriis as his Nos. loo, io6,

io8, I/O, and 173, it is evident that the hypostoma of that form could be dropped con-

siderably without disrupting the ventral membrane (fig. 30). Sections of Calymcnc already

published (Walcott 1881, pi. 5, figs, i, 2) show the hypostoma turned somewhat downward,
and the slices themselves show sections of the anterior pair of gnathobases beneath the

Fig. 30.— Longitudinal

section of cephalon of

Ccraurus pleurexanthe-

'mus, to show position of

the mouth and folds of

the ventral membrane
between the glabella and
the hypostoma. The test

is in solid black and the

part within the ventral

membrane dotted.
From a photographic
enlargement. Specimen

169. X 3.9-

Fig. 31.—A copy of Doctor Moberg's figure of

Nileiis armadillo, showing the position of the

muscle scars.

hypostoma. When the hypostoma was horizontal, these gnathobases were crowded out at

the sides.

If the hypostoma were used in the manner indicated, the muscles must have been more

efficient than those of the labrum of Aptis. and it is probable that they crossed to the dorsal

test. Just where they were attached is an imsolved prol)leni. Barrande (1852, jil. i, fig. i~)

has indicated an anterior pair of scars and a single median one on the frontal lobe of

Dahnanites that may be considered in this connection, and also three pairs of scars on the

last two lobes of the glabella of Proctus (1852, pi. i, fig. 7). Moberg (1902, p. 295, pi. 3,

figs. 2, 3, text fig. i) has described in some detail the muscle-scars of a rather remarkable

specimen of Nileus aruiadillo Dalman. While, as I shall point out, I do not agree wholly

with Professor Moberg's interpretation, I give here a translation (made for Professor

Beecher) of his description, with a copy of his text figure:

The well preserved surface of the shell permits one to note not only the tubercle (t) but a number of

symmetrically arranged glabellar impressions. And because of their resemblance to the muscular insertions

of recent crustaceans, I must interpret them as such. They appear partly as rounded hollows (k and i), also

as elongate straight or curved areas (a, b, c, e, g, h) made up of shallow impressions or furrows about

I mm. long, sub-parallel, and standing at an angle to the trend of the areas. Impression e is especially well
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marked, inasimicli as the perpendicular furrows are arranged in a shallow crescentic depression ; and impres-

sion d shows liesides the obscure furrows a ntmiher of irregularly rounded depressions. Larger similar ones

occur at i. and in part extend over toward g.

The meaning of these impressions, or their myologic significance, could be discussed, although such

discussion might rather be termed .guessing.

Inner organs, such as the heart and stomach, might have been attached to the shell along impressions a

anil 1). Also along or behind c and h, which both continue into the free cheeks, ligaments or muscular

fibers may liave been inserted. From d, e, f, and g. muscles have very likely gone out to the cephalic

appendages, .\gainst this it may be urged that impression d is too far forward to have belonged to the

first pair of feet. Again, the impression h may in reality represent two confluent muscular insertions, from

the first of which, in that case, arose the muscles of the fourth pair of cephalic feet. Were this the case, the

muscles of the first pair of cheek feet should be attached at e. .And d in turn may be explained as the

attachment of the muscles of the antenna;, k those of the hypostoma. and from i possibly those of the epistoma.

That k is here named as the starting point of the hypostomial muscles and not those of the antenna;, depends

jiartly on the analogous position of i and partly on the fact that the hypostoma of Nilcus armadillo (text

tigin-e. in which the outline of the hypostoma is dotted), by reason of its wing-like border, could not have

permitted the antennx to reach forward, but rather only outward or backward.

My own exi)lanation would be that impressions e, f, and g correspond to the glabellar

furrows, h the neck furrow, and all four show the places of attachment of the appendifers.

Those at d may possibly he connected with the antenna:, although I should expect those

organs to lie attached under the dorsal furrows at the sides of the hypostoma. It will

be noted that either b, k, or i correspond well with the macul;e of the hypostoma and some

or all of them may be the points of attachment of hypostomial muscles. They correspond

also with the anterior scars of Dahnanitcs.

Eyes.

While I have nothing to add to what has been written about the eyes of trilobites, this

sketch of the anatomy would be incomplete without some reference to the little which has

Ijeen done on the structure of these organs.

Ouenstedt (1837, p. 339) appears to have Ijeen the first to compare the eyes of trilo-

bites with those of other Crustacea. Johannes Muller had pointed out in 1829 (Meckel's

Archiv) that two kinds of eyes were found in the latter group, compound eyes with a smooth

cornea, and compound eyes with a facetted coat. Ouenstedt cited Trilobites csmarkii Schlo-

theim (^ Illccnus crassicauda Dalman) as an example of the first group, and Calymcnc ma-

crophtlialnia J'.rongniart {^ Pliarops IdtifronsBronn) for the second. Misreading the some-

what careless style of Ouenstedt, Barraiule (1852, p. 133) reverses these, one of the few

slips to be found in the voluminous writings of that remarkable savant.

Burmeister (1843; 1846, p. 19) considered the two kinds of eyes as essentially the

same, and accounted for the conspicuous lenses of Phacops on the supposition that the cornea

was thinner in that genus than in the trilobites with smooth eyes.

Barrande ( 1852, p. 135) recognized three types of eyes in trilobites, adding to Ouen-

stedt's smooth and facetted compound eyes the groups of simple eyes found in Harpcs. In

his sections of 1852, pi. 3, figs. 15-25, which are evidently diagrammatic, he shows sepa-

rated biconvex lenses in both types of compound eyes, Phacups and Dahnanitcs on one hand,

and Asapliiis. Goldiiis. Acidaspis, and Cydopygc on the other, Clarke (188S), Exner (1891)

and especially Liiulstroem (1901) have since published much more accurate figures and

descriptions. The first person to study the eye in thin section seems to have been Packard

(1880), who published some very sketchy figures of specimens loaned him by Walcott. He
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Studied the eyes of Isotclus gigas, Bathyurus longispiniis, Calymenc, and Phacops. and decided

that the two types of eyes were fundamentally the same. He also compared them with the

eyes of Liniulus.

Clarke (i8S8), in a careful study of the eye of Phacops rana, found that the lenses

were unequally biconvex, the curvature greater on the inner surface. The lens had a cir-

cular opening on the inner side, leading into a small pear-shaped cavity. The individual

lenses were quite distinct from one another, and separated by a c<>ntinuatit)n of tiie test of

the cheek.

Exner (1891, p. 34), in a comparison of the eyes of Phacops and Liniulus, came to

the opinion that they were very unlike; and tiiat the former v>ere really aggregates of

simple eyes.

Lindstroem (1901, pp. 27-31) came to the conclusion that besides the blind trilobites

there were trilobites with two kinds of compound eyes, trilobites with aggregate eyes, and

trilobites with stemmata and ocelli. His views may l)e briefly summarizetl.

I. Compound eyes.

1. Eyes with prismatic, plano-convex lenses.

"A pellucid, smooth and glossy integument, a direct continuation of the common test of the body, covers

the corneal lenses, quite as is the case in so many of the recent Crustacea. The lenses are closely packed,

minute, usually hexagonal in outline, flat on the outer and conve.x on the inner surface. Such eyes are best

developed in Asaphiis, lUanus, Nilcus, Bumastus, Proctus, etc."

2. Eyes with biconve.x lenses.

The surface of the eye is a mass of contiguous lenses, covered by a thin membrane which is frequently

absent from the specimens, due to poor preservation. The lenses ase biconvex, and being in contact with one

another," are usually hexagonal, although in some cases they nearly retain their globular shape. Such eyes

are foimd in Etirycare, Peltura, Sphccropthahnus, Ctenopygc, Goldius, Chcirurus. and probably others.

II. Aggregate eyes.

The individual lenses are comparatively large, distinct from one another, each lying in its own socket.

There is, however, a thin membrane, which covers all those in any one aggregate, and is a continuation of

the general integument of the body. This membrane is continued as a thickened infolding which forms the

sockets of the lenses.

Such eyes are known in the Phacopidas only.

III. Stemmata and ocelli.

The stemmata are present only in Harpcs, where there may be on the summit of the cheek two or three

ocelli lying near one another. Each, viewed from above, is nearly circular in outline, almost hemispheric,

glossy and shining. In section they prove to be convex above and flat or slightly concave beneath. The
test covers and separates them, as in the case of the aggregate eyes.

The ocelli of the Trinucleid;e and Eoharpes are smaller, and the detailed structure not yet investigated.

Lindstroem concludes that so far as its facets or lenses are concerned, the eye of the trilobite shows the

greatest analogy with the Isopoda, and the least with Limulus.

SUMM.\RY.

The simplest eyes found among the Trilobita are the ocelli. Tliese consist of a simple

thickening of the test to form a convex surface capable of concentrating light. The simi-

larity in position of the paired ocelli of trilobites and the simple eyes of copepods has per-

haps a significance.

The schizochroal eyes may well lie compared witli the aggregate eyes of the chilo])ods

and scorpions. The mere presence of a connnon external covering is not sulficient to prov<'

this a true compound eye, especially as the coAcring is merely a conlinuation of llie general

test.
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The holocliroal eyes are of two kinds, one with plano-convex and one witli biconvex

lenses. The latter would seem to be mechanically the more perfect of the two, and it is

worthy of note that the trilobites possessing the biconvex lenses have, in general, much smaller

eyes than those with the other type.

If, as some investigators claim, the parietal eye of Crustacea originates by the fusion of

two lateral ocelli, trilobites show a primitive condition in lacking this eye, which may have

originated through the migration toward the median line of ocelli like those of the Trinu-

cleida-.

Sex.

That the sexes were separate in the Trilobita there can be very little doubt, but the

study of the appendages has as yet revealed nothing in the way of sexual differences. One

of the most important points still to be determined is the location of the genital openings.

In many modern Crustacea, -the antennae or antennules are modified as clasper.s, and it

is barely possible that the curious double curvature of the antennules of Triartlirus indi-

cates a function of this sort. The antennules of many specimens have the rather formal

double curvature, turning inward at the outer ends, and retain this position of the frontal

appendages, no matter what may be the condition of those on the body. Other specimens

have the antennules variously displaced, indicating that they are quite flexible. It is conceiv-

able that the individuals with rigid antennules are males, the others females.

It is interesting to note that the antennules of Ptychoparia pcrnmlta Walcott (1918, pi.

21, fig. i) have the same recurved form. All the specimens of Ncolcnus, however, show very

flexible antenn;e.

Barrande and .Salter laid great stress upon the "forme longue" and "forme large"

as indicating male and female. This was leased upon the supposition that the female of

any animal would probably have a broader test than the male, a hypothesis which seems to

be very little supported by fact. In practical application it was found that the apparent dif-

ference was so often due to the state of preservation or the confusion of two or more

species, that for many years little reference has been made to this supposed sex difference.

Eggs.

In his classic work on the trilobites of Bohemia, Barrande described three kinds of spheri-

cal and one of capsule-shaped bodies which he considered to be the eggs of trilobites. After

a review of the literature and a study of specinien_s in the collections of the Museum of

Comparative Zoology, it can be said that none of these fossils has proved to be a trilobite

egg, but that they may be plants. A full account of them will be published elsewhere.

Walcott (1881) and Billings (1870) have described similar bodies Avithin the tests of

Cal\mcnc and Ccraunis, but without showing positive evidence as to their nature.

Methods of Life.

This is a subject upon which much can be inferred, but little proved. Without trying

to cover all possibilities, it may be profitable to see what can be deduced from what is known

of the structure of the external test, the internal anatomy, and the appendages. This can,

to a certain extent, be controlled by what is inferred from the strata in which the specimens

are found, the state of preservation, and the associated animals. (For other details, see

the discussion of "Fimction of the Appendages" in Part I.)
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HABITS OF LOCOMOTK)N\

The methods of locomotion may be deduced with some safety from a study of the ap-

pendages, and, as has repeatedly been pointed out, all trilobites could probably swim by their

use. This swimming was evidently done with the head directed forward, and could prob-

ably be accomplished indififerently well with either the dorsal (gastronectic, Dollo) or the

ventral (notonectic) side up. If food were sought on the bottom by means of sight, the animal

would probably swim dorsal side up, for by canting from side to side it could see the bottom

just as easily as though it were ventral side up, and at the same time it would be in position

to drop Cjuickly on the prey. In collecting food at the surface, it might swim ventral side up.

All trilobites could probably crawl by the use of the appendages, and, as has already

been pointed out, there are great differences in the adjustment of the appendages to different

methods of crawling. Some crawled on their "toes," some by means of the entire endopo-

dites, and some apparently used the coxopodites to push themselves along. That the normal

direction of crawling was forward is indicated by the position of the eyes and sensory anten-

nules. There is no evidence that their mechanism was irreversible, however, and the position

of the mouth and the shape of the hypostoma indicate that they usually backed into feeding

position. The caudal rami of Ncolenus were evidently sensory, and the animal was pre-

pared to go in either direction.

The use of the pygidium as a swimming organ, suggested by Spencer (1903, p. 492) on

theoretical grounds, developed by Staff and Reck (1911, p. 141) from a mechanical stand-

point, and elaborated in the present paper by evidence from the ontogeny, phylogeny, and

musculature, provided the animal with a swifter means of locomotion. By a sudden flap

of this large fin, a backward darting motion could be obtained, which would be invaluable

as a means of escape from enemies. Staff and Reck seem to think that in this movement

the two shields were clapped together, and that the animal was projected along with the hinge-

like thorax forward. This might be a very plausible explanation in the case of the bivalve-

like Agnostida;, and it is one I had suggested tentatively for that family before I read Staff'

and Reek's paper. In the case of the large trilobites with more segments, however, it would

be more natural to think of a mode of progression in which there was an undulatory move-

ment of the body and the pygidium, up-and-down strokes being produced by alternately

contracting the dorsal and ventral muscles. Bending the pygidium down would tend to pull

the animal backward, while bringing it back into position would jjush it forward. It fol-

lows, therefore, that one of these movements must have been accomplished very quickly, the

other slowly. If the muscle scars have been interpreted properly, the ventral muscles were

probably the more powerful, an indication that the animal swam backward, using the cephalon

and antennules as rudders.

The chief objection to the theory of swimming by clapping the valves together is that

where the thorax consists of several segments it no longer acts like the hinge of a bivalve,

and a sudden downward flap of the pygidium would impart a rotary motion to the animal.

Take, for example, such nearly spherical animals as the Illaenidte, and it will readily be seen

that there is nothing to give direction to the motion if the pygidium be brought suddenly

against the lower surface of the cephalon. A lobster, it is true, progresses very well by

this method, but it depends upon its great claws and long antenn;e to direct its motions.

The whole shape of the trilobite is of course awkward for a rapidly swimming animal. It

could keep afloat with the minimum of eft'ort and paddle itself about with case, but it was

not built on the correct lines for speed.
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Dollo ( iijio, ]). 406), and (|uickly following his lead, Staff and Reck (1911, p. 130), have

published extremely suggestive pajjers, showing that by the use of the principle of correlation

of parts, nutch can be inferred about the mode of life of the trilobites merely from the

structure of the test.

Dollo studied the connection between the shape of the pygidium and the position and

character of the eyes. As applied by him, and later by Clarke and Ruedemann, to the euryp-

terids, this method seems most satisfactor>-. He pointed out that in Eurypterida like Sty-

loininis and Eiirxplcnis. where there is a long spine-like telson, the eyes are back from the

margin, so that a Liiiiiilus-Wkc hal)it of pushing the head into the sand by means of the limbs

and telson was jiossible. Erelfoplrnis and Ptcrygottis. on the other hand, have the eyes on

the margin, so that the head could not be pushed into the mud without damage, and have

a fin-like telson, suggesting a swimming mode of life.

In carrying this princijjle over to the trilobites, Dollo was quite successful, but Staff

and Reck have pointed out some modifications of his results. The conclusions reached

in both these papers are suggestive rather than final, for not all possible factors have been

considered. The following are given as examples of interesting speculations along this line.

Houialonolus dclphinocct^hahts. according to Dollo, was a crawling animal adapted to

benthonic life in the euphotic region, and an occasional Ijurrower in mud. This is shown by

well developed eyes in the middle of the cephalon, a pointed pygidium, antl the plow-like

profile of the head. This was as far as Dollo went. From the very broad axial lobe of

Homalonotiis it is fair to infer that, like hotclus, it had very long, strong coxopodites which

it prol)al_)ly useil in locomotion, and also very well-devel()])ed longitudinal muscles, to be used

in swimming. From the phyli.igeny of the group, it is known that the oldest homalonotids

had broad unpointed pygidia of the swinnning type, and that the later S])ecies of the genus

(Devonian) are almost all found in sandstone and shale, and all have wider axial lobes

than tlie Ordovician forms. It is also known that the epistoma is narrower and more

firmly fused into the doublure in later than in earlier species. These lines of evidence tend

to confirm Dollo's conclusion, but also indicate that the animals retained the ability to swim

well.

On the same grounds, Olcncllus tlioiiipsoni and DaUnanitcs liiititlurus were assigned the

same habitat and habits. Both were considered to have used the terminal spine as does

Liuiitlus.

OlrnrllKS thuiiipsoiii is generally considered to be unique among trilobites in having a

Liiuuliis-Uke telson in place of a pygidium. This "telson" has exactly the position and

characteristics of the spine on the fifteenth segment of Mesonacis, and so long ago as 1896,

Marr (Brit. Assoc. Adv. Sci., Rept. 66th ^Meeting, page 764) wrote:

The posterior segments of the remarkable trilobite Mcsojwcis vcrmontana are of a much more delicate

character than the anterior ones, and the resemblance of the spine on the fifteenth "body segment" of this

species to the terminal spine of Olcncllus proper, suggests that in the latter subgenus posterior segments of a

purely membranous character may have existed devoid of hard parts.

This prophecy was fulfilled by the discovery of the specimens which Walcott described

as Pccdcumias transitaus, a species which is said Ijy its author to be a "form otherwise

identical with (K ihoinpsoiii, [but] has rudimentary thoracic segments and a Holiiiia-hke

pygidium posterior to the fifteenth spine-l)earing segment of the thorax." A good speci-

men of this form was found at Georgia, Vermont, associated with the ordinary .specimens

of OlriicHiis tlioiiipsoni, and 1 believe that it is merely a complete specimen of that species.
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Olenellus gilberti, which was formerly supposed to have a limuloid telson, has now been

shown by Walcott (Smithson. Misc. Coll., vol. 64, 1916, p. 406, pi. 45, fig-. 3) to be a

Mesonacis and to have seven or eight thoracic segments and a small plate-like pygidium

back of the spine-bearing fifteenth segment. All indications are that the spine was not in

any sense a pygidium. Walcott states that Olenellus resulted from the resorption of the

rudimentary segments of forms such as Mesonacis and Padcumias, leaving the spine to

function as a pygidium. This would mean the cutting off of the anus and the posterior

part of the alimentary canal, and developing a new anal opening on the spine of one of

the thoracic segments

!

If the spine of the fifteenth segment is not a pygidium, could it be used, as Dollo

postulates, as a pushing organ? Presumably not, for though in entire specimens of Olenellus

(Pccdeuniias) it extends back beyond the pygidium, it probably was borne erect, like the

similar spines in Elliptocephala, and not in the horizontal ])lane in which it is found in

crushed specimens.

While this removes some of liie force of Dollo's argument, his conclusion that Olenellus

was a crawling, l)urro\\ing animal living in well lighted shallow waters was very likely cor-

rect. The long, annelid-like body indicates numerous crawling legs, there is no swimming

pygidium, and the fusion of the cheeks in the head makes a stifi" cephalon well adapted for

burrowing.

Stafi^ and Reck have pointed out that Daliiianifes llniulurus was not entirely a crawler,

l)ut, as shown by the large pygidium, a swimmer as well. This kind of trilol^ite probably

represents the normal development of the group in Ordovician and later times. The Pha-

copida>, Proetidpe, Calymenid;e, and other trilobites of their structure could probably crawl

or swim equally well, and could escape enemies Ijy darting away or by "digging them-

selves in."

Cryptolithns tessellatus (Trinucleus concentricus) is cited by Dollo as an example of

an adaptation to life in t!ie aphotic benthos, permanently buried in the mud. In this case

he appealed to Beecher's interpretation of the appendages, and pointed out that while the

adult is blind, the young have simple eyes and probably passed part of their life in the

lighted zone. It needs only a glance at the very young to convince one that the embryos

had swimming habits, so that in this form one sees the adaptation of the individual during

its history to all modes of life open to a trilobite. The habits of the Harpedidje may have

been similar to those of the Trinucleidie, but the members of this family are supplied with

broad flat genal spines. It has been suggested that these served like pontoons, runners, or

snow-shoes, to enable the animal to progress over soft mud without sinking into it. Some
such explanation might also be applied to the similar development in the wholly unrelated

Bathyuridie. The absence of compound eyes and the poor development of ocelli in the Har-

pedidae suggest that they were burrowers, and from tliese two families, Trinucleiche and

Harpedid:e, it becomes evident that a pygidial point or spine is not a necessary part of the

equipment of a burrowing trilobite. In fact, from the habits of Liiuulus it is known that

the appendages are relied upon for digging, and that the telson is a useful lint not indis-

pensable pushing organ.

Deiplwn is an interesting trilobite from many points of view. Its pleural loljcs arc

reduced to a series of spines on either side of the body, and its pygidiiun is a mere spino.se

vestige. Dollo considered tliis animal a swimmer in llie cuphotic zone, because its eyes

are on the anterior margin, its b(Kly depressed, its glal)ella gIobo.se, and its pygidium flat
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and spinose. That such :i iiu'thod of life was secondary in a cheirurid was indicated to

him by the fact that the more primitive members of the family seemed adapted for crawl-

ing. Staff and Reck have gone further and shown that the pygidium is only the vestige of

a swimming pygidium, and that the great development of spines suggests a floating rather

than a swimming mode of life. They therefore argue for a planktonic habitat. A similar

explanation is suggested for Acidaspis and other highly spinose species.

The AeglinidiE, or Cyclopygida; as they are more properly called, present the most re-

markable development of eyes among the trilobites. In this, Dollo saw, as indeed earlier

writers have, an adaptation to a region of scanty light. The cephalon is not at all adapted

to Ijurrowing, but the pygidium is a good swimming organ, and one is apt to agree that this

animal was normally an inhal)itant of the ill lighted dysphotic region, but also a nocturnal

prowler, making trips to the surface at night. Similar habits and habitat are certainly indi-

cated for Tclcphus and the Remopleurid<-e, but whether ]\'ilcus and the large-eyed Bumastus

are capable of the same explanation is doubtful.

Finch (1904, p. 181) makes the suggestion that "Nih^us'' (Vogdesia) vigilans, an

abundant trilobite in the calcareous shale of the IMaquoketa, was in the habit of burying itself,

posterior end first. He found a slab containing fifteen entire specimens, all of which had

the cephalon extended horizontally near the surface of the stratum, and the thorax and

pygidium projecting downward. The rock showed no evidence that they were in burrows,

and the fact that all were ' ' same position indicates that the attitude was voluntarily

assumed. They appear to trenched themselves by the use of the pygidia, which are

incurved plates readily adapted for such use, and, buried up to the eyes, awaited the coming

of prey, but were, apparently, smothered by a sudden influx of mud. The form of the eye

in Vogdesia vigilans bears out this supposition of Finch's. Not only are the eyes unusually

tall, but the palpebral lobe is much reduced, so that many of the lenses look upward and

inward, as well as outward, forward and backward. The particular food required by V. vigi-

lans must have been very plentiful in the JMaquoketa seas of Illinois and Iowa, for the species

was very abundant, but that its habits were self-destructive is also shown by the great num-

ber of complete enrolled specimens of all ages now found there. The soft mud was appar-

ently fatal to the species before the end of the ilaquoketa, for specimens are seen but very

rare!}- in the higher beds.

Vogdesia vigilans is shaped much like Bumastus, Ilkcnus, Asaphus, Onchometopus, and

Bracliyaspis, and it may be that these trilobites with incurved pygidia had all adopted the

habit of digging in backward. As noted above, their pygidia are not ver}- well adapted

for swinmiing, and most of them have large or tall eyes.

DoUo's comparison of the C3"clopygida3 to the huge-ej-ed modern amphipod Cystosoma

is instructive. This latter crustacean, which has the greater part of the dorsal surface of the

carapace transformed into eyes, is said to live in the dysphotic zone, at depths of from 40

to 100 fathoms, and to come to the surface at night. It swims ventral side down.

The kinds of sediments in which trilobites are entombed have so far afforded little evi-

dence as to their habitat. Freeh (Lethsea pala^ozoica, 1897-1902, p. 67 et seq.) who has

collected such evidence as is available on this subject, places as deeper water Ordovician

deposits the "Trinucleus-Schiefer"' of the upper Ordovician of northern Europe and Bohemia,

the "Triarthrus-Schiefer" of America, the "Asaphus-Schiefer" of Scandinavia, Bohemia,

Portugal, and France, and the Dalmania c|uartzite of Bohemia.

Crypfolitlius and Triarthrus, although not confined to such deposits, are apt to occur
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chiefly in very fine-grained shales, in company with graptolitcs. These latter are distributed

by currents over great distances within short periods. It is somewhat curious that the nearly

blind burrowing Trinucleidse, the dysphotic, large-eyed RcmopleuridcC and Tclephus, the blind

nektonic Agnostidre and Dionide, and the planktonic graptolites should go together and make
lip almost the entire fauna of certain formations. Yet, when the life history of each type

is studied, a logical explanation is readily at hand, for all have free-swimming larva:.

A list of the methods of life noted above is given by way of summary, with examples.

Pelagic

Benthonic

Planktonic

Nektonic

Crawlers and
slow swimmers

Crawlers and
active swimmers

Crawlers, slow

swimmers, and
burrowers

( Primarily

/ Secondarily

'Primarily

Secondarily -

Earliest protaspis of all trilobites

Deiphon, Odontopleura, etc.

Later protaspis of all trilobites. Naraoia
Probably many thin-shelled trilobites with large pygidia

(only .partially nektonic)

Cyclopygida | . , . • ,
, ,. ,

LRemoplenrid* 1"

("ckton.c dysphotic)

Triarlhrus, Para-Most trilobites with small pygidia.

. doxideSj etc.

Most trilobites with large pygidia.

manitcs, etc.

Isolclus, Dal-

Trinucleidse, Harpcdidse, some Mesonacidae, etc.

FOOD AND FEEDING METHODS.

This subject has been less discussed than the methods of locomotion. The study of

the appendages has shown that while the mouth parts were not especially powerful, they were

at least numerous, and sufficiently armed with spines to shred up such animal and vegetable

substances as they were liable to encounter. It having been ascertained that the shape of the

glabella and axial lobe furnishes an indication of the degree of development of the alimen-

tary canal it is possible to infer something of the kind of food used by various trilobites.

The narrow glabellcTe and axial lobes of the oldest trilobites would seem to indicate a

carnivorous habit, while the swollen glabellse and wider lobes of later ones probably denote an

adaptation to a mixed or even a vegetable diet. This can not be relied upon too strictly,

of course, for the swollen glabelhe of such genera as Deiphon or Splucrcxochus may be due

merely to the shortening up of the cephalon.

Walcott (1918, p. 125) suggests that the trilobites lived largely upon worms and con-

ceives of them as working down into the mud and prowling around in it in search of such

prey. While there can be no doubt that many trilobites had the power of burying them-

selves in loose sand or mud, a common habit with modern crustaceans, most of them were

of a very awkward shape for habitual burrowers, and how an annelid could be successfully

pursued through such a medium by an animal of this sort is difficult to understand. In

fact, the presence of the large hypostoma and the position of the mouth were the great

handicaps of the trilobite as a procurer of live animal food, and coupled with the rela-

tively slow means of locomotion, almost compel the conclusion that errant animals of any

size were fairly safe from it. This restricts the range of animal food to small inactive

creatures and the remains of such larger forms as died from natural causes. The modern

Crustacea are effective scavengers, and it is probable that their early Paheozoic ancestors

were equally so. It is a common saying that in the present stressful stage of the world's

history, very few wild animals die a natural death. In Cambrian times, competition for
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animal food \\a.s less keen, and with the exception of a few cephalopods, a few large anne-

lids, and a few Crustacea like Sidneyia, there seem to have been no aggressive carnivores.

In consecjuencc, millions of animals must have daily died a natural death, and had there been

no wav of disposing of their remains, the sea bottom would soon have become so foul that

no life could have existed. For the W(.>rk of removal of this decaying matter, the carniv-

orous annelids and the Crustacea, mostly trilobites, were the only organisms, and it is prob-

able that the latter did their full share. After prowling about and locating a carcass, the

trilobite established himself over it, the cephalon and hypostoma on one end and the

pygidium on the other enclosing and protecting the prey, which was shredded off and passed

to the mouth, at leisure by means of the spinose endobases.

Even in Middle Cambrian times some trilobites (e. g., Parado.vidcs) seem to have en-

larged the capacity of the stomach and taken vegetal)le matter, but later, in the Upper

Cambrian and Ordovician, when the development of cephalopods and fishes caused great

competition for all animal food, dead or alive, most trilobites seem to have become omniv-

orous. This is of course shown by the swollen glabella, with reduced lateral furrows, and,

in the case of a few species {Calyincne, Ccrauriis), the known enlargement of the stomach.

Crypfolithus is the only triloliite which has furnished any actual evidence as to its food.

From the fact that the alimentary tract is found stuft'ed from end to end with fine mud,

and because it is known to have been a burrower, it has been suggested -Ijy several that it

was a mud feeder, passing the mud through the digestive tract for the sake of what organic

matter it contained. Spencer (1903, p. 491) has suggested a modification of this view:

The phyllopods appear to feed by turning over whilst swimming and seizing with their more posterior

appendages a Httle mud which swarms with infusoria, etc. This mud is then pushed along the ventral

groove to the mouth. Casts of the intestine of trilobites are still found filled with the mud.

Ccraurus and Calyinene also must have occasionall}' swallowed mud in quantity, other-

wise the form of the alimentary canal could not have been preserved as it is in a few of

Doctor Walcott's specimens.

TRACKS AND TRAILS OF TRILOBITES.

Tracks and trails of various sorts have been ascriljed'by authors to trilobites since these

prolilematic markings first began to attract attention, but as the appendages were until re-

cently quite tmknown, all the earlier references were purely speculative. The subject is a

difficult one, and proof that any particular track or trail coukl have been made in only one

way is not easily obtained. Since the appendages have actually been described, compara-

tively little has been done, Walcott's work on rroliclinitcs ( 1912 B, p. 2yi,) being the most

important. Since the first description of Protichnitcs by Owen (Quart. Jour. Geol. Soc,

London, 1852, vol. 8, p. 247), it has been thought that these trails were made by crustaceans,

and the only known contemporaneous crustaceans being trilobites, these animals were natu-

rally suggested. Dawson (Canadian Nat. Geol., vol. 7, 1862, p. 276) ascribed them, with

reserve, to Pamdoxidcs, and Billings (1870, p. 484) suggested Dikcloccphalus or Aglaspis.

Walcott secured well preserved specimens which showed trifid tracks, and these were readily

explained when he foimd the legs of Ncolcnus, which terminated with three large spines.

Similar trifid terminations had already been dcscriiied by Beecher, and clearly pictured in his

restoration of Trlartlinis, but the .spines and the tracks had somehow not previously been

connected in the nnnd of any observer. Walcott concluded that the tracks had been made
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by a species of Dikelocephalus, possibly by D. hartti, which occurs both nortli and south of tlie

Adirondacks. In a recent paper, Burling (Amer. Jour. Sci., ser. 4, vol. 44, 191 7, p. 387)
has argued that Protichnitcs was not the trail of a trilobite, but of a "short, low-lying, more
or less heavy set, approximately 12-legged, crab-like animal," which had an oval shape, toed

in, and was either extremely flexible or else short and more or less flexible in outline.

This seems to describe a trilobite.

Cliniacfichnifes, the most discussed single trail of all, has also been ascribed to trilo-

bites,—by Dana (Manual of Geology, 1863, p. 185), Billings (1870, p. 485), and Packard

(Proc. Amer. Acad. Arts and Sci., vol. 36, 1900, p. 64),—though less frequently than

to other animals. The latest opinion (see paper by Burling cited above) seems to be against

this theory.

Miller (1S80, p. 217) described under the generic name Asapliuidiclinus two kinds of

tracks which were such as he supposed might be made by an Asaphus (Isotchis). In re-

ferring to the second of the species, he says: "Some of the toe-tracks are more or less

fringed, which I attribute to the action of water, though Mr. Dyer is impressed with the

idea that it may indicate hairy or spinous feet." The type of this species, A. dycri, is in the

Museum of Comparative Zoology, and while it may be the trail of a trilobite, it would be

difficult to explain how it was produced.

Ringueberg (1886, p. 228) has described very briefly tracks found in the upper part

of the Medina at Lockport, New York. These consisted of a regularly succeeding series of

ten paired divergent indentations arranged in two diverging rows, with the trail of the pygid-

ium showing between each series. The ten pairs of indentations he considered could have

been made by ten pairs of legs like those shown by the specimen of Isotelus described by

Mickleborough, and the intermittent appearance of the impression of the pygidium suggested

to him that the trilobite proceeded by a series of leaps.

Walcott (1918, pp. 174-175, pi. 37-42) has recently figured a number of interesting

trails as those of trilobites, and has pointed out that a large field remains open to anyone

who has the patience to develop this side of the subject.



PART III.

RELATIONSHIP OF THE TRILOBITES TO OTHER ARTHROPODA.

It can not be said that the new discoveries of appendagiferous trilobites have added

greatly to pre\'ioiis knowledge of the systematic position of the group. Probably none will

now deny that trilobites are Crustacea, and more primitive and generalized than any other

group in that class. The chief interest at present lies in their relation to the most nearly

allied groups, and to the crustacean ancestor.

Trilobites have i)een most often compared with Eranchiopoda, Isopoda, and Merostom-

ata, the present concensus of opinion inclining toward the notostracan branchiopods (Apod-

id;e in particular) as the most closely allied forms. It seems hardly worth while to burden

these pages with a history of opinion on this subject, since it was not until the appendages

were fully made out, from 1881 to 1895, that zoologists and palreontologists were in a

position to give an intelligent judgment. The present status is due chiefly to Bernard (1894.).

Beecher (1897, 1900, et scq.), and Walcott (1912, et scq.).

The chief primitive characteristics of trilobites are: direct development from a pro-

taspis common to the subclass; variability in the number of segments, position of the mouth,

and type of eyes : and serially similar biramous appendages.

The recent study has modified the last statement slightly, since it appears that in some

trilobites there was a modification of the appendages about the mouth, suggesting the initia-

tion of a set of tagmata.

In comparing the trilobites with other Crustacea, the condition of the appendages must

be especially borne in mind, for while these organs are those most intimately in contact with

the environment, and most subject to modification and change, yet they have proved of

greatest service in classification.

Appendages have been found on trilobites from only the ^Middle Camlirian and ^Middle

and Upper Ordovician, liut as the Ordovician was the time of maximum development of the

group, it is probable that trilobites of later ages would show degradational rather than pro-

gressive changes. All the genera which are known show appendages of the same plan, and

although new discoveries will dou1)tless reveal many modifications of that plan, general infer-

ences may be drawn now with some assurance.

The chief characteristics of the appendages are: first, simple antennules, a primitive fea-

ture in all Crustacea, as shown by ontogeny; second, paired biramous appendages, similar to

each other all along the body, the youngest and simplest in front of the anal segment, the

oldest and most modified on the cephalon. The endobases are retained on all the coxopo-

dites, except possibly, in some species, the anterior ones, and these gnathobases are modi-

fied in some genera as mouth-parts, while in others they are similar throughout the series.

With these few fundamentals in mind, other Crustacea may be examined for likenesses. The
differences are obvious.

Crustacea.

branchiopoda.

The early idea that the trilobites were closely related to the Branchiopoda was rejuve-

nated by the work of Bernard on the Apodida; (1S92) and has since received the support
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of most writers on the subject. Fundamentally, a great deal of die ari^unient seems lo 1:)e

that Apus lies the nearest of any modern representative of the class to the theoretical crus-

tacean ancestor, and as the trilobites are the oldest Crustacea, they must l)e closely related.

Most writers state that the trilobites could not be derived from the Branchinpoda (see, how-

ever, Walcott 19 1 2 A), nor the latter from any known trilobite, but both suljclasses are be-

lieved to be close to the parent stem.

Viewed from the dorsal side, there is very little similarity between any of the branchi-

opods and the trilobites, and it is only in the Notostraca, with their sessile eyes and

depressed form, that any comparison can be made. The chief way in which modern Bran-

chiopoda and Trilobita agree is that both have a variable number of segments in the body,

that number becoming very large in Apus on the one hand and Mesonacis and Pardcuinias

on the other. In neither are the appendages, except those about the mouth, grouped in

tagmata. Other likenesses are : the Branchiopoda are the only Crustacea, other than Trilo-

bita, in which gnathobases are found on limbs far removed from the mouth ; the trunk limbs

are essentially leaf-like in both, though the limb of the Ijranchiopod is not so primitive as

that of the trilobite; caudal cerci occur in both groups.

If the appendages be compared in a little more detail, the tlifferences prove more strik-

ing than the likenesses.

In the Branchiopoda, the antennules are either not segmented or only obscurely so. In

trilobites they are richly segmented.

In Branchiopoda, the antennae are variable. In the Notostraca they are vestigial, while

in the males of the Anostraca they are powerful and often complexly developed claspers.

Either condition might develop from the generalized biramous antenn;e of Trilobita, but

the present evidence indicates a tendency toward obsolescence. Claus' obser\ations indicate

that the antenna; of the Anostraca are developments of the exopodites, rather than of the

endopodites.

The mandibles and maxilhe of the Branchiopoda are greatly reduced, and grouped

closely about the mouth. Only the coxopodites of the Trilobita are modified as oral appen-

dages.

The trunk limbs of Apus are supposed to be the most primitive among the Branchio-

poda, and comparison will be made with them. Each appendage consists of a ilattened axial

portion, from the inner margin of which spring six endites, and from the outer, two large

flat exites (see fig. 34). This limb is not articulated with the ventral membrane, but attached

to it, and, if Lankester's interpretation of the origin of schizopodal limbs be correct, then

the limb of Apus bears very little relation to that of the Trilobita. In Apus there is no distinct

coxopodite and the endobases which so greatly resemble the similar organs in the Trilobita

are not really homologous with them, Imt are developments of the first cndite. Beecher's

comparison of the posterior thoracic and pygitlial limbs of Triarthrus with those of Apus

can not be sustained. Neither Triarthrus nor any other trilobite shows any trace of phyl-

lopodan limbs. Beecher figured (1894 B, pi. 7, figs. 3, 4) a series of endopodites from the

pygidium of a young Triarthrus beside a series of limbs from a larval Apus. Superficially,

they are strikingly alike, but while the endopodites of Triarthrus are segmented, the limlis of

Apus are not, and the parts which appear to be similar are really not homologous. The

similarity of the thoracic limbs in the two groups is therefore a case of parallelism and does

not denote relationship.
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Geologically, the Branchiopoda are as old as tlie Triloljita, and while they did not have

the development in the jiast that the trilobite had, they were apparently differentiated fully

as early. Anostraca, Notostraca and Conchostraca, three of the four orders, are represented

in the Cambrian by forms which are, except in their appendages, as highly organized as the

existing species. Brief notes on the principal ]\Iiddle Cambrian Branchiopoda follow:

Burgessia bella Walcott.

Illustrated: Walcott. Smithson. Misc. Coll., vol. 57. 1912, p. 177, pi. 27, figs. 1-3; pi. 30, figs. 3, 4.

This is the most strikingly like the modern Branchiopoda of any species described by

Walcott from the Middle Cambrian, and invites comparison with Apiis. The carapace is

long, loosely attached to the body, and extends over the greater part of the thorax. The eyes

are small, sessile, and close to the anterior margin.

The appendages of the head consist of two pairs of antennje, and three pairs of slender,

jointed legs. Both pairs of antennae are slender and many-jointed, the antennules some-

what smaller than the antennre. The exact structure of the limbs about the mouth has not

yet been made out, but they are slender, tapering, endopodite-like legs, with at least three or

four segments in each, and probably more.

There are eight pairs of thoracic appendages, each limb having the form of the endopo-

dite of a trilobite and consisting of seven segments and a terminal spine. The proximal three

segments of each appendage are larger than the outer ones, and have a flattened triangular

expansion on the inner side. Walcott also states that "One specimen shows on seven pairs

of legs, small, elongate, oval bodies attached near the first joint to the outer side of the leg.

These bodies left but slight impression on the rock and are rarel}' seen. They appear to

represent the gills." They are not figured, but taken in connection with the endopodite-like

appearance of the segmented limbs, one would expect them to be vestigial exopodites.

A small hypostoma is present on the ventral side, and several of the specimens show

wonderfully well the form of the alimentary canal and the hepatic casca. The main branches

of the latter enter the mesenteron just behind the fifth pair of cephalic appendages.

Behind the thorax the abdomen is long, limbless, and tapers to a point. It is said to

consist of at least thirty segments.

Comparetl with Apiis, Burgessia appears both more primitive and more specialized.

The carapace and limbless abdomen are Apiis-hkc, but there are very few appendagiferous

segments, and the appendages are not at all phyllopodan, but directly comparable with those

of trilobites, except, of course, for the uniramous character of the cephalic limljs. .\ closer

comjiarison may be made with Marrella.

Waptia fieldensis Walcott.

Illustrated: Walcott, Smithson. Misc. Coll., vol. 57, 1012, p. 181, pi. 27, figs. 4, 5.

The carapace is short, covering the head and the anterior part of the thorax. The

latter consists of eight short segments with appendages, while the six abdominal segments,

which are similar to those of the thorax, are without limbs except for the last, which bears

a pair of broad swimmerets. The eyes are marginal and pedunculate. The antennules are

imperfectly known, but apparently short, while the antenna; are long and slender, with rela-

tively few, long, segments. The mandibles appear to be like endopodites of trilobites and

show at least six segments. As so often happens in these specimens from British Columbia,
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the preservation of the other appendages is unsatisfactory. As iUuslrated (W'alcolt, iyi2

A, pi. 27, fig. 5), both endopodites and exopodites appear to be present, and the shaft of

the exopodite seems to be segmented as in Triarthrus.

Walcott considers IVaptia as a transitional form between the Brancliiopoda and the

Malacostraca.

Yohoia tenuis Walcott.

Illustrated: Walcott, Sniithsoii. Misc. Coll., vol. 57, 1912. p. 172. pi. 29, figs. 7-13.

This species, though incompletely known, has several interesting characteristics. The

head shows, quite plainly in some specimens, the five segments of which it is composed.

The eyes are small, situated in a niche between the first and second segments, and are

described as being pedunculate. The eight segments of the thorax all show short triangu-

lar pleural extensions, somew-hat like those of Retnopleuridcs or Robergia. The abdomen

consists of four cylindrical .segments, the last with a pair of expanded caudal rami.

The antennules appear to be short, while the antenn.T are large, with several segments,

ending in three spines, and apparently adapted for serving as claspers in the male. The
third, fourth, and fifth pairs of cephalic appendages are short, tapering, endopodite-like

legs similar to those of Biirgessia.

The appendages of the thorax are not well preserved, and there seem to be none on the

abdomen.

This species is referred by Walcott to the Anostraca.

Opabina regalis Walcott.

Illustrated: Walcott, Smithson. \Misc. Coll., vol. 57, 1912, p. 167, pi. 27, fig. 6; pi. 28, fig. i.

This most remarkably specialized anostracan is not well enough known to allow com-

parison to be made with other contemporaneous Crustacea, but it is worthy of mention.

There is no carapace, the eyes are pedunculated, thorax and abdomen are not differ-

entiated, and the telson is a broad, elongate, spatulate plate. There seem to be sexual dif-

ferences in the form of the anterior cephalic and caudal appendages, but this is not fully

established. The most remarkable feature is the long, large, median cepjialic appendage

which is so suggestive of the proboscis of the recent Thaiitnoccphalits platyurus Packard.

The appendages are not well enough preserved to permit a determination as to whether

they are schizopodal or phyllopodan.

Summary.

Walcott referred Burgessia and Waptia to new families under the Notostraca, while

Yohoia and Opahina were placed with the Anostraca. Except for tlie development of the

carapace, there is a striking similarity between Waptia and Yohoia, serving to connect tlie

two groups.

The Brancliiopoda were very highly specialized as early as Aliddle Cam])rian time, the

carapace of the Notostraca being fully developed and the abdomen limbless. Some {Bur-

gessia') had numerous segments, but most had relatively few. The most striking point

about them, however, is that so far as is known none of them had phyllopodan limbs.

While the preservation is in most cases unsatisfactory, such limbs as are preserved are trilo-

bite-like, and in the case of Burgessia there can be no possible doubt of the structure. An-
other interesting feature is the retention by Yohoia of vestiges of pleural lobes. The Middle
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Cambrian liranchiopoda are more closely allied to the Triloljita than arc the modern ones,

but still the subclass is not so closely related to that group as has been thought. Modern

Apus is certainly much less like a triloliite than has been supposed, and very far from being

primitive. The Branchiopoda of the ^liddle Caml^rian could have been derived from the

trilobites bv the loss of the pleural lobes, the development of the posterior margin of the

cephalou to form a carapace, and the loss of the appendages from the abdominal segments.

Modern branchiopods can be derived from those of the Middle Cambrian by the modifica-

tion of the appendages through the reduction of the endopodite and exopodite and the

growth of the endites and exites from the proximal segments.

Carpenter (1903, p. 334), from his study of recent crustaceans, has already come to

the conclusion that the Branchiopoda are not the most primitive subclass, and this opinion

is strengthened by evidence derived from the Trilobita and from the Branchiopoda of the

Middle Cambrian.

COPEPODA.

The non-parasitic Eucopepoda are in many ways much nearer to the trilobites than any

other Crustacea. These little animals lack t!ve carapace, and the body is short, with typi-

cally ten free segments and a telson bearing caudal furc;e. The head is composed of five

segments (if the first thoracic segment is really the fused first and second), is often flat-

tened, and lacks compound eyes. Pleural lobes are well developed, but instead of being

flattened as in the trilobite. they are turned down at the sides or even incurved. A labrum

is present.

The antennules, antenn;e, and mandibles are quite like those of trilobites. The anten-

nules are very long and made up of numerous segments. The antenn^x are biramous, the

junction between the coxopodite and basipodite is well marked, and the endopodite consists

of only two segments.

The mandil)les are said to "retain more completely than in any other Crustacea the

form of biramous swimming limbs which they possess in the nauplius." The coxopodites,

form jaws, while Ijoth the reduced endopodite and exopodite are furnished with long setie.

The maxilluke are also biramous, but very different in form from those of the trilobite,

and the maxilhe are phyllopodan.

The first thoracic limb is uniramous and similar to the maxilL-e, but the five following

pairs are biramous swimming legs with coxopodite, basipodite, exopodite. and endopodite.

Both the exopodite and endopodite are shorter than in the trilobites, but bear setfe and spines.

The last pair of thoracic limbs are usually modified in the male into copulatory organs.

In some females they are enlarged to form plates for the protection of the eggs, in others

they are unmodified. In still others they are much reduced or disappear. The abdomen

is without appendages.

The development in Copepoda is direct, by the addititjn posteriorly to the larval form

(nauplius) of segments, and the appendages remain nearly unmodified in the adult.

Altogether, the primitive Co])epoda seem much more closely allied to the Trilobita than

any other modern Crustacea, but unfortunately no fossil representative of the subclass

has been found. This is not so surprising when one considers the habits and the habi-

tat of most of the existing species. Many are parasitic, many pelagic in both fre.sh

and marine waters, and man}' of those living on the bottom belong to the deep sea or fresh

water. Most free-living forms are minute, and all have thin tests.
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The eyes of copepods are of interest, in that tliey suggest the paired ocelli of the Ilar-

pedidae and Trinucleid;e. In the Copepoda there are, in the simplest and typical form of

these organs, three ocelli, each supplied with its own nerve from the brain. Two of these

are dorsal and look" upward, while the third is ventral. In some forms the dorsal ocelli

are doubled, so that five in all are present (cf. sonie species of Harpcs with three ocelli on

each nuunul). In some, the cuticle over the dorsal eyes is thickened so as to form a lens,

as appears to be the case in the trilobites. These peculiar eyes may be a direct inheritance

from the Hypoparia.

ARCHICOPEPODA.

Professor Schuchert has called my attention to the exceedingly curious little crustacean

which Handlirsch (1914) has described from the Triassic of the Vosges. Handlirsch

erected a new species, genus, family, and order for this animal, which he considered most

closely allied to the copepods, hence the ordinal name. F.uthycarciniis kcsslcri, the species in

cjuestion, was found in a clayey lens in the Voltzia standstone (Upper Bunter). Associated

with the new crustacean were specimens of Estheria only, Init in the Voltzia sandstone itself

land plants, fresh and brackish water animals, and occasionally, marine animals are found.

The clayey lens seems to have been of fresh or brackish water origin.

All of the specimens (three were found) are small, about 35 mm. long without including

the caudal rami, crushed flat, and not very well preserved. The head is short, not so wide

as the succeeding segments, and apparendy has large compound eyes at the posterior lateral

angles. The thorax consists of six segments which are broader than the head or abdomen.

The abdomen, which is not quite complete in any one specimen, is interpreted by Hand-
lirsch as having four segments in the female and five in the male. Least satisfactory of

all are traces of what are interpreted by the descriiier as a pair of long stiff unsegmented cerci

or stylets on the last segment.

The ventral side of one head shield shows faint traces of several appendages which

must have presented great difficulty in their interpretation. A pair of antennules appear to

spring from near the front of the lower surface, and the remainder of the organs are grouped

about the mouth, which is on the median line back of the center. Handlirsch sees in these

somewhat obscure appendages four pairs of biramous limbs, antenna;, mandibles, maxillulse,

and maxillre, both branches of each consisting of short similar segments, endopoditcs and

exopodites being alike pediform.

Each segment of the thorax has a pair of appendages, and those on ihe first two are

clearly l)iramous. The endopodites are walking legs made up of numerous short segments

(twelve or thirteen according to Handlirsch's drawing), while the exopodite is a long breath-

ing and rowing limb, evidently of great flexibility and curiously like the antennules of the

same animal. The individual segments are narrow at the proximal end, expand greatly at

the sides, and have a concave distal profile. A limb reminds one of a stipe of Diplograptiis.

Both branches are spiniferous.

No appendages are actually present on the abdomen, l)Ut each segment has a pair of

scars showing the points of attachment. Froiii the small size of these, it is inferred that

the limbs were poorly developed.

This species is described in so much detail because, if it is a i)riniitive copei)o(l, it has

a very important bearing on the ancestry of that group and is the only related form that

has been found fossil.
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Tlie non-parasitic copepods have typically ten (eleven) free segments, including the

telson, and the four abdominal segments are much more slender than the six in front of

them. In tliis respect the agreement is striking, and the presence of five pairs of appen-

dages in the head and six free segments in the thorax is a more primitive condition than

in modern forms where the first two tlioracic segments are apparently fused (Caiman, 1909,

p. 73^-
^ ,

The large compound eyes of this annual are of course not present in the copepods, but

as vestiges of eyes have been found in the young of Calanits, it is possilile that the ancestral

forms liad eyes.

The greatest difficulty is in finding a satisfactory explanation of the appendages. The

general condition is somewhat more primitive than in the copepods, for all the appendages

are biramous, while in the modern forms the maxillipeds are imiramous and the sixth pair

of thoracic appendages are usually modified in the male as copulatory organs. In the cope-

pods the modification is in the direction of reduction, both endopodites and exopodites usu-

ally possessing fewer segments than the corresponding branches in the trilobites. The

endopodite of Euthycarcimis, on the contrary, possesses, if Handlirsch's interpretation is

correct, twice as many segments as the endopodite of a trilobite. If the Copepoda are

descended from the trilobites, as everything tends to indicate, then Eitthycarciniis is certainly

not a connecting link. The only truly copepodan characteristic of this genus is the agree-

ment in number and disposition of free segments. The division into three regions instead

of two, the compound eyes, and the structure of the appendages are all foreign to that group.

With the Limulava fresh in mind, one is tempted to compare Euthycarcinus with that

ancient type. The short head and large marginal eyes recall Sidneyia. and the grouping

of the appendages about the mouth also suggests that genus and Emcraldclla. In the Limu-

lava likewise there is a contraction of the posterior segments, although it is behind the

ninth instead of the sixth. Tliere is no likeness in detail between the appendages of the

Limulava and those of Euthycarcinus, but the composite claws of Sidneyia show that in

this group there w'as a tendency toward the formation of extra segments.

If tins fossil had been found in the Cambrian instead of the Triassic, it w^ould prob-

ably have been referred to the Limulava, and is not at all impossible that it is a descendant

from that group. As a connecting link between the Trilobita and Copepoda it is, however,

quite unsatisfactory.

OSTRACOn.\.

The bivalved shell of the Ostracoda gives to this group of animals an external appear-

ance very diflferent from that of the trilobites, but the few- appendages, though highly modi-

fied, are directly comparable. The development, although modified by the early appearance

of the bivalved shell within which the nauplius lies, is direct. Imperfect compound eyes

are present in one family.

The antennules are short and much modified by functioning as swimming, creeping, or

digging organs. They consist of eight or less segments. The antennse are also locomotor

organs, and in most orders are biramous. The mandibles are biramous and usually with,

but sometimes without, a gnathobase. The maxilluL'e are likewise biramous but much

modified.

The homology of the third post-oral limb is in question, some considering it a maxilla

and others a maxilliped. It has various forms in ditiferent genera. It is always much modi-
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fied, but exopodite and endopodite are generally represented at least Ijy rudiments. The
fourth post-oral limb is a lobed plate, usually not distinctly segmented, and the hftii a uni-

ramous pediform leg. The sixth, if present at all, is vestigial.

Very little comparison can be made between the Ostracoda and Trilobita, other than

in the ground-plan of the limbs, but the presence of biramous antennae is a primi-

tive characteristic.

CIRRIPEDIA.

Like the ostracod, the adult cirriped bears little external resemblance to the trilobite.

The form of the nauplius is somewhat .peculiar, but it has the typical three pairs of appen-

dages, to which are added in the later metanauplius stages the maxilL'e and six pairs of

thoracic appendages. In the adult, the antennules, which serve for attachment of the larva,

usually persist in a functionless conditiim, while the antenn;e disappear. The mandibles,

maxillul;e, and maxillae are simple and much modified to form mouth parts, and the six

pairs of thoracic appendages are developed into long, multisegmented, biramous appendages

Iiearing numerous setae which serve for catching prey. Paired eyes are present in later

metanauplius stages, but lost early in the development. The relationsliip to the trilobite evi-

dently is not close.

MALACOSTRACA.

1. Pliyllocarida.

The oldest malacostracans whose appendages are known are species of H\iiienocaris.

One, described as long ago as 1866 by Salter, has what seem to be a pair of antenn;e

and a pair of jaw-like mouth-parts. Another more completely known species has recendy

been reported by Walcott (1912 A, p. 183, pi. 31, figs. 1-6). This latter form is described

as having five pairs of cephalic appendages: a pair of minute antennules beside the small

pedunculated eyes, a pair of large uniramous antennae, slender mandibles and maxilluL-e,

and large maxilke composed of short stout segments. There are eight pairs of biramous

thoracic limbs, the exopodites setiferous, the endopodites composed of short wide segments

and ending in terminal claw-like spines. These appendages are like those of trilobites.

Hymcnocaris belongs to the great group of extinct ceratocarid Crustacea which are

admitted to the lowest of the malacostracan orders, Pliyllocarida, because of their resem-

blance to Ncbalia, Parancbalia, Nehaliopsis, and Ncbaliclla, the four genera which are at

present living. The general form of the recent and fossil representatives of the order is

strikingly similar. The chief outward difference is that in many of the fossils the telson

is accompanied by two furcal rami, while in the modern genera it is simple. It now be-

comes possible to make some comparison between the appendages of Hymcnocaris of the

Middle Cambrian and the Nebaliid^e of modern seas.

In both there are five pairs of cephalic and eight of thoracic appendages, while those

of the abdomen of Hymcnocaris are not known.

In both, the antennules are less developed than the antenn.e. In the Xebaliid;e the

anteimules show evidence of having been originally double (they are obviously so in the

emliryo), while they are single in Hymcnocaris. In both, the antenn;e are simple. The
remaining cephalic organs are too little shown by the specimen from the Middle Cambrian
to allow detailed comparison. The mandibles, niaxilluL-e, and maxilke of Ncbalia are, how-
ever, of types which could be derived from the trilobite.
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Jn three of tlie t^enera of the Nehaliiche, the eight pairs of thoracic limbs are all simi-

lar to one another, though those of the genera differ. All are biramous. The limbs of

Hyii'ciii'caris can apparently be most closely correlated with those of Ncbalia antarctica, in

which the endopodite consists of short flattened segments, and the exopodite is a long seti-

ferous plate. Kpipodites are present in lioth Nchalia and Ilyniciiocaris.

So far as the appendages of Hynicnocaris are known, they agree very well with those

of the Nebaliid;e, and since they are of the trilobite type, it may safely be stated that the

Trilobita and Malacostraca are closely related.

2. Syncarida.

Walcott ( 1918, p. 170) has compared the limbs of Xcolciius with those of the syn-

carid genera Anaspidcs and Koonunga. These are i)rimitive Malacostraca without a cara-

pace, but as they have a compressed test and Aiuispidcs has stalked eyes, their gross anatomy

does not suggest the trilol;)ite. The thoracic appendages are very trilobite-like, since the

endopodite has six segments ( in Anaspidcs) and a multisegmented setiferous exopodite.

The coxopodites, except of the first thoracic segment, do not. however, show endobases, and

those which are present are peculiar articulated ones. The cephalic appendages are special-

ized, and the antennules doulile as in most of the Malacostraca. External epipodites are

very numerous on the anterior limbs.

This group extends back as far as the Pennsylvanian and had then probably already

beconie adajited to fresh-water life. It may be significant that the PaUeozoic syncarids

appear to have lacked epipodites. While differing very considerably from the Trilobita,

the Syncarida could have been derived from them. '

-^. Isopoda.

Since the earliest times there has been a constant temptation to compare the depressed

shields of the trilobites with the similar ones of isopods. Indeed, when Scrolls with its

Lichadian body was first discovered about a hundred years ago, it was thought that living

trili.ibites had been found at last. The trilobate l)ody, cejihalic shield, .sessile eyes, abdom-

inal shield, and pleural extensions make a W(.)nderful parallel. This similarity is, however,

somewhat superficial. The appendages are very definitely segregated in groups on the vari-

ous regions of the Ixwly, and while the pleopods are biramous, the thoracic legs are with-

out exopodites (except in very early stages of development of one genus). The Isopoda

arose just at the time of the disappearance of the Trilobita, and there seems a possibility

of a direct derivation of the one group from the other. It should lie pointed out that while

the diff'erences of Isopoda from Trilol)ita are important, they are all of a kind which could

have been produced by the development from a trilobite-like stock. For example

:

Isopoda have a definite number of segments. There is less variation in the number
of segments among the later than the earlier trilobites.

Isopoda have no facial suture. In at least three genera of trilobites the cheeks become

fused to the cranidium and the sutures obliterated.

Isopoda have one or two segments of the thorax annexed to the head. \\'hile this

is not known to occur in trilobites, it is possil)le that it did.

j\It)st Isopoda have a fairly stiff" ventral test. The ventral membrane of trilobites

would probabl}- have become stiff'ened liy imi)regnation of lime if the habit of enrollment

had been given up.
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In Isopoda the antenna" are practically uniranious sensory oroans. The second cephalic

appendages of trilobites are capable of such development through reduction of the exopodite.

In the Isopoc[a the coxopodites are usually fused with tlic body, remaining as free,

movably articulated segments only in a part of the thoracic legs of one suborder, the Asellota.

Endobases are entirely absent. This is of course entirely unlike the condition in Trilobita,

but a probable modification.

In Isopoda there is a distinct grouping of the appendages, with specialization of func-

tion. The trilobites show a beginning of tagmata, and such development would he expected

if evolution were progressive.

In both groups, develoi^ment from- the embryo is ilirect. Rudiments of e.xopodites of

thoracic legs have been seen in the young of one genus.

The oldest known isopod is Oxyuropnda ligioidcs Carpenter and Swain ( Proc. Royal

Irish Acad., vol. 27, .sect. B, igo8, p. 63, fig. i), found in the Upper Devonian of County

Kilkenny, Ireland. The appendages are not known, but the test is in some ways like that of

a trilobite. The thorax, abdomen, and pygidium are especially like those of certain trilo-

bites, and there is no greater differentiation between thorax and a1)domen than there is be-

tween the regions before and i)ehind the fifteenth segment of a Pfrdciiiiiias or Mcsonacis.

The anal segment is directly comparal)le to the pygidium of a Ccraiints. the stiff unseg-

mented tiropods being like the great lateral spines of that genus.

The interpretation of the head offered by Carpenter and Swain is very difficult to under-

stand, as their description and figure do not seem to agree. What they consider the first

thoracic segment (fused with the head) seems to nie to be the posterior part of the cephalon.

and it shows at the back a narrow transverse area which is at least analogous to the nuchal

segment of the trilobite. -If this interpretation can be sustained, Oxyurof^oila would

be a very primitive isopod in which the first thoracic segment (second of Carpenter and

Swain) is still free. According to the interpretation of the original authors, the species is

more specialized than recent Isopoda, as they claim that two thoracic segments are fused

in the head. The second interpretation was perliaps made on the basis of tlie nuni1)er of

segments (nineteen) in a recent isopod.

MARRELLA SPLENDENS W^\LCOTT.

Illustrated: Walcott, Smithson. Misc. Coll., vol. 57, 1912, p. 192, pis. 25. 26.

Among the most wonderful of the .specimens described by Doctor Walcott is the "lace

cralx" While the systematic position was not satisfactorily determined Ijy the describer,

it has been aptly compared to a trilobite. The great nuchal and genal spines and the large

marginal sessile eyes, coupled with the almost total lack of thoracic and abdominal test, give

it a bizarre appearance which may obscure its real relationships.

The cephalon appears to bear five pairs of appendages, antennules, and antenna}, both

tactile organs with numerous short segments, mandibles, and first and second ma.xilke. 'J'he

last three pairs are elongate, very spinose liml)s, of peculiar appearance. They seem to have

seven .segments, but are not well preserved. These organs are attached near the posterior

end of the labrum.

There are twenty-four pairs of biramous thoracic appendages, which lack endobases.

The endopodites are long and slender, with numerous .spines ; the exopodites have narrow,

thin shafts, with long, forward pointed set.'e. The anal segiuent consists of a single plate.
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l'"ui"tluT inliinnaticjii ;ilM.)iit this fossil will he eagerly awaited. None of the illustra-

tions so far jnihlished shows hiranious appendai^es on the cephalon. This, coupled with the

presence of tactile antcnn;e, makes its reference to the Trilobita impossible, hut the

present interpretation indicates that it was closely allied to them.

Fig. 32.

—

Marrclla splcndcns Walcott. Restoration of the ventral surface, based upon the

pliotographs and descriptions published by Walcott. Although all the limbs of the trunk

appear to be biramous, only endopodites are placed on one side and exopodites on the other,

for the sake of greater clearness in the illustration. Drawn by Doctor Elvira Wood, under

the supervision of the writer. X about 6.

Rcsloration of Marrclla.

(Text fig-. 32.)

The accom])anying restoration of the ventral surface of Marrclla is a tentative one,

based on Doctor Walcott's description and figures. The outline is taken from his plate 26,

figure I ; the appendages of the head from plate 26, figures 1-3, 5, and plate 25. figures 2,

3 ; the endopodites, shown on the left side only, from figures 3 and 6, plate 25. I have not

studied actual specimens, and the original description is very incomplete. The restoration is

therefore suliject to revision as the species becomes better known.
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Arachnida.

No attempt will l)e made to pass in review all of the subclasses of the arachnids. Some
of the Alerostomafa are so obviously trilobitc-like that it would seem that their relationship

could easily be proved. The task has not yet been satisfactorily accomplished, however,

and new information seems only to add to the difficulties.

So far as I know, the Araneae have not previously been compared directlj- with trilobites,

although such treatment consists merely in calling attention to their crustacean affinities, as

has often been done.

Carpenter's excellent stmimary (1903, p. 347) of the relationship of the Arachnida to

the trilobites may well be quoted at this point

:

The discussion in a former section of this essay on the relationship between the various orders of
Arachnida led to the conclusion that the primitive arachnids were aquatic animals, breathing by means of
appendicular gills. Naturally, therefore, we compare the arachnids with the Crustacea rather than with the
Insecta. The immediate progenitors of the Arachnida appear to have possessed a head with four pairs of
limbs, a thora.x with three segments, and an abdomen with thirteen segments and a telson, only six of which
can be clearly shown by comparative morphology to have carried appendicular gills. But embryological

evidence enables us to postulate with confidence still more remote ancestors in which the head carried well

developed compound eyes and five pairs of appendages, while it may be supposed that all the abdominal
segments, except the anal, bore limbs. In these very ancient arthropods, all the limbs, except the feelers,

had ambulatory and branchial branches; and one important feature in the evolution of the Arachnida must
have been the division of labour between the anterior and posterior limbs, the former becoming specialized

for locomotion, the latter for breathing. Another was the loss of feelers and the degeneration of the com-
pound eyes. Thus we are led to trace the Arachnida (including the Merostomata and Xiphosura) back to

ancestors which can not be regarded as arachnids, but which were identical with the primitive trilobites, and
near the ancestral stock of the whole crustacean class.

TRILOBITES NOT ARACHNIDA.

While no one having any real knowledge of the Trilobita has adopted Lankester's scheme

of the inclusion of the group as the primitive grade in the Arachnida, reference to it may
not be amiss. This theory is best set forth in the Encyclopcedia Britannica, Eleventh

Edition, under the article on Arachnida. It is there pointed out that the primitive arachnid,

like the primitive crustacean, should be an animal without a fixed number of somites, and

without definitely grouped tagmata. As Lankester words it, they should be anomomeristic

and anomotagmatic. The trilobites are such animals, and he considers them Arachnida and

not Crustacea for the following reasons

:

Firstiy and chief^j', because they have only one pair (apart from the eyes) of pre-oral

appendages. "This fact renders their association with the Crustacea impossible, if classifi-

cation is to be the expression of genetic affinity inferred from structural coincidence."

Secondly, the lateral eyes resemble no known eyes so closely as the lateral eyes of

Linmlus.

Thirdh', the trilobation of the head and body, due to the expansion and flattening of

the sides or pleura, is like that of Limnlus, but "no crustacean exhibits this trilobite form."

Fourthly, there is a tendency to form a pygidial or telsonic shield, "a fusion of the pos-

terior somites of the body, which is precisely identical in character with the metasomatic

carapace of Litnnlns." Xo crustacean shows metasomatic fusion of segments.

Fifthly, a large post-anal spine is developed "in some trilobites" (he refers to a figure

of Dalinanites)

.
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Sixtlilv, there are frequently lateral spines nn tlie pleura as in L/;H»/iM. No crustacean

lias lateral pleural spines.

These points may be taken up in order.

1. If trilobites have one appendage-bearin<j; segment in front of the mouth, they are

Arachnida: if two, Crustacea. This is based on the idea that in the course of evolution

of the Arthropoda. the mouth has shifted backward from a terminal position, and that as a

pair of appendages is passed, they lose their function as mouth-parts and eventually become

simple tactile organs. Thus arise the chelicerc'e of most arachnids, and the two pairs of

tactile antenn.T of most Crustacea. This theory is excellent, and the rule holds well for

modern forms, Imt as shown by the varying length of the hypostoma in different triloliites,

the position of the mouth had not liecome fixed in that group. In some trilobites, like Triar-

flinis. the gnathobases of the second pair of appendages still function, but in all, so far as

known, the mouth was back of the points of attachment of at least two pairs of appendages,

and in some at least, back of the points of attachment of four pairs. As pointed out in the

case of Calxincuc and Ccraiinis. the trilobites show a tendency toward the degeneration of

the first and second jjairs of Ijiramous appendages, particularly of the gnathobases. They

are in just that stage of the backwanl movement of the mouth when the function of the

antenna^ as mandibles has not yet been lost. If the presence of functional gnathobases back

of the mouth, rather than the points of attachment in front of the mouth, is to be the guide,

then Triarfliriis might be classed as an arachnid and Calyiucnc and Isotcliis as crustaceans.

In other words, the rule breaks down in this primitive group.

2. Superficially, the e3"es of some trilobites do look like those of Liiiiulus, but how

close the similarity really was it is imi)ossibIe to say. The schizochroal eyes were certainly

very dift'erent, and Watase and Exner I)oth found the structure of the eye of the trilobite

unlike that of Liimdus.

3. Tlie importance of the trilobate form of the triloliite is very much overestimated.

It and the pygidium are due solely to functional requirements. The axial lobe contained

practically all the vital organs and the side lobes were mechanical in origin and secondarily

protective. That the crustacean is not trilobate is frequently asserted by zoologists, yet

every text-book contains a picture of a segment of a lobster with its axial and pleural lobes.

It is a fundamental structure among the Crustacea, oljscured because most of them are com-

pressed rather than depressed.

4. The pygidium of trilobites is compared with the metasomatic shield of Li)iiulus. No
homology, if homology is intended, could be more erroneous. The metasomatic shield of

Limidus is, as shown by ontogeny and phylogeny, formed by the fusion of segments formerly

free, and includes the segments between the cephalic and anal shields, or what would be

known as the thorax of a trilobite. No trilol)ite has a metasomatic shield. The pygidium

of a trilobite, as shown by ontogeny, is built up by growth in front of the anal region, and

since the segments were never free, it can not strictly be said to be composed of fused

segments. Some Crustacea do form a pygidial shield, as in certain orders of the Isopoda.

5. The post-anal spine of Dalmanitcs and some other trilobites is similar to that of

Liiiiiilus, l)ut this seems a point of no especial significance. That a similar spine has not

been developed in the Crustacea is probably due to the fact that they do not have the broad

depressed shape which makes it so difficult for a Lintiihis to right itself when once turned

• in its back. Relatively few trilobites have it, and it is prol)ably correlated with some special

adaptation.
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6. There is nothing among the trilobites comparable to the movable lateral spines of
the metasoma of Limuhis.

While, as classifications are made up, the Trilobita must te placed in the Crustacea
rather than the Arachnida, there is no reason why both the modern Crustacea and the Arach-
nida should not be derived from the trilobites.

MEROSTOMATA.

It has been a custom of long standing to compare the triloliite with Liiuulits. Packard

(1872) gave great vitality to the theory of the close affinity of the two when he described

the so called trilobite-stage in the development of Limulus polyphcmus. His influence on
Walcott's ideas (1881) is obvious. Lankester has gone still further, and associated the

Trilobita with the Merostomata in the Arachnida.

The absence of antennules at any stage in development allies Limulus so closely with

the Arachnida and separates it so far from the Trilobita that in recent years there has been
a tendency to give up the attempt to prove a relationship between the merostomes and trilo-

bites, especially since Clarke and Ruedemann, in their extensive study of the Eurypterida,

found nothing to indicate the crustacean nature of that group. A new point of view is, how-
ever, presented by the curious Sidncyia inexpectans and Eincraldella hrockh described by
Walcott from the Middle Cam1)rian.

Sidneyia inexpectans W^alcott.

Illustrated: Walcott. Smithson. Misc. Coll., vol. 57, ion. p. 21, pi. 2, fig. i (not figs. 2, 3); pis. 3-5;

pi. 6, fig. 3; pi. 7, fig. I.

The body of this animal is elongate, somewhat eurypterid-like, but witli a broad telson

supplied with lateral swimmerets. The cephalon is short, witli lateral compound eyes. The
trunk consists of eleven segments, the anterior nine of which are conspicuou.sly wider than

the two behind them, and the telson consists of a single elongate plate.

On the ventral side of the head there is a large hypostoma and five pairs of appendages.

The first pair are multisegmented antennules. The second pair have not been adequately

described. The third are large, complex claws, and the fourth and fifth suggest broad,

stocky endopodites. Broad gnathobases are attached to the coxopodites of the third to fifth

pairs of appendages and form very strong jaws.

The first nine segments of the thorax have one pair each of broad filiform branchial

appendages, suggestive of the exopodites of trilobites, but no endopodites have been seen.

The tenth and eleventh segments seem to lack appendages entirely.

Emeraldella brocki Walcott.

Illustrated: Sidneyia inexpectans Walcott partim, Smithson. Misc. Coll.. vol. 57, 1911, pi. 2, figs. 2, 3

(not fig. i) ;—Ibid., 1912, p. 206, text fig. 10.

Emeraldella brocki Walcott, Ibid., 1912, p. 203, pi. 30, fig. 2; text fig. 8;—Ibid., vol. 67, 1918, p. 118

(correction).

Emeraldella has much the same shape as Sidneyia and tlie same number of segments,

but instead of a broad flat telson, it has a long Liiuulus-Wke spine. The cephalon is about

as wide as long, and eyes have not yet been seen. The Ixxly consists of eleven segments and

a telson (Walcott says twelve and a telson but sliows only eleven in tiie figures). Nine of

the segments, as in Sidneyia, are broad, the next two narrow.
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The ventral side of tlie ccphalon has a long hypostoma, anil five pairs of appendages.

The first pair are very long nuiltisegmented anlennules and the next four pairs seem to be

rather slender, spiniferoiis, jointed endopodites. Whether or not gnathobases were present

is not shown by the figures, but owing to the long hypostoma the appendages are grouped

about the nuuilh. All the segments of the body, unless it were the telson, seem to have

borne appendages. On the anterior end, they were clearly biramous (1912, p. 206, text

fig. 10), and that they were present along the body is shown by figure 2, plate 30, 1912.

The present state of knowledge of both these peculiar animals leaves nuich to be desireil.

The indications are that the cephalic appendages are not biramous, and that only one pair of

antemife, the first, are developed as tactile organs. The thoracic appendages of EmcraldcUa

are biramous. and also possibly those of Sidncyia. In the latter, the last two abdominal seg-

ments seem to have been without appendages, while in EiiicraldcUa at least one branch of

each appendage, and possibly both, is retained.

These animals, which may be looked upon as the last survivors of an order of pre-

Cambrian arthropods, have the appearance of an eurypterid, but their dominant character-

istics are crustacean. The features which suggest the Eurypterida are : elongate, obovate,

non-trilobate, tapering body; telson-like posterior segment; marginal, compound, sessile eyes;

claw-like third cephalic appendages; anil, more particularly, the general resemblance of the

test to that of an eurypterid like Strabops. In form, Sidncyia agrees with the theoretical

prototype of the Eurypterida reconstructed by Clarke and Ruedemann (Mem. 14, N. Y.

State Mus., vol. i, 1912, p. 124) in its short wide head with marginal eyes, and its undiffer-

entiated body. There is, moreover, no differentiation of the postcephalic appendages.

The crustacean characteristics are seen in the presence of five, instead of six, pairs of

appendages on the head, the first of which are multisegmented antennules, and in the bira-

mous appendages on the body of Emeralddla. It should be noted that these latter are

typically trilobitic, each consisting of an endopodite with six segments and a setiferous

exopodite.

Clarke and Ruedemann (1912, p. 406) have discussed Sid}!cyi(! briefly, and conclude:

It seems to us probable that the Limulava [Sidncyia and Amiclla] as described are not eurypterids but

constitute a primitive order, though exhibiting some remarkable adaptive features. This order possibly

belongs to the Merostomata, but is distinctly allied to the crustaceans in such important characters as the

structure of the legs and telson, and is therefore much generalized.

The specialization of Sidncyia consists in the remarkable development of a highly com-

plex claw on each of the third cephalic appendages, and in the compound tail-fin, built up

of the last segment and one or more pairs of swimmerets. These two characteristics seem

to preclude the possibility of deriving the eurypterids from Sidncyia itself, but it seems

entirely within reason that they may have been derived from another slightly less specialized

member of the same order.

That Sidncyia is descended from any known trilobite seems highly improbable, but that

it was descended from the same ancestral stock as the trilobites is, I believe, indicated by

the presence of five pairs of appendages on the cephalon and trilobitic legs on the abdomen.

Molaria and Habelia.

Other so called Merostomata found by Walcott in the Middle Cambrian are the genera

Miliaria and Habelia, both referred to the Cambrian family Aglaspidae. These genera seem

to conform with Aglaspis of the Upper Cambrian in having a trilobite-like cephalon without
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facial sutures, a trilobilc-like thorax of a small but variable (7-12) numl)er of segments,

and a Liniulus-like telson. Xeither of them has yet been fully described or figured, but

(Walcott 1912 A, g. 202) Habclia appears to have five pairs of cephalic appendages, the

first two pairs of which are multisegmented antennae. The thoracic appendages are likewise

none too well knov.-n, but they appear to have been biramous. The endopodites are better

preserved than the exopodites, but in at least one specimen of Malaria the exopodites are

conspicuous.

If these genera are j)roperly described and figured, their appendages are typically crus-

tacean, and fundamentally in agreement with those of Marrclla. The relation to the Trilo-

bita is evidently close, the principal differences being the absence of facial sutures and the

presence of true antenme. 1 am therefore transferring the Aglaspid.'c from the Merosto-

mata to a new subclass under the Crustacea.

ARANE.-E.

The spiders have the head and thorax fused, the abdomen unsegmented except in tlie

most primitive suborder, and so appear even less trilobite-like than the insects. The appen-

dages likewise are highly specialized. The cephalothorax bears six pairs of appendages,

the first of which are the preoral chelicerae, while behind the mouth are the pedipalpi and

four pairs of amiuilatory legs. The posterior pairs of walking legs belong to the thorax,

but the anterior ones are to be homologized with the maxillee of Crustacea, so that the spiders

are like the trilobites in having functional walking legs on the head.

The chief likenesses are, however, seen in the very young. On the germ Ijand there

appear a pair of buds in front of the rudiments of the clielicerje whiclt later unite to form

the rostrum of the adult. At the time these buds appear, the chelicerae are postoral, but

afterward move forward so that both rostrum and chelicerre are in front of the mouth.

The rostrum is therefore the product of the union of the antennules, and the chelicera; are

to be homologized with tlie antenna;. There seems to be some doubt about the homology

of the pedipalps with the mandibles, as at least one investigator claims to have found rudi-

ments of a segment between the one bearing the chelicerre and that with the pedipalps.

Jaworowski (Zool. Anzeiger, 1891, p. 173, fig. 4) has figured the pedipalp from the

germ band of Trochosa singoricnsis, and called attention to the fact that it consists of a cox-

opodite and two segmented branches which may be interpreted as exopodite and endopodite.

He designated as exopodite the longer branch which persists in the adult, h\.\i since the ambu-

latory legs of Crustacea are endopodites, that would seem a more likely interpretation. As

the figure is drawn, the so called endopodite would appear to spring from the proximal seg-

ment of the "exopodite." If the two terms were interchanged, tiie homology with the limb

of the trilobite or other crustacean would be quite perfect.

In the young, the abdomen is segmented and the anterior segments develop limb-buds,

the first pair of which become the lung books and the last two pairs the spinnerets of the

adult. There seems to be some question about the number of segments. Montgomery

(Jour. Morphology, vol. 20. 1909, p. 337). reviewing the literature, finds that from eight to

twelve have been seen in front of the anal segment. The number seem to vary with the

species studied. This of course suggests connection with the anomomeristic trilobites.

The oldest true spiders are found in the Pennsylvanian, and several genera are now
known. The head and thorax are fused completely, but the abdomen is distinctly seg-
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nionted. Sonic of the Aiitliracomarti resemble the trilobites more closely than do the Arane;c,

as they lack the constriction between the cephalothorax and abdomen. The spiders of the

Pennsylvanian have this constriction less perfectly developed than do modern Arane.T, and

occupy an intermediate position in this respect. In the Anthracomarti, the pedipalpi are

simple, pediform, and all the appendages have very much the appearance of the coxopodites

and endopodites of trilobites. Chelicera; are not known, and pleural lobes are well devel-

oped in this group. Anthracomarti have not yet been found in strata older than the Penn-

sylvanian, but they seem to be to a certain extent intermediate between true spiders and the

marine arachnid.

Insecta.

Handlirsch (in several papers, most of which are collected in "Die Fossilen Insekten,"

1908) has attempted to show that all the Arthropoda can be derived from the Trilobita,

and has advocated the view that the Insecta sprang directly from that group, without the

intervention of other tracheate stock. At first sight, this transformation seems almost

an impossibili-ty, and the view does not seem to have gained any great headway among ento-

mologists in the fourteen years since it was first promulgated. If an adult trilobite be com-

pared with an adult modern insect, few likenesses will be seen, but when the trilobite is

stripped of its specializations and compared with the germ-band of a primitive insect, the

theory begins to seem more possible.

Handlirsch really presented very little specific evidence in favor of his theory. In fact,

one gets the impression that he has insisted on only two points. Firstly, that the most

ancient known insects, the Palfeodictyoptera, were amphibious, and their larvje, which lived

in water, were very like the adult. Secondly, that the wings of the PaL-eodictyoptera prob-

ably worked vertically only, and the two main wings were homologous with rudimentary

wing-like outgrowths on each segment of the body. These outgrowths have the appear-

ance of, and might have been derived from, the pleural lobes of trilobites.

He figured (1908, p. 1305, fig. 7) a reconstructed larva of a palreodictyopterid as

having biramous limbs on each segment, but so far as I can find, this figure is purely schematic,

for there seems to be no illustration or description of any such larva in the body of his work.

That the insects arose directly from ac^uatic animals is of course possible, and Hand-

lirsch's first argument has considerable force. It may, however, be purely a chance that the

oldest insects now known to us happen to be an amphibious tribe. The Palaeodictyoptera

are not yet known to antedate the Pennsylvanian, but there can be no doubt that insects

existed long before that time, and the fact that their remains have not been found is good

evidence that the pre-Pennsylvanian insects were not aquatic. Comstock, who has recently

investigated the matter, does not believe that the Pakeodictyoptera were amphibious (The

Wings of Insects, Ithaca, N. Y., 1918, p. 91).

The second argument, that wings arose from the pleural lobes of trilobites, is exceedingly

weak. Where most fully set forth (1907, p. 157), he suggests that trilobites may occasion-

ally have left the water, climbed a steep bank or a plant, and then glided back into their native

element, taking advantage of the broad flat shape to make a comfortable and gentle descent

!

This sport apparently became so engaging that the animal tried experiments with flexible

wing tips, eventually got the whole of the pleural lol)es in a flexible condition, and selected

those of the second and third thoracic segments for preservation, while discarding the

remainder. The pleural lobes of trilobites are not only too firmly joined to the a.xial portion
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of the test to be easilj' transformed into movable organs, but they are structurally too unlike

the veined wings of insects to make the suggestion of this derivation even worthy of con-

sideration.

Tothill (1916) has recently reinvestigated the possible connection between insects, chi-

lopods, and trilobites, and, from the early appearance of the spiracles in the young, came to

the conclusion that the insects were derived from terrestrial animals. He suggested that they

may have come through the chilopods from the trilobites. The hypothetical ancestor of the

insects, as restored by Tothill from the evidence of embryology and comparative anatomy,

is an animal more easily derived from the Chilopoda than from the Trilobita. Five pairs of

appendages are present on the head, and-the trunk is made up of fourteen similar segments,

each with a pair of walking limbs and a pair of spiracles.

Only the maxillce and maxilluke are represented as biramous. If the ancestor of the

Insecta was, as seems possible, tracheate, this fact alone would rule out the trilobites.

Among tracheates, the Chilopoda are certainly more closely allied to the Insecta than are

any other wingless forms. If the ancestors of the insects were not actually chilopods, they

may have been chilopod-like, and there can be little doubt that both groups trace to the

same stock.

As to the ancestry of the Chilopoda, it is probaWe that they had the same origin as

the other Arthropoda. Tothill has pointed out that in the embryo of some chilopods there

are rudiments of two pairs of antenna; and that the two pairs of maxill?e and the maxilli-

peds are biramous. This would point rather to the Haplopoda than directly to the trilobites

as possible ancestors, and may explain why the former vanish so suddenly from the geological

record after their brief appearance in the Middle Cambrian. They may have gone on to

the land.

There seem to be no insuperable obstacles to prevent the derivation, indirectly, of the

insects from some trilobite with numerous free segments, and small pygidium. The anten-

nules and pleural lobes must be lost, the antennae and trunk limbs modified by loss of exopo-

dites. Wings and tracheae must be acquired.

Handlirsch places the date of origin of the Insecta rather late, just at the end of the

Devonian and during the "Carboniferous." By that time most families of trilobites had

died out, so that the possibilities of origin of new stocks were much diminished. If the

haplopod-chilopod-insect line is a better approximation to the truth, then the divergence began

in the Cambrian.

Chilopoda.

The adtilt chilopod lacks the antennules, and all of the other appendages, with the ex-

cept;ion of the maxilluke, are uniramous. The walking legs are similar to the endopodites

of trilobites, and usually have six or seven segments. The appendages are therefore such as

could be derived by modification of those of trilobites by the almost complete loss of the

exopodites and shortening of the endopodites of the head. The position of the postoral ap-

pendages, the posterior ones outside those closest the mouth, is perhaps foreshadowed in the

arrangement of those of Triarthrus.

The Chilopoda differ from the Hexapoda in developing the antenu;e instead of the

antennules as tactile organs, but this can not be used with any great eft'ect as an argument

that the latter did not arise from the ancestors of the former, since it is entirely possible

that in early Paljeozoic times the pre-Chilopoda possessed two pairs of antenna:. The first

pair are still recognizable in the embryo of certain species.
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Tlie nUlest childpods arc species described Ijy Scudder (Mem. Boston Soc. Nat. Hist.,

vol. 4, 1890, p. 417, pi. 38) from the Pennsylvanian at Mazon Creek, Grundy County, Illinois.

Only one of these, Latzclia primordiaVis Scudder (pi. 38 fig. 3), is at all well preserved.

This little animal, less than an inch long, had a depressed body, with a median carina, exceed-

ingly long slender legs, and about nineteen segments. The head is very nearly obliterated.

DlTLOPODA.

The diplopods, especially the polydesniids with their lateral outgrowths, often have a

general appearance somewhat like that of a trilobite, i^ut on closer examination few like-

nesses are seen. The most striking single feature of the group, the possession by each seg-

ment of two pairs of appendages, is not in any way foreshadowed in the trilobites, none

of which shows any tendency toward a fusion of pairs of adjacent segments. The anten-

nules are short, antenna^ absent, mandibles and maxillukc much modified, the latter possibly

birauKjus, and the maxilhe absent. The trunk appendages are very similar to those of chi-

lopods, and could readily be derived from the endopodites of trilobites.

The oldest diplopods are found in the Silurian (Ludlow j and Devonian (Lower Old

Red) of Scotland, and three species belonging to two genera are known. The oldest is

Arcliidcsiiius logancnsis Peach ( 1S89, p. 123, pi. 4, fig. 4), and the Devonian species are

Archidcsiitus iiiacnicoli Peach and Kampccaris forfarcnsis Page (Peach 1882, p. 182, pi. 2.

fig. 2, 2a, and p. 179, pi. 2, figs. i-ig). AH of these species show lateral expansions like

the recent Polydesmidae, and these of course suggest the pleural lobes of trilobites. All

three of the species are simpler than any modern diplopod, for there is only a single pair

of appendages on each segment. No foraiiiina rcpiignatoria were observed, and the eyes of

Kainpecans forfarcnsis as described are singularly like those of a phacopid.

Peach says: "The eye itself is made up of numerous facets which are arranged in

oblicjue rows, the posterior end of each row Ijeing inclined downwards and outwards, the

facets being so numerous and so close together that the eye simulates a compound one." There

is also a protecting ridge which somewhat rcsemlJes a palpebral lobe (1882, pi. 7, fig. la).

Peach comments on the strength of the test, and from his description it appears that it must

have been preserved in the same manner as the test of trilobites. It was punctate, and gran-

ules and spines were also present. The presence of the lateral outgrowths in these ancient

specimens wmild seem to indicate that they are primitive features, and may have been in-

herited. While possibly not homologous with the pleural extensions of triloliites, they may
be vestiges of these structures.

The limbs are made up of seven segments which are circular in section and expand at

the distal end. The distal one bears one or two minute spines. They are most readily com-

pared with the endopodites of Isotclus. The resemblance is, in fact, rather close. The

sternal plates are wider and the limbs of opposite sides further apart than in modern diplo-

pods. Except for one pair of antennae, no cejjhalic appendages are preserved.

While these specimens do not serve to connect the Diplopoda with the Trilobita, they

do show that most of the specializations of the former originated since Lower Devonian

times, and lead one to suspect that the derivation from marine ancestors took place very early,

perhaps in the Cambrian. If no very close connection with the trilobites is indicated, there

is also nothing to show that the diplopods could not have been derived from that group.
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Primitive Characteristics of Trilobites.

trilobites the most primitive arthropods.

The Arthropoda, to make the simplest possible definition, are invertebrate animals with

segmented body and appendages. The most primitive arthropod would appear to be one

composed of exactl}- similar segments bearing exacdy similar appendages, the segments of

the appendages themselves all similar to one another. It is highly improljable that this most
primitive arthropod imaginable will ever be found, but after a survey of the whole phylum,

it appears that the simpler trilobites approximate it most closely.

That the trilobites are primitive is evidenced liy the facts that they have been placed

at the bottom of the Crustacea by all authors and claimed as the ancestors of that group by

some; that Lankester derived the Arachnida from them; and that Handlirsch has consid-

ered them the progenitors of the whole arthropodan phylum.

Specializations among the Arthropoda, even among the free-living forms, are so numer-

ous that it would be difficult to make a complete list of them. In discussing the princi|)al

groups, I have tried to show that the essential structures can be explained as inherited from
the Trilobita, changed in form by explainable modifications, and that new structures, not

present in the Trilobita, are of such a nature that they might be acquired*independently in

even unrelated groups.

The chief objections to the derivation of the remainder of the Crustacea from the trilo-

bites have been: first, that the trilobites had broad pleural extensions; second, that they had

a large pygidium; and lastly, that they had only one pair of tactile antennae.

It has now been pointed out that many modern Crustacea have pleural extensions, but

that they usually bend down at the sides of the body, and also that in the trilobites and more
especially in Marrella, there was a tendency toward the degeneration of the pleural lobes.

A glance at the ]\Iesonacida; or Paradoxidse should be convincing proof that in some trilo-

bites the pygidium is reduced to a very small plate.

In regard to the second antennae standard text-books contain statements which are actu-

ally surprising. A compilation shows that the antennae are entirely uniramous in but a

very few suborders, chiefly among the Malacostraca ; that they are biramous with both

exopodite and endopodite well developed in most Copepoda, Ostracoda, and Branchiopoda;

and that the exopodite, although reduced in size, still has a function in some suborders of

the Malacostraca. The Cntstacea could not possibly be derived from an ancestor with two

pairs of uniramous antennae.

Although I have defended the trilobites. perhaps with some warmth, from the impu-

tation that they were Arachnida, my argument does not ap])ly in the opposite direction, and

I l)elieve Lankester was right in deriving the Arachnida from them. If the number of

appendages in front of the mouth is fundamental, then the trilobites were generalized, primi-

tive, and capable of giving rise to both Crustacea and Arachnida. As shown on a previous

page (p. 119), the "connecting links" so far found tend to disprove rather than to prove

the thesis, but the present finds should be looked upon as only the harbingers of the greater

ones which are sure to come.

LIMBS OF TRILOBITES PRIMITIVE.

The general presence, in an adult or larva, of some sort of biramous limbs through-

out the whole class Crustacea has led most zoologists to expect such a limb in the most
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primitive crustaceans, and apparently the appendage of the trilobite satisfies the expectation.

It is well, jierhaps, as a test, to consider whether b_y modiiication this limb could produce

the various types of limbs seen in other members of the class. In the first place, it is

necessary to have clearly in mind the peculiarities of the appendage to be discussed.

It should first of all lie rememljered that the liml) is articulated with the dor.sal skeleton

in a manner which is very peculiar for a crustacean. The coxopodite swings on a sort of

ball-and-socket joint, and at the outer end both the exopodite and the basipodite articulate

with it. Since the exopodite articulates with the basipodite as well as with the coxopo-

dite. the two branches are closeh' connected with one another and there is little individual

freedom of movement. This is, of course, a necessary consef|uence of their articulation

with a segment which is itself too freely moval)le to provide a solid base for attachment

of muscles. The relation of the appendifer, coxopodite, and two rami is here shown dia-

gramniatically (fig. 2i3)> the exopodite branching ofif from the proximal end of the basipo-

dite at the junction with the coxopodite.

In all trilobites the endopodite consists of six segments, and the coxopodite of a single

segment the inner end of which is prolonged as an endobase. There does not seem to be

any variation from this plan in the subclass, although individual segments are variously

F'g- 33-— Diagrammatic representation of an

appendage of the anterior end of the thora.K of

Triarthrus hccki Green, to show relation of exo-

podite and endopodite to each other and to the

co.xopodite. Much enlarged.

modified. The exopodites are more variable, but all consist of a flattened shaft with setre on

one margin. No other organs such as accessory gills, swimming plates, or brood pouches

have yet been found attached to the appendages, the evidence for the existence of the vari-

ous epipodites and exites described by Walcott being unsatisfactory (see p. 23).

In the Ostracoda the appendages are highly variable, but it is easily seen that they

are modifications of a limb which is fundamentally biramous. In most species, both exop-

odite and endopodite suffer reduction. The exopodite springs from the basipodite and that

segment is closely joined to the coxopodite, producing a protopodite. In some cases the

original segments of the endopodites fuse to form a stiflf rod. While highly diversified,

these appendages are very trilobite-like, and some Ostracoda even have biramous antennse.

The non-parasitic Copepoda have limbs exceedingly like those of trilobites. Many of

then.i are biramous, the endopodites sometimes retaining the primitive six segments. Coxop-

odite and basipodite are generally united, and endopodite and exopodite variously modified.

Like some of the Ostracoda, the more primitive Copepoda have biramous antennte.

As would be expected, the appendages of the Cirripedia are much modified, although

those of the nauplins are typical. The thoracic appendages of many are biramous, but both

branches are multisegmented.

In the modern Malacostraca the ground plan of the appendages is biramous, but in most

orders they are much modified. In many, however, the appendages of some part of the

body are biramous, and in many the endopodites show the typical six segments. From the

coxopodites arise epipodites, some of which assist in swimming, and some in respiration.
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Because of the many instances in which such extra growths arise, and because of the form

of the appendages of the Branchiopoda, it lias been suggested tliat tlie primitive crustacean

leg must have been more complex than that of the trilobite. In looking over the Malacos-

traca, however, one is struck by the fact that epipodites generally arise where the exopo-

dites have become aborted or are poorly developed, and seem largely to replace them. The
coxopodite and basipodite are usually fused to form a protopodite, and a third segment
is sometimes present in the proximal part of the appendage.

In the Branchiopoda are found the most complex crustacean limbs, and the ones most
difficult to homologize with those of trilobites. In recent years, Lankester's homologies

of the parts of the limbs of Apiis with those of the Malacostraca have been quite gener-

ally accepted, and the appendages of the former considered primitive. Now that it is

known that the Branchiopoda of the Middle Cambrian {Burgessia ct a!.) had simple trilo-

bite-like appendages, it becomes necessary to exactly reverse the opinion in this matter.

The same homologies stand, but the thoracic limbs of Apiis must be looked upon as highly

specialized instead of primitive.

Fig. 34.—One of the appendages of the

anterior part of the trunk of Apus, showing
the endites (beneath) and exiles (above).

The pro.ximal endite forms a gnathobase

which is not homologous with the gnatho-

base (or endobase) of the trilobite. Copied

from Lankester. Much enlarged.

Lankester (Jour. Micros. Sci., vol. 21, 1881) pointed out that the axial part of the

thoracic limb of Apus (fig. 34) is homologous with the protopodite in the higher Crus-

tacea, that the two terminal endites corresponded to the exopodite and endopodite, and that

the other endites and exites were outgrowths from the protopodite analogous to the epip-

odites of Malacostraca. There seems to be no objection to retaining this interpretation,

but with the meaning that both endopodite and exopodite are much reduced, and their func-

tions transferred to numerous outgrowths of the protopodite. One of the endites grows

inward to form an endobase, the whole limb showing an attempt to return to the ancestral

condition of the trilobite. The limbs of some other branchiopods are not so easy to under-

stand, but students of the Crustacea seem to have worked out a fairly satisfactory compari-

son between them and Apus.

The discovery that the ancestral Branchiopoda had simple biramous appendages instead

of the rather complex phyllopodan type is another case in which the theory of "recapitu-

lation" has proved to hold. It had already been observed that in ontogeny the biramous

limb preceded the phyllopodan, but so strong has been the belief in the primitive character

of the .\podidie that the obvious suggestion has been ignored. Even in such highly special-

ized Malacostraca as the hermit crabs the development of certain of the limbs illustrates the

change from the schizopodal to the phyllopodan type, and Thompson (Proc. Boston Soc.

Nat. Hist., vol. 31, 1903, pi. 5, fig. 12) has published an especially good series of drawings
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sliowing the first niaxilliped. In the first to fourth zoea- the hmb is biramous but in the

glaucothoe a pair of broad i)rocesses grow out from the protopocHte, while the exopodite and

particularly the endopodite become greatly reduced. In. the adult the endopodite is a mere

vestige, while the flat outgrowths from the protopodite have become very large and bear

setai.

Siimiiiary.

The limljs of most Crustacea are readily explained as modifications of a simple bira-

mous type. These modifications usually take the form of reduction by the loss or fusion of

segments and quite generalK' either the entire endopodite or exopodite is lacking. Modifi-

cation by addition frequently occurs in the growth of epipodites, "cndites," and "exites"

from the coxopodite, basipodite. or l)oth. A protopodite is generally formed by the fusion

of coxopodite and basipodite, accom])anied by a transference of the proximal end of the

e.xopodite to the distal end of the ])asipodite. A new segment, not known in the trilobites

(precoxalK is sometimes added at the inner end.

Among modern Crustacea, the anterior cephalic ajipendages and thoracic appendages of

the Copepoda and the thoracic appendages of certain Malacostraca, Syncarida especially,

are most nearly like those of the trilobite. The exact homology, segment for segment, be-

tween the walking legs of the trilol>ite and those of many of the Malacostraca, even the

Decapoda, is a striking instance of retention of primitive characteristics in a specialized

group, comparable to the retention of primitive appendages in man.

NUMBER OF SEGMENTS IN THE TRUNK.

Various attempts have been made to show that despite the great variability, trilobites

do show a tendency toward a definite numl)er of segments in the body.

Emmrich (1839), noting that those trilobites which had a long thorax usually had

a short pygidium, and that the reverse also held true, formulated the law that the number

of segments in the trunk was constant (20 -f- i). Very numerous exceptions to this law

were, however, soon discovered, and while the condition of those with less than twenty-one

segments was easily explained, the increasing number of those with more than twenty-one

soon brought the idea into total disrepute.

Ouenstedt (1837) had considered the number of segments of at least specific impor-

tance, and both he and llurmeister (1843) considered that the number of segments in the

thorax must be the same for all members of a genus. As first shown by Barrande (1852.

p. 191 cf scq.), there are very many genera in which there is considerable variation in the

number of thoracic segments, and a few examples can be cited in which there is variation

within a species, or at least in very closely related species.

Carpenter (1903, p. ^^t,) has tabulated the number of trunk segments of such trilo-

bites as were listed by Zittel in 1887 and finds a steady increase throughout the PaL'eozoic.

Kis table, which follows, is, however, based upon very few genera.
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Due chiefly to the efforts of Walcott, an increasingly large number of Cambrian genera

are now represented by entire specimens, and since these most ancient genera are of great-

est importance, a few comments on them may be offered.

The total number of segments can be fairly accurately determined in at least nineteen

genera of trilobites from the Lower Cambrian. These include eight genera of the Aleson-

acidre (Olenelhis was excluded) and Eodiscus, Goniodiscus, Protypus, Bathynottts. Atops,

Olcnopsis, Crepicephalus, Vanuxoiiella, Coryncxochus, Bathyuriscus, and Poliella. The ex-

tremes of range in total segments of the trunk is seen in Eodiscus (9) and Pccdciiuiias

(45-I-), and these' same genera show the extremes in the number of thoracic segments.

there being 3 in the one and 44+ in the other. Pccdciiinias probably shows the greatest var-

iation of any one genus of trilobites, various species showing from 19 to 44+ thoracic seg-

ments. The average for the nineteen genera is 13.9 segments in the thorax, t^.j segments

in the pygidium, or a total average of 17.6 segments in the trunk. Crepicephalus with

12-14 segments in the thorax and 4-6 in the pygidium, and Protypus, with 13 in the thora.x

and 4-6 in the pygidium, are the only genera which approach the average. All of the Mes-

onacidc-e, except one, OleneHoides. have far more thoracic and fewer pygidial segments than

the average, while the reverse is true of the Eodiscid;e, Vaiiu.vcuiella. Corynexochus. Batli-

yuriscHS, and Poliella.

The eight genera of the MesonacidK, Mevadia, Mcsonacis, Elliptocepliala, Callavia, Holinia,

Wanneria, Pccdeuiiiias, and Olenelloides. have an average of 20.25 segments in the thorax

and 1.5 in the pygidium, a total of 21.75. If, however, the curious little Olenelloides be

omitted, the average for the thorax rises to 22.14 ^'i"^! the total to 23.84. Olenelloides is,

in fact, very probably the young of an Olenellus. Specimens are only 4.5 to 11 mm. long,

and occur in the same strata with Olenellus (see Beecher 1897 A, p. 191).

Thirty-three genera from the Middle Cambrian afford data as to the number of seg-

ments, the Agnostidse being excluded. The extreme of variation there is smaller than

in the Lower Cambrian. The numlier of thoracic segments varies from 2 in Pagctia to

2'i, in Acrocephalites, and these same genera show the greatest range in total number of trunk

segments, 8 and 29 respectively.

The average of thoracic segments for the entire thirty-three genera is 10.5, of pygidial

segments 5.9, a total average of 16.4. It will be noted that the thorax shows on the average

less and the pygidium more segments than in the Lower Cambrian. If the Agnostid^e could be

included, this result would doubtless be still more striking. Of the genera considered,

Asapliiscns with 7-1 1 thoracic and 5-8 pygidial segments, Blainia with 9 thoracic and 6-1

1

pygidial, Zacanthoides with 9 thoracic and 5 pygidial, and .^Ho^/onnT with 11 thoracic and

7-8 ])ygidial segments came nearest to the average. Chily a few departed widely from it.

The genera tabulated were Acrocephalites, Alokistocare, Crepicephalus, Karlia. Haniburyia.

Corynexochus, Bathyuriscus, Poliella, Agraulos, Dolichonietopus, Ogygopsis. Orria. Asaphis-

cus, Neolenus, Burlingia, Blainia. Blountia, Marjuuiia. Pagetia, Eodiscus. Goniodiscus. Albert-

ella, Oryctocara, Zacanthoides. .hioniocare, Anoniocarella, Coosia, Conocoryphe. Ctenoce-

phalus, Paradoxides, Ptychoparia, Sao. and Ellipsoccphalus.

Enough genera of Upper Cambrian trilobites are not known from entire specimens to

furnish satisfactory data. Excluding from the list the Proparia recently described by Wal-

cott, the average total trunk segments in ten genera is 18, but as most of the genera are

01enid;e or olenid-like, not much weight can be attached to these figures.

For the Cambrian as a whole, the average for sixty-two genera is Jjctween 17 and 18

trunk segments, which is surprisingly like the result obtained by Carpenter frt)m only twelve
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L;enera, and tends to indicate that it must be somewhere near the real average. If the 5

or 6 segments of the head be added, it appears that the "average" number of segments is

very close to the malacostracan number 21. Genera with 16 to 18 trunk segments are Cal-

lavia, Protypiis, Bathynotits. Crepiccplialus, Bafhyuriscus, Ogygopsis, Burlingia, Orria, Asa-

phiscus, Blainia, Zacanthoidcs, Nt'oli'iiiis. Aiuunocarc. Conocoryj^hc, Saukia, Olciius. and

Eiirycarc.

The order Proparia originatctl in the Cambrian, and Walcott has described four genera,

one froiu the Middle, and three from the Upper. The number of segments in these genera

is of interest. Burlingia, the oldest, has 14 segments in the thorax and i in the pygidium.

Of the three genera in the Upper Cambrian, Norivoodia has 8-9 segments in the thorax and

3-4 in the pygidium ; Millardia 23 in thorax and 3-4 in pygidium ; and Mcnouwnia 42 in thorax

and 3-4 in pygidium. It is of consitlerable interest and importance to note that the very elon-

gate ones are not from the Middle but from the Upper Cambrian.

Forty genera of Ordovician trilobites known from entire specimens were tabulated, and

it was found that the range in the numljer of segments in the thorax and pygidium was

surprisingly large, .lynosfns. which was not included in the table, has the fewest, and

Eoharpcs, with 29, the most. While the range in numljer of segments in the thorax is

2 to 29, the range of the num1)er in the pygidium, 2 to 26, is almost as great. A species

of Dionidc has 26 in the pygidium, wdiile Rciiioplciiridcs and Glapluinis have evidence of

only 2. The average number of segments in the thorax for the forty genera was 10.15, in

the pygidium 8.81, and the average number for the tnmk 19.

Genera with just 19 segments in the trunk appear to be rare in the Ordovician, a

species of Aiiipyx being the only one I have happened to notice. Calyincne, Trctaspis, Triar-

thnis, Asaphus, Ogygitcs, and Goldius come with the range of 18 to 20. Goldius, with

10 segments in the thorax and (apparently) 8 in the pygidium, comes nearest to the averages

for these two parts of the trunk. Goldius, Aniphilichas, Biiiiiastus. Acidaspis. Acfinopcltis.

and Spliccrc.vochiis are among the genera having 10 segments in the thorax, and there are

many genera which have only one or two segments more or less than 10.

In most Ordovician genera, thirty-five out of the forty tabulated, the nimiber of seg-

ments in the thorax is fixed, and the variation is in any case small. In four of the five

genera where it was not fixed, there was a variation of only one segment, and the greatest

variation was in Plionicrops, where the number is from 15 to 19. This of course indicates

that the number of segments in the thorax tends to become fixed in Ordovician time. The
variation in the number of segments in the pygidium is, however, considerable. It is

difficult in many cases to tell how many segments are actually present in this shield, as it

is more or less smooth in a considerable number of genera. Extreme cases of variation

within a genus are found in Encrimtrus, species of which have from 7 to 22 segments in

the pygidium, Cybcloides with 10 to 20, and Dionidc with 10 to 26. As the number in the

thorax Ijecame settled, the number in the pygidium became more unstable, so that not

even in the Ordovician can the total number of segments in the trunk be said to show any

tendency to become fixetl.

The genera used in this tabulation were: Eoharpcs, Cryptolitlius, Trctaspis, Trinitclcus,

Dionidc, Rapliioplioriis, .Inipy.v. Endyinionia. Anisonotus, Triarthrus, Rcnwplcuridcs, Bath-

yiints, Batliyiirclliis. Ogygiocaris, Asaphus, Ogygitcs. Isutchis. Goldius, Cydopyge, Ainphili-

chas, Odontoplcura, .Icidaspis, Glapliurus, Encrinurus, Cybclc, Cybcloides, Ectcnonotus,

Calynienc, Ccraunis, PHomcra. Pliomcrops. Ptcrygomctopus. Chasinops, Eccoptochilc, Acfi-

nopcltis, SpIiccre.Yochus, Placoparia, Pilckia, Selenapcltis. and Calocalymene.



SEGMENTS IX TRUNK. 1^1 I

Only sixteen genera of Devonian trilobites were availal)le for tabulation, and it is not

always possible to ascertain the exact number of segments in the pygidium, aUiiough genera

with smooth caudal shields had nearly all disappeared. The number of segments in the thorax

had become pretty well fixed by the beginning of the Devonian, Cyphaspis with a range of

from lo to 17 furnishing the only notable exception. The range for the sixteen genera is

from 8 to 17, the average ir, the number exhibited by the Phacopid;e which form so large

a part of the trilobites of the Devonian. The greater part of the species have large pygidia,

and while the range is from 3 to 23, the average is 11.2. Proboiiiiiii. with 11 in tlie

thorax and 11-13 in the pj'gidium, and Phacops, with 11 in the thorax and 9-12 in the

pygidium, approach very closely to the "average" trilobite, and various species of other

genera of the Phacopid?e have the same number of segments as the norm. In every genus.

however, the number of segments in the pygidium is variable, the greatest variation being

in Dalmanites, with a range of from 9 to 23. The number of segments in the pygidium

was therefore not fixed and was on the average higher than in earlier periods.

The genera used in the tabulation were: Calynicnc, Dipleura, Goldius, Proctus, Cyphas-

pis, Acidaspis, Phacops, Hausmania, Coronura, Odontochilc, Plcuracanthus, Calmonia, Pen-

naia, Dalmanites, Proboliuin, and Cordania.

The trilobites of the late Palaeozoic (Mississippian to Permian) belong, with two pos-

sible exceptions, to the Proetida;, and only three genera, Proetus, Phillipsia, and Griffithides,

appear to be known from all the parts. I am, however, assuming that both Braeliyiiietopiis

and Aiiisopyge have 9 segments in the thorax, and so have tabulated five genera. The

range in the number of segments in the pygidium is large, from 10 in some species of

Proetus to 30 in Aiiisopyge, and the average, 17.3, is high, as is the average for total num-

ber in the trunk, 26.3. Aiiisopyge, a late Permian trilobite described by Girty from Texas,

is perhaps the last survivor of the group. It seems to have had 39 segments in the trunk,

making it, next to the Cambrian Pcedeumias and Menoiiionia, the most numerously segmented

of all the trilobites.

The above data may be summarized in the following table

:
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cent. In a specimen i mm. long figured by Walcott, the pygidiiim is 0.15 mm. long, or 15

per cent of the whole length.

The development of several species of trilobites from the Middle Cambrian is known.

Barrande (1852) described the protaspis of Sao hirsiita, Pcronopsis integer, Phalacroma bib-

ullatum. P. nudiiin, and Condylopygc rex. Broegger figured that of a Liostracus (Geol. For.

Forhandl., 1875, pi. 25, fig^. 1-3) and Lindstroem (1901, p. 21) has reproduced the same.

Matthew (Trans. Roy. Soc. Canada, vol. 5, 1888, pt. 4, pis. i, 2) has described the pro-

taspis of a Liostracus, Ptychoparia linnarssoni Broegger, and Solenopleura robbi Hartt.

Beecher (1895 C, pi. 8) has figured the protaspis of Ptychoparia kingi Meek, and the writer

that of a Paradoxidcs (Bull. Mus. Comp. Zool., vol. 58, No. 4, 1914, pi i).

Sao, Liostracus, Ptychoparia. and Solenopleura all have the same sort of protaspis. In

all, the a.xial lobe reaches the anterior margin and is somewhat expanded at that end; in all,

the glabella shows but slight trace of segmentation ; and in all, the pygidium occupies from

one fifth to one fourth the total length. There is considerable variation in the width of

the axial lobe. It is narrowest in Ptychoparia, where in the middle it is only 14 per cent

of the whole width, and widest in Solenopleura. where it is 28 per cent. In Ptychoparia

the pygidium of the protaspis occupies from 18 to 22 per cent of the whole length. In

the adult it occupies 10 to 12 per cent. In Solenopleura it makes up about 26 per cent of

the protaspis, and in the adult about 8 per cent.

In the youngest stages of all these trilobites, the pygidium is incompletely separated

from the .cephalon. The first sign of segmentation is a transverse crack which begins to
'

separate the cephalon and pygidium, and by the time this has extended across the full width

the neck segment has become rather well defined. In this stage the animal is prepared to

swim by means of the pygi<lium, and first Ijecomes active. The coincident development of

the free pygidium and the neck-ring strongly suggests that the dorsal longitudinal muscles

are attached beneath the neck- furrow.

The single protaspis of Paradoxidcs now known, while only i mm. long, is not in the

youngest stage of development. It is like the protaspis of Olenellus in having large eyes

on the dorsal surface and a narrow brim in front of the glabella. The glabella is nar-

rower than in the adult.

The initial test of no agnostid has probably as yet been seen, as all the young now-

known show the cephalon and pygidium distinctly separated. Phalacrouui bibullatuin and
P. nudum are both practically smooth and isopygous when 1.5 mm. long. P. bibullatum

shows no axial lobe at this stage, but a wide glabella and median tuliercle develop later,

and when the glabella first appears, it extends to the anterior margin. In Pcronopsis integer

and Condylopygc rex, the axial lobe is oudined on each of the equal shields in specimens

about I mm. long, but is without furrows and reaches neither anterior nor posterior margin.

From the foregoing brief description it appears that the pygidiuna of the protaspis

varies in different groups from as little as 15 per cent of the total length in the Mesonacidre

to as much as 50 per cent in the Agnostidie; that the axial lobe varies from as little as 14

per cent of the total width in one Ptychoparia to as much as 50 per cent in Phalacroma

nudum; that the glabella reaches the anterior margin in the Olenidc-e, Solenopleurid;e, and

Phalacronui bibullatum, while there is a brim in front of it in the Olenellicke, Paradox-

idc-e, and three of the species of the Agnostidte. The decision as to which of these conditions

are primitive may be settled quite satisfactorily by study of the ontogeny of the various

species.
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ORIGIN OF THE PVGIDIUM.

Taking first the pygidiuiii, it has already been pointed out that in each case the pygidium

of tlie adult is proportionally considerably smaller than the pygidium of the protaspis. The

stages in the growth of the pygidium are better known in Sao Iiirsula than in any other

trilobite, and a review of I'.arrande's description will be advantageous.

Barrande recognized twenty stages in the development of this species, l)ut there was

evidently a still simpler protaspis in his hands than the smallest he figured, for he says,

after describing the specimen in the first stage : "W^e possess one specimen on which the

head extends from one border to the other of the disk, but as this individual is unique

we have not thought it sufficient to establish a separate stage." This specimen is important

as indicating a stage in which there was not even a suggestion of division between cephalon

and pygidium.

In the first stage described by Barrande, the form is circular, the length is aljout 0.66 mm.,

and the glabella is narrow with parallel sides and no indications of lateral furrows. The

neck segment is indicated by a slight prominence on the a.xial lobe, and back of it a con-

striction divides the axial lobe of the pygidium into two nodes, but does not cross the

pleural lobes. The position of the nuchal segment permits a measurement of the part which

is to form the pygidium, and shows that that shield made up 30 per cent of the entire

length.

In the second stage, when the test is 0.75 mm. long, the cephalon and pygidium become

distincdy separated, and the latter shield shows three annulations on the axial and two

pairs of ribs on the pleural lobes. It now occupies 331/1 per cent of the total length.

In the third stage, when the total length is about i mm., the pygidium has continued

to grow. It now shows five annulations on the axial lobe, and is 46 per cent of the total

length.

In the fourth stage, two segments of the axial lobe have been set free from the front

of the pygidium. The length is now 1.5 mm. and the pygidium makes up 32 per cent of the

whole. From this time the pygidium continues to decrease in size in proportion to the total

length, as shown in the following table.

Slagc
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This table shows tlie rapid increase in tlie length of the pygidiuni till the time when
the thorax began to be freed, the very rapid decrease during the earlier part of its forma-

tion until six segments had been set free, and then a more gradual decrease until the entire

seventeen segments^had been acquired, after which time the relative length remained constant.

From an initial proportion of 30 per cent, it rose to nearly one half the whole length,

and then dwindled to a mere 6 per cent, showing conclusively that the thorax grew at the

expense of the pygidium.

If this conclusion can be sustained by other trilobites, it indicates that the large pygid-

ium is a more primitive characteristic of a protaspis than is a small one. I have already

shown that the pygidium is proportionately larger in the protaspis in the Mesonacidae, Solcno-

pleuridaa, and Olenidje, and a glance at Barrande's figures of "Hydroccplialiis" carens and
"11." saturnoides, both young of Paradoxidcs. will show that the same process of develop-

ment goes on in that genus as in Sao. There is first an enlargement of the pygidium to

a maximum, a rise from 20 per cent to Tii P^r cent in the case of H. carens and then, with

the introduction of thoracic segments, a very rapid falling off. All of these are, however,

trilobites with small pygidia, and it has been a sort of axiom among pakeontologists that

large pygidia were made up of a number of coalesced segments. While not definitely so

stated, it has generally been taken to mean the joining together of segments once free. The

asaphid, for instance, has been thought of as descended from some trilobite with rich seg-

mentation, and a body-form like that of a Mesonacis or Paradoxidcs.

The appeal to the ontogeny does not give as full an answer to this question as could

be wished, for the complete life-history of no trilobite with a large pygidium is yet known.

While the answer is not complete, enough can be gained from the study of the ontogeny of

Dalinanitcs and Cyclopygc to show that in these genera also the thorax grows by the break-

ing down of the pj'gidium and that no segment is ever added from the thorax to the pygid-

ium. The case of Dalmanites socialis as described by Barrande (1852, p. 552, pi. 26) will"

be taken up first, as the more complete. The youngest specimen of this species yet found

is 0.75 mm. long, the pygidium is distinctly separated from the cephalon, and makes up 25

per cent of the length. This is probably not the form of the shell as it leaves the egg. At

this stage there are two segments in the pygidium, Ijut they increase to four when the test

is I mm. long. The cephalon has also increased in length, however, so that the proportional

length is the same. The subjoined table, which is that compiled by Barrande with the pro-

portional length of the pygidium added, is not as complete as could be desired, but affords

a very interesting history of the growth of the caudal shield. The maximum proportional

length is reached before the introduction of thoracic segments, and during the appearance of

the first five segments the size of the pygidium drops from 25 to 15 per cent. Several

stages are missing at the critical time between stages 8 and 9 when the pygidium had added

three segments to itself and has supplied only one to the thorax. This would appear to

have been a sort of resting or recuperative stage for the pygidium, for it increased its

own length to 20 per cent, but from this stage up to stage 12 it continued to give up seg-

ments to the thorax and lose in length itself. After stage 12, when the specimens were

8 mm. long, no more thoracic segments were added, but new ones were introduced into

the pygidium, until it reached a size equal to one fifth the entire length, as compared with

one fourth in the protaspis.
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Stage



. THE PROTASriS. I37

ation of the pygidium. That the thorax grows at actual expense to the pygicHum is sliown

by the proportions of this specimen. In an adult of this species the pygidium, thorax, and

cephalon are to each other as 9 : ii : 13. In the young specimen they are as 10 : 6 : 12,

the pygidium being longer in proportion both to the thorax and to the cephalon tlian it

would be in the adult.

This conception of the breaking down of the pygidium to form the thorax will be very

helpful in explaining many things which have hitherto seemed anomalous. For instance,

it indicates that the Agnostidje, whose subequal shields in early stages have been a puzzle,

are really primitive forms whose pygidia do not degenerate ; likewise the Eodiscida;, which,

however, show within the family a tendency to free some of the segments. The annelidan

Mesonacida" may not be so primitive after all, and their specialized cephala may be more

truly indicative of their status than has previously been supposed.

The facts of ontogeny of trilobites with boti: small and large pygidia do show that

there is a reduction of the relative size of the caudal shield during the growth-stages, and

therefore that the large pygidium in the protaspis is probably primitive. The same study

also shows that the large pygidium is made up of "coalesced segments" only to the extent

that they are potentially free, and not in the sense of fused segments.

WIDTH OF THE AXIAL LOBE.

That the narrow type of axial lobe is more primitive than tlie wide one has already

been demonstrated by the ontogeny of various species, and space need not be taken here

to discuss the cjuestion. Most Cambrian trilobites have narrow axial lobes even in tlie

adult so that their development does not bring this out very strikingl)', though it can be

seen in Sao. Ptyclwparia, etc., but in Ordovician trilobites such as Triartlinis and especially

Isofclus, it is a conspicuous feature.

PRESENCE OR ABSENCE OF A "^BRIM."

That the extension of the glabella to the front of the cephalon is a primitive feature

is well shown by the development of Sao ( P.arrande, 1852, pi. /), Ptyclwparia (Beechcr,

1895 C, pi. 8), and Paradoxidcs (Raymond, Bull. ]\tus. Comp. Zool., vol. 57, 1914), althmigh

in the last genus the protaspis has a very narrow brim, the larva during the stages of intro-

duction of new segments a fairly wide one, and most adults a narrow one.

The brim of Sao seems to be formed partly by new growth and partly at the expense

of the frontal lobe, for that lolje is proportionately shorter in the adult than in the protas-

pis. In Cryptolitliiis and probably in Harpcs. Harpidcs, etc., the brim is cjuite obviously

new growth and has nothing to do with the vital organs. Its presence or absence may not

have any great significance, but when the glabella extends to tlie frontal margin, it certainly

suggests a more anterior position of certain organs. In Sao. tlie only trilpbite in which

anything is known of the position of the hypostoma in the young, the posterior end is con-

siderably further forward in a specimen 3.5 mm. long than in one 4 mm. long, thus indi-

cating a backward movement of the mouth during growth, comparable to the backward move-

ment of the eyes.

SEGMENTATION OF THE GLABELLA.

The very smallest specimens of Sao show a simple, un,segmented axial lobe, and the

same simplicity has been noted in the young of other genera. Beecher considered this as
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due to imperfect preservation of the exceedingly small shells, which ])ractically always occur

as moulds or casts in soft shale. There is, however, a very general increase in the strength

of glal)ellar segmentation in the early part of the ontogeny of all trilobites whose life his-

tory is known, and in some genera, like the Agnostid;e, there is no Cjuestion of the compara-

tively late acc|uisition of glabellar furrows. E\en in Paradoxidcs, the furrows appear late

in the ontogeny.

Sitiiiiiiary.

If al)sence of eyes on the dorsal surface be primitive, as Beecher has shown, and if

the large ])ygidiuin, narrow axial lobe, and long unsegmented glabella be primitive, then

the known ])rotaspis of the Mcsonacidic and Paradoxida? is not primitive, that of the Olen-

ida- is \ery primitive, and that of the Agnostid;e is primitive except that in one group the

axial lolie, when it appears, is rather wide, and in the other a brim is present.

P'S- 35-—A specimen of IVey-

mouthia nobilis (Ford), col-

lected by Mr. Thomas H. Clark

at North Weymouth, Mass.

Note the broad smooth shields

of this Lower Cambrian eodis-

cid. X6. -:

Sulisequent development from the simple unsegmented protaspis would appear to show,

first, an adaptation to swimming by the use of the pygidium; next, the invagination of the

appendifers as shown in the segmentation of tlie a.xial lolie indicates the functioning of the

appendages as swimming legs: then with the introduction of thoracic segments the assumj)-

tion of a bottom-crawling habit is indicated. Some trilobites were fully adapted for bottom

life, and the pygidium became reduced to a mere vestige in the production of a worm-like

body. Other trilobites retained their swiinining habits, coupled with the crawling mode of

life, aufl kept or even increased ilsofrliis) the large pygidium.

The Simplest Trilobite.

In the discussion above I have placed great emphasis on the large size of the primi-

tive pygidium, because, although there is nothing new in the idea, its significance seems to

have been o\erlooked.

If the large pygidium is primitive, then multisegmentation in trilobites can not be primi-

tive but is the result of adaptation to a crawling life. It is annelid-like, but is not in itself

to be relied upon as showing relationship to the Chastopoda. Simple trilobites with few seg-

ments, like the Agnostidie, EodiscidcC, etc., were, therefore, properly placed by Beecher at



THE SIMPLEST TRILOIilTE. I 39

the base of his classification, and there is now less chance than ever that they can be called

degenerate animals.

From the phylogeny of certain groups, such as the Asaphidre, it is learned that the geo-

logically older members of the family have more strongly segmented anterior and posterior

shields than the later ones. That there has been a "smoothing out" is tlemonstrated by

a study of the ontogeny of the later forms. From such examples it has come to be thought

that all smooth trilobites are specialized and occupy a terminal position in their genealogi-

cal line. This has caused some wonder that smooth agnostids like Plialacroiiia bibullatniii

and P. uiidmn should be found in strata so old as the Middle Cambrian, and was a source

of great perplexity to me in the case oi IVcymoiithia (Ottawa Nat., vol. 27, 191 3) (fig.

35). This is a smooth member of the Eodiscid;e, and, in fact, one of the simplest trilo-

bites known, for while it has three thoracic segments, it shows almost no trace of dorsal fur-

rows or segmentation on cephalon or pygidium, and, of course, no eyes. Following the

general rule, I took this to be a smooth-out eodiscid, and was surprised that it should come

from the Lower Cambrian, where it is as.sociated with Elliptoccpliala at Troy, New York,

and with Callavia at North Weymouth, Massachusetts, and where it has lately been found

by Kiier associated with HoJiuia and Kjeriilfia at T<^mten, Norway. It now appears it is

really in its proper zone, and instead of being the most specialized, is the simplest of the

EodiscidiC.

What appears to be a still sim])ler triloliite is the form describetl by Walcott as Maraoia.

Naraoia compacta Walcott.

(Text fig. 36.)

Illustrated: Walcott, Smithson. Misc. Coll., vol. 57, iyi2, p. 175, pi. 28, figs. 3, 4.—Clcland, Geology,

Physical and Historical, New York, 1916, p. 412, fig. 382 F (somewhat restored).

This very imperfectly known form is referred by \\'alcutt to the Notostraca on

what appear to be wholly inadequate grounds, and while I do not insist on my interpreta-

tion, I can not refrain from calling attention to the fact that it can be explained as the

most primitive of all trilobites. It consists of two subequal shields, the anterior of which

shows slight, and the posterior considerable evidence of segmentation. It has no eyes, no

glabella, and no thorax, and is directly comparable to a very young Plialacroiiia bibiillatnm

(see Barrande 1852, pi. 49, figs, a, b). Walcott states that there is nothing to show how
many segments there are in the cephalic shield, but that on one specimen fourteen were

faintly indicated on the abdominal covering. The appendages are imperfectly imknown, as

no specimen showing the ventral side has yet been descril)ed. The possible presence of

antenn;e and three other appendages belonging to the cephalic shield is mentioned, and there

are tips of fourteen legs projecting from beneath the side of one specimen. As figured,

some of the appendages have the form of exopodites, others of endopodites, indicating that

they were biramous.

Naraoia is, so far as now known, possessed of no characteristics which would prevent

its reference to the Trilobita, while the presence of a large abdominal as well as a cephalic

shield would make it difiicult to place in even so highly variable a group as the t'>ranchi-

opoda. On the other hand, its only exceptional feature as a trilobite is the lack of thorax,

and ;ill study of the ontogeny of the group has led us to expect just that sort of a trilo-

bite to be found some day in the most ancient fossiliferous rocks. Naraoia can, I think.
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be best explained as a Irilnbite whicb grew Id the achill state without losing its protaspian

form. It was found in the Middle Cambrian of British Columbia.

J'"ven if Naraoia should eventually prove to possess characteristics which preclude the

possibility of its being a primitive trilobite, it at least represents what I should expect a

pre-Cambrian trilobite to look like. What the ancestry of the nektonic primitive trilobite

may have been is not yet clear, but all the evidence from the morphology of cephalon, pygid-

ium, and appendages indicates that it was a descendant of a swimming and not a crawling

organi,sm.

Since the above was written, the Museum of Comparative Zoology has purchased a

specimen of this species oljtained from the original locality. The shields are sub-equal, the

posterior one slightly the larger, and tlie axial lolies are definitely outlined on both. The

glabella is about one third the total width, nearly parallel-sided, somewhat pointed at the

front. There are no traces of glabellar furrows. The axial lobe of the pygidium is also

about one third the total width, extends nearly to the posterior margin, and has a rounded

posterior end. The measurements are as follows: Length, t,t, mm.; length of cephalon,

16 mm., width, 15 mm.; length of glabella, 11.5 mm., width, 5.5 mm.; length of pygidium,

17 mm., width, 15 mm.; length of axial lolie, 14 mm., width, 5.5 mm.

The species is decidedly Agnostus-hke in l)oth cephalon antl pygidium, and were it not

so large, might be taken for the young of such a trilobite. The pointed glabella is com-

parable to the axial lobes of the so called pygidia of the young of Condylopygc rex and Pcro-

nopsis integer (Barrande, Syst. Sil., vol,, i, pi. 49).

The Ancestor of the Trilobites, and the Descent of the ARTiiRoron.\.

The "annelid" theorv of the origin of the Crustacea and therefore of the trilobites,

originating with Hatschek (1877) and so ably championed by Bernard (1892), has now

been a fundamental working hypothesis for some years, and has had a profound influence in

shaping thought about triloliites. This hypothesis has, however, its weak points, the prin-

cipal one being its total inhibition of the workings of that great talisman of the pal.'eontol-

ogist, the law of recapitulation. Its acceptance has forced the zoologist to look upon the

nauplius as a specially adapted larva, and has caused more than one forced explanation of

the protaspis of tlie trilobite. When so keen a student as Caiman says that the nauplius

must point in some way to the ancestor of the Crustacea (1909, p. 26), it is time to reex-

amine some of the fundamentals. This has been done in the preceding pages and evidence

adduced to show that the primitive features of a trilobite indicate a swimming animal, and

that the adaptations are those which enabled it to assume a crawling mode of existence.

It has also been pointed out that in Naraoia there is preserved down to Middle Cambrian

times an animal like tliat to which ontogeny points as a possible ancestor of the trilobites.

Naraoia is not the simplest conceivable animal of its own type, however, for it has built

up a pygidium of fourteen or fifteen somites. One would expect to find in Proterozoic sedi-

ments remains of similar animals with pygidia composed of only one or two somites, with

five pairs of appendages on the cephalon, one or two pairs on the pygidium, a ventral mouth,

and a short hypostoma. Anything simpler than this could not, in my opinion, be classed as

a triloliite.

WHi.'it the ancestor of this animal was is mere surmise. It probably had no test, and

it may Ijc noted in this connection that Naraoia had a very thin shell, as shown by its



THE ANCESTOR OF THE TRILOBITE. I4I

state of preservation, and was in that respect intermediate between tlie trilobite and tiic

theoretical ancestor. Every analysis of the cephalon of the trilobite shows that it is made

up of several segments, certainly five, probably six, possibly seven. Every study of the tril-

obite, whether of adult, young, or protaspis, indicates the primitiveness of the lateral exten-

sions or pleural lobes. The same studies indicate as clearly the location of the vital organs

along the median lobe. These suggestions all point to a soft-bodied, depressed animal composed

of few segments, proljably with simple marginal eyes, a month beneath the anterior margin,

tactile organs at one or both ends, with an oval shape, and a straight narrow gut running

from anterior mouth to ternu'nal anus. The broad flat shape gives great buoyancy and is

frequently developed in the plankton. Inherited by the trilobites, it proved of great use to

the swimmers among them.

The known animal which most nearly approaches the form which 1 should expect the

remote ancestor of the trilobites to have had is Ainiskzcia sagittiformis Walcott (Smith-

son. Misc. Coll., vol. 57, 191 1, p. 112, pi. 22, figs. 3, 4). This "worm" from the Middle

Cambrian is similar in outline to the recent Spadella, and is referred by Walcott to the

Chjetognatha. It has a pair of lateral expansions and a flattened caudal fin, a narrow

median alimentary canal, and a pair of rather long simple tentacles. With the exception

of a thin septum back of the head, no traces of segmentation are shown.

Some time in the late pre-Camlirian, the pre-trilobitc, which probably swam by rhyth-

mic undulations of the body, began to come into occasional contact with a substratum, and

two things happened: symmetrically placed, i. e., paired, appendages began to develop on the

contact surface, and a test on the dorsal side. The first use of the appendages may have

been in pushing food forward to the mouth, and for the greater convenience in catching

such material, a fold in front of the mouth may have elongated to form the prototype of

the hypostoma. At this time the substratum may not have been the ocean bottom at all,

but the animals, still free swimmers, may have alighted at feeding time on floating algre

from the surface of which they collected their food. While the dorsal test was originally

jointed at every segment, the undulatory mode of swimming seems to have given way to the

method of sculling by means of the posterior end only, or by the use of the appendages, and

the anterior segments early became fused together.

The result, of the hardening of the dorsal test was of course to reduce to that extent

the area available for respiration, and this function was now transferred in i)art to the limbs,

which bifurcated, one branch continuing the food-gathering process and the other becom-

ing a gill. The next step may have been the "discovery" of the ocean bottom and the

tapping of an hitherto unexploited supply of food. Upon this, there set in those adapta-

tions to a crawling mode of existence which are so well shown in the trilobite. The crawl-

ing legs became lengthened and took on a hardened test, the hypostoma was greatly elongated,

pushing the mouth backward, and new segments were added to produce a long worm-like

form which could adapt itself to the inecjualities of the bottom. That the test of the appen-

dages became hardened later than that of the body is shown by the specimens of Ncolcnus,

in which the dorsal shell as preserved in the shale is thick and solid, while the test of the

appendages is a mere film.

The late Proterozoic or very earliest Cambrian was probably the time of the great

splitting up into groups. The first development seems to have been among the trilobites

themselves, the Hypoparia giving rise to two groups with compound eyes, first the Opis-

thoparia and later the Proparia. About tiiis same time the Copepoda may have split off
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from llie IIyiMip;"''a, coiilinuinL; in the jielagic hahilat. At first, most of the trilobites seem

to have led a crawling existence, but about Middle Cambrian time they began to go back par-

tially to the ancestral swimming habits, and retained some of the trunk segments to form

a larger pygidium. The functional importance of the pygidium explains why it can not be

used successfully in making major divisions in classiiication. Nearly related trilobites may

l>c adapted to diverse methods of life.

EVOLUTION WITHIN THE CRUSTACEA.

The question naturally arises as to wdiethcr the higher Crustacea were derived from

some one trilobite, or whether the different groups have been developed independently from

dii^'crent stocks. The opinion that all other crustaceans could have been derived from an

Apus-Vike form has been rather generally held in recent years, but Carpenter (1903, p. 334)

has shinvn that the leptostracan, Ncbalia. is really a more primitive animal than Apus. He

has pointed out that in Lcptostraca the thorax bears eight pairs of simple limbs with

lamelliform exopodites and segmented endopodites, wdiile the abdomen of eight segments has

six pairs of pleopods and a pair of furcal processes, so that only one segment is limbless.

Contrasted with this are the crowded and complicated limbs of the anterior part of the

trunk of Apus. and the appendage-less condition of the hinder portion. Further, a compari-

son between the appendages of the head of Ncbalia and those of Apus shows that the former

are the more primitive. The antennules of Mcbalia are elongate, those of Apus greatly re-

duced; the mandible of Ndmlia has a long endopodite, and Carpenter points out that from it

either the malacostracan mandible with a reduced endopodite or the branchiopodan mandible

with none could be derived, but that the former could not have arisen from the latter.

The maxilke of Apus are also much the more specialized and reduced.

A'cbalia being in all else more primitive than Apus, it follows that the numerous ab-

dominal segments of the latter may well have arisen by the multiplication of an originally

moderate number, and the last trace of primitiveness disappears.

It is now possible to add to the results obtained from comparative morphology the testi-

mony of palreontology, already outlined above, and since the two are in agreement, it must

be admitted that the modern Branchiopoda are really highly specialized.

As has already Ijeen pointed out, Hyiiicnocaris, the leptostracan of the Middle Cambrian,

has very much the same sort of appendages as the Branchiopoda of the same age, both

being of the trilobite type. Which is the more primitive, and was one derived from the

other ?

The Branchiopoda were much more abundant and much more highly diversified in

Cambrian times than were the Leptostraca, and, therefore, are probably older. Some of the

Cambrian branchiopods were without a carapace, and some were sessile-eyed. These were

more triloliite-like than Hyiiicnocaris. Many of the Cambrian ])ranchiopods had developed

a bivalved carapace, though not so large a one as that of the primitive Leiitostraca. The

present indications are, therefore, that the Branchiopoda are really older than the Leptos-

traca, and also that the latter were tlerived from them. Jt seems very gcnerall)' agreed that

the Malacostraca are descended from the Leptostraca, and the fossils of the Pennsylvanian

supply a number of links in the chain of descent. Thus, Pygoccphalus cooperi, with its

brood pouches, is believed by Caiman (1909, p. iSi ) to stand at the l)ase of the Peracaridan

series of orders, and Uruiicctcs, Pahcacaris. and the like are Paheozoic representatives of the

Syncarida. Others of the Pennsylvanian species ai>pear to tend in the direction of the Sto-
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matopoda, whose true representatives have been found in the Jurassic. The Isopoda seem

to be the only group of Malacostraca not readily connected up with the Leptostraca. T'leir

depressed form, their sessile-ej'es, and their antiquity all combine to indicate a separate origin

for the group, and it has already been pointed out how readily they can be derived directly

from the trilobite.

While the Copepoda seem to have been derived directly from the Hypoparia, the re-

mainder of the Crustacea apparently branched off after the compound eyes became fully

developed, unless, as seems entirely possible, compound eyes have been developed indepen-

dendy in various groups. Most Crustacea were derived from crawling trilobites (Lower

Cambrian or pre-Cambrian Opisthopari^), for they lost the large pygidiuni, and also the

major part of the pleural lobes. In all Crustacea, too, other than the Copepoda and Ostra-

coda, there is a tendency to lose the exopodites of the antennas.

These modifications, which produced a considerable difference in the general appearance

of the animal, are easily understood. As has been shown in previous pages, the triloI)ites

themselves exhibit the degenerative eft'ect on the anterior appendages of the backward move-

ment of the mouth, and the transformation of a biramous appendage with an endobase into

a uniramous antenna is a simple result of such a process. The feeding habits of the trilo-

bites were peculiar and specialized, and it is natural that some members of the group should

have broken away from them. In any progressive mode of browsing the hypostoma was a

hindrance, so was soon gotten rid of, and the endobases not grouped around the mouth

likewise became functionless. The chief factor in the development of the higher Crustacea

seems to have been the pinching claw, by means of which food could be conveyed to the

mouth. It had the same place in crustacean development that the opposable thumb is be-

lieved- to have had in that of man.

An intermediate stage between the Trilobita and the higher Crustacea is at last exhibited

to us by the wonderful, but unfortunately rather specialized Marrella, already described.

It retains the hypostoma and the undifferentiated biramous appendages of the trilobite. but

has uniramous antenns, there are no endobases on the coxopodites of the thoracic appen-

dages, the pygidium is reduced to a single segment, and the lateral lobes of the thorax arc

also much reduced. Marrella is far from Ijeing tlie simplest of its group, but is the only

example wliich survived even down to Middle Cambrian times of wliat was probaljly once

an important series of species transitional between the trilobites and the higher Crustacea.

In this theory of the origin of the Crustacea from the Trilobita, the nauplius becomes

explicable and points very definitely to the ancestor. According to Caiman (1909, p. 23) :

The typical nauplius has an oval unsegmented body and three pairs of limbs, corresponding to the anten-

nules, antennx, and mandibles of the adult. The antennules are uniramous, the others biramous, and all

three pairs are used in swimming. The antennas may have a spiniform or hooked masticatory process at the

base, and share with the mandibles which have a similar process, the function of seizing and masticating the

food. The mouth is overhung by a large labrum or upper lip and the integument of the dorsal surface of

the body forms a more or less definite dorsal shield. The paired eyes are as yet wanting, but the median eye is

large and conspicuous.

The large labrum or hypostoma, the biramous character of the appendages, especially

of the antennae, the functional gnathobases on the second and third appendages, and the

oval unsegmented shield are all characteristics of the trilobites, and it is interesting to note

that all nauplii have the free-swimming habit.

The effect of inheritance and modification through millicjns of generations is also

shown in the nauplius, but rather less than would be expected. The most important modifi-



144 THE APPENDAGES, ANATOMY, AND RELATIONS OF TRILOBITES.

cation is the temporary suppression of the posterior pairs of appendages of the head, so that

thev are o-cnerally developed later than the thoracic limbs. The median or nauplius eye

has not vet been found in trilobites, and if it is, as it appears to be, a specialized eye, it

has probably arisen since the later Crustacea passed the trilobite stage in their phylogeny.

The oldest Crustacea, other than trilobites, so far known are the Branchiopoda and

Phvllocarida described by Walcott and discussed alx)ve. It is important to note that while

the former have already achieved such modified characteristics that they have been referred

to modern orders, thev retain the trilol)ite-like limbs and some of them still have well devel-

oped pleural lobes.

Caiman (T909, p. 101) says of the Copepoda:

On tlie hypothesis that the naupHus represents the ancestral type of the Crustacea, the Eucopepoda would

be regarded as the most primitive existing members of the class, retaining as they do, naupliar characters in

the form of the first three pairs of appendages and in the absence of paired eyes and of a shell-fold. As

already indicated, however, it is much more probable that they are to be regarded as a specialized and in

some respects degenerate group which, while retaining, in some cases, a very primitive structure of the

cephalic appendages, has diverged from the ancestral stock in the reduction of the number of somites, the

loss of the paired eyes and the shell-fold, and the simplified form of the trunk-limbs.

If the Eucopepoda be viewed in the light of the theory of descent here suggested, it

is at once seen that while they are moditied and specialized, they more nearly approximate

the hypothetical ancestor than any other living Crustacea. Compound eyes are absent, and

it can not be proved that they were ever present, although Grobben is said to have observed

rudiments of them in the development of Calanus. The "simplified limbs" are the simple

limbs of the trilobite, somewhat modified. The absence of the shell-fold and carapace is

certainly a primitive characteristic. Add to this the direct development of the small number

of segments, and the infolded pleural lobes, and it must be admitted that the group pre-

sents more trilobite-like characteristics than any other. It seems very likely that the primi-

tive features were retained because of the pelagic habitat of a large part of the group.

Ruedemann (Proc. Nat. Acad. Sci., vol. 4, 1918, p. 382, pi.) has recently outlined a

possible method of derivation of the acorn barnacles from the phyllocarids. Starting from

a recent Balanus with rostrum and carina separated by two pairs of lateralia. he traces back

through Calophnigiiius with three pairs of lateralia to Protobalaniis of the Devonian with

five pairs. Still older is the newly discovered Ei>halaiuis of the upper Ordovician, which

also has five pairs of lateralia but the middle pair is reversed, so that when the lateralia of

each side are fitted together, they form a pair of shields like those of Rhinocaris, separated

bv the rostrum and carina, which are supposed to be homologous with the rostrum and

dorsal plate of the Phyllocarida. Ruedemann suggests that the ancestral phyllocarid attached

itself by the head, dorsal side downward, and the lateralia were developed from the two

valves of the carapace during its upward migration, to protect the ventral side exposed in

the new position.

This theory is very ingenious, but has not been fully puljlished at the time of writing,

and it seems very doubtful if it can be sustained.

Summary.

The salient points in the preceding discussion should he disentangled from their setting

and put forward in a brief summary.

It is argued that the ancestral arthropod was a short and wide pelagic animal of few

segments, which so far changed its habits as to settle upon a sub-stratum. As a result of
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cliaiige in feeilint;- liabits, appendages were developed, and, due (lerhaps to plijsiolngica!

change induced liy changed food, a shell was secreted on the dorsal sin- face, covering the

whole body. Such a shell need not have been segmented, and, in fact, the stiffer the shell,

the more reason fo'r development of the appendages. Activity as a swimming and crawling

animal tended to break up the dorsal test into segments corresponding to those of the soft

parts, and, by adaptation, a floating animal became a crawling one, with consequent change

Fig. 36.
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test, after Walcott.

Natural size.
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from a form like that of Naraoia to one like Pccdcuuiias. (See figs. 36-40.) A contin-

uation of this line of development by breaking up and loss of the dorsal test led through

forms similar to MarrcUa to the Branchiopoda of the Cambrian, in which not only is there

great reduction in the test, but also loss of appendages. The origin of the carapace is still

obscure, but Bernard (1892, p. 214, fig. 48) has already pointed out that some trilobites,

Acidaspidre particularly, have backward projecting spines on the posterior margin of the

cephalon, which suggest the possibility of the production of such a shield, and in MarrcUa

such spines are so extravagantly developed as almost to confirm the ])rol)al)ility of such
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(irii^in. In this line of development two pairs of tactile antenna- were produced, while the

anoniomeristic character of the trilobite was retained. From similar opisthoparian ances-

tors there were, however, derived primitive Malacostraca retaining biramous antennae, but

with a carapace and reduced pleural lobes and pygidium. From this oiTshoot were prob-

ably derived the Ostracoda, the Cirripedia, and the various orders of the Malacostraca, with

the possilile exception of the Isopoda. I have suggested independent origins of the Copepoda

and Isopoda, but realize the weighty arguments which can be adduced against such an

inter])retation.

It is customary to speak of the Crustacea and Trilobita as having had a common ances-

try, rather than the former being in direct line of descent from the latter, but when it can

be shown that the higher Crustacea are all derival)le from the Trilobita, and that they possess

no characteristics which need have been inherited from any other source than that group,

it seems needless to postulate the evolution of the same organs along two lines of develop-

ment.

1 can not go into the question of which are more primitive, sessile or stalked eyes, but

considering the various types found among the trilobites, one can but feel that the stalked

eyes are not the most simple. While no trilobite had mn\-able stalked eyes, it is possible

to homologize free cheeks with such structures. They al\va)-s bear the visual surface, and,

in certain trilobites (Cyclopyyc). the entire cheek is broken up into lenses. Since a free

cheek is a separate entitv, it is conceivalilc that it might 1)e modified into a moval)le organ.

EVOLUTIOX OF THE MER0.STOM.-\TA.

It has been pointed out above that the Limulava (Sidiicyia, Aiiiiclla, Eiiicraldclla) have

certain characteristics in commoi: with the trilol)ites on the one hand and the Eurypterida

on the otlier. These relationships have Ijeen emphasized by Walcott, who derives the Euryp-

terida through the Limulava and the Aglaspina from the Trilobita. The Limulava may be

derived from the Trilobita, i)ut indicate a line scimewhat different from that of the remain-

der of the Crustacea. In this line the secon<l cephalic appendages do not become antennre.

and the axial lobe seems to broaden out, so that the pleural loI)es become an integral part

of the body. As in the modern Crustacea, the pygitlium is reduced to the anal plate, and

this grows out into a spine-like telson.

From the Limulava to the Eurypterida is a long leap, and before it can be made without

danger, many intermediate steps must be placed in position. The direct ancestor of the

Eurypterida is certainly not to be seen in the highly specialized Sidncyia, and probably not

in Eiiicraldclla, but it might be sought in a related form with a few more segments. The

few species now known do suggest the Ijeginning of a grouping of appendages about the

mouth, a suppression of appendages on the abdomen, and a development of gills on the

thorax only. Further than that the route is uncertain.

Clarke and Ruedemann, whose recent extensive studies give their opinion much weight,

seem fully convinced that the Merostomata could not have been derived from the Trilobita,

but are rather inclined to agree with Bernard that the arachnids and the crustaceans were

derived independently from similar ch;etopod annelids (1912, p. 148).

The greater part of their work was, however, finished- before 1910, and although they

refer to Walcott's descri])tion of the Limulava (1911), they did not have the advantage

of studying the wonderful series of Crustacea described liy him in 1912. While the evi-
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dence is far from clear, it would appear that the discovery of animals witli the f(irm of

Liliiiilus and the enrvjiterids and the ap])endages of trilobites means something; more than

descent from similar ancestors. Biramous limbs of the type found in the trilobites would

probably not be evolved iiide])endently on two lines, even if the ancestral stocks were of

the same blood.

The Aglaspidre, as represented by Malaria and Habelia in the Middle C'amljrian, are

quite obvious closely related to the trilobites. easily flerived from them, and retain inimer-

ous of their characteristics. That they are not trilobites is, however. sh(jwn by the jiresence

of two pairs of antenn;e, the aljsence of facial sutures, and the possession of a S])inedike

telson.

The Aglaspid;e have always been placed in the Merostomata, and nearer the Liinulidfe

than the Eurypterida. The discover}- of appendages does not at all tend to strengthen that

view, InU indicates rather that they are true Crustacea which have not given rise to any

group now known. The exterior form is, how-ever, Liunilus-Wkit, and since it is known from

ontogeny that the ancestor of that genus was an animal w'ith free body segments, there

is still a temptation to try to see in the Aglaspid.e the progenitors of the limulids.

The oldest known Limulus-Wkn animal other than the Aglaspid;e is Ncolimiilus falcatus

Woodward (Geol. Mag., dec. i, vol. 5, 1868, p. i, pi. i, fig. i). The structure of the head of

this animal is typically liniuloid, with simple and compound eyes and even the ophthalmic

ridges. Yet, curiously enough, it shows wdiat in a trilobite would be considered the posterior

half of the facial suture, running from the eye to the genal angle. The l^ody is composed

of eight free segments with the posterior end missing. BcUnurus, from the Mississippian

and Pennsylvanian, has a sort of pygidium, the posterior three segments being fused together,

and Prestwichia of the Pennsylvanian has all the segments of the abdomen fused together.

So far as form goes, a very good series of stages can be selected, from the Aglaspida; of

the Cambrian through Ncoliinuhis to the Belinuridic of the late Paleozoic and the Limu-

lid.T of the Mesozoic to recent. Without much more knowledge of the appendages than is

now available, it w'ould be quite impossible to defend such a line. It is, however, sug-

gestive.

EVOLUTION OF THE "tRACHEATA."

The trilobites were such abundant and highly varial)le animals, adapting themselves to

various methods of life in the sea, that it appears highly probably that some of them may
have become adapted to life on the land. The ancestors of the Chilopoda, Diplopoda, and

Insecta appear to have been air-breathing animals as early as the Cambrian, or at latest,

the Ordovician. Since absolutely nothing is yet know'n of the land or even of the fresh-

water life of those periods, nothing can now be proved.

In discussing the relationship) of the trilobites to the various tracheate animals, I have

pointed out such paheontologic evidence as I have been able to gather. Studies in the field

i)f comparative morphology do not fall within my province. I only hope to have made the

structure of the trilobite a little more accessible to the student of phylogenies.

SUMMARY ON LINES OF DESCENT.

In order to put into graphic and concise form the suggestions made above, it is neces-

sary to define and give names to some of the groups outlined. The hyi)othetical ancestor
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need not he included in the classification and for reasons of convenience may he referred

to merely as the Protostracean.

The group of free-swimming triiohites without thoracic segments was prol)al)ly a large

one, and within it there were donbdess considerable variations and numerous adaptations.

While the onlv kno\vn animal which could possibly be referred to this group, Naraoia, is

blind, it is entirely possiljle that other species had eyes, and that the cephala and pygidia

were variously modified. For this reason and because of the lack of all thoracic segments,

it seems better to erect a new order rather than merely a family for the group, and Nck-

faspia (swimming shields) may be suggested. The mily known family is Xaraoid;e Wal-

cott, which must be redefined.

Marrrlla and Hahclia are types of Crustacea which can neither l)e placed in the Trilo-

bita nor in anv of the established subclasses of the Eucrustacea. They represent a transi-

tional group, the members of which are, so far as known, adapted to the crawling mode of

life, though it mav prove that there are also swimmers v.diich can be classified with them.

To this subclass the name llaplopoda may be applied, the feet being simple.

The two known families, I\Iarrellid:e Walcott and .\glaspida; Clarke, belong to differ-

ent orders, the second having already the name Aglaspina Walcott. The name MarrcUina

may therefore be used for the other.

For Sidncxia. Walcott proposed the new subordinal name I.imulava, placing it under

the Eurypterida. While Sidncyia. Eiiicraldclla. and AiiiicUa may belong to the group that

gave rise to the luirypterida, they are themselves Crustacea, and a place must be found for

them in that grouji. The possession of only one pair of antenn;e prevents their reception

by the llaplopoda. and allies them to the Trilobita, but the modifications of the trunk and

its appendages keep them out of that subclass, and a new one has to be erected for them.

Tliis may be known as the Xcnopoda, in allusion to the strange appendages of Sidncyia.

Synopsis.

Class Crustacea.

Subclass Trilobita Walch.

Crustacea with one pair of uniramous antenn;e, and possessing facial sutures.

Order Nektaspia nov.

Trilobita without thoracic segments. Cephala and pygidia simple.

Family Naraoid;e Walcott.

Ce])halon and pygidium large, both shields nearly smooth. Eyes absent. A single species:

Naraoia coiiipacla Walcott, Middle Cambrian, British Columbia.

Subclass Haplopoda nov.

Crustacea with trilobate form, two pairs of uniramous antenn;e, no facial sutures, sessile

compound eyes j)resent or absent, pygidium and pleural lobes generally reduced, large

labrum ])resent, appendages of the trunk l)iramous.

Order Marrellina nov.

T-'orni trilo!)ite-like. ])kur,'d lobe-^ reduced, endob.ascs ;ilisent from coxopodites of body, pygid-

ium :i small plate.
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Family Marrellida; Walcott.

Cephalon with long genal and nuchal spines. Eyes marginal. A .single species : Marrella

splendcns Walcott, Middle Camljrian, Briti.sh Columhia.

Order Aglaspina Walcott.

Body trilobite-like, with few thoracic segments, and a spine-like telson. Appendages bira-

mous.
Family Aglaspidse Clarke.

Cephalon trilobate, with or without compound eyes, seven or eight segments in the thorax.

Genus Aglaspis Hall.

Compound eyes present, seven segments in thorax. Upper Cambrian, Wisconsin.

Genus Molaria Walcott.

Compound eyes absent, eight segments in thorax. Middle Cambrian, British Columbia.

Genus Habclia Walcott.

Compound eyes ab.sent. Not yet fully described. Middle Cambrian, British Columbia.

Subclass Xenopoda nov.

Crustacea with more or less eurypterid-like form, one pair of uniramous antenn;c, liiramous

appendages on anterior part of trunk, modified endopodites on cephalon.

Order Limulava Walcott.

Cephalon with lateral or marginal eyes and large epistoma. Body with eleven free seg-

ments and a telson. Cephalic appendages grouped about the mouth.

Family SidneyidcC Walcott.

Trunk probably with exopodites only, and without appendages on the last two segments.

Telson with a pair of lateral swimmerets.

Genus Sidncyia Walcott.

Third cephalic appendage a large compoimd claw. Gnathobases forming strong jaws. Mid-
dle Cambrian, British Columbia.

Genus Amiclla Walcott.

Middle Cambrian, British Columbia.

Family Emeraldellid.'e nov.

Trunk with biramous appendages in anterior part, and appendages on all segments except

possibly the spine-like telson.

Genus Euicraldclla Walcott.

Cephalic appendages simple spiniferous endopodites. Eyes unknown. Middle Cambrian,

British Columbia.
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Fig. 41.—A diagram showing possible lines of descent of the other Arthropoda from the Trilobita. The
three recognized orders of the latter are shown separately. The known geological range is indicated in solid
black, the hypothetical range and connections stippled. The short branch beside the Opisthoparia represents
the range of the Haplopoda. The term Arachnida is used for all arachnids other than Merostomata, merely
as a convenient inclusive name for the groups not especially studied.
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FiXAL SUMMAUY.

It is generally believed that the Arthropoda constitute a natural, monophyletic group.

The data assembled in the preceding pages indicate that the other Arthropoda were

derived directly or indirectly from the Triiobita because:

(i) the trilobites are the oldest known arthropods;

(2) the trilobites of all formations show great variation in the number of trunk seg-

ments, but with a tendency for the number to become fi.xed in each genus;

(3) the trilobites have a constant numlier of segments in the head;

(4) the position of the mouth is variable, so that either the Crustacea or the Arach-

nida could be derived from the trilobites;

(5) the trilobite type of appendage is found, in vestigial form at least, throughout the

Arthropoda

;

(6) the appendages of all other Arthropoda are of forms which could have been derived

from those of trilobites;

(7) the appendages of trilobites are the simplest known among the Arthropoda;

(8) the trilobites show practically all known kinds of sessile arthropodan eyes, simple,

compound, and aggregate

;

(9) the apparent specializations of trilobites, large pleural lobes and pygidia, are primi-

tive, and both suffer reduction within the group.

The ancestor of the trilobite is believed to have been a soft-bodied, free-swimming, flat,

blind or nearly blind animal of few segments, because

:

(a) the form of both adult and embryo is of a type more adapted for floating than

crawling

;

(b) the large pygidium is shown by ontogeny to be primitive, and the elongate worm-
like form secondary;

(c) the history of the trilobites shows a considerable increase in the average numljer of

segments in .successive periods from the Cambrian to the Permian

;

(d) the simplest trilobites are nearly or quite blind.



PART IV.

DESCRIPTION OF THE APPENDAGES OF INDIVIDUAL SPECIMENS.

Triarthrus becki Green.

In order to make easily availal)le the evidence on which the present knowledge of the

appendages of Triarthrus and Cryptolitlius rests, it has seemed wise to puljlish brief descrip-

tions and photographic figures of some of the better specimens preserved in the Yale Uni-

versity Museum. These specimens are pyritic replacements, and while they do not as yet

show any signs of decomposition, it should be realized that it is only a matter of time when

either they will be self-destroyed through oxidation, or else embedded for safe keeping in

such a fashion that they will not lie readily availaljle for study. It is therefore essential to

keep a photographic record of the more important individuals.

Specimen No. 220 (pi. 3, fig. 2).

Illustrated: Amer. Geol., vol. 15, 1895, pi. 4 (drawing); Amer. Jour. Sci., vol. 13, 1902, pi. 3

(photograph).

This is one of the largest specimens showing appendages, and is developed from the ven-

tral side. It shows some appendages on all parts of the body, but its special features are

the exhibition of the shafts on the proximal ends of the antennules, the rather well pre-

served appendages of the cephalon and anterior part of the thorax, and the preservation of

the anal opening. In the drawing in the American Geologist, the right and left sides are

reversed as in a mirror, a point which should Ije borne in mind when comparing that figure

witli a photograph or description.

The shaft of the left antennule is best preserved and is short, cylindrical, somewhat

enlarged and ball-shaped at the proximal end. It is 1.5 mm. long. The posterior part of

the hypostoma is present, but crushed, and the metastoina is not visible, the pieces so indi-

cated in Beecher's figure being the rim of the hypostoma. Back of the hypostoma may be

seen four (not three as in Beecher's figure) pairs of gnathites, the first three pairs broad

and greatly overlapping, the fourth pair more slender, Imt poorly preserved. The inner

edges of the gnathites on the right side are distinctly nodulose, and roughened for mastication.

The outer ends of one endopodite and three exopodites project lieyond the margin on

the right side. The dactylopodite of the endopodite is especially well preserved. It is cylin-

drical, the end rounded Init not enlarged or pointed, and bears three small sharp spines, all

in a horizontal plane, one anterior, one central, and one posterior. The outer ends of the

exopodites show about ten segments each (in 2.5 mm.) beyond the margin of the test, and

from three to five setre attached to the posterior side of each segment. These hairs are

attached in a groove, well shown in this specimen. On the anterior margin of the exopo-

dite there is a minute spine at each joint.

Mcasureiiu'iits: Length, 38 mm.; width at back of cephalon, 19 mm.

Specimen No. 210 (pi. 2, fig. 3).

Illustrated: .^nier. Jour. Sci., vol. 46, 1893, p. 469, fig. i (head and right side); -Amer. Geol., vol. 13,

1894, pl- 3- fig- 7 (same figure as the lastl ; Amer. Jour. Sci., vol. 13, 1902. pi. 2, fig. i (photograph).

This individual supplied the main basis for Professor Beecher's first figure showing the

appendages of the thorax, the head and appendages of the right side having been taken
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from it, and the appendages of the left side from No. 206. Sucli of the endopoditcs as are

well preserved show from three to four segments projecting beyond the test, and the dacty-

lopodites have one or two terminal spines. The antennules are unusually well preserved and

have about forty "segments each in front of the cephalon, or an average of five to one

millimeter.

Specimens 209 and 210 are on a slab about 7X5.5 inches, and with them arc twelve

other more or less well preserved individuals, all but one of which are smaller than these.

Two of the fourteen are ventral side up on the slab, which means dorsal side up in the rock.

Nine are oriented in one direction, two at exactly right angles to this, and three at an angle

of 45° with the others. If the majority of the specimens are considered to be headed north-

ward, then seven are so oriented, two northeast, one east, two south, one southwest, and

one west.

Nine of the specimens show antennules. Five of these arc specimens headed north, and

in all of them the antennules are in or very near the normal position. The antennules of

two, one headed east and the other west, are imperfectly preserved, but the parts remain-

ing diverge much more than do the antennules of those in the normal position. The indi-

vidual headed southwest has one antennule broken off, while the other is curved back so that

its tip is directed northward. Another one, headed south, has the antennules in the normal

position. These observations indicate that the specimens were oriented by currents of water,

rather than in life attitudes, and that the distal portions of the antennules were relatively

flexible.

Measurements: The specimen (No. 210) is 20 mm. long, 9.5 mm. wide at the back of

the cephalon, and the antennules project 8 mm. in front of the head. The smallest specimen

on the slab is 6.5 mm. long. A specimen 7.5 mm. long has antennules which project 2.5 mm.

in front of the cephalon.

Specimen No. 201 (pi. 2, fig. i
;

pi. 3, fig. 4).

Illustrated: Amer. Jour. Sci., vol. 46, 1893, p. 469, figs. 2, 3; Anier. Geol., vol. 13, 1894, pi. 3, figs. 8, 9.

An entire specimen 17 mm. long, exposed from the dorsal side. It shows only traces

of the appendages of the head, but displays well those of the anterior part of the thorax, and

a number of appendages emerge frorn under the abdominal shield. This specimen is of par-

ticular interest as it is the subject of the first of Professor Beecher's papers on appendages

of trilobites. On the right side the pleura have been removed, so as to expose the appen-

dages of the second, third, and fourth segments from above. The first two of the appen-

dages on the right are best preserved, and these are the ones figured. They belong to tlie

second and third segments. The endopodites of each are ahead of the exopodites, and the

proximal portion of each exopodite overlies portions of the first two segments (second and

third) of the corresponding endopodite. The coxopodites are not visible, but very nearly

the full length of the first segment of the endopodite (the basipodite) is exposed. The first

two visible segments (the first and second) extend just to the margin of the pleural lobe,

while the other four extend beyond the dorsal cover. The segments decrease in length out-

ward, but not regularly, the meropodite being generally longer than the ischiopodite or the

carpopodite. The terminal segment (dactylopodite) is short and bears short sharp hair-like

spines which articulate in sockets at the distal end. On this specimen the anterior limb on

the right side shows one terminal spine, the second endopodite on that side has two, and two

of the endopodites on the left-hand side preserve two each. The segments of the limbs
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are nearly cyliiulrical, Init the ischiopodites and meropodites of several of the eiidopodites

show rather deep longitmlinal grooves which appear to be rather the result of the shrinkage

of the thin test than natural conformations.

The endopodites on the left-hand side have a number of short, sharp, movable, hair-

like spines, and cup-shaped depressions which are the points of insertion of others. On

the distal end of the carpopodite of the first thoracic segment there seems to have been a

spine, whose place is now shown by a pit. This same endopodite shows, rather indistinctly,

three pits in the groove of the carpopodite, and the propodite has two. On the endopodite

of the second appendage on this side, both the carpopodite and propodite possess a fine hair-

like articulated spine at the distal end, that of the propodite arising on the dorsal and

that of the carpopodite on the posterior side. On the dorsal side of the carpopodite there

are three pits for the articulation of spines, and on the propodite, one.

The exopodites lielonging to the thoracic segments are of equal length with the endopo-

dites, and while the proximal portion of each is stouter than that of the corresponding

endopodite. the exopodites taper to a hair-like termination, while the endopodites remain

fairly stout to the distal segment. Most of tlie set;e of the exopodites have been removed,

so that each remains as a curving, many-segmented organ, transversely striated, with a con-

tinuous groove along the posterior side. The set;e appear to be set in this groove, one for

each of the transverse ridges on the shaft.

A good deal of the test has been cut away on the left-hand side from the thorax and

pygidium, and the appendages exposed from above. Enough of the dorsal shell has been

cut away so that the anal opening is exposed, and tlirectly behind the pygidium, on the

median line, is a bilaterally symmetrical plate with serrated edges which appears to be the

appendage of the anal segment. (See pi. 3, fig. 4.)

Measurements: The specimen is 17 mm. long, and 8 mm. in greatest width (at the back

of the cephalon). From the median tubercle to the outer edge of the pleuron of the second

thoracic segment the distance is 3.7 mm. From the point of articulation to the distal end

of the spines on the dactylopodite of the second endopodite on the right-hand side is 4.3 mm.
The basipodite of this appendage is 1.5 mm. long, the ischiopodite i mm. long, the meropo-

dite 1.2 mm. long, the carpopodite 0.5 mm. long, the propodite 0.35 long, and the dactylopo-

dite 0.15 mm. long. On the left-hand side the endopodite of the first segment projects

3 mm. beyond the pleuron, the second, 3.2 mm. At the back the appendages extend a

maximum distance of 2.5 rnm. behind the pygidium. The median spinose process of the

anal segment extends 0.75 mm. behind the pygidium, and is 1.6 mm. in greatest width.

Specimen No. 204 (pi. 3. fig. i
;

pi. 4, hg. 6; text fig. 42).

IHustrated: Amer. Jour. Sci., vol. 13, 1902, pi. 2, figs. 4, 5 (reproduced from photographs).

This specimen, which is developed from the dorsal surface, shows especial!}' well nine

appendages of the left side. The first represent the last segment of the cephalon; the re-

mainder belong to the thorax. As is usual, the exopodites of these appendages overlie and

curve behind the endopodites. All the exopodites have lost their setas and the segments of

the endopodites are flattened by crushing. The endopodites, while retaining only one or two

of the movable spines, have the cup-like ba.ses of from two to four on each of the visible

segments, namely, the meropodite. carpopodite, propodite, and, in one case, the dactylopo-

dite. These appendages, although really marvellous in preservation, are of such small size

and react so badly to light that their study is very difiicult, and Professor Beecher, who had
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observed hundreds of specimens through all stages of the laborious process of cleaning the

matrix from them, undoubtedly was much Ijetter equipped to interpret tlicm than any other

person.

The drawing is made on the assumption that the appendages are displaced and all

moved uniformly outward so that the distal ends of the coxopodites emerge from under the

pleural lobe, whereas these ends would normally be luider the dorsal furrow, and the distal

end of the ischiopodite should reach the margin of the pleural lobe. While it seems very

remarka])le that it should happen, that all the appendages should l)e so moved that they

would lie symmetrically a few millimeters from their normal position, nevertheless it is

found on measuring that they bear the_ same proportion to the length and width that the

Fig. 42.

—

Triarthrus bccki Green. Ap-

pendages of specimen 204. Inked in by

Miss Wood from the original tracing.

Xio.

appendages of other specimens do, thus indicating that Professor Beecher's interpretation of

them was correct. I am unable, however, to see the coxopodites which he has drawn as

articulating with the two branches of the limb.

This individual shows, better than any other, the connection of the exopodite with the

endopodite. Even though the coxopodites are gone, the two branches of each appendage re-

main together, showing that the basipodite as well as the coxopodite is involved in the artic-

ulation with the exopodite. Just what the connection is can not be observed, but there

seems to Ije a firm union between the upper surface of the basipodite and the lower side of

the proximal end of the exopodite, as indicated diagrammatically in text figure 33.

Measurcinciits: The specimen is 20 mm. long and 9 mm. wide at the back of the cepha-

lon. From the tubercle on the middle of the first segment of the thorax to the tip of the

corresponding appendage the distance is 8 mm. The entire length of the exopodite of the

first thoracic segment is 4.6 mm. The exopodite of the appendage belonging to the seventh

segment is only 3.5 mm. hjng. The pleural lobe is 2.5 mm. wide at the front of the thorax.

Specimen No. 205 (pi. 2, fig. 4).

Illustrated: Amer. Jour. Sci., vol. 13, 1902, pi. s, figs. 2, 3 (photographs).

This is a small imperfect specimen, developed from the ventral side. It retains the best

preserved metastoma in the collection, but was used by Professor Beecher especially to illus-
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trate tlie convergent ridges on the inside of the ventral membrane in the axial region t)f the

thorax. These ridges are very low, and on each segment of the thorax there is a central one,

outside of which is a pair which are convergent forward, making angles of 35° to 45"^

with the axis.

The metastoma is shaped much like the hypostoma of an Ilkcniis. It is convex, nearly

semicircular, with the straight side forward, and there is a continuous raised border around

the curved sides and back. This border is separated from the central convex body l)y a deep

linear depression.

The hypostoma is also rather well preserved and has a narrow, slightly elevated border

at the sides and back.

Measurements: The incomplete specimen, from which only a very small portion of the

length is missing, is 9 mm. long. The metastoma is 0.45 mm. long and 0.58 mm. wide.

Specimen No. 214 (pi. i, fig. 2; pi. 3, fig. 6).

This is.a large specimen, developed from the ventral side. It shows the antennules and

some other appendages of the head, but derives its special interest from the excellent pre-

servation of a few of the exopodites, which are turned back parallel to the axis of the body

and lie within the axial lobe.

The shaft of the exopodite is made up of numerous short segments which at their an-

terior outer angles are produced into spines, and which also bear movable spines along the

anterior border. As shown in several other specimens, the exopodite ends in a more or less

long spoon-shaped segment bearing on its lower surface a broad groove. No set;e appear

to be attached to this, but both anterior and posterior margins bear numerous small, appar-

ently movable spines. From the groove along the ventral side of the remainder of the

exopodite arise numerous long slender filaments which become progressively shorter toward

the tip. This specimen shows that they are not cylindrical, but are flattened along opposite

faces, at least at their distal ends. While no connection can be seen between adjacent setae,

they seem to stay together like the barbs on a feather.

Measurements: Length, 33 mm., width at back of cephalon, 16 ram.; from front of

cephalon to back of hypostoma, 6 mm.

Specimen No. 219 (pi. 2, fig. 6; pi. 4, fig. 4).

Illustrated: Anier. Jour. Sci., vol. 13, 1902, pi. 4, fig. i, pi. 5, fig. 4 (photograph and drawing).

The endopodites of most of the appendages of the thorax are well shown, and occasional

portions of exopodites. The coxopodites are long, flattened, and do not taper much. The

anterior and posterior edges of the basipodites of the endopodites of the first two segments

are approximately parallel, but on the succeeding endopodites the basipodites and ischiopo-

dites are triangular in form, with the apex backward. In successive endopodites toward

the posterior end, the angle made by the backward-directed sides of the basipodites becomes

increasingly acute, so that in some of the posterior appendages this segment is wider than

long. The ischiopodite shows a similar increase of width and angularity on successive seg-

ments, and the meropodites and carpopodites also become wider on the posterior segments,

and even triangular in outline toward the back of the thorax and on the pygidium.

Along the median portion of the axial lobe the specimen has been cleaned until the inner

side of the ventral membrane was reached. Here the test shows on the inner surface at each

segment of the thorax a series of low ridges which are roughly parallel to the axial line, but
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which really converge in an anterior direction. Between the ridges are shallow canoe-shaped

depressions, which have the appearance of areas for the insertion of muscles.

Measurements: Length, 31 mm.; width at back of head, 15 mm.; distance, in a straight

line, from point ofinsertion of the right antennule to its tip, 14.25. mm. ; it projects 12 mm.
beyond the cephalon.

Specimen No. 218 (pi. 6, fig. 3; text fig. 43).

This specimen is a large one, developed from the lower side, but retains only the endopo-

dites of a few appendages. The cephalon and anterior portion of the thorax are missing.

Professor Beecher had a drawing made to show the appendages on the right-hand side

of the last two segments of the thorax, seen of course from the ventral side. This drawing

shows well the broadening of the basipodite, ischiopodite, and meropodite, while the coxopo-

dite is thick and heavy, and the inner end of the gnatholjase somewhat rugose. .Vlmost

Fig. 43.— Triarthrus
becki Green. Drawing
to represent the writer's

interpretation of the ap-

pendages of specimen
218. Drawn by Miss
Wood. X 10.

every segment of the endopodites has one or more pits for insertion of spines, these being

along the anterior or posterior margins. The exopodites lack the setje, but show no unusual

features.

Specimen No. 222 (pi. 4, frg. 5).

Illustrated: Amer. Jour. Sci., vol. 47, 1894, pi. 7, fig. 3 (drawing).

A small specimen, developed from the lower side, and used by Professor Beecher to

illustrate the form of the segments of the endopodites of the pygidium. In addition to this,

it shows very well the form of the endopodites of the thorax. All of the appendages on

the specimen are shifted to the left of their normal position. This specimen differs from

most of the others in that the segments of the endopodites do not lie with their greatest

width in the horizontal plane, but were embedded vertically, with the posterior edge down-

ward. From this circumstance they retain their natural shape, and it is seen that they are

naturally flattened, with about the same thickness in proportion to length and width .as in

some of the modern isopods (Serolis, for instance). In even the most anterior of these

endopodites (that of the second segment) the ischiopodite, meropodite, and carpopodite are
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triangular in shape, with the point backward, hut in all the endopodites at the anterior end

of the thorax, the triangle has a very olituse angle at the apex, and the base is much longer

than the perpendicular. On the other hand, those of the pygidium, which were figured by

Beecher, have a number of short wide segments, all wider than long, and, excepting the

dactylopodites, triangular in form.

Mcasumueiits: Length. 8.75 mm.: width at back of cephalon, about 4 mm.

Illustrated

;

Specimen No. 230 (pi. 5, fig. 3; text fig. 44).

Amer. Jour. Sci., vol. 47, 1894, pi. 7, fig. 2 (drawing) ; Ibid., vol. 13, 1902, pi. 2, fig. 2.

An entire specimen of medium size, developed from the ventral side. It seems to have

been the first one to 3'ield to Professor Beecher any satisfactory knowledge of the appen-

I)

Fig. 44.

—

Triarthrus hcchi Green. Appendages of the posterior

part of the thorax and pygidium of specimen 230. Inked by Miss

Wood from a tracing made under the direction of Professor Beecher.

dages of the pvgidiuni. There are five endopodites, all on one side, which appear to belong

here. The segments in this region are characterized l)y their short, wide, triangular form.

^\t the apex of each is a small tuft of spines or short hairs, and the ventral surfaces of some

of the endopodites show pits for the insertion of spines. .

•

. _

Mcasiu\')ucnts: Length, Ji mm.: width at b.ack of cephalon, 10 mnv

Cryptolithus tessellatus Green.

Specimen Xo. 233 (pi. 7, fig. i : text fig. 45).

This is the best preserved entire specimen. It is developed from the lower side, and

shows the hypostoma, antennules, and a few fragmentary appendages of the cephalon, the

outer portions of the exopodites of thorax and pygidium on both sides, and the endopodites

on the left side.

The hypostoma is imperfectly preserved and is turned completeh^ around, so that the

anterior margin is directed backward, and the posterior one is so much in the shadow that

it does not show well in any of the photographs. Tlie form is, however, essentially like
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tliat of TriiiHcleoides rcitssi (Barrande), the only otlier trinucleid of which ilic hypostoma
is known, except that tlie liorder does not extend so far forward along the sides, and it is

much smaller.

The antennules are not inserted close to the hypostoma, as in Triarthnts. hut at some
distance from it, and, as nearly as can be deternuned, directly Ijcueath the antennal ])its

which are seen near the front of the glabella in many species of Irinucleids.

M4

Fig. 43.

—

Cryptolitlnis tcsscUattis Green. Drawing of specimen 2;^:^, made by Professor

Beecher. X 9- Below are parts of two of the endopodites of specimen 236, showing the

interarticular membranes. X 41.

The antennules are long, and are composed of far fewer and longer segments than

those of Triarthrns. In this specimen they converge backward, cross each other and at the

distal end are more or less intertwined.

As is shown in the drawing and photograph, very little can be learned from this indi-

vidual about the other appendages of the cephalon. A few fragments of exopodites on

either side suggest that these members pointed forward and were much like those in Triar-

thrns, but nothing conclusive is shown.
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The exopodites and endopoditcs of the left side of the thorax are best preserved. The

exopo(Htes are above the endopodites, and only that portion exposed from the ventral side

which projects beyond the line at which the endopodites bend backward. The endopodite

on the left side of the first thoracic segment is the best preserved. It shows seven segments,

the onter ones best. The coxopodite is short and narrow, the Iiasipodite somewhat heavier

and longer, while the carpopodite and propodite are the widest and strongest segments. The

propodite is triangular and flattened, like the segments on the middle and posterior part of

the thorax of Triarthnis. At the inner end of the ischiopodite and meropodite are tufts of

spines pointing inward and backward. Tliese are not shown on any of the photographs,

but may be seen with the light striking the specimen at the proper angle.

It is not possible to count the exact numljer of limlis, but one gets the impression that

on the left side of this specimen there are twenty-one sets of appendages, six of which of

course lielong to the thorax. On the thorax and anterior part of the pygidium, successive

endopodites show the propodites and dactylopodites becoming progressively more slender and

shorter, while the ischiopodites, meropodites and carpopoditcs become shorter and more tri-

angular, and with increasingly large numliers of short spines on their posterior borders. Back

of the fourth endopodite on the pygidium it is not possible to make out the detail, but the

appearance is of an endopodite consisting of short broad segments fringed at the back with

short spines, the ones at the very posterior end appearing to be exceedingly short and rudi-

mentary.

The exopodites are not so well shown as in some others but the sette are flattened and

blade-shaped, and often bear numerous small spines.

Measurements: Length (lacking most of the fringe), 10.5 mm. Width of thorax,

10.5 mm. Length of hypostome, 1.41 mm., width at front, 1.46 mm. The distance from

back of fringe to end of antennules is 5.4 mm. If straightened out, the left antennule

would be about 6.1 mm. long. In the first 3.1 mm., there are only ten segments, so that the

average length of a segment is 0.31 mm. The distance from the inner end of the endo-

base of the first segment of the thorax to the outer end of the meropodite is 2,43 mm., and

from that point to the end of the dactylopodite 2.47 mm. making the total length 4.90 mm.

These measurements are taken from the photograph. Measurements taken from Professor

Beecher's drawing, which was made with the camera lucida, give a total length of 4.57 mm.,

the distance to the outer end of the meropodite being 2.3 mm. and thence to the tip of the

dactylopodite 2.27 mm. Detailed measurements of the segments, on the photograph, are as

follows: coxopodite, 0.321 nmi.; basipodite, 0.78 mm. : i.schiopodite, 0.68 mm. ; meropodite,

0.642 mm.; carpopodite, 0.642 mm.; propodite, i.oi mm., dactylopodite, 0.825 mm.

Specimen No. 235 (pi. 7, fig. 2; pi. 8, fig. 3; pi. 9, figs, i, 2).

Illustrated: Amer. Jour. -Sci., vol. 49, 1895, pi. 3, figs. 5. 6.

Specimens 235 and 236 were originally parts of an entire Cryptolithus, but, as

Professor Beecher has explained, the specimen was cut in two longitudinally on the median

line, and the hahes transversely just liack of the cephalon, so that each now represents one

half of a thorax and pygidium. Both halves have been cleaned from both upper and lower

side, a perfectly marvelous piece of work, for the thickness is no greater than that of a

thin sheet of paper, and the soft shale of the matrix has a very slight cohesive power.

Both sides of specimen 235 were figured, but the dorsal side was apparently then some-
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what less fully developed than at present. On plate 9 are two figures in whicli specimens

235 and 236 are brought together again, and both dorsal and ventral sides illustrated.

On the dorsal side, specimen 235 shows portions of three exopodites whicii lie in a

direction roughly parallel to the outer portions of the endopodites on the lower side, tliat is,

their direction if projected would reach the axis in an acute angle back of the end of the

pygidium. The set;e stand at right angles to the shaft, and on a portion of it 0.5 mm. long

there are seven of them. This is a fragment of an exopodite near the front of the thorax,

and the seta, which are flattened, are about 1.63 mm. long.

On the ventral side this same specimen shows incomplete endopodites and exopodites of

about- seventeen segments, six of which would belong to the thorax and the remainder to

tlie pygidium. The greater part of the appendages belonging to the pygidium are exceedingly

small (about 0.15 mm. long) and so incompletely exposed that tlie structure can not be

definitely made out.

The endopodites of the thoracic segments ail lack the greater part of their proximal

segments and are all of practically the same form. They turn abruptly backward at tlie

outer end of the meropodite, and the carpopodite of each is greatly widened, projects inward

and is armed with tufts of spines. The propodite and daciylopodite are wide, flattened,

and taper but slightly outward, the dactylopodite bearing on its distal end a tuft of spines.

On several of the endopodites, the meropodites are visilile and they l)ear on their inner ends

fringes of spines pointing inward. Behind these well preserved appendages the proximal

segments of several endopodites are visible, and a regular succession of flattened, oval bodies

armed with numerous forward-pointing spines. These latter bodies Professor Beecher took

to be leaf-like exopodites, which they certainly resemble, and as they lie beyond the line of

endopodites they probably do belong to the outer halves of the appendages.

The exopodites under the thorax are long, the shaft shows numerous short segments,

and is in each case bent backward, though not through a right angle. They extend consid-

erably beyond the endopodites. The setse do not diverge from the shaft at a right angle

as on the dorsal side of this same specimen, but at an acute angle, indicating that they were

not rigid. The individual hairs are broad and blade-shaped, frequently with a linear depres-

sion along the median line, perhaps due to collapse of the internal tube.

Measurements: The greatest length of the fragment in its present state is 5 mm. The

dactylopodite of the second endopodite (without terminal spines) is 0.18 mm. long, the propo-

dite 0.23 mm. long and 0.15 mm. wide; the carpopodite is 0.24 mm. long and 0.38 mm. wide.

All measurements were made on the photographs.

Specimen No. 236 (pi. 7, figs. 3-5; pi. 9, figs. 1,2); (text fig. 45).

The right half of the same thorax and pygidium as specimen No. 235.

The specimen is cleaned from both upper and lower sides and, the dorsal test being re-

moved, reveals the long blade-like set£e of the exopodites, each blade being concave along

its median line. They are long on the exopodites of the thoracic segments, but become shorter,

without, however, any visible change of form on the pygidium. Although the posterior end

is not well preserved, one gets no suggestion from a study of this side of the specimens that

the exopodites of the posterior end are in any striking way different from those of seg-

ments further forward. The tips of some of the sel;e show minute spines, one to each

blade.
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On tlie ventral side are a minil:)er of endopodites, but they are more fragmentary than

those of the other half of the specimen. Some of the exopodites are well shown, the blades

being in all cases broken from the shaft. Two of the endopodites of this specimen are of

especial interest, as they have interarticular meml)rancs between the last three segments.

Professor Beecher made a drawing of one of these which he placed mider his pen drawing

(text fig. 45).

Measurements: The specimen is 5 mm. long from the front of the second thoracic

segment to tlie end of the pygidium. The setae on the exopodites of the anterior thoracic

segments arc 1.7 mm. long, as exposed from the dorsal side. Some of those on the posterior

part of the pygidium, only incompletely exposed, are 0.31 mm. long.

The dactylopodite of the first endopodite showing tlie articular membranes is 0.23 mm.

Fig. 46.

—

Crypolithus tcsscUatus Green. A part of a thorax and pygidium,

showing appendages. Drawn by Professor Beecher. Specimen 238. X 10.

long and 0.13 mm. wide. The propodite is of the same length and 0.17 mm. wide. -The

interarticular membrane between them is 0.066 mm. thick. The spines on the dactylopodite

of this appendage are 0.15 mm. long. All measurements were made on photographs.

Specimen No. 238 (pi. 8, fig. 4; text fig. 46).

A triangular specimen consisting of the greater part of a pygidium and parts of all the

thoracic segments. Under the thorax the specimen has been so cleaned that the outer por-

tions of the endopodites are well shown, while under the pygidium the greater part of the

endopodites seem to have been removed, disclosing the set^e of the exopodites. As in other

specimens, the endopodites of the thorax turn backward at the distal end of the carpopo-

dite, which is broad and curved, and bears a tuft of spines on the posterior margin. The

dactylopodites seem to preserve their natural shape, and are very nearly cylindrical in form.

Under the pygidium are several sets of overlapping fringes of setae of exopodites, and along

the edge of the dorsal furr(_)w, a number of fragments of seginents of what may be coxopo-

dites while with them are a number of fragmentary shaft of exopodites.

Measurements: The pygidium is 3.3 mm. long, the thorax 3 mm.
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PLATE I. . .

.
Photographs of Triarthrus bccki, made by C. E. Beecher.

Fig. I.—Specimen 213. The dorsal test has been removed from the glabella, reveal-

ing the outline of the posterior end of the hypostoma, the proximal ends of tlie antennules,

the gnathites, and incomplete endopodites of some appendages, x 5.43.

Fig. 2.—Specimen 214. The head of a complete large specimen. Part of the thorax

is shown on pi. 3, fig. 6. Note especially the form of the segments of the endopodites and
of the anterior coxopodite on the right side, x 7.33.

Fig. 3.—Specimen 217.. This specimen shows better than any other the form of the

gnathites of the cephalon. Note also the setje of the exopodites under the cheek at the right.

The appearance of a hook on the posterior gnathite on the right may be accidental, but it

does not show broken edges, x 6.85.

Fig. 4.—Specimen 215. The ventral side of the cephalon of a small entire specimen.

Shows well the form of some of the gnathites and a few of the endopodites. Note the

unusual position of the antennules. x 7.63.

Fig. 5.—Specimen 226. This specimen did not photograph well, but is important as

showing the exopodites and endopodites emerging from under the cephalon. x about 6.



MEM. CONN. ACAD., VOL. VII. PLATE I.

MELIOTYPE CO. BOSTON







PLATE 2.

Photographs of Triarthnis bccki, made by C. E. Beecher.

Fig. I.—Specimen 201. The entire specimen, details of which arc sliown in pi. 3,

fig. 4 and pi. 4, figs. I, 2. The dorsal test has Ijcen removed from the anterior segments

on the right side. X4.12.

Fig. 2.—Specimen 206. A small individual with the endopodites, and the exopodites

minus tlieir setas, well preserved on the left side. Note the position of the antenmiles. The

course of the facial suture is imusually well shown, x 10.

Fig. 3.—Specimen 210. The specimen which served as the main basis for Professor

Beecher's first figure of the appendages of the*thora.x, specimen 206 (fig. 2, this plate) hav-

ing supplemented it. Note the "normal" position of the antennules and the extension of

the appendages from beneath the pleural lobe. Specimens with the antennules in this posi-

tion may possibly be males, x 4.

Fig. 4.—Specimen 205. .A small specimen with some of the appendages preserved,

especially toward the posterior end, but particularly valuable for the unusually well pre-

served metastoma. x 11.

Fig. 5.—Specimen 211. A small cephalon, cleaned from the ventral side, and show-

ing well the gnathites which approach each other unusually closely on the median line.

X 10.5.

Fig. 6.—Specimen 219. An entire specimen of medium size, developed from the ven-

tral side. It shows particularly well the "normal" curvature of the antennules, the change

in form of the segments of the endopodites from cephalon to pygidium, and, along the axial

lobe, the apodemes of the ventral integument. See also pi. 4, fig. 4. x 3.6.
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PLATE 3.

Photographs of Triartlinis bccki, made by C. E. Beecher.

Fig. I.—Specimen 204. See also text fig. 42 and pi. 4, fig. 6. The exopodites and

endopodites of the first few segments of this specimen are better preserved than those of

any other revealing them from the dorsal side, x 9.5.

Fig. 2.—Specimen 220. A large individual exposed from the lower side. It shows

well the endopodites and part of the exopodites, and, rather l)etter than any other specimen,

the endobases of the coxopodites. :< 2.4.

Fig. 3.—Specimen 216. A small entire specimen showing considerable of the detail of

the appendages of the cephalon. and some of those of the remainder of the body, x 7.4.

Fig. 4.—Specimen 201. This figure shows the details of the appendages of the left

side and of the pygidium. Note the plate on the median line back of the pygidium, the

sockets for spines, and the terminal spines on the anterior endopodites. See also pi. 2, fig.

I and pi. 4, figs. I, 2. X7.1.

Fig. 5.—Specimen 207. One half of the posterior part of the thorax and pygidium,

showing exopodites and endopodites as seen from the dorsal side, x 7.6.

Fig. 6.—Specimen 214. The exopodites have been turned back nearly parallel to the

axis of the shell. Notice particularly the long flattened set^e and the spinose spatula-shaped

terminal portion of each shaft. See also pi. i, fig. 2. x 7.
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I'LATh: 4.

Photdjjjraplis of Triarfliriis bccki. made by C. E. Bet-clier.

Fig. I.—Specimen 201. Another photograph, similar to fig. 4, pi. 3, hut .'showing more

clearly some details of spines on the endopodites. x 12.66.

Fig. 2.—Specimen 201. Three appendages on the right side of the thorax. See also

pi. 2, fig. I and pi. 3, fig. 4. X 12.66.

Fig. 3.—Specimen 223. A small crushed specimen which nevertheless shows well the

appendages of the right side of the thorax, developed from the ventral side. Note coxopo-

dites, exopodites, and endopodites, and that all appendages are moved equally laterally from

their original i)osition. ::ii.4.

Fig. 4.—Specimen 219. Another photograph, with different lighting, of the individual

shown in pi. 2, fig. 6. This print brings out better the coxopodites and the folds of the

ventral membrane, x 3.23.

Fig. 5.—Specimen 222. This specimen is interesting, because it shows the endopodites

in what is probably their natural position, that is, in a plane nearly vertical to the plane

of the body, instead of being flattened down, as is usually the case. The appendages under

the pygidium are unusually well preserved, x 12.

Fig. 6.—Specimen 204. Photograph of the entire specimen of which a part is shown
in text fig. 42 and pi. 3, fig. i. X4.5.



MEM. CONN. ACAD., VOL. VII. PLATE IV.







PLATE 5.

Photographs of Triartlirus bcclci. made l)y C. E. Beecher.

Fig. 1.—Specimen 209. Photograph of the pygidium shown in \A. 6, fig. 2. This

si)ecimen siiows especially well the way in which tlie exopodites of the pygidium decrease

in length backward. XII.5.

pjo- 2.—Specimen 229. The under side of the posterior end of a medium-sized speci-

men, showing the appendages, especially the endopodites. On and among the limbs are

scattered numerous minute spheres of pyrite, of the kind usually known as "triloliite eggs."

They do not show very well in the photograph, but can lie made out much more clearly

with a hand lens, x 12.

h"ig. 3.—Specimen 230. A specimen showing the appendages of the posterior part

of the th(jrax and the pygidium. The same individual is also shown in text fig. 44. Note

parlicularlv the form of the segments of the endopodites, and the spines on them. :: 13.

]-'ig. 4.—Specimen 22J. The small doubly curved Ixxlies .shown in this figure lie under

the axial portion of the cephalon and anterior part of the thorax. The specimen still has

a very thin coating of matrix between it and the shell. Whether the curved bodies have

anything to do with the trihibite is not known. . about 12.

Fig. 5.—Sijecimen 221. A small intlividual \sdiich shows well the exopodites of the

posterior ])art of the thorax. Note the spatulate terminations and the spines of the shaft.

XII. .

Fig. 6.—Specimen 202. Posterior part of the thorax and pygidium, showing endopo-

dites and exopodites projecting under the dorsal test. Note the spiniferous plate on the median

line, a:iil the large opening in the anterior portion of it. x 9.75.
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PLATE 6.

All figures except 4 and 5, from pliotographs by C. E. Beechcr.

Pig. I.

—

Triarihrus bccki. Specimen 203. A well preserved small individual, showing

the appendages of the right side of the thorax, x 11.46.

Fig. 2.

—

Triarfhriis hccki. Specimen 209. A well preserved individual, showing the

antennules and some appendages of thorax and pygidium. For detail of the pygidium, see

pi. 5, fig. I. X4-

Fig. 3.

—

Triarthrus bccki. Specimen 21 8. \"entral side of the pygidium and greater

part of the thorax of an individual of medium size. Note especially the relation of exopo-

dites to endopodites of the last two thoracic segments. A drawing of these appendages is

shown on text fig. 43. x 4.3.

Figs. 4 and 5.—Endopodites, probably from a species of Calyiiicnc. These specimens,

with .several others, are on a small slab of limestone from the Point Pleasant (Trenton) beds

opposite Cincinnati, Ohio. Specimen in the U. S. National Aluseum. Photographs by R. S.

Bassler.

Fig. 6.

—

.Icidaspis irciitonciisis Walcott. Both the specimen, No. 245, and the photo-

graph are poor, but show that in this genus the endopodites are like those of Triartlinis.

X8.5.

Fig. 7.

—

Crxptolillnis tcsscllatus Green. Specimen 234. This specimen shows well the

liackward directed antennules and also the outer segments of some of the cephalic endopo-

dites. XII.
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PLATE 7.

Photographs of Cryplolitlms tcssellatiis Green, made liy C. E. Beecher.

Fig. I.—S])ecinien 233. Tlie best preserved individual, tlie one from which Professor

Beecher's drawing (text fig. 45) was made, and which served as tlie principal basis for the

restoration (text fig. 20). Note the long, backward directed antennules, the abrupt back-

ward turn of the outer portions of the endopodites, the way in which the exopodites extend

beyond the endopodites, and the fact that all are beneatli the cover of the dorsal shield.

The hypostoma is turned entirely around, x 10.9.

Fig. 2.—Specimen 235. Half of the thorax and p}-gidium, with the appendages re-

vealed from the ventral side. Note the abrupt manner in which the outer portions of the

endopodites are turned backward. See also pi. 8, fig. 3, and pi. 9, fig. i (right half), x 14.45.

Fig. 3.—Specimen 236. Detail from fig. 4, to show the blade-like set:e of the exopo-

dites and the numerous terminal spines of the endopodites. x 30.

Fig. 4.—Specimen 236. The appendages of the thorax and pygidium, seen from the

lower side. Si)ecimen 236 is the right half of the same individual from which specimen 235

was obtained. Note the interarticular membranes between the segments of the endopodites

and the Uade-like set;e of the exopodites. See also pi. 9, fig. i (left side), x 19.

Fig. 5.—Specimen 236. The same specimen, seen from the dorsal side, showing, when

the test is removed, the long 1)lade-like set;e of the exopodites. See also pi. 9, fig. 2 (right

half), x 19.
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PLATE S.

Photograplis of Crvpfolitlnis tcsscllatus (Ireen, made by C. E. Beecher.

Fig. I.—Specimen 231. A nearly complete individual, cleaned from the ventral side

and sliowing obscurely the hypostoma and fragments of numerous appendages. Note the

lines of appendifers along the sides of the axial lobe. xii.

Fig. 2.—Specimen 2^2. Although this is not very well preserved, it shows more of

the cephalic appendages than any other. Even so, only just enough is shown to indicate

that they were similar to those on the thorax, x 13.

Fig. 3.—Specimen 235. Dorsal side of the appendages of the thorax and pygidium.

See pi. 7, fig. 2 for the ventral view. On pi. 9, fig. 2 (left side) is a drawing taken from

the same specimen, x 1 1

.

Fig. 4.—Specimen 238. Part of a thora.x and pj-gitlium, seen from the ventral side.

The series of heavy segments shown in the upper part do not belong to one appendage, but

are the distal ends of several endopodites. See also text fig. 46 for a drawing of this speci-

men. X 18.

I^'§'- 5-—Specimen 2^/. Pygidium and part of the thorax, with some of the appen-

dages. XII.
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PLATE 9.

Crypfolitliits Icsscllaliis Green. Upper drawing by C. E. Jieeclier; lower drawing by Miss

F. E. Isham, under the direction of C. E. Beecher.

Fig. I.—Appendages of the thorax and pvgidiuni, seen from tlie ventral side. These

are not restorations, Ijut drawings from the halved individual numbered 236 (right side of

drawing) and 235. For photographs of these specimens, see pi. 7, figs. 2, 4. ;: 20.

Fig. 2.—Appendages of the thorax and pygidium, seen from the dorsal side. Same
specimen as in fig. i. For photographs, see pi. 7, fig. 5, a)id pi. 8, fig. 3. :. 20.
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PLATE lo.

From photographs made 1)y C. E. Beecher.

Fig. I.

—

Isofclus latus Raymond. Ventral surface of the specimen in the Victoria

Memorial Museum at Ottawa, Canada. Note the large, club-shaped coxopodites and the

more slender endopodites. The first large coxopodite back of the hypostoma belongs to

the last pair of cephalic appendages. The coxopodite of the appendage in front of it is seen

turning in beneath the tip of the hypostoma. x 2.

Fig. 2.

—

Isotehis iini.viiinis Locke. The ventral side of the specimen described b}' Mickle-

borough and now in the V. S. National Museum. The tips of the hypostoma may be seen

at the front, and the first two pairs of coxopodites behind them belong to the last two pairs

of appendages of the cephalon. Note how much stronger the coxopodites are than the en-

dopodites. The appendages of the pygidium show but poorl}'. >: T.45.
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PLATE II.

Ccraiiriis plcitrcxantJiciuus Green. A restoration of the ventral surface and appen-

dages, made by Doctor ]''lvira W'ootl, under the supervision of the writer, fr(_ini data obtained

from the transhicent slices ])repared and descrilied liy Doctor Walcott. >: 5.
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