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STATUTES

‘AND

STANDING VOTES

OF THE

AMERICAN ACADEMY OF ARTS AND SCIENCES.

(Adopted May 80, 1854 : amended September 8, 1857, November .12, 1862, May 24, 1864, November 9, 1869,
and March 14, 1870.) .

CHAPTER 1.
Or FELLOWS AND Fo'RmGN HoNORARY MEMBERS.

1. Tee Academy consists of Fellows and Foreign Homorary Members. They are arranged
in three classes, according to the Arts and Sciences in which they are severally proficient, viz. :
Class I. The Mathematical and Physical Sciences; Class II. The Natural and Physiological
Sciences ; Class III. The Moral and Political Sciences. Each Class is divided info four Sec-
tions, viz.: Class I. Section 1.  Mathematics; Section 2. Practical Astronomy and Geodesy ;
Section 8. Physics and Chemistry; Section 4. Technology and Engineering. Class II. Sec-
tion 1. Geology, Mineralogy, and Physics of the Globe; Section 2. Botany ; Section 3. Zodlogy
and Physiology ; Section 4. Medicine and Surgery. Class ITI. Section 1. Philosophy and Juris-
prudence ; Section 2. Philology and Archzology; Section 8. Political Economy and History ;
Section 4. Literature and the Fine Arts. .

2. Fellows resident in the State of Massachusetts. can alone vote at the meetings of the
Academy.* They shall each pay to the Treasurer the sum of five dollars on admission, and
an annual assessment of five dollars, with such additional sum, not exceeding five dollars,
as the Academy shall, by a standing vote, from time to time determine.

8. Fellows residing out of the State of Massachusetts shall be known and distinguished as
Associate Fellows. They shall not be liable to the payment of any fees or annual dues, but,

* The number of Reésident Fellows is limited by the Charter to 200.
VOL. IX. a
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on removing within the State, shall be admitted to the privileges, and be subject to the obliga-
tions, of Resident Fellows. The number of Associate Fellows shall not exceed one hundred, of
whom there shall not be more than forty in either of the three classes of the Academy.

4. The number of Foreign Honorary Members shall not exceed seventy-five ; and they shall
be chosen from among persons most eminent in foreign countries for their discoveries and
attainments in either of the three departments of knowledge above enumerated. And there
shall not be more than thirty Foreign Members in either of these departments.

/
/

CHAPTER 1II.
OF OFFICERS.

1. There shall be a President, a Vice-President, a Corresponding Secretary, a Recording
Secretary, a Treasurer, and a Librarian, which officers shall be annually elected, by written
votes, at the Annual Meeting, on the day next preceding the last Wednesday in May.

2. At the same time and in the same manner, nine Councillors shall be elected, three from
each Class of the Academy, who, with the President, Vice-President, and the two Secretaries,
shall constitute a Council for Nomination. It shall also be the duty of this Council to exercise
a discreet supervision over all nominations and elections, and to exert their influence to obtain
.and preserve a due proportion in the number of Fellows and Members in each of the Sections.

8. If any office shall become vacant during the year, the vacancy shall be filled by a new
election, and at the next stated meeting.

CHAPTER III.
OF THE PRESIDENT.

1. Tt shall be the duty of the President, and, in his absence, of the Vice-President or next
officer in order, as above enumerated, to preside at the meetings of the Academy; to summon
éxtraordinary meetings, upon any urgent occasion ; and to execute or see to the execution of
the Statutes of the Academy.

2. The President, or, in his absence, the next officer as above enumerated, is empowered
to draw upon the Treasurer for such sums of money as the Academy shall direct. Bills
presented on account of the Library, or the publications of the Academy, must be previously
approved by the respective committees on these departments.
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8. The President, or, in his absence, the mnext officer as above enumerated, shall nominafe .
members to serve on the different committees of the Academy which are not chosen by ballot.

4. Any deed or writing, to which the common seal is to be affixed, shall be signed and
sealed by the President, when thereto authorized by the Academy.

CHAPTER IV.
OF STANDING Commmns.

1. At the Annual Meeting there shall be chosen the following Standing Committees, to
serve for the year ensuing, viz.: —

2. The Committee of Finance, to consist of the President, Treasurer, and one Fellow chosen
by ballot, who shall have charge of the investment and management of the funds and frusts
of the Academy. - The general appropriations for the expenditures of the Academy shall be
" moved by this Committee at the Annual Meeting, and all special appropriations from the

general and publication funds shall be referred to or proposed by this Committee. '

8. The Rumford Committee, of seven Fellows, to be chosen by ballot, who shall consider
and report on all applications and claims for the Rumford Premium, also on all appropriations
from the income of the Rumford Fund, and generally see to the due and proper execution
of this trust.

4. The Committee of Publication, of three Fellows, to whom all memoirs submitted to the
- Academy shall be referred, and to whom the printing of memoirs accepted for publication shall
be intrusted. .

6. The Committee on the Library, of three Fellows, who shall examine the Library, and

make an annual report on its condition and management.
/

6. An Auditing Committee, of two Fellows, for auditing the accounts of the Treasurer.

- CHAPTER V.
OF THE SECRETARIES.

. 1. The Corresponding Secretary shall conduct the correspondence of the Academy, recording
or making an entry of all letters written in its name, and preserving on file all letters which are
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received ; and at each meeting he shall present the letters which have been addressed to the
Academy since the last meeting. With the advice and consent of the President, he may effect
- exchanges with other scientific associations, and also distribute copies of the publications of the
Academy among the Associate Fellows and Foreign Honorary Members, as shall be deemed
expedient; making a report of his proceedings at the Annual Meeting. Under the direction of
the Council for Nomination, he shall keep a list of the Fellows, Associate Fellows, and Foreign
Honorary Members, arranged in their Classes and in Sections in respect to the special sciences
in which they are severally proficient; and he shall act as secretary to the Council.

2. The Recording Secretary shall have charge of the Charter and Statute-book, journals, and
all literary papers belonging to the Academy. He shall record the proceedings of the Academy
at its meetings ; and after each meeting is duly opened, he shall read the record of the preceding
meeting. He shall notify the meetings of the Academy, and apprise committees of their appoint
ment. He shall post up in the Hall a list of the persons nominated for election into the Act;.demy;
and when any individual is chosen, he shall insert in the record the names of the Fellows by
whom he was nominated.

8. The two Secretaries, with the Chairman of the Committee of Publication, shall have
authority to publish such of the proceedings of the Academy as may seem to them calculated
to promote the interests of science.

CHAPTER VI.
OF THE TREASURER.

1. The Treasurer shall give such security for the trust reposed in him as the Academy
shall require.

2. He shall receive officially all moneys due or payable, and all bequests or donations made
to the Academy, and by order of the President or presiding officer shall pay such sums as the
Academy may direct. He shall keep an account of all receipts and expenditures; shall submit
his accounts to the Auditing Committee ; and shall report the same at the expii-ation of his
term of office.

.8. The Treasurer shall keep a separate account of the income and appropriation of the Rum-
ford Fund, and report the same annually.

4. All moneys which there shall not be present occasion to expend shall be invested by the
Treasurer, under the direction of the Finance Committee, on such securities as the Academy
shall direct.
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5. The- Treasurer shall have the power, with the consent of the Committee of Finance, to
remit the admission fee of five dollars, and likewise any annual assessment above the sum of
two dollars, in all such cases as he shall deem reasonable and proper.

CHAPTER VII.
OrF THE LIBRARIAN AND LIBRARY.

1. Tt shall be the duty of the Librarian to take charge of the books, to keep a correct catalogue
of the same, and to provide for the delivery of books from the Library. He shall also have
the custody of the publications of the Academy.

2. The Librarian, in conjunction with the Committee on the Library, shall have authority to
expend, as they may deem expedient, such sums as may be appropriated, either from the Rum-
ford or the General Fund of the Academy, for the purchase of books and for defraying other
necessary expenses connected with the Library. They shall have authority to propose rules and
regulations concerning the circulation, return, and safe-keeping of books; and to appoint' such
agents for these purposes as they may think necessary.

3. To all books in the Library procured from the income of the Rumford Fund, the Librarian
shall cause a stamp or label to be affixed, expressing the fact that they were so procured.

4. Every person who takes a book from the Library shall give a receipt for the same to the
Librarian or his assistant.

6. Every book shall be returned in good order, regard being had to the necessary wear of the
book with good usage. And if any book shall be lost or injured, the person to whom it stands
charged shall replace it by a new volume or set, if it -belong to a set, or pay the current price
of the volume or set to the Librarian; and thereupon the remainder of the set, if the volume
belonged to a set, shall be delivered to the person so paying for thé same.

6. All ‘books shall be returned to the Library for examination, at least one week before the
Annual Meeting.

CHAPTER VIIIL
OF MEETINGS.

1. There shall be annually four stated meetings of the Academy; namely, on the day next
preceding the last Wednesday in May (the Annual Meeting), on the second Wednesday in
August, on the second Wednesday in November, and on the last Wednesday in January; to
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be held in the Hall of the Academy, in Boston. At these meetings only, or at meetings ad-
journed from these and regularly notified, shall appropriations of money be made, or alterations
of the statutes or standing votes of the Academy be effected.

2. Fifteen Fellows shall constitute a quorum for the transaction of business at a stated meet-
ing. Seven Fellows shall be sufficient to constitute a meeting for scientific communications and
discussions. - :

‘8. The Recording Secretary shall notify the meetings of the Academy to each Fellow residing
in Boston and the vicinity ; and he may cause the meetings to be advertised, whenever he deems
such further notice to be needful. '

CHAPTER IX.

Or tHE ELECTION OF FELLOWS AND HONORARY MEMBERS,

1. Elections shall be made by ballot, and only at the stated meetings in May, November, and

January. .

2. Candidates for election as Resident Fellows must be proposed by two or more Resident
Fellows, in a recommendation signed by them, specifying the section to which the nomination is
made ; which recommendation shall be read at a stated meeting, and then stand on the nomina-
tion list during the interval between two stated meetings, and until the balloting. No person
shall be elected a Resident Fellow, unless he shall have been resident in this Commonwealth one
year next preceding his election ; and any Resident Fellow, hereafter elected, who shall reside
out of the Commonwealth for the term of five years, and shall discontinue the payment of his
assessments during that time, shall be deemed to have abandoned his fellowship ; provided, nev-
crtheless, that this abandonment of fellowship for non-residence shall not apply to persons
engaged in the service of the State, or of the United States.

8. The nomination of Associate Fellows shall take place in the manner prescribed in reference
to Resident Fellows; and after such nomination shall have been publicly read at a stated meet-
ing previous to that when the balloting takes blace, it shall be referred to a Council for Nomina-
tion; and a written approval, authorized and signed at a meeting of said Council by at least
seven of its members, shall be requisite to entitle the candidate to be balloted for. The Council
may in like manner originate nominations of Associate Fellows; which must be read at a stated
meeting previous to the election, and be exposed on the nomination list during the interval.

4. Foreign Honorary Members shall be chosen only after a nomination made at a meeting of the
Council, signed at the time by at least seven of its members, and read at a stated meeting previous
to that on which the balloting takes place.
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5. Three fourths of the ballots cast must be affirmative, and the number of affirmative ballots
must amount to eleven, to effect an election of Fellows or Foreign Honorary Members.

6. Each section of the Academy is empowered to present lists of persons deemed best qualified
to fill vacancies occurring in the number of Foreign Honorary Members or Associate Fellows al-
lotted to it ; and such lists, after being read at a stated meeting, shall be referred to the Council
for Nomination. A

CHAPTER X.

OF AMENDMENTS OF THE STATUTES.

1. All proposed alterations of the Statutes, or additions to them, shall be referred to a com-
mittee, and, on their report at a subsequent meeting, shall require for enactment a majority of two
thirds of the members present, and at least eighteen affirmative votes.

2. Standing Votes may be passed, amended, or rescinded, at any stated meeting, by a majority
of two thirds of the members present. They may be suspended by a unanimous vote.

QHAPTER XI.
OF LITERARY PERFORMANCES.

1. The Academy will not express its judgment on literary or scientific memoirs or performances
submitted to it, or included in its publications.

RUMFORD PREMIUM.

In conformity with the last will of Benjamin Count Rumford, granting a certain fund to the
American Academy of Arts and Sciences, and with a decree of the Supreme Judicial Court for
carrying into effect the general charitable intent and purpose of Count Rumford, as expressed in
his said will, the Academy is empowered to make from the income of said fund, as it now exists,
at any annual meeting, an award of a gold and silver medal, being together of the intrinsic value
of three hundred dollars, as & premium, to the author of any important discovery or useful im-
provement in light or in heat, which shall have been made and published by printing, or in any
way made known to the public, in any part of the continent of America, or any of the American
islands ; preference being always given to such discoveries as shall, in the opinion of the Academy,
tend most to promote the good of mankind ; and to add to such medals, as a further premium for
such discovery and improvement, if the Academy see fit so' to do, a sum of money not exceeding
three hundred dollars. '
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STANDING VOTES.

1. Communications of which notice has been given to the Secretary shall take precedence of
those not so notified.

2. Resident Fellows who have paid all fees and dues chargeable to them are entitled to receive
one copy of each volume or article printed by the Academy, on application to the Librarian per-
sonally or by written order, within two years from the date of publication. And the current issues
of the Proceedings shall be supplied, when ready for publication, free of charge to all the Fellows
and Members of the Academy who desire to receive them.

8. The Committee of Publication shall fix from time to time the price at which the publica-
tions of the Academy may be sold. But members may be supplied at half this price with volumes
which they are not entitled to receive free, and which are needed to complete their sets.

4. One hundred extra copies of each paper accepted for the Memoirs of the Academy shall be
separately printed, of which fifty shall be placed at the disposal of the author, free of charge.

5. Resident Fellows may borrow and have out from the Library six volumes at any one time,
and may retain the same for three months, and no longer. '

6. Upon special application, and for adequate reasons assigned, the Librarian may permit a
larger number of volumes, not exceeding twelve, to be drawn from the Library, for a limited
period. -

7. Works published in numbers, when unbound, shall not be taken from the Hall of the Acad-
emy, except by special leave of the Librarian.

8. Books, publications, or apparatus shall be procured from the income of the Rumford Fund
only on the certificate of the Rumford Committee, that they, in their opinion, will best facilitate
and encourage the making of discoveries and improvements which may merit the Rumford
Premium.

9. The annual assessment upon Resident Fellows shall be eight dollars, until otherwise ordered.

10. The annual meeting shall be holden at half past three o’clock, P. M. The other stated
meetings at half past seven o’clock, p. M.

11. A meeting for receiving and discussing séientific communications shall be held on the
second Tuesday of each month, excepting the three summer months.

[ 4
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FELLOWS.

" CLASS

Mathematical and Plysical Seiences.

Secrion L

Mathematics.
Ezekiel B. Elliott, ‘Washington, D. C.
William Ferrel, Cambridge.
Benjamin A. Gould, Cambridge.
Gustavus Hay, Boston.

. John B. Henck, Boston.

Thomas Hill, ‘Waltham.
Edward Pearce, Providence, R. 1.
Benjamin Peirce, Cambridge.
James M. Peirce, Cambridge.
John D. Runkle, Boston.
Edwin P. Seaver, Cambridge.
Chauncey Wright, Cambridge.
Joseph Winlock, Cambridge.

SectioNn IL
Practical Astronomy and Geodesy.

J. Ingersoll Bowditch, Boston.
Alvan Clark, Cambridgeport.
Henry Mitchell, Needham,
Robert Treat Paine, Boston.
William A. Rogers, Cambridge.
George M. Searle, New York.
Henry L. Whiting, Boston.
Secrion IIIL

Physics and Chemistry.
Joseph Hale Abbot, Beverly.
John Bacon, Boston.
John H. Blake, Boston.
Thomas Edwards Clark, Williamstown.
W. J. Clark, ‘Ambherst.
Josiah P. Cooke, Jr., Cambridge.
James M. Crafts, Boston.
William P. Dexter, Roxbury.
Charles W. Eliot, Cambridge.

b

Moses G. Farmer,
‘Wolcott Gibbs,
Augustus A. Hayes,
Eben N. Horsford,
T. Sterry Hunt,

- Charles L. Jacksen,

Joseph Lovering,
John M. Merrick,
William R. Nichols,
John M. Ordway,

Edward C. Pickering,

Edward S. Ritchie,
S. P. Sharples,
Frank H. Storer,
John Trowbridge,
Cyrus M. Warren,

.Salem.

Cambridge.
Roxbury.
Cambridge.
Boston.
Cambridge.
Cambridge.
Boston.
Boston.
Boston.
Boston.
Boston.
Cambridge.
Boston.
Cambridge.
Boston.

Secrion IV.
Techriology and Engineering.

Henry L. Abbot,

G. R. Baldwin,
John M. Batchelder,
C. O. Boutelle,
Edward C. Cabot,
Henry L. Eustis,
James B. Francis,
John C. Lee,
William R. Lee,

Alfred P. Rockwell,

John Rodgers,
Stephen P. Ruggles,
Charles S. Storrow,
William H. Swift,
John H. Temple,
William R. Ware,
William Watson,
Morrill Wyman

Cambridge.
Quebee, Canada.
Cambridge.
‘Washington, D. C.
Boston.
Cambridge.
Lowell.

Salem.

Roxbury.

Boston. )
‘Washington, D. C.
Boston,

Boston.

Boston.

Boston.

Boston.

Boston.
Cambridge.
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CLASS IL

Natural and Physiological Sciences.

Sectioxn L.

Geology, Mineralogy, and Physics of the Globe.

Thomas T. Bouvé, Boston.
William T. Brigbam, Boston.
Algernon Coolidge, Boston.
Joha L. Hayes, Cambridge.
Charles T. Jackson, Boston.
Jules Marcou, Cambridge.
William H. Pettee, Cambridge.
Raphael Pumpelly, Cambridge.
William B. Rogers, Boston.
Nathaniel S. Shaler, Cambridge.
Charles U. Shepard, Ambherst.
Josiah D. Whitney, Cambridge.

Section II

Botany.

Jacob Bigelow, Boston.
George B. Emerson, Boston.
Asa Gray, Cambridge.
H. H. Hunnewell, Wellesley.
John A. Lowell, Boston.
John L. Russell, Salem.
Charles James Sprague, Boston.
Edward Tuckerman, Ambherst.

Secrion III.

Zoslogy and Physiology.
Alexander E. R. Agassiz,  Cambridge.
Louis Agassiz, Cambridge.
J. A. Allen, Cambridge.
Robert Amory, Boston.
Nathaniel E. Atwood, Provincetown.
James M. Barnard, Boston.
Thomas M. Brewer, Boston.
Samuel Cabot, Boston.
George Derby, Boston

John Dean, Boston.
Silas Durkee, Boston.
Herrmann A. Hagen, Cambridge.
Alpheus S. Hyatt, - Salem.
Samuel Kneeland, Boston.
Theodore Lyman, Boston.
Edward S. Morse, Salem.
Alpheus S. Packard, Jr., Salem.
Charles Pickering, Boston.
Francis L. Pourtales, Cambridge.
Frederic W, Putnam, Salem.
Samuel H. Scudder, Cambridge.
D. Humphreys Storer, Boston.
Henry Wheatland, Salem.
James C. White, Boston.
Jeffries Wyman, Cambridge.

SectION IV.

Medicine and Surgery.

Samuel L. Abbot, Boston.
Henry J. Bigelow, Boston.
Henry L Bowditch, "~ Boston.
Henry P. Bowditch, Boston.
Edward H. Clarke, Boston.
Benjamin E. Cotting, Roxbury.
Calvin Ellis, Boston.
Richard M. Hodges, Boston.
Oliver W. Holmes, Boston. .
R. W. Hooper, Boston.
John B. S. Jackson, Boston.
Edward Jarvis, Dorchester.
Charles G. Putnam, Boston.
Edward Reynolds, Boston.
Horatio R. Storer, Boston.
John E. Tyler, Somerville.
J. Baxter Upham, Boston.
Charles E. Ware, " Boston.

Henry W. Williams, Boston.
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CLASS

III.

Moral and Political Seciences.

Secrion 1.

Philosophy and Jurisprudence.
George Bemis, Boston.
George T. Bigelow, Boston.
Francis Bowen, Cambridge.
John Henry Clifford, New Bedford.
Benjamin R. Curtis, Boston.
Richard H. Dana, Jr., Boston.

C. C. Everett, Cambridge.
Horace Gray, Jr., Boston.
Nicholas St. John Green, Cambridge.
Frederic H. Hedge, Cambridge.
L. P. Hickok, Northampton.
Nathaniel Holmes, . Cambridge.

Mark Hopkins,

C. C. Langdell, Cambridge.
Henry W. Paine, Cambridge.
Joel Parker, Cambridge.
Theophilus Parsons, Cambridge.
Charles S. Peirce, ‘Washington,D.C.
William A. Stearns, Anmlierst.
Benjamin F. Thomas, Boston.
James Walker, Cambridge.
Emory Washburn, Cambridge.
Section IL
Philology and Archeology.
Ezra Abbot, Cambridge.
“ Albert N. Arnold, _ Hamilton, N. Y.
William P. Atkinson, Boston.
H. G. Denny, Boston.
Epes S. Dixwell, Cambridge.
William Everett, Cambridge.
William W. Goodwin, Cambridge.
Ephraim W. Gurney, Cambridge. ’
Horatio B. Hackett, Newton Centre.
George M. Lane, Cambridge.
Chandler Robbins, Boston.
Nathaniel B. Shurtleff, Boston.
E. A. Sophocles, Cambridge,
Edward J. Young, Cambridge.

Williamstown.

Section III.

Political Economy and History.

Charles F. Adams, Jr.,
Erastus B. Bigelow,
Caleb Cushing,
Charles Deane,
Charles F. Dunbar,
Samuel Eliot,

George E. Ellis,
William Gray,
Edward Everett Hale,
J. L. Motley,

Francis Parkman,

A. P. Peabody,
‘Willard Phillips,
Edmund Quincy,
Charles Sumner,
Nathaniel Thayer,
Henry W. Torrey,
Robert C. Winthrop,

SectioN 1IV.

Cambridge.
Boston.
Newburyport.
Cambridge.
Cambridge.
Boston.
Boston.
Boston.
Boston.
Boston.
Brookline.
Cambridge.
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On the Embryology of Echinoderms.

By ALEXANDER AGASSIZ.

Communicated February 2d, 1864.

TrE following account of the embryology of a few of our Echinoderms, though by
no means complete, will fill several of the gaps hitherto existing in the knowledge of
the development of Echinoderms; and in the hope that something may be added to
our understanding of the general plan of development of Echinoderms, it is here given
in its present condition, in order to show how far the plan of development is identical
in the different orders of Echinoderms. I shall take up in turn the Echinoids, Ophi-
urans, and Holothurians, and then compare these different larvee with what we know
already of the development of our common Starfish, to see how close the agreement of
the mode of formation of the young Echinoderm is in these four orders, and to satisfy
ourselves how true are the suggestions made at that time, on a very superficial ac-
quaintance with any other Echinoderm larva except that of Asteracanthion, concerning
the function of many of the organs of these wonderful larve.

TOXOPNEUSTES DROBACHIENSIS Ac.

The larvee of our common Echinus resemble most closely, in some of their earlier
stages, those of Toxopneustes lividus Ag., figured by Miller on Plates VI. and VII. of
his fourth Memoir.* The figures which Miiller gives correspond with what I have

* MULLER, J. Ueber die Larven und die Metamorphose der Echinodermen. Vierte Abhandlung. Ber-
lin, 1852.
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observed in larvee obtained by artificial fecundation. He succeeded in tracing them
for about three weeks, which is not quite as long as I have kept them alive. Miiller
has unfortunately not given us any figures of the very first stages of this species, nor
has he found the adult larvee swimming about immediately before the absorption of the
Pluteus. The series of figures found in this paper will give us a more complete idea
of the different phases of growth of one species of Echinus, than can be gathered from a
comparison even of the different species which Miiller has investigated. It will enable
us to trace the order of appearance of the arms of the Pluteus, and the last changes
which the larva undergoes immediately before the young Sea-urchin has resorbed the
whole framework of the Pluteus.

The process of segmentation of the yolk is entirely similar to what we observe in
the Starfish; the main differences in the eggs are simply of proportion between the
relative size of the yolk-mass and the outer envelope. My observations agree with
the account of the segmentation given by Derbés.* The formation of the « Richtung’s
Bléaschen ” is very easily followed in the Sea-urchin. |

The yolk contracts somewhat immediately after the fecundation takes place, and we
might repeat here, word for word, the description of the changes which the yolk under-
goes in the Starfishes, and have the history of the changes during the segmentation of
the yolk of an Echinus. For an account of this I would refer the reader to the fifth
volume of the Contributions to the Natural History of the United States, by Professor
Agassiz. The embryo, on escaping- from the egg, resembles a Starfish embryo, and it
would greatly puzzle any one to perceive any difference between them. The forma-
tion of the stomach, of the cesophagus, the intestine, and the water-tubes takes place
in exactly the same manner as in the Starfish, the time only at which these different
organs are differentiated not being the same. We have thus very early in the history
of these two orders differences which to a practised eye tell at once to which of them
the young larva belongs. What is a particularly important difference is the forma-
tion in Ophiurans and in Echinoids of calcareous rods at an early period of the larval
condition.

The embryo after its escape from the egg.

In the spherical embryo soon after its escape from the egg we perceive a thicken-
ing of the walls at one of the poles; a depression is then formed at this extremity,
which becomes more and more marked;{ the wall then turns in, and a small cavity

* DerBis. Ann. d. Scien. Nat. 8° Ser. VIIL p. 80. 1847.
t See figs. 4 and 5 of my paper on Asteracanthion in Proc. Am. Acad., Vol. VI., April 14, 1863, which

represent the corresponding stages of the embryo of the Starfish.
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is formed, which goes on increasing in length until we have a hollow cylinder (d)
extending half the length of the larva, as in figs. 1 and 2, which correspond to fig. 6
of my paper referred to above. In the profile, fig. 1, we notice the same tendency
in the digestive cavity (d) to incline towards the lower side, after the dorsal portion
has increased more rapidly, giving the anal part of the larva a bevelled appearance.
In a somewhat older stage, fig. 3, the digestive cavity is still longer, and almost touches
the lower side. We notice a difference between the Starfish and the Sea-urchin in
the time of formation of the alimentary canal, the stomach, and the cesophagus. In
the Starfish the mouth is formed before the differentiation of these organs takes place;
while in the Sea-urchin the mouth is not formed until the alimentary canal and the
cesophagus, as well as the water-tubes, are quite distinctly defined. (See fig. 8.) What
is also peculiar to Echini is the presence of large masses of yolk-cells along the sides
of the digestive cavity, indicative of the great changes which take place at the points
where these masses of yolk-cells are most numerous. 'We have observed that the yolk-
cells are always present wherever any new organ is developed; in these larvee the
appearance of the water-tubes is preceded by an accumulation of yolk-masses at the
extremity of the digestive cavity (see fig. 3); and the place of the limestone rods, fig.
4, 7, is first seen filled by clusters of these yolk-masses, in the midst of which the rods
are deposited. ~Rods extending into the arms are characteristic of Echinoids and
Ophiurans; we find nothing of the kind in Starfish or Holothurian larve.

In the next stage, fig. 4, the original cylindrical digestive cavity has already a de-
cided tendency to differentiation, the walls of the stomach (d) and of the cesophagus (o)
being of very different thickness; from o, the pouches which are to become the water-
tubes (w w’) project far beyond the outline of the digestive cavity. The limestone
rods (' 7/) can faintly be distinguished from the mass of yolk-cells which surround
them. The calcareous cells which take such a great prominence in older larvee (see
fig. 19) make their appearance as early as the stage of fig. 3; they are quite large in
the condition represented in fig. 4. The strong contrast which already exists between
the different parts of the digestive cavity is still more apparent in a stage but slightly
more advanced, fig. 5. The dorsal portion of the larva has up to this time been grow-
ing most rapidly, changing the outline of the larva, particularly when seen in profile;
in the subsequent figures, the outline, when seen from above, is also undergoing great
changes. The larva assumes a more rectangular shape (fig. 6) when seen either from
above or from below. The water-tubes are almost separated from the digestive cavity,
which has been divided into three very distinct regions (¢, d, o, fig. 8), the limestone
rods, simply T-shaped before, fig. 5, are sending off small processes, and the chords



4 ON THE EMBRYOLOGY OF ECHINODERMS.

of vibratile cilia (v, v'), which were a simple button (v, fig. 5), are quite stout, project-
ing beyond the general outline when seen from above or below (fig. 6, v). It is at this
advanced condition only that the cesophagus touches the lower surface, previous to
the formation of the mouth, which takes place only when the larva has reached the
condition of fig. 9. A view of fig. 6 seen from the anal extremity, fig. 7, shows how
far it has lost its cylindrical shape and become wedge-shaped. In fig. 8, which is the
same larva seen in profile, the indentation which indicates the position of the mouth
(m) has changed somewhat the even outline of the lower surface; there is a marked
bending of the alimentary canal, bringing the anal opening (a) still nearer the lower
surface. In fact, since the first formation of an opening in fig. 1 (am), which is at
once strictly mouth and anus, there is a continued tendency to bend the anal part of
the digestive cavity towards the oral surface, even while this single opening performs
the functions of mouth and anus, during the period which precedes the formation of
the mouth, after the alimentary canal, the true stomach, and the cesophagus have
been differentiated. This is somewhat different from what we notice in the Starfish
embryo, where the mouth is formed before the anus has been much bent from its
original position.*

The large accumulations of yolk-masses round the rods + 7 cannot fail to be noticed
in the stages just described, figs. 6, 7, 8. This contrasts strikingly with the Starfish
larve, in which we find nothing of the kind ; the body of the young embryo is quite
remarkable for its great transparency, which only increases with age, while in the
Echinus larve the great accumulations of yolk-masses renders them somewhat opgque
even in their early stages, and the increase of calcareous cells in somewhat more ad-
vanced forms, as ﬁgs. 17, 19, makes it more difficult- than in the Starfish to trace
accurately the minute changes which the rods and water-tubes undergo. We now
come to conditions, figs. 9 and 10, which are sufficiently advanced to enable us by
comparing them with still older forms, such as figs. 16, 17, 19, to form a correct idea
of the mode of transformation from the shape of figs. 9, 10, to the complicated larva
represented in fig. 20. I merely refer to this comparison in a general way, as in the
explanation of the different stages it will be carried out more fully, to call attention to
the periods which first give us a clew to the development of the different parts, by
showing us plainly which portions of the embryo must assume a great prominence,
" and obtain a more rapid development than others, to pass gradually through the stages
which are hereafter figured. In fig. 9 the difference in the rapidity of the development

* See fig. 8, Proc. Am. Acad.,, Vol. V1., quoted above.
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of the two water-tubes w, v/, is quite striking. The left water-tube (w') — left when
seen from the aboral side, the anal extremity being turned down as in these figures —
is fast pushing through the mass of the larva, and finds its way to the surface at about
the .condition represented in fig. 15, where the water-pore, the madreporic body, allows
the watar to enter freely into this water-tube. In a somewhat more advanced larva,
seen obliquely from the oral side, fig. 10, we can trace the mode of development of the
chord of vibratile cilia; it is formed of a single continuous line, extending round the
mouth ; it forms but a single shield, and not two as in the Starfish, where the first
trace of this chord is the appearance of two separate arcs forming eventually two dis-
tinct plastrons. The little larva looks in this condition like a quadrangular pyramid
with & rounded apex and rounded angles at the base. The corners of the base ¢, ¢”
are the origin of the first arms of the larvee (figs. 9, 10). Owing to the great increase
of the dorsal and oral parts of the larve, they change their general appearance very
rapidly. (See figs. 11, 12.) As the intestine becomes more distinct from the stomach,
the angle which their axes make grows more acute (fig. 11 ¢, d); the mouth () is
removed further from the anus. The walls of the cesophagus (o) are now capable of
considerable expansion and contraction; they are much thinner than those of the
intestine or stomach. Fig. 12, which is fig. 11 seen from the oral side, shows the
course of the vibratile chord, the position of the arms ¢, ¢, the great size of the rods
(r'), with their branches, and the difference of level between the opening of the mouth
and anus. From an examination of figs. 11 and 12 the position of the rods can be
determined, one main part extending from the anal extremity to the arms ¢, another
extending in a curved line (fig. 11) from ¢ to ¢, and sending off a small branch which
runs between the anus and the digestive cavity (fig. 12). This will, perhaps, be more
clear on examining the larva in such a way (fig. 18) as to bring the vibratile chord into
the field; this stage does not differ materially from that represented in fig. 10, the
changes which have taken place defining the arms more sharply by the indentations of
the vibratile chord. The intestine, the stomach, and the cesophagus are clearly dis-
tinguished by the different character of their walls. The water-tubes are not united,
and have not increased in size. This condition presents a material difference in the
degree of development when compared with the corresponding stage of a Starfish (fig.
11, Proc. Am. Acad.). Here the water-tubes occupy the most important portion of
the larva, while in the Sea-urchin larva the most striking characteristic is the amount
of room taken up by the stomach and cesophagus compared with that occupied by
the water-tubes. '

In the subsequent stages (figs. 14 and 15), the Echinus larvee have reached forms
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which are already more familiar to us from the drawings of Miller; they resemble
closely some of the figures given by him of Toxopneustes lividus in his fourth Memoir.
A good deal of allowance must be made for the differences of outline between the
figures given here and the drawings of Miller. From the evidence of the drawings
themselves, it is plain that nearly all the specimens drawn by him are compressed.
I have endeavored to represent these larvae as they appear swimming about ; it is by
no means an easy task to follow them in their almost unceasing movements with the
magnifying power required to introduce the necessary details, but I trust I have suc-
ceeded in giving a tolerably accurate idea of their appearance in these outline draw-
ings. In a larva during the tenth day after fecundation (fig. 14), the most important
changes are the increase of the arms ¢, ¢, and the formation of rudiments of another
pair of arms, ¢”; the vibratile epaulettes, v”, as Miiller has called the peculiar accumu-
lation of vibratile cilia situated between the base of the adjoining arms ¢, ¢”, make
their appearance at this stage. It is.easy to follow them from their origin, when they
are simply a thickening of the vibratile chord v”, figs. 14, 15, until they have passed
through the successive stages represented in figs. 16, 17, 19, to attain the great size
observed in fig. 20, when they appear in certain positions as having no connection
whatever with the vibratile chord, and to have originated independently of the main
chord. Miiller had not traced their development, and laid great stress on their pres-
ence in distinguishing the different species of Sea~urchin larvee.

With the development of the arms, the intestine loses its former shape; it has now
assumed the appearance of a large elliptical receiver with thin walls. The stomach is
somewhat dumb-bell-shaped, and the left water-tube connects with the surrounding
water, through the water-pore b, having pushed its way to the surface. The rods keep
pace with the growth of the arms, ﬁg. 15; the water-tubes have not increased in size;
they are still two distinct bodies. The anal part of the outline of the larva is quite
pointed ; the aboral side is regularly arched, with a slight depression at the point
where the water-pore opens, b, fig. 14. The opacity of the larva has increased to such
an extent that it becomes impossible to define clearly the outline of the water-tubes
in the stages which come between figs. 14 and 16. I am unable to state positively
whether the two water-tubes are united in this and older larvee. All I could distinctly
see was the great increase in size of the water-tubes; but at the same time it becomes
a puzzling matter to trace the limits of these tubes, owing to the delicate walls which
bound them. Their presence can only be traced by the fine line which runs across the
cesophagus from each side, and by the water-pore and the tube leading to it; b, fig. 16.

-In a profile view of a larva considerably older than that represented in fig. 15, the




/

ON THE EMBRYOLOGY OF ECHINODERMS. 1

epaulettes, v”, fig. 16, have assumed a more independent position, forming a curve
somewhat similar to the arc from which the median anal arms of the Brachiolaria
are developed ; the third pair of arms bulges out quite prominently, ¢, when seen in
profile ; the fourth pair of arms is visible, ¢’; the rod which eventually extends in the
interior of it is a straight rod () with a slight point in the middle, at present discon-
nected from the remaining part of the calcareous framework. This set of rods and the
fork +””, which extends into the arms e”, take their origin independently from the main
rod, extending from the anal part round by the mouth, from which branches are sent
into the arms ¢ and ¢”. The rod 7’ ultimately combines with the main system, but
the rod »” always remains separate from the others. The position of these rods is
better understood from fig. 17 when seen from the aboral side.

The stage represented in fig. 17 is particularly important, as it is at this time that
we notice the first trace of what I suppose becomes the tentacular pentagon of the
young Sea-urchin. On the left water-tube we notice a very prominent loop, # which,
from its resemblance to the tentacular loops of Brachiolaria and from its position on
the water-tube connecting with the water-pore, I have no hesitation in considering to be
the first tentacular loop formed. Compare figs. 1, 2, of Plate VII. of Miiller’s seventh
Memoir,* where he figures a similar tentacular loop in two different stages of develop-
ment ; unfortunately, there is nothing in the text to explain what Miiller considered
it to be. The relation of this loop to the madreporic body is perfectly plain in this
same larva seen from above as it is floating in the water, fig. 18, the epaulettes
appearing like great flaps extending between the base of the arms ¢’ and ¢”, in con-
tinuation of the chord of cilia extending along these arms.

Figs. 17 and 18 are larvee twenty-three days old ; during the next four days no
change of amy importance could be perceived ; the tentacular loop remained the same,
the arms alone increasing in size, and a few dark pigment spots appeared in the arms.
Unfortunately, at the end of these four weeks the young Sea-urchins all died. I have
only once succeeded in keeping them such a long time, and that was during the coldest
winter weather. In the attempts made in the spring, whenever a warm day came, it
was sure to kill everything; while in the summer, though the facilities I had were
infinitely greater, I never could keep these larvee alive more than three or four days.
The Sea-urchins spawn during the whole year. Successful artificial fecundations have
been made in December, January, and during every month from that time till the
middle of October.

* MULLER, J. Ueber die Gattungen der Seeigellarven, Berlin, 1855.
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The remaining observations of this paper were all made from specimens caught
swimming on the surface of the water; this applies to the fully-formed Sea-urchins
as well as the larve, only the most advanced specimens (fig. 28) were found thrown
up on the beach after a storm, attached to Laminaria. The specimens obtained in
this way, the various stages of which were traced until there could be no doubt to
what species they belong, connect so nearly with specimens obtained from artificial
fecundation as to leave but few gaps to fill, in the larval condition, to give us all
their transformations. The Sea-urchins raised from larvee caught swimming freely
about were kept in confinement until they had attained the size of some of the more
advanced nomadic Sea-urchins, figs. 26, 27. This can leave no doubt to which of our
two species of Echinoids these larvee should be referred.

The next oldest larva, which is fig. 19, shows that since the last stage represented
the principal changes have taken place in the oral part of the larva, fig. 19; the arms
¢’, ¢" especially have increased greatly in length, the outline of the anal extremity is
somewhat rounded, the rod which runs along its edges is made up of short, stout pieces
with strong pointed projections, and the rods of the arms are composed of three rods
connected together by transverse spokes ; it requires close examination to distinguish
this. On the aboral side two very prominent spurs project over the stomach, somewhat
below the point of junction of the rods of the arms ¢, ¢, €”. Additional tentacular
loops have been formed ; we can distinctly trace three on the surface of the left water-
tube w'; the outline of a part of the right water-tube (w) shows great increase in the
volume of the tube. In an adult Sea-urchin Pluteus, fig. 20, the Sea-urchin has
encroached so much on the anal extremity as to conceal the shape of the digestive
cavity. The spines are so large, that we are unable to trace the position of the tentac-
ular system ; the anal opening is very conspicuous. The vibratile epaulettes, v”, are
remarkably powerful. The arms have attained nearly the same length. The vibratile
chord has been twisted in such a manner as to assume the appearance of binding an
anal and an oral plastron, of which ¢, ¢”, ¢”, and €™ are respectively the arms; the
mode of formation of the chord and of the arms shows that all these arms in reality
belong to one plastron (see figs. 12, 13), notwithstanding the great resemblance to the
two distinct plastrons of a Brachiolaria. ~ Two very prominent black spots are seen in
the arms ¢, ¢’, similar to those observed by Miiller in his Pluteus quadrimaculatus ; a °
few small spots are scattered over the other arms. The Pluteus figured here in its
natural attitude does not undergo any further changes of form ; it now enters a stage
when the Sea-urchin goes through its greatest transformations; these unfortunately
cannot be followed, owing to the opacity of the larva.
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The presence of rods in the plutean forms of Ophiurans and Echinoids of course
restricts considerably the play of the arms in assisting the motion of the larva. The
arms cannot be bent and twisted in the graceful manner so peculiar to Brachiolaria.
They are only capable of opening and shutting like the rods of an umbrella. Fig.

- 21, which is fig. 20 seen from above, when left in its natural attitude, shows the extent
to which the arms can be spread. This does not prevent the larva from moving quite
rapidly by means of a kind of gliding motion, in which the vibratile epaulettes perform
an important part in propelling the Pluteus. While moving, the anal extremity is
usually kept below, as in the position which has been given to all the figures in this
Memeoir, which is their natural position. Previous to the time when the anal extremity
is loaded down by the presence of the Sea-urchin (figs. 1-19), it is quite common to
see them moving in every possible direction, so that it would be difficult, from a knowl-
edge of the earlier stages alone, to ascertain with precision what the natural attitude
is ; although we notice even in the early periods a very strong tendency to assume the
natural position of the adult larva. The larvee also assume during their movements
the oblique position described in Brachiolaria; this seems characteristic of all the
Echinoderm larvee I have had occasion to examine, whether Ophiuran, Holothurian,
Echinoid, or Asterian. A natural profile view of an adult larva (fig. 22) cannot be
made with great accuracy, and the outline here given is added simply to show the
position of the arms; rotating as they do almost continually on their vertical axis, we
catch only passing glimpses of the exact profile outline. The only adult larva figured
in profile by Miiller is on Plate V. of his seventh Memoir.

An adult Pluteus, in the condition of fig. 20, requires several weeks for the com-
pletion of the Echinus and the absorption of the plutean framework. The Echinus
encroaches gradually on the anal extremity; the base of the arms, ¢’ and ¢”, is soon lost
in the midst of the spines of the young Sea-urchin, which are arranged in a conical
open spiral wreath surrounding the mouth, fig. 23. 'While this encroachment of the
anal extremity is going on, the cesophagus has contracted to such an extent that the
base of the oral arms, €7, ¢”, is brought directly in contact with the anal vibratile chord.
During the process of resorption the arms have lost their mobility; they appear like
helpless rods, stretching at every conceivable angle from the Pluteus, which has lost
entirely its former symmetrical appearance, fig. 23. ‘

The young Echinus after the Resorption of the Pluteus.

The figures given by Miiller on Plate IIL of his first Memoir* represent several

* MULLER, J. Ueber die Larven und die Metamorphose der Ophiuren und Seeigel. Berlin, 1848.
VOL. IX. 2
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Echinoid larve in which the young Echinus has absorbed more or less of the plutean
frame. From what I have observed on several of these larve, the Pluteus is as com-
pletely resorbed as is the case in the Brachiolaria observed by me. Not a single part
of the framework is thrown off; this process of resorption begins at the base of the
arms; they are thus gradually shortened, the-rods apparently melt away before our
eyes, the extremity of the arms is the last to disappear, and immediately before the
time when the young Echinus is freed from the plutean appendages, the extremities of
all the arms are still there, as perfect as when these appendages stretched symmetrically
on both sides of the longitudinal axis. From many of the figures of Miiller himself it
is evident that, in the larvee he has observed, the young Echinus resorbs the whole of
the framework, and does not separate from it by losing the arms, as he has stated.
See Plates III., IV., V., VL. of the first, and Plate VIII. of his seventh Memoir. The
larva represented in fig. 20 of this paper was kept in confinement from the 1st of
October to the 20th of Nevember before every trace of the arms had disappeared, and
the young Sea-urchin had assumed the appearance of fig. 24. Fig. 24 was drawn from
a specimen found floating on the surface in the middle of June. This young Sea-
urchin bears a striking resemblance to a young Echinocidaris figured by Miiller on
Plate IV. of his seventh Memoir. The development of the separate parts is very dif-
ferent in the two. The number of spines is much greater in our Toxopneustes, and
they are of an entirely different shape. Pedicellaria are likewise present in Echino-
cidaris ; * these do not make their appearance till a much later period in our young
Sea-urchins. (See fig. 28, p.) What is particularly characteristic of these earlier stages
of the young Sea-urchins is the great size and small number of the spines. Their
position is also peculiar; they are all placed on the edge of the test, which is exceed-
ingly flat. (Compare this with Podophora.) Five of the tentacles are strikingly
prominent, equalling in length the diameter of the shell; they are also remarkable
for their great thickness, and the presence of a calcareous ring in the sucker, which is
entirely wanting in young Starfishes. A similar calcareous ring is figured by Miiller,

* The function of pedicellaria has long been a puzzle to naturalists. While watching a Sea-urchin which
was discharging its excrements, I noticed that the pellets always moved in definite paths, down the interambu-
lacral spaces, till they were pushed off from the test. On examining this with a magnifying-glass, I could
distinetly see the innumerable pedicellaria hard at work seizing in their tiny prongs the pellets which they
pushed down the interambulacral areas. If by chance a pellet found its way into the ambulacral zone and
came in contact with the suckers, it was immediately seized by the ambulacral pedicellaria and thrown back
into the interambulacral zone to move on in its accustomed path. The pedicellaria are more numerous in the
interambulacral zone than in the ambulacral. This will explain the function of these pedicellaria, at least for
Sea-urchins, as that of scavengers. '
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Plate IV. fig. 13, seventh Memoir, and Plate VIIL fig. 2, first Memoir. The whole
abactinal surface is thickly covered with dark crimson pigment-cells. The younger
spines resemble those of the young Starfish (see fig. 16, Proc. Am. Ac, L c.), while
the more advanced spines are not fan-shaped, but slightly pointed, reminding us of
spines of Cidaris. On turning this Sea-urchin on its actinal side, as in fig. 26, we
find near the base of each of the five large tentacles four others, which are not as
advanced, and are incapable of expanding beyond the edge of the test.

Additional spines are formed on the abactinal side of the test of older specimens (fig.
25), so that they cover the whole of that surface, and are no longer limited to its edge,
as in fig. 24; the large spines become more pointed, the tentacles grow slender, and
they can all expand beyond the edge of the test. The odd tentacle expands and con-
tracts to a remarkable extent, sometimes as much as three times the radius. The four
other tentacles are somewhat more stout, and not'capable of such extensive expansion
and contraction ; the pair of tentacles placed nearest the mouth is the stoutest. The
position of the tentacles is best seen from the actinal side (fig. 26). The whole actinal
surface is covered with a plating of limestone cells, which leave but a small circular
opening, the mouth, in which the points of the teeth project. This actinal system is
circular; there are no notches for the passage of the gills, as in adult Echini; the
ambulacral tentacles are placed one above the other. The long spines move in every
direction, as they are already provided with the peculiar ball-and-socket joint of Echi-
noids. On removing the spines of one of these young Sea-urchins, the great size of
the tubercles (n, #/, fig. 27) and the large circular actinal system give them an aspect
totally different from what we are accustomed to associate with the genus Toxo-
pneustes. The teeth (%, fig. 27) fill but a small part of the actinal system ; they are
five narrow triangular wedges, extending from the centre to the edge of the shell,
covered partially by the network of limestone plates. (See fig. 27.) The test thus
denuded of its spines resembles in all the general features that of a Cidaris. With the
exception of the formation of the abactinal system, which is not yet developed, the
striking features of the young Sea-urchin — such as the circular actinal system, its
large size, the great prominence of the tubercles, the position of the pores one above
the other — are all characters belonging to a different family from that to which the
adult Sea-urchin belongs. The little Sea-urchin does not long retain these anomalous
features ; with every day of increasing age the changes which it undergoes bring it
closer and closer to the condition of the adult. In a young Sea-urchin of a diameter
of one fifteenth of an inch (fig. 28) the spines have lost almost entirely their embry-
oqic character, the tentacles are much more numerous, and pedicellaria have made
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their appearance ; in the interambulacral space they are more thickly scattered than in
the ambulacral, where there are merely three or four. The abactinal system consists of
a single large plate covering the opening of the anus (a) which leads out on one side
of it. The additional spines and plates which have been formed are all developed from
the abactinal region. The new plates are added in a spiral manner round the anal
plate by additions to the limestone mass, pushing further away from the abactinal pole
the first formed plates. The outline of the new plates is at first indicated on the lower
edge, which becomes somewhat undulated ; then the transverse divisions are made, and
a spine is formed on the plate soon after that. There are no spines on the last formed
plates ; the spines when they first appear have the same fan-shaped character as the
earliest formed spines of the abactinal surface. (Figs. 24, 25.) This shape they lose
soon, and pass at once into spines resembling the older ones in every respect except
size.

The mode of formation of the new plates was discovered by Professor Agassiz as
early as 1834, when he gave a short account of it in the Edinburgh Philosophical
Jowrnal. The spiral arrangement of the plates is still very plainly visible in adult
specimens. Although the Sea-urchins are circular, we have in their mode of growth
something which reminds us of the earlier embryonic stages of the Starfish. I have
not been able to trace all the various stages of growth of the young Sea-urchin, how
it passes from fig. 28 to the condition when the pores, instead of being arranged in
single rows one above the other, are placed in arcs on both sides of a median ambu-
lacral row covered with spines. We may, however, form a tolerably accurate idea of
the changes which must be gone through by examining the abactinal part of the
ambulacral area of an adult Sea-urchin. The meode of formation of the ovarian and
ocular plates remains still to be traced. The oldest of the young Sea-urchins (fig. 28)
has advanced sufficiently to enable us to see that the subsequent changes which are
required to make it agree with its adult condition are by no means as great as the
changes which the young Sea-urchin has undergone up to the present time. It has
reached a condition which assures us that we deal with a young Toxopneustes, and
nothing else. The pigment spots, so marked in the younger stages, are smaller and
scattered more uniformly, the muscular band around the mouth is well developed, the
plate covering the actinal area has separated from the edge of the test, and is moved
by the muscular membrane which covers the actinal system. There are no notches as
yet in the actinal part of the test. The teeth have not changed their form from that
found in earlier stages (fig. 27); there are from seven to eight tubercles in each verti-
cal row of the ambulacral and interambulacral zones. I was unable to distinguish
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among the many tentacles the original odd tentacle which was so prominent in the
younger stages. Neither have I succeeded in determining the position of the eye in
any of the stages of these young Sea-urchins, owing to the early presence of the spines
and of the large pigment-cells, which prevent us from obtaining a favorable view of
the odd terminal tentacle in the young forms; neither have I been able to satisfy
myself whether this odd terminal tentacle retains its original position during the whole
life of the Sea-urchin, as is the case in the Starfish. I can likewise say nothing con-
cerning the development of additional ambulacral tentacles.

The figures of young Sea-urchins which Miiller has given belong unfortunately nearly
all to different suborders from our Toxopneustes, so that we cannot make the com-
parison with our young Sea-urchins as close as we might wish ; and besides this, the
figures of Miiller are not drawn in such a way as to discriminate between the parts
which belong to the ambulacral and interambulacral spaces. This is particularly evi-
dent in his figures from the mouth side, where we frequently find tentacles in such
numbers as must make the development of the different ambulacra unequal. The
same is the case with the spines. Any one who will take the trouble to compare the
figures of young Sea-urchins of Plates IV. and VIIL. of his first Memoir, Plate VIL
fourth Memoir, and Plate IV. seventh Memoir, with the figures given here (figs. 24 -
28), will see that, although they agree in their general characters, yet it is impossible to
place the different spines or tentacles in such positions that they will be divided into
ambulacral and interambulacral regions, which is easily done with the figures I have
given. 'We must remember, however, that most of Miiller'’s figures are Clypeastroids
and Spatangoids, which may make it difficult, if not impossible, to divide the young
Sea-urchin into ambulacral and interambulacral areas, where we have nothing like
regular vertical rows to guide us, as in our Toxopneustes. One great difference, how-
ever, will strike us at once; it is, that what Miller has called anus I have in my
figures called mouth. The view he has taken is probably due to the fact that the
young Sea-urchins from which he made his drawings were compressed. Having fol-
lowed the mouth in the different stages which have been represented here, I think
there can be but little doubt that Miiller was mistaken. Compare fig. 26 of this
paper with his fig. 3, Plate VIL. first Memoir, and we cannot fail to come to the ‘con-
clusion that it is the mouth which is turned towards us in both cases. If Miiller’s
statement were correct, we should have the anomaly in young Sea-urchins of finding all
the tentacles between the spines and the anus on the abactinal side of the test, while on
the actinal area we should have nothing but a closed membrane. This is so contrary
to the plan of development of Echinoderms, whether Echinoids, Starfishes, or Ophiurans,
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from the observations of Miiller himself, that I give the accompanying explanation,
which seems to bring the figures of Miiller in accordance with what I have observed.
The appearance of the teeth, in Miller’s figures, on what seems the abactinal side, is
due to compression also. The spines of the young Sea-urchins observed by Miiller have
a very uniform appearance ; they are nearly all hexagonal prisms in their earliest stages.
The same is the case with our young Sea-urchins, though they lose their embryonic
character at an earlier period than is the case in any species observed by Miiller.

Embryological classification of Echinoids. ‘

From a careful examination of the different stages through which our young Sea-
urchin passes during its development, and after comparing these stages to forms resem-
bling them which are now found living in our seas, we obtain valuable hints as to the
relative standing of the different families of some Echinoids. We can extend this
somewhat to other orders by availing ourselves of the additional observations of Miil-
ler, and of a few facts concerning the development of Clypeastroids noticed by Professor
Agassiz, which will be given here. Professor Agassiz’s observations were made upon
young specimens of Mellita testudinata K1., which is so common along the whole of
our Southern coast, from Beaufort, N. C., to Texas; upon the young stages of Echi-
naracknius parma Gray, which are found in great quantities in the stomach of our
Cods; and on the young of an Encope, probably Encope Valenciennesii Ag. The ob-
servations on Mellita I had occasion to repeat on an allied species, Mellita longifissa
Mich., which is exceedingly numerous on the beaches in the neighborhood of Acapulco,
Mexico.

The smallest specimens of Mellita observed, measuring about one seventh of an inch
in diameter, are nearly circular; they have but a single lunule placed in the posterior
interambulacral space ; this is no larger than the prick of a needle. With advancing
age, measuring one fifth of an inch, its outline has not varied much; the lunule has
grown larger. When it has attained a diameter of one third of an inch, the outline
becomes slightly indented at the place where the two posterior ambulacral lunules will
eventually be developed. As the posterior interambulacral lunule is not homologous
to the others, but is simply an opening for the anus, we have in the first stages de-
scribed a condition which reminds us at once of Echinarachnius. It next loses its
circular outline, becoming somewhat eccentrically elliptical, as in Dendraster; while
after the formation of the two posterior lunules it has all the aspect of a Lobophora.
As it increases in size two other indentations are formed, the indication of the position
of the two anterior ambulacral lunules. These lunules remain open for a considerable
period of the growth of the urchin; we cannot fail to recognize in this state of the




ON THE EMBRYOLOGY OF ECHINODERMS. 15

young Mellita a strong resemblance to Encope Michelini Ag. and Echinoglycus (Lobo-
phora Stokesii Ag.). The anterior ambulacral lunule is last formed. The posterior
lunules then close, and had we not the anterior notches we should have an Amphiope.
The last step, which is the closing of the three anterior lunules, gives to the young
Mellita the general aspect of the adult; it has then attained a diameter of three quarters
of an inch. In the young of Encope the same succession of changes is observed ; at first
they are circular, with simple notches in place of the posterior lunules; the anterior
lunules are then formed, the posterior ones close, and, last of all, the anterior ones.
In the early stages it is a Lobophora, then an Echinodiscus (Lobofora bifora Ag.).

In the young of Echinarachnius the changes of form are equally important; small
specimens measuring not more than one fourteenth of an inch are very elliptical in
outline, the longer axis being twice as great as the shorter ; the test is quite convex,
resembling strikingly Echinocyamus and Fibularia; the anus is placed on the abac-
tinal side, and not on the edge of ‘the test, as in the adult. This shape the young soon
loses to attain a more circular outline, becoming flattened, while the anus is pushed
nearer the edge. In specimens in which the longer axis measured one fifth of an inch,
the test is quite flat, and the anus is placed on the edge of the disk. The outline is still
different from that of the adult, the longer axis being the anterior axis in these young
specimens, while in the adult it is the axis at right angles to the odd ambulacrum
which is the longest. ,

From these data important results have been drawn for the classification of Echi-
noids.* All Echinoids pass, in their early stages, through a condition which recalls to
us the first Echinoids which made their appearance in geological ages. We should,
then, on embryological grounds, place true Echini lowest, then the Clypeastroids, next
the Echinolamps, and finally the Spatangoids. The true Echini are an embryological
suborder ; the Clypeastroids recall to us, in their young stages only, this lowest sub-
order. The Echinolamps have lost the teeth which characterize the first suborders,
and they show a tendency to develop an upper and a lower side, a front and a behind,
which is carried to its extreme among Echinoids in the Spatangoids, the highest sub-
order, the young of which cannot be distinguished from those of the lower suborders
at the time when they are provided with few stout spines. There are not a sufficient
number of living representatives of Spatangoids and Echinolamps of which we know
the development to go into more detail with respect to the standing of minor groups.
In Clypeastroids what has preceded seems to show that we must place Fibularia and

* L. Acassiz. Essay on Classification.
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Echinocyamus lowest; then the rounded Clypeasters, Clypeaster and Rhaphydocly-
pus, in which we have the floor connected by but few supports; then forms such
as Laganum ; then the circular Scutells, such as Arachnoides, in which the anus is
supramarginal ; then Echinarachnius, Dendraster, Scaphechinus; then the genera
Lobophora, Echinodiscus, Echinoglycus, Encope, Rotula, and Mellita.

Adapting in a similar way the observations of the different stages of our young
Echinus given in this Memoir to the true Echinoids, we should for similar reasons
place lowest the family of Cidaridee; next, the Diadematide; then that peculiarly
embryonic family, the Echinometrade, in which the unwinding of the pentagons leaves
the Sea-urchin with oblique axes; then Sea-urchins with few larger spines, such as
the Echinocidaridee and Heliocidaridee. In all these families, with the exception of the
Heliocidaridee and Echinometrade, the ambulacral system is particularly simple. We
next have those Sea-urchins with a more complicated ambulacral system, in which the
tubercles become numerous and are not arranged in such regular vertical rows as in
the true Echinide, Toxopneustes, and the like; then the Hipponoide, and the like, in
which the development of the ambulacral system reaches its greatest complication,
in which the spines are exceedingly fine, and in many genera (such as Salmacis
and Mespilia) resemble more what we find in the Clypeastroids; passing gradually
through forms such as Boletia, Tripneustes, Hipponoé, Salmacis, Mespilia, to take
their greatest degree of complication, both in the ambulacral and interambulacral
regions, in Holopneustes.

The correspondence between the embryological development and the order of succes-
sion of Echinoids in geological times is so striking, that it may not be out of place to
show some of the principal points of agreement.* The number of fossil Echinoids
known is so great, that, when we have as large a number of embryonic forms for each
gpecies to compare with them as are here given for a couple of species, we shall not
fail to draw most important conclusions for our knowledge of the classification of these
animals, ‘

The earliest Echinoids,} which make their appearance with the Trias, are without
exception Sea-urchins, belonging to families which have eminently embryonic charac-

~

® See Acassiz, L. Catalogue Raisonné . . . des Echinodermes . . . An. des Sc. Nat., 1846 — 47.

t I omit intentionally the presence of such forms as Palechinus in the Silurian, Eocidaris in the Devonian,
and the many Archezocidaris and Melonites of the Carboniferous, until a comparative study of these forms with
the younger stages of Comatula has been made. I am convinced from what I know of the embryology of
Echinoderms, that they are only synthetic and prophetic Crinoids, and have therefore nothing to do with our
present subject.
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ters. The Cidaridee make their appearance first, and the other genera, of which a
few representatives are found, belong to a family closely allied to the Cidaride, the
Hemicidaridee, a prophetic and synthetic family combining features of the Cidaridee,
which have preceded them, and of the Pseudo-Diadematidee, which are to follow them.
We have not a single Clypeastroid, Echinolamp, or Spatangoid. During the Lias the
Clypeastroids make their appearance, but the type which represents the suborder, the
genus Collyrites, is not a Clypeastroid, as we understand them in the present epoch. It
is a type which is the forerunner of the true Clypeastroids, and which apes the char-
acters of the Spatangoids. The Echinoids of the Lias have not the strong, embryonic
character which belonged to the Trias; we find such genera as Hemipedina, Diademopsis,
and the like, which remind us forcibly of the Diadematide of our present time. In the
lower stages of the Jurassic period the Echinoids are of still more varied genera, — such
as Holectypus and Pygaster, — being forms which recall to us the embryonic stages of
our Clypeastroids. The Echinolamps are likewise introduced with Pygurus and Echi-
nobrissus ; while it is only in the lowest Cretaceous deposits that the first Spatangoids
appear as Holaster and Toxaster. If we compare the appearance of the Clypeastroids
in geological ages with the embryonic stages of which I have given a short account,
we shall find that the first true Clypeastroids (Clypeastroids such as we know them in
our own time) are such forms as Scutellina and Lenita, in the Eocene; it is only in the
Myocene that the genus Clypeaster appears and takes its greatest development, accom-
panied with a large number of true Scutellee; and it is not till the Pliocene that genera
resembling Amphiope, Encope, and finally Mellita, make their appearance, showing a
closeness of agreement between the order of development and the geological succession
carried out to the fullest possible extent.

OPHIURANS.

To the extensive investigations of Miller about the embryology of Ophiurans and
Holothurians I have but little to add, and I consider myself very fortunate to have
been able to increase our knowledge of two of the orders of Echinoderms after what
has been done by him. .

Opliopholis bellis Lym.

Two Ophiurans are quite common at Nahant; one, Amphiura squamata Sars;
the other, Ophiopholis bellis Lym. The latter, unfortunately, does not lay eggs from
which the plutean stage is developed, as the young Ophiurans are never nomadic.
The eggs are laid in bunches, from which, according to the observations of Professor
Agassiz, made as far back as 1849, the young Ophiopholis is developed, very much

VOL. IX, 3
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after the manner of Asteracanthion Miilleri of Sars, without passing through the plu-
tean stage. So many points of investigation have arisen since those observations were
made that they must necessarily be very incomplete without a renewed comparative
study of the whole subject. I here copy from the drawings of Professor Agassiz two
stages of the young Ophiopholis which will enable us to compare the two modes of
development, and show us as clearly for Ophiurans as I have shown for Asteracan-
thion in the fifth volume of Professor Agassiz’s Contributions, that these two modes of
development are but longer or shorter ways of arriving at the same point. TFig. 29 is
one of the more advanced young of Ophiopholis seen from the abactinal side. At this
stage it shows prominently the arrangement of the abactinal plates and the position of
the arm-joints. As in young Asteracanthion, we have a central plate, and five radial
and five interradial plates. No hooks or granules are as yet developed ; only two of the
tentacles have reached any great development, and project beyond the edge of the arms.
A careful examination of the young Ophiura in this stage would enable us to deter-
mine the exact place where new arm-joints are added. There seems some doubt, from
the observations of Miiller * and of Liitken,} as to whether the new joints are formed
at the base of the arms or at the extremity. From what I have observed in Starfishes,
it is evident that the new parts of the actinal and abactinal portion of the arms are not
added at the same place. The new suckers in the Starfishes are formed nearest to the
odd terminal ocular tentacle, while the new spines of the abactinal side of the arm
are formed at the base of the arm. (See Vol. V. of the Contributions of Professor
Agassiz, where a full account of the increase of the arms of the young Starfish will
be found.) Something similar may occur in Ophiuride, and would account for the
difference of opinion entertained by Miiller at different times as to where the new arm-
joints were added. In fig. 30 we have the actinal side of a young Ophiopholis some-
what less advanced than fig. 29 ; there are as yet no arm-joints, and the whole outline
is pentagonal ; two of the tentacles alone make their way through the actinal lime-
stone floor.

Amphiura squamata Sars.

The Pluteus of which a figure is here given (fig. 31) is probably the larva of
Amphiura squamata. 1 have found these larve only three times during two sum
mers, — once in June, once in July, and then the young Ophiuran (figs. 32 and 33)
during the first week of October. It probably requires as long a time as this for the
development of the Echinoderm, as I have kept the larvee which were caught in June

* MULLER, J. Memoir L, 1848, and Memoir V., 1852.
t Lotken, C. F. Additamenta ad Historiam Ophiuridarum. Kjobenhavn, 1858.
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and July for weeks without noticing any striking changes. These Ophiuran larve
resemble very closely the Pluteus of Ophiothriz fragilis and the Pluteus bimaculatus
of Trieste, figured by Miller in his Memoir on the Ophiuran Larve of the Adriatic.*
Fig. 31 resembles more Miiller’s fig. 1, Plate VII. of the Memoir just quoted, than any
other. The order of appearance of the arms of this Pluteus agrees with his observa-
tions on the younger stages of the Pluteus of Ophiothriz fragilis. (Memoir V., Plate
VI figs. 8-12.) This has been traced in a specimen considerably younget than the
one figured here, resembling Miiller’s figure of Pluteus bimaculatus (Plate 1. fig. 1, Me-
moir V.), with the exception of the different degree of development of the arms C and
D of that figure. In this younger Pluteus, the arms corresponding to ¢ of fig. 31 were
the longest ; next the arms ¢”, then ¢”, the arms ¢” scarcely projecting from the curve
joining ¢” and ¢. The arms ¢ in the adult larve are twice as long as the others
(fig. 81), while the other arms, ¢’, ¢, ¢7, are all nearly equally developed. With the
exception of this difference in the proportion of the arms, the younger larvee did not
differ in the essential parts from the one which is figured here. The most complete
histories which Miiller has given us of the development of any Echinoderms are those
of Pluteus bimaculatus and of Ophiothriz fragilis. He gives us not only the complete
history of the changes of the larva, but follows the young Ophiuran after it has
absorbed its calcareous framework. Here, again, the figures of Miiller seem to con-
tradict his text; he says the framework is dropped, but his figures show that, on the
contrary, nothing is lost, that every part of the Pluteus is absorbed by the Echino-
derm. See Miiller’s figures of Memoir V., Plates IV., V., VI, VII, VIIL. Fig. 5,
Plate VII. agrees exactly with the stage represented by me in figs. 32, 33; the long
arms ¢ are cut off for want of room; every other arm can be traced, with its ex-
tremity perfect, disappearing gradually into the substance of the Ophiuran. This
Pluteus is quite transparent, and did it occur in sufficient numbers it would be as
favorable a species to follow the development of the Echinoderm as the Brachiolaria
of our Starfishes. '

The greater similarity of the Ophiuran larva to Echinoids than to Starfishes is
something very peculiar. The same thing we find again repeated for two of the other
orders ; the larvee of Holothurians and of Starfishes resemble each other to a remark-
able extent, in the character of the arms, the absence of rods, and the aspect of the
water-tubes. In Ophiurans and Echinoids this resemblance is still closer. The arms
are supported by rods in both, the water-tubes are small, and the general outline of

* MOLLER, J. Ueber die Ophiurenlarven des Adriatischen Meeres. Fiinfte Abhandlung. Berlin, 1852.
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the plutean forms is so similar that they might easily, on first examination, be mistaken
for larvee of the same orders. 4

All I wish to show from the figure of this Pluteus (fig. 31) is that in Ophiurans,
as well as in Echinoids and in Starfishes, the Echinoderm is developed on the water-
tubes, —one (the left) developing the actinal, the other (the right) developing the
abactinal region, — that the tentacular pentagon is open in the larval condition, and
is only closed by a process of unwinding, some time after the actinal and abactinal
surfaces have been formed, though this closing takes place in Ophiurans and Echi-
noids while the Echinoderm still retains parts of the framework. In Starfishes, on
the contrary, the closing of the pentagons takes place after the resorption of the
Brachiolaria. From the position of the water-tubes it is self-evident that the loops
of the pentagon of tentacles (fig. 31, ¢) are not in one plane; they connect with the
water-tube b, and we find all the essential features of the tentacular water-tube (w') of
the Brachiolaria. (See Proc. Am. Acad., l. ¢, fig. 12.) The tube w is not connected
with the tentacular water-tube w’. It would be interesting to observe whether such a
connection takes place, also the mode of formation of the first limestone particles on
the water-tube w, as this would facilitate the study of the development of the same
parts in Echinoids where the opacity of the larva prevents accurate observations.
Miiller has, in nearly all his figures of the Ophiuran plutean forms, represented the
water-tubes as made up of two distinct parts, having no connection. This probably
arose from the strong contraction of the water-tubes in certain parts. I have noticed in
the larve which I observed a marked tendency in the anal portion of the water-tubes
to contract, and thus apparently to divide off from the remainder of the water-tubes;
this was, however, but temporary, and the moment afterwards the water-tubes had
assumed again their fully expanded shape, as in fig. 81, w, w. The young Ophiurans
(figs. 82, 33) are remarkable for the total absence of the plates of the disk; they are
not even indicated by the presence of Y-shaped limestone rods. The only calcareous
deposits we have (y, ¥/, fig. 32) are evidently parts of the first arm-joints, the dorsal
(v, fig. 82) and side arm-shields (¥, fig. 32) of that joint, which consist at present of
but a few rods, indicating their future position. The arms ¢ are the last to be re-
sorbed ; in the stage of fig. 32 they retain their full length; the other arms, ¢”, ¢, €7,
are in a very contracted condition, as they have been almost entirely resorbed by the
young Ophiuran, leaving nothing but the extremities ; the rods of two of the arms are
not entirely resorbed (fig. 82).

This young Ophiuran, seen from the lower side, fig. 33, shows that the tentacular
pentagon has entirely closed. The ambulacral system is similar to the tentacles of
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the young Starfish, and must have been formed in a similar way from the original
simple loops of fig. 31. (See Proc. Am. Acad., fig. 15.) Additional tentacles are
therefore formed at the base of the odd loop #, probably in the same manner as in
Asteracanthion. The mouth is not limited by the formation of the actinal floor; this,
as well as the abactinal area, is in the present stage almost entirely made up of the
remaining portions of the Pluteus, which have not been resorbed, and through which
the parts of the young Ophiuran are seen.

The number of young Ophiuridee observed is not sufficient to enable us to
make much use of their earlier condition for a classification. The figures of the
young given by Miiller, and the few species of which Liitken has studied some of
the earlier forms, together with the observations of Kroyer,* are all we have. The
figures of young Astrophyton eucnemis M. T., given by Litken in his Additamenta ad
Historiam Ophiuridarum, throw some light on the classification of Ophiuridee. Hav-
ing had the opportunity to examine very young specimens of Astrophyton Agassizii
Stimp., collected at Eastport, Me. by Mr. Verrill for the Museum at Cambridge, I was
enabled to repeat his observations, and find the same remarkable differences between
young and adult which had already been pointed out by Liitken. A young Astro-
phyton would seem at first glance to belong rather to Asteronyx or Asteroporpa
than to Astrophyton. The disk is circular; there are no ribs; the arms have but
a single fork. The ribs on the disk make their appearance when each arm has
divided three times; that is, when there are twenty terminal points. Up to that
period the rounded plates of the disk were quite prominent, somewhat resembling
in their arrangement those of the disk of Ophiopholis. This is sufficient to show
that the Astrophytidee stand highest among Ophiurans; that Ophiurans with smooth
arms, as Ophiura, are lowest ; next come such genera as Ophioglypha and Amphiura;
Ophiopholis next; while Ophiocoma, Ophiothrix, and the like, in which the spines
take their greatest development, stand highest among Ophiuride proper.

The stages represented in figs. 32 and 33 are somewhat different from any given
by Miiller ; the nearest conditions are those of fig. 2, Plate VII. and fig. 4, Plate IV,
fifth Memoir, in which the outline of the young Ophiuran is far less well defined,
~ but in which the abactinal plates, as well as the arm plates, are further advanced ;
the condition of the tentacles is nearly identical. In its general outline fig. 33 differs
but little from fig. 30, where the abactinal and actinal floors are more advanced, show-
ing otherwise no differences which would lead us to suppose that the mode of develop-

* KrOYER. Nat. Tidskrift, ITT., 1840,
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ment of these two forms was apparently so contrary. Let us take the Pluteus at the
time of the appearance of the young Ophiuran, and deprive it of its arms, we should
soon find our Pluteus in a condition in which the nomadic and sedentary mode of
development could not be distinguished ; showing us that for Ophiurans, as well as
for Starfishes, these two modes of growth, at first so different, reach, early in the
development of the young, stages which are identical.*

HOLOTHURIANS.

Cuvieria Fabricii Dub. et Kor.

In Holothurians the two modes of development seem to combine in a very remark-
able manner. The larva has short arms only in the early stages ; it remains nomadic .
after they have disappeared, when it would be very difficult to tell by which of the
two modes the young Holothurians have been developed. See Miiller's figures, in
which the Auricularia approaches the « Walzenformige ” form, fourth Memoir, Plate L.
From the young Holothurians which I have myself observed I am not able to say
anything concerning the water-tubes, and must therefore make a comparison of the
Memoirs of Miiller with what has been suggested here. Although we have a Sy-
napta and a Chirodota (Caudina arenata Stimp.) which are very common here, all my
attempts at artificial fecundation, or at finding their plutean stages with the other
Echinoderm larvee, have completely failed. The only Holothurian of which I have
seen the young is Cuvieria, which is tolerably abundant in deep water off Nahant,
and of which the young, in the more advanced stages only, however, are found from
June to October. The study of the development of an Auricularia with reference to
the part the water-tubes play in this would be particularly interesting.

Holothurians are the only Echinoderms studied by Miiller in which he distinctly
says that the young Holothurian resorbs the whole of the pupa, as he calls the
envelope of the Holothurian, and which lose nothing during the development. On
account of this resorption, he considers the plan of the Holothurian development to
be something special. I trust I have made it sufficiently clear that resorption takes

* The fact that Ophiopholis lays its eggs in bunches seems to lessen the difference between the Echinoderms
which lay eggs and those which are viviparous, or retain the eggs in bunches in a sort of pouch at the base of
the anus, as in fig. 34, which figure shows the manner in which a small Asteracanthion, allied to 4. Miillers
Sars, retains its eggs till they have reached a very advanced stage of development. This figure is borrowed
from drawings made for Professor Agassiz in 1848. In the Ophiurans, also, the young of some species are
retained in the body of the parent till they reach a very advanced condition. Quatrefages has observed this.
Professor Agassiz and Dr. Simpson have also noticed it in a species from Charleston, and Mr. Theodore Ly-
man observed it on the coast of France. See also Schultze and Krohn in Miill. Arch. for 1852 and 1857.
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place in Starfishes, Echinoids, and Ophiurans, as well as Holothurians, and thus the
distinction drawn by Miiller falls to the ground. The young of Cuvieria figured here
-resemble the figures of Miiller on Plate IV. third Memoir,* and Plate VIL fourth
Memoir.t The young Holothurians (figs. 35 — 38) can without doubt be referred to
Cuvieria on account of their color; they are of a brilliant vermilion. This unfortu-
nately renders them so opaque that we cannot trace the position of the different
organs without strong compression. In the youngest Cuvieria observed (fig. 85),
the pupa (I) is very large; the Holothurian has not resorbed it to any extent;
the tentacles (g) cannot be protruded. In a somewhat more advanced specimen
(fig. 86), the Holothurian seems to have resorbed a considerable portion of the pupa
(!); the tentacles (g) protrude; they are simple, do not branch, and terminate with
knobs. The only tentacles present are those round the mouth. In a still more
advanced stage (fig. 37), the tentacles show the first tendency to forking (g); other
tentacles, ambulacral tentacles (¢), are also developed. The madreporic body stands
out at the extremity of a small tentacle, b. That this is truly the madreporic body
- can easily be seen by compressing specimens of the age of fig. 36, when the madre-
poric body will be seen at the extremity of a tube, connecting thus the outer medium
with the water-tubes in exactly the same manner as in Starfishes, Echinoids, and
Ophiurans. The presence, also, of a calcareous network, is the best proof of its
future function. During resorption this canal becomes liberated, but shrinks soon
so as to bring the madreporic body on a level with the general outline.

On compressing a young Holothurian, about in the state of fig. 37, we shall obtain
an idea of the state of development of the different parts. Fig. 38 (a Holothurian
thus compressed) shows the separation of the main cavity into a kind of cesophagus,
a stomach, d; and an intestine, ¢, with the anus, . In younger specimens, when
compressed, there is no anus, and the stomach is a simple sac without the peculiar
bent addition of the intestine, ¢, of fig. 38. There are likewise no Y-shaped rods
deposited on the surface of the body, and the ring of limestone particles at the base
of the tentacles is not as fully developed as in this figure. (Fig. 88.) The madre-
poric body is seen more clearly in younger stages to connect with a large sac, w/,
which is probably the remnant of one of the water-tubes, from its connection with
the tube leading to b. Although externally (fig. 37) we see but two ambulacral
tentacles, yet on compressing this specimen we should find that there were others
already formed, but in such a rudimentary state that they do not as yet force their

* MOULLER, J. Ueber die Larven und die Metamorphose der Holothurien und Asterien. Berlin, 1850.
f MOLLER, J. Ueber die Larven und die Metamorphose der Echinodermen. Berlin, 1852.
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way through the envelope, . 'When compressed, the mode of branching of the
young tentacles is clearly seen.

Incomplete as these observations are, they are of considerable value in a zotlogical-

point of view. It is evident that those Holothurians which want the ambulacral
tentacles,* and have only a limited number of tentacles round the mouth, such
as Caudina, Synapta, Fistularia (the Apodes), in which there are but very few
deposits of limestone particles, stand lower than those Holothurians in which, as
in Cuvieria and Psolus, some of the ambulacra are provided with suckers, forming
a kind of sole, and in which the limestone particles perform an important part in
covering the body. We should therefore place higher still those Holothurians in
which, as in the preceding group, the tentacles round the mouth have a highly
ramified character, and which have besides ambulacral suckers equally developed on
the different ambulacra. It is evident from this that several of the forms observed
by Forbes,} such as Psolinus, etc., will prove to be only the young of Pentacta,
since he has distinguished genera principally from the degree of development of
the gills and of the ambulacral system.

GENERAL PraN orF DEVELOPMENT.

The figures of Miiller show without doubt that in Holothurians as well as Echi-
noids the young Echinoderm is in its earliest stages an open spiral star. An exam-
ination of the figures of Plates III. figs. 6-9, V. figs. 58, and Plate V1. first Memoir,
and of Plates VI. fig. 14, VIL figs. 4, 6, 7, 9, and IX. figs. 3, 4, fourth Memoir, will
satisfy any one that his figures cannot be made to agree with one another on any other
supposition than that of an open pentagonal spiral surface which develops the actinal
gystem of Echinoids on the surface of one water-tube, and of a similar spiral surface on
the other water-tube which develops the abactinal area. In the same way Miiller’s
figures of Auricularia, particularly those of Plate I. fourth Memoir, and Plate IIL
sixth Memoir, show that the young Holothurian also commences by having an open
spiral actinal tentacular system. The figures of young Auricularians which are given
on Plate I. fourth Memoir also show without doubt that the tube which leads to b, in
fig. 36 of this Memoir, is the tube leading from the water-tubes to the dorsal pore, and
that b is really the madreporic body. Miiller also considers it as such in his figures,
and it is certainly very remarkable that, with the admirable figures he has given of
the young Ophiuran and Auricularian, he should not have noticed the intimate con-
nection of the water-tubes and of the young Echinoderms. It is natural that the

* L. Agassrz. Methods of Study. 1863. t Forses, E. A History of the British Starfishes.
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idea which he entertained, that we had in Echinoderms a passage from the bilateral
to the radiated form, should have made such a strong impression as to prevent his
noticing the radiated character of the young embryo, hidden as it is by all this external
appearance of bilateral symmetry. And had it not been for the clear idea we have
now of the character of the parts of radiated animals,* I doubt not that Miiller'’s view
would have gained general acceptance among investigators, and the whole frame-
work of classification, based upon the idea that a plan pervades the different types
of the animal kingdom, would have fallen to the ground, if it could have been
clearly proven that in Echinoderms we had a transition from one of these plans to
another.

As embryology gives us the means of distinguishing on broad principles the class
of Batrachians from that of the true Reptiles, since it has been shown conclusively by
Professor Agassiz that the Batrachians are an eminently embryonic class, while the
Reptiles proper are a synthetic type, so the embryology of Echinoderms throws a
new light on the character of the orders which compose that class. Particularly
important is this knowledge when applied to those early forms which have been
considered by some geologists as Starfishes, Echinoids, or Ophiurans, thus placing
the first appearance of these orders far back in geological times. A comparison of
these types with the embryonic forms of our Starfishes, Sea-urchins, and Ophiurans,
will show us plainly that they have nothing in common with them. The few fea-
tures which have misled investigators, and have prevented their recognition as true
Crinoids, are either synthetic or prophetic characters. Crinoids are an eminently
synthetic and prophetic type. From the time of the earliest appearance of Crinoids
the characters which they combined foreshadowed the advent of the true Starfishes,
the Ophiurans, and the Echinoids. The synthetic characters were so prominently
developed that many of them are readily mistaken for Starfishes or Sea-urchins, for
the same reasons which have made it so difficult to recognize as true Reptiles those
synthetic forms in which Fish or Batrachian features concealed the true Reptilian
character, until we had obtained a reliable guide in the distinctions pointed out by
embryology. If these views are correct, the Crinoids are the only Echinoderms which
are found in the Paleozoic period, and it is not until the Secondary that the other
orders appear. '

The Starfishes as an order are characterized by the absence of prophetic features.
They are rather a parembryonic order; that is, certain features which are character-

* L, Acassiz. Contributions to the Nat. Hist. of the U. S., Vols. ITL, IV.
VOL. IX. 4
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istic of the embryos of Echinoderms are carried to a great prominence in the different
families. These are, to give a few examples, the great development of the marginal
plates of the arms, the character of the spines on the abactinal area, and the presence of
pointed tentacles in the adult Starfishes. Ophiurans, on the contrary, are a peculiarly
embryonic order. They never develop interambulacral plates, which, as we shall see in
Asteracanthion,* develop quite late in the life of the young Starfish. What is very
remarkable in all the young Echinoderms is their Crinoidal character. A stem added
to a very young Starfish, Ophiuran, or Echinoid recalls to us many of the forms with
which we are familiar in the paleontological history of our earth, and I have no doubt
that a comparative study of the innumerable Crinoids known, and of the living and
fossil Echinoids, Starfishes, and Ophiurans, will bring out many more points of interest
than have been here alluded to, and give us a correct idea, not only of the nature of
the orders, but also of the families which compose them. I have here pointed out a
few of the characters which distinguish the different orders of Echinoderms; I shall
endeavor to adopt the same method, to show how far what we know of the embryology
of Echinoderms will assist us in forming a true conception. of the classification of
Radiates, reserving closer comparisons between the development of Acalephs and Echi-
noderms for another occasion, when I shall treat more fully than I have room for here
of the development of the Ctenophore, which gives us the connecting link between
the Polypoidal and Echinodermal mode of development. The division of Ccelenterata,
proposed by Leuckart in contradistinction to Echinoderms, does not correspond to any
natural distinction we can draw between the mode of development of Echinoderms on
the one side, and that of Polyps and Acalephs on the other. The mode of develop-
ment of Polyps differs more from that of the higher Acalephs — the Ctenophorze, for
instance — than that of the Ctenophora differs from the Echinoderms. But what is a
fatal objection to the division proposed by Leuckart is the appearance at the earliest
stages of development of definite numbers of spheromeres, whether we deal with a
Polyp, an Acaleph, or an Echinoderm ; and these spheromeres are not simply analo-
gous parts, as the tentacles of the embryos of some Annelids and the arms of the
plutean state of Echinoderms, but are strictly homologous, showing plainly that
the same plan underlies the mode of development of these three classes, though it is
carried out in such different ways in Polyps, Acalephs, and Echinoderms, and that
the separation of the great type of Radiates into two branches, as proposed by
Leuckart, is an artificial division which has no true foundation in nature.

- * See Vol. V. of Contrib. Nat. Hist. U. S., by L. Agassiz.
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EXPLANATION' OF THE FIGURES.

‘Wit the exception of figs. 29, 30, and 84, which were copied from drawings made by Mr. Tappan, under
the direction of Professor Agassiz, the figures were drawn on wood by myself from the drawings I made at
the time of this investigation.

TOXOPNEUSTES DROBACHIENSIS Ac.
Fias. 1-28.

The specimens from figs. 118 inclusive were all obtained from artificial fecundation ; figs. 19 - 27 were
caught with the dip-net ; fig. 28 was thrown up on the beach after a storm.

EXPLANATION OF LETTERING.

a, anus, ’ 7, rod of arm e’
b, madreporic body. - - 7", independent rod above cesophagus.
¢, alimentary canal (intestine). 7'7, anal point of junction of rods in the Ophiuran Pluteus.
d, digestive cavity (stomach). s, actinal region.
¢, e, ¢’ ', arms of the plutean form. A spots of arms ¢/, ¢” of the Pluteus of Echinus.
J/, brachiolar arms ? s"", interambulacral spines of Echinus.
9, tentacles round actinostome in Cuvieria. "', younger spines of Echinus.
g', ambulacral tentacles of Cuvieria. t, tentacles.
k, teeth of young Echinus. ¢/, odd terminal tentacle.
{, body of larva of Cuvieria (pupa of Miiller). v, anal part of vibratile chord.
m, mouth. v/, oral portion of vibratile chord.
. m, interambulacral tubercles of Echinus. v", vibratile epaulettes.
n’', ambulacral tubercles. w, water-tube.
o, cesophagus. w', water-tube leading to madreporic body.
p» pedicellaria. 9, terminal arm-plate of Ophiuran.
r, abactinal region. y', side arm-plates of Ophiuran.
', main rod, formed first in the Echinus Pluteus. In fig. 31 v should be v/, and vice versa.

For the earlier stages compare figs. 1 — 5 of Proc. Am. Acad., from which the earlier stages of the Echinus
Pluteus do not differ greatly.
Fig. 1. Profile view of an Echinus Pluteus eighty-eight hours after artificial fecundation.
Fig. 2. The same as fig. 1, seen from above.

Fig. 8. DProfile view of a plutean form somewhat more advanced than in fig. 1; the digestive cavity, d, is
bent very considerably towards the actinal side.

Fig. 4. View from above of a Pluteus in which the digestive cavity, d, is somewhat differentiated by con-
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strictions ; the pouch, o, formed at the blind extremity, has sent off two diverticula, w, w'; the first
appearance of the water-tubes. End of fourth day.

Fig. 5. Profile view of an embryo somewhat more advanced than fig. 4, at the beginning of the fifth day;
the intestine, ¢, stomach, d, and cesophagus, o, are well separated ; the water-tube, %/, also stands out

prominently from the extremity of the cesophagus, o; the anal part of vibratile chord, v, bulges out
considerably.

Fig. 6 is a view, from the mouth-side, of the stage the embryo has attained" at the end of the fifth day. The
‘water-tubes, w, ', have different degrees of development, and are less closely connected with the cesoph-
agus ; the rods have sent out processes at points where the new arms are to be developed, at v.

Fig. 7 is a view of fig. 6 from the anal extremlty, to show the changes of form since fig. 2, and the position of
the vibratile chord.

Fig. 8 isa proﬁle view of fig. 6 ; the mouth, m,'is not yet opened.

Fig. 9. A profile view of an embryo taken at the beginning of the seventh day; the mouth, m, is opened ;
the water-tube, w/, reaches nearly the dorsal surface. The currents which previously to this stage had
carried the food through the only opening, a, as far as o, and then were reversed to eject the digested
matter, now come in through the mouth, m, pass through the cesophagus, rotate about in the stomach, d,
and pass out through the first-formed opening, the anus a, which is hereafter used only to eject the food.

Fig. 10 represents a Pluteus at the beginning of the eighth day, seen in such a manner as to show the whole
of the vibratile chord, when looking on the side where the mouth and anus open.

Fig. 11 is a profile view of an embryo slightly more advanced than the one represented in fig. 10.
Fig. 12. The same as fig. 11, seen from the mouth side.

Fig. 18. Somewhat more advanced than fig. 12, seen so as to show the changes the vibratile chord has under-
gone since the stage represented in fig. 10.

Fig. 14. An embryo during the tenth day, seen in profile ; shows the position of the arms e’/ and e,

Fig. 15. The same as fig. 14, seen from 'tvhe mouth side ; the arms, ¢/, have been greatly developed; the
differentiation of the intestine, c, the s@omwch, d, and cesophagus, o, is quite complete. First appearance
of the vibratile epaulettes, v". The water-tubes have not united ; they have not greatly increased in size.

Fig. 16. Proﬁle view during the twenty-third day; the arm, ¢”, has made its appearance, and is a.lready,
qmte prominent ; a still greater development of the vibratile epaulettes is perceived.

Fig. 17. The same as fig. 16, seen from above, to show the relation of the different rods to each other, as
well as the first appearance of the tentacular loop, #.

Fig. 18. View of fig. 17, corresponding to the less advanced stages of ﬁgs 10 and 18, showing the connec-
tion of the different parts of the vibratile chord.

Fig. 19. A much more advanced stage than fig. 17, seen from above ; found swimming freely on the surface
of the water. The rods extending into the arms are made up of three sets of rods united by short trans-

. . verse bars; additional tentacular loops have been formed. The water-tubes have greatly increased in
size, and appear to have united. ’

Fig. 20. An adult Pluteus of Tozopneustes drobachiensis, in which the young Sea-urchin has already en-
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croached somewhat on the anal extremity. The epines are quite prominent; the vibratile epaulettes
have acquired a very large size ; two very prominent. spots, ¢/, ¢, in the arms, ¢/, ¢/; f is perhaps some-
thing homologous to the brachiolarian arms of Brachiolaria.

Fig. 21. View of fig. 20, corresponding to figs. 10, 13, and 18.
Fig. 22. Profile view of fig. 20.

Fig. 23. The young Echinus has materially encroached on the Pluteus, and resorption has been carried on
to such an extent that there is very little left of the Pluteus except the arms, which have lost their
mobility. :

Fig. 24. A young Echinus immediately after the resorption of the Pluteus, seen from the abactinal side.

Fig. 25. Young Sea-urchin somewhat more advanced than that of fig. 24, seen from the abactinal side. The
opening of the anus (a, fig. 28) cannot be traced in these younger specimens, though it is very apparent
in somewhat more advanced ones.

Fig. 26. The same as fig. 25, seen from the actinal side; the tentacles have become more slender; the spines
more numerous than in younger stages. The actinal membrane is well developed.

Fig. 27. The same as figs. 25 and 26, stripped of its spines, seen from the actinal side.

Fig. 28 is a young Toxopneustes measuring one fifteenth of an inch in diameter, including the length of the
spines, in which pedicellaria have developed, and the spines have assumed the general appearance of
those of the adult. ' '

OPHIOPHOLIS BELLIS LymaA.
Fias. 29, 30,
Fig. 29. Abactinal view of a young Ophiopholis, to show the arrangement of the plates of the disk.
Fig. 30. A somewhat younger Ophiopholis than fig. 29, seen from the actinal side. .

AMPHIURA SQUAMATA Sars.
Figs. 31-38.

Fig. 31. An adult Pluteus of Amphiura, in which the water-tubes are plainly seen. The figure is taken on
the side of the madreporic body ; one of the long arms is cut off. In this figure o' is the anal, and v the
oral vibratile chord.

Fig. 82. The arms of the Pluteus are almost entirely resorbed, except the two long arms, ¢/, which are still
intact, as in fig. 31 ; they are here cut off for want of space. The Ophiuran is seen from the abactinal
side, to show the arrangement of the arm-plates, y, y'.

Fig. 33. The same as fig. 32, seen from the actinal side. The mouth is still very large ; the tentacles, ¢, ¢/,
mere loops.

ASTERACANTHION FLACCIDA Ae.

Fig. 34. Mode of carrying the embryos in Asteracanthion flaccida.
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CUVIERIA FABRICII DiB. T Kor.
Fias. 35-388.

Fig. 85. Youngest Cuvieria observed, in which the tentacles of the mouth do not yet protrude beyond the
general outline of the pupa.

Fig. 36. A much more advanced Cuvieria than fig. 35 ; the tentacles, g, are very prominent.

Fig. 837. A still more advanced Cuvieria, in which the position of the madreporic body, , can be seen. Am-
bulacral tentacles, ¢, have also been formed.

Fig. 38. A young Cuvieria nearly in the state of fig. 87, compressed to show the relation of the different
parts to each other. )
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Observations on the Development of Raia BaTIs.

By JEFFRIES WYMAN, M. D,

HERSEY PROFESSOR OF ANATOMY IN HARVARD COLLEGE.

Communicated January 27th, 1864.

THE following observations relate mostly to the changes which a single species of
skate undergoes in its outward form and structure during development. They are
based upon the examination of a series of eggs, collected in the spring of 1851 and
of the three subsequent years. The publication of them has been delayed in the
hope that other specimens might be obtained which would make it practicable to
give an account of the evolution of the internal organs. Having been disappointed
in this, it was thought desirable to publish such results as have already béen reached,
believing that some of them, at least, are additions to the previous knowledge of the
subject.

Egg case. — This singular structure has the general form of such parts in egg-
laying Selachians. The whole case, in the species here described, is between six
and seven inches in length, of a deep greenish-brown color, and composed of minute
parallel filaments, which give it a striated appearance and a silky lustre. The cen-
tral pouch (fig. 1, @), for the protection of the yelk and the embryo, is about two
inches long, an inch and a half wide, bulges in the middle, and has a hollow, slender,
curved horn projecting from each corner. The fore end of the pouch is deeply con-
cave, and thickest, while the hinder is thin, nearly square, and ragged; it is from
this part that the embryo escapes, after the separation of the upper and under walls
from each other. The hinder horns project backwards as they lie in the oviduct,
and are of about twice the length of those at the other end. The outer edge of
each horn is the more rounded, and near the free end has an oblong slit (b &) for
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the inward and outward flow of the water which passes through the egg during
incubation.

At the base of each fore horn is a slender projection or spur (c), about half an
inch in length, the whole outer border of which breaks up into a series of silky
filaments, and these are especially abundant near the free end. Similar filaments
are given off from the whole border of the capsule, and all become tangled and
woven together in such a manner as to form a broad and somewhat thick mem-
brane on each side (d¢). This membrane was found entire only on cases taken from
the oviduct, and on those newly laid. In all such, however, as have embryos some-
what advanced, it is more or less destroyed, and for the most part omly tufts of it
remain at the base of each horn. The object of it is not apparent, unless it be to
assist in securing an anchorage, by the entanglement of-.its filaments with subma-
rine plants or rough surfaces.

In a single instance, in the dissection of skates, an imperfect egg-case was found
in each oviduct, the development of it having just begun* The hinder horns and
the hinder edge of the capsule were the only parts completed. They were contained
in the glandular portion of the oviduct, which is quite thick during the reproduc-
tive season, and is mostly made up of very minute and slender follicles, of great
length. From some of them fibrils protruded, identical in structure with those out of
which the cases are made, and which, after being liberated, are doubtless moulded into
the shape of these cases, and cemented together by some secretion from the oviduct.
The horns are formed in grooves on either side of the duct, and the pouch for the
yelk in the intervening space.} A careful examination of the ovary and oviduct in
the above instance showed the singular fact, that, although some of the yelks were
mature, none had as yet been detached from the ovisacs. This circumstance ren-
ders it probable, that, after the horny pouch is partially formed, the yelk descends
and enters it, and that then the other portions are completed. If this supposition,
based upon a single observed instance, were to be confirmed by further examinations,
it would prove the existence of an interesting deviation from a rule among animals
generally supposed to be without exception, viz. that the presence of the yelk in the
oviduct is necessary before the formation of the egg-coverings can begin.

* For the specimen here referred to, as well as for several others which have given me important aid, I am
indebted to my friend Dr. John Green of Boston.

t Aristotle was familiar with the eggs of Plagiostomes. See Hist. of Animals, Book VI. Section 10.
Ruysch figures them for the first time in the Thesaurus Animalium, Pl III. figs. 3 and 4, showing the em-
bryo ¢n situ. Cuvier ascribes the materials of the case to the follicles, and the form to the glandular surface.
Legons, Tome VIIL p. 90.
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In none of the cases which we have examined have we found the feetus surrounded
either by a membrane or by albuminous matter, but in every instance the yelk and
the embryo were fully exposed to contact with the water, which entered by the open-
ings already described. An albuminous covering may have existed at an earlier period,
and have been absorbed. ‘

Yelk. — After the body of the embryo has become well defined, it is attached to
the yelk by a slender umbilical cord about half an inch in length (fig. 2). The
yelk has not the pyriform shape so common in other Selachians, but is nearly spheri-
cal, though somewhat flattened above and below. The cord has the length just
mentioned only temporarily, and soon begins to shorten, and contracts until the
feetus rests once more upon the surface of the yelk (figs. 6 and 7). The two
omphalo-mesenteric vessels, common to all vertebrates, carry the blood from the em-
bryo to the yelk and back. The artery, a branch of the mesenteric (figs. 2 and 7, a),
passes out beneath the head, over the front of the yelk, and descends to the under
surface, giving off minute twigs to the right and left; but the trunk itself does not
branch. Dr. John Davy* in his observations on the development of the torpedo,
although he figures a vein surrounding the vascular area in the younger specimens,
yet makes no reference to it in the text. Agassiz has observed a similar vessel in
the yelk of a dog-fish, and has for the first time pointed out its resemblance to the
sinus terminalis of birds. Dr, Davy’s figures, taken in conmection with those here
given, form a complete series. In the youngest of the specimens described by
him the sinus is found on the upper surfice of the yelk, and quite near the embryo ;
in the second, it has receded toward the sides, and the vascular area enlarged to a
corresponding degree. In our specimens it is found on the under surface, is of a
triangular form (fig. 3), and encloses only a small area. Eventually it contracts still
further, and at last wholly disappears, and thus the entire surface of the yelk becomes
vascular (figs. 6 and 7). '

As developmént advances the yelk is gradually withdrawn into the cavity of the
abdomen, as in birds; but the retraction does not appear to be quite complete in
- the skates until a short time after hatching. In one instance a fully formed skate
taken from the egg-case had the yelk reduced to a small flattened mass about two
lines in diameter. Very nearly the same condition existed in another, which was
already hatched. In a third instance, where the young had been hatched for a longer
time, the yelk had been wholly introduced into the gavity of the abdomen ; but a con-

* Researches Anatomical and Physiological, Vol. L. p. 61.
VOL. IX. 5
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siderable mass of it, still within the abdominal cavity, remained to be absorbed (fig.
11, a), where, as in the newly hatched chick, it serves as a reservoir of nourishment.
Dr. Davy states that, in the torpedo, the young fish is nourished by the yelk for
six weeks after birth. In all cases we have found the vitelline duct entering the
intestine just above the spiral valve.

Form of the Feetus.— The general form of the youngest specimens is long, slender,
and gradually tapers to a point backward, as in fig. 2, and may be described in one
word as eel-shaped. The head presents two rounded projections, one of them for-
ward (figs. 4* and 5, d), forming the foremost part of the embryo; this is made by
the protrusion of the optic lobes, and closely resembles the same part in the embryos
of birds; the second (fig. 5, ¢) is directed downward, and contains the cerebral
and olfactory lobes, behind which are the eyes. These last, which in the earlier
stages, as in figs. 2, 4, 10, are on the same level with the surrounding parts, soon
become remarkably prominent, as in fig. 8, where they remind us of the eyes of the
young of Malleus. In the fully formed fish they are again reduced to nearly the
same level with the adjoining integuments. As development advances, the optic lobes
cease to form the most prominent part of the head, in consequence of a change of
position of the cerebral hemispheres, which rise to the same level with the organs
just mentioned, as the facial disk (figs. 7, 9, 10, b) advances beneath them. In fig. 6
the embryo has many of the features of a shark; and in fig. 8, with the expansion
of the pectoral and ventral fins, it begins to take on the form of the skate. For
further details the reader is referred to the different sections of this article.

Fins.—In the youngest specimen examined (fig. 2), a vertical fold of skin stretches
along the middle line, from near the head almost to the end of the tail above, and
from near the umbilical cord to the same point below. These folds do not pass
beyond or become connected around the end of the tail. The dorsals (figs. 2 and
7, c) are formed by two vertical extensions of the upper fold, and in this early stage
of their existence are placed midway between the base of the tail and its tip, which
last tapers to a slender point. The anals (figs. 2, 7, and 9, d) are formed from a

similar extension of the under fold, and are situated somewhat farther forward than -

are the dorsalg. The first (fig. 6, d) grows very rapidly, and soon acquires a dispro-
portionately large size; but the second (fig. 6, d') is quite diminutive. Both upper
and lower folds and fins have their edges bordered with follicles.

Both dorsal and anal fins undergo a very remarkable change as development
advances. The first in the adult are found quite at the end of the tail, instead
of the middle, as in the early stage. This change of relative position seems to be

b
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effected in part by the more rapid growth of that portion of the tail which is in
front of them, while that which is behind scarcely increases in size, and thus the
fins are soon nearer the end than the middle. At the time of batching, the terminal
portion is still present (fig. 11, ¢); but subsequently it is either absorbed, or, what is
not improbable, is covered by the extension of the dorsals backward.

The anal fins, the first of which, as already stated, attains to a remarkably large

size, are gradually absorbed, and are wholly removed before the end of gestation.
- From the fact of these fins having a temporary existence in the skate, and a per-
manent one in many sharks, it is not improbable that they may be present in the
embryos of all Plagiostomes. In the torpedo the dorsal fins seem to retain their
primary or embryonic position, as they remain pgrmanently in the middle of the
tail; and Uraptera has the slender terminal portion behind the dorsals persistent,
just as in the newly hatched Raia batis. ‘

This development, temporary existence, and early removal of the anal fins, gives
us another interesting example of the formation of parts which have no obvious use
in the economy, and which must be regarded as having merely a morphological value.
It falls into the same category with the caudal fin of the embryo of Pipa, which is
never used, the teeth of certain Cetaceans, the inferior incisors of the female mas-
todon, which are all removed without being used, and the milk incisors of the Guinea-
pig, which are shed in wutero.

There is still another point of interest in the morphology of the tail of the species
we are here considering; for although symmetrical, it does not at any period assume
the heterocereal form, but retains permanently its primary embryonic or protocereal
condition. ' v

In this respect the skates hold a lower position than the sharks, nearly all of whom
pass through the protocereal into the heterocereal stage.

The pectoral and ventral fins begin as slight ridges on either side, but each soon
takes on the form of a half-oval disk (fig. 4, a, b). At first the two are nearly
continuous in the same plane (fig. 4), but the pectorals (figs. 8 and 9, a) grow the most
rapidly, gradually assume a somewhat oblique position, and in a short time partially
cover the ventrals. None of the specimens were of a proper age to show whether or
not the pectorals were formed first, as is the case with the fore limbs of all vertebrates
whose development has been thus far studied. As they grow, they advance on either
side of the head in the form of horns (figs. 8 and 9, a’), but by degrees the space
between these horns and the side of the head is filled up, and thus the eyes and the
persistent portion of the first branchial fissure are pushed to the upper surface, and
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eventually the pectorals gain the foremost part of the side of the head, at the same
time becoming united with the extended facial disk. ‘

.The tail, as the whole animal increases in size, becomes relatively very much shorter.
In the earlier stages the bddy‘is only three sixteenths of the entire length of the
embryo, but subsequently it is about one half that length, as will be seen by a
comparison of figs. 7, 8, 9, and 11.

Mouth.— In the youngest embryos this has an elongated shape, is broadest at the
fore part, and, contrary to what is usually the case in-the embryos of other orders, has
its longest diameter directed from before backwards, which circumstance gives it a
very singular appearance (fig. 4*). Its borders are formed by the first branchial
arch (figs. 4* and 5, b), and, as development advances, its longest diameter begins
to shorten, and the arch bends on either side, its upper and lower, or its fore and
hinder portions, forming an angle with each other; and thus begin the future angles
of the mouth. That portion of the arch below these is without a doubt transformed
into the lower jaw, and the ¢« upper jaw ” is formed of what remains in front of them.

The homology of this so-called upper jaw has led to much discussion. One thing
is certain, there is at no time to be seen in the circumference of the mouth anything
which corresponds with the ¢ intermaxillary bud” or *fronto-nasal protuberance” ;
nor is there anything corresponding with an upper « maxillary bud.” The only other
parts to which the “upper jaw” could be said to correspond would be the palatines,
as asserted by Cuvier; or more probably, as maintained by Mr. Huxley, the bones
just mentioned, the pterygoids and quadrate bones together, all of which are believed
to be developed from one and the same primary cartilage.

If the maxillary and intermaxillary bones exist at all in the head of the skate, their
homologues must be found in the parts farther forward than those just mentioned,
and in some way connected with the nostrils. We shall, therefore, speak of them
when these last-named parts are described.

There is a very important change, which, though not directly connected with the
mouth, yet involves the region of it, and may properly be mentioned here; namely,
the formation, just in front of the nostrils, across the whole breadth of the under side
of the head from one pectoral fin to the other, of a ridge of thickened integument,
which gradually extends forward in a horizontal plane, forming what may be called
the facial disk, and is most prominent in the middle (figs. 7, 9, and 10, b). It is by
the extension of this forward till it passes beyond the foremost part of the cranium,
and its fusion with the pectorals, that the pointed rostrum of the adult skate is
formed (fig. 11, ¢). Even after this is nearly completed, the cranium remains promi-
nent above it, but eventually both come to the same level
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In advanced embryos there is formed behind the mouth a semicircular fold of skin,
which extends from one angle to the other, and very closely resembles the lower lip
of mammals in its first stage of development. We did not find this in an adult speci-
men which was especially examined for comparison. ’

Nostrils. — In the adult, each nostril is lodged in an inverted cartilaginous cup
connected with the base of the cranium, and lined with a folded sensitive mucous
membrane. From this there extends to the angle of the mouth a deep groove, which
ends just in front of the “upper jaw.” The integument between the right and left
grooves projects from the general surface, forming a sort of upper lip (fig. 11, d), and
the angles are developed into fringed lobes which cover the corners of the mouth.
Each lobe contains a cartilage, which Miiller compares with the cartilages of the wings
of the nose, as also the outer border of each groove opposite to them. The peculiar
configuration of these parts in the adult skate, and the resemblance of the whole to an
embryonic condition of the higher vertebrates, renders the study of them quite impor-
tant. As Professor Agassiz states, “no one can fail to be impressed with this resem-
blance who compares the head of an embryo quadruped, looking at it in front face, with
the adult skate.”* To give demonstrative evidence that the parts thus compared are
homologous, can only be done by an examination of a larger number of specimens, in
different stages of development, than have as yet been studied. The series here
‘described contributes something to this end, and enables us to determine some points
which have not thus far been noticed.

- The first traces of the olfactory fossee which we have seen consisted of two small, but
elongated and well-defined pits (fig. 5, ¢), somewhat enlarged at each end, and con-
verging towards each other backward. They are at a distance from the mouth, and
have no connection whatever with it, nor is there as yet the beginning of the groove
which is found at a later period. In these respects they resemble the primary form
of the nostrils of vertebrates in general. The position of them is such that they might
be easily overlooked, for they are confined mostly to the hinder face of that portion of
the head which is formed by the projection of the cerebral lobes downward, and can
only be wholly seen by standing the embryo on its head. As the mouth takes its
permanent shape, the nostrils lengthen, and a process forms on the inner border of each
of them (fig. 10, @), which is the first stage of the lobe already described as existing
in the adult. By a gradual thickening of the integuments, these processes become con-
nected with each other across the middle line, when the whole skin bétween the nos-

* Methods of Study in Natural History, (Boston, 1868,) p. 817.
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trils projects above the surface, and forms the upper lip, or the portion already spoken
of as having so strong a resemblance to the intermaxillary bud or protuberance of the
higher vertebrates (fig. 11, d). The edges of this form the inner borders of the nasal
grooves, the outer ones being the result of a corresponding thickening of the integu-
ments on the other side of this groove. Both inner and outer borders rise to the
same level.

If now we compare the phases which these parts pass through in skates with the
permanent conditions of them in other Selachians, it will be found that, in one species
or another, these permanent conditions are arrests of development in various stages. In
Oxzyrhina gomphodon the nostrils retain permanently the primitive form of the olfactory
fosse, like that of the youngest skates noticed above; in Pristiurus melanostoma, and in
Moustellus, Carcharias laticaudus, and many other species, the nostrils have superadded
the lobe on their inner border, but no further thickening of the integument between
them ; in Scyllium Bergeri this lobe is extended by the thickening of the integument
towards the middle line, as in Fig. 10; and in Raia torpedo, Scyllium maculatum,
Teniurus Meyeri, and others, it extends across the whole space between the nostrils,
and forms above the mouth a continuous upper lip, as already described.

If the part the development of which has just been described is to be compared with
the intermaxillary bud, the grooves on either side must be compared with the unclosed
nostrils of the embryos of air-breathing vertebrates, or in other words to the ¢ hare-lip.”
In air-breathing animals the nostrils open into the mouth, either by a canal between the
maxillary and intermaxillary bones, as in many reptiles, or by a canal extending farther
back, and separated from the mouth by the bones just mentioned and the palatines
in addition, as in mammals ; or by these bones and the pterygoids, as in the crocodiles. -
In the Proteus, Axolotl, and Menobranchus, however, the nostrils cannot be said to
enter the mouth at all, but pass through the upper lip at a point corresponding with
the union of the maxillaries and intermaxillaries, but still exteriorly to the dental arch.
Bearing this in mind, we are led to look for the homologues of these bones in the
immediate neighborhood of the nostrils in the skate. The only parts which occupy
the position indicated are the cartilages, already referred to, contained in the nasal
lobes, and in the parts just outside of the nasal groove. Is not the cartilage which
extends from the olfactory fosse towards the pectoral fin the homologue of a maxillary
bone, and that in the lobe, of an intermaxillary? If so, the skates and Proteiform
reptiles agree in having the nostrils open in front of the dental arch, but at a point
corresponding with the union of the maxillaries and intermaxillaries ; they differ in
this, that while in all Batrachians the nasal groove becomes closed, in the skates it
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remains permanently open. Should this prove to be a correct determination of the
parts, it will add another feature which justifies Owen, Agassiz, and others, who have
so far dissented from Cuvier as to give the Selachians a place in the zotlogical series
higher than that of the bony fishes. At the same -time, it will give corroborative
proof of the correctness of Cuvier’s view, that « the rudiments of the maxillaries, inter-
maxillaries, . . . are evident in the skeleton.”* Furthermore, we may also assert that
among Selachians we have numerous instances of a double hare-lip being a normal
adult condition.

Branchial Fissures and Gills. — In nearly all adult Selachians there are five gill-
openings in each side; Hexanchus and Heptanchus have respectively six and seven
such openings. In addition to these, all of the skates and some of the sharks have a
peculiar opening just behind the eyes, or at some point between these and the first
branchial fissure, which makes a direct communication, for the most part of a large
size, between the top of the head and the pharynx, and to which the terms « spiracle,” -
«event,” « Spritz-locher,” « foramina temporalia,” etc., have been applied.

In the youngest embryos of skates here described, we have found the number of
gill-openings or branchial fissures seven on each side, all well defined except the last,
which is the smallest of the series (figs. 4 and 4*). These are all in the same
range from before backward, and at this stage the spiracle, as such, is not distinguished
from the others. It is characteristic of the early embryos of all Selachians, to have
developed, in connection with branchial apparatus, temporary gills, which are seen in
the form of long and slender filaments projecting from the sides of the neck. They
are generally described as coming out through the gill-openings, and as prolongations
of the internal gills. Cornalia,} who has made a special study of these organs, so
describes and figures them. We believe that, in consequence of not having seen em-
bryos sufficiently young, he has been led into an error.

‘We have found them, when first formed, growing from the outer edge of the
branchial arch (figs. 4* and 5), and at that time in no way connected with the bran-
chial fissures. In the skate, the first and seventh arch had no fringes at any period,
and of the five which had them, the fringes of the foremost ones were the longest,
the hindmost being merely short, conical projections. As development advances, the
bases of the fringes are gradually covered up, as it seems, by the growth of the por-
tion of each arch in front of them, which is thus projected outward as the body

.

* Animal Kingdom, McMurtrie’s translation, (New York, 1831,) Vol. IL. p. 283.
t Sulle Branchie Transitorie dei Feti Plagiostomi. Memoria del Dottore Emilio Cornalia. 1856.
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becomes thicker from side to side; the line of attachment of the fringe, which retains
its original position, being thus buried between two adjoining arches.

From the fact that the temporary gills are formed before the permanent ones, and
from the outer surface of the arch, it is obvious that they cannot be — as commonly
described — prolongations of these last-mentioned breathing organs.

The fringes do not cover the whole border of the arch, but are confined to its cen-
tral portion, and consist of from six to eight filaments each.

‘We have made no observations on the formation of the internal gills, and cannot
therefore explain the connection which eventually exists between these and the fringes,
and which at a later period correspond exactly with the descriptions usually given.

The existence of temporary branchial fringes, and their subsequent absorption, is one
of the most remarkable characteristics of Selachians, and one in which they differ from
all osseous fishes, unless it be the Lepidosiren.* All vertebrates, as embryos, agree in
this, that they are in their early stages provided with « branchial fissures ” and « arches,”
or, as they have sometimes been called, « visceral arches.” Gills or gill fringes, either
as temporary or permanent structures, are never formed in any scaly reptile, bird, or
mammal.t Much confusion and misapprehension have arisen from the constant reit-
eration of the opinion put forth in the early days of embryology, that all vertebrates at
one time have a branchial respiration, an error which is repeated by naturalists even at
the present day. Among Batrachians some genera, as Menobranchus, Siren, Axolotl,
etc., have external fringes permanently attached to their branchial arches, which are
not known to be replaced by, or to coexist with, internal gills. They are their sole
organs of respiration, for their lungs are too imperfect and rudimentary to have much
physiological importance. In frogs, toads, and salamanders, the external gills are
replaced by internal ones, and these in turn by lungs. Thus it will be seen that no
Batrachian is permanently provided with internal gills.

Selachians and Batrachians agree in this, that their embryos have in their first
stages external fringes growing from the outer surface of the gill arches, and these

* «Tn the Lepidosiren annectens, three small external branchial filaments project from the single opercular
aperture on each side, and are long retained, if they be not permanent, in that remarkable osculant form be-
tween the osseous and the cartilaginous fishes.” Owen, Lects. on Comp. Anat., Vol. IL p. 301. See also
Jardine, Ann. Nat. Hist., Vol. VII, (1843,) and Peters, Miiller’s Archives (1845).

t The recent investigations of Lereboullet on the development of the lizard are, as regards this animal, to
the same effect. “The branchial arches do not, in the evolution, pass through the same phases as those of
fishes. They never become provided with fringes, and never perform the functions of respiratory organs.”
Annales des Sciences Naturelles, Tom. XVII.,, (1862,) p. 127.
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fringes have the same structure in both.* The Selachians still further agree with
frogs, toads, and salamanders, in the fact that the outer fringes are absorbed, and are
replaced by internal gills. They differ from them, however, in the following particular.
Selachians retain their internal gills permanefxtly through life, while, if such exist
at all in the Batrachians just mentioned, it is only during the larval stage, and they
are soon replaced by lungs. Selachians may therefore be said to pass through stages
analogous to the first and second stages of Anourous Batrachians and salamanders.

The other changes which the fissures pass through before the skate acquires its
permanent form are as follows. The seventh fissure is closed up at a very early period,
about the time that the dorsals are beginning to be formed. 'While the first arch bends
and is drawn forward as already described in connection with the formation of the jaws,
it at the same time becomes broader, so as to widen the distance between the mouth and
the first fissure, or the second, after the first is partially closed. The inner part of the
first closes up, while the outer remains open (fig. 5, a), is somewhat enlarged, and
retains its relative position to the eye. It is very soon widely separated from the other
fissures by the rapid growth of the intervening parts, and still further by the extension
of the pectoral fins forward between this remnant of the first fissure and those behind
it, the former being thus thrown to the upper, and the latter to the under surface. The
unclosed portion of the first branchial fissure is thus converted into the spiracle.

The transfofmation thus described is of very great interest when compared with the
changes which occur in the corresponding fissures of the air-breathing vertebrates, and
enables us to establish an unexpected homology. Reichert,} in his most important
investigations of the development of the gill arches (* visceral Bogen ") of the pig, has
shown that in this animal the first fissure is gradually separated from the others by the
widening of the second arch, and for a time, even after all the others are closed up,
forms a direct opening from the side of the neck into the pharynx. Afterwards it is

* Cornalia states that these respiratory fringes are not found in the “cotylophorus” sharks, as in Centrina,
for in such the feetus forms a direct communication with the oviduct of the parent, and the fringes are there-
fore unnecessary. This statement may be questioned with propriety, on the ground of analogy, unless it were
based upon observations made upon very young embryos. This, however, does not appear to have been the
case, for the figure of the feetus referred to by him as evidence (see Carus, Entwickelung der Thiere im
Allgemeine, Tab. VI. fig. 9) shows that the specimen was quite advanced, and has reached a period when the
fringes might have been absorbed. It is quite probable that, as the young of such sharks have the advantage
of a vitelline placenta, the fringes would disappear at a very early stage. See Cornalia, Sulle Branchie
Transitorie dei Feti Plagiostomi, (Nizza, 1856,) p. 22.

+ Meckel's Archives, (1887,) p. 120.

VOL. IX. 6
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divided into an outer and inner portion by a membranous septum ; the former being
the external auditory canal, and the latter the Eustachian tube and the cavity of the
tympanum. It will thus be seen that the spiracle is not only a true branchial fissure
in the first place, but that in the end it is homologous with the Eustachian tube and
the outer auditory passage before these are separated from each other by the membrane
of the tympanum.

Professor Huxley, in a series of lectures* on the Vertebrate Skeleton, in which the
homologies and development of it are discussed with great ability, sets forth a some-
what different view with regard to the formation of the external ear, and maintains that
the first step is similar to that in the case of the eyes and nose, viz. an “involution ”
or a “ pushing in” of the integument. Professor Huxley’s observations were made on
the chick, and he arrives at the same conclusions as Remak, leaving us to infer that the
auditory passage and Eustachian tube have no connection with the branchial fissures.
‘We have gone over the same ground in the pig, and have found Reichert’s observations,
as mentioned above, fully confirmed.

The relation of the spiracle to the branchial fissures is still further shown by the fact
that in some species, as in Scyllium and Leemargus, it, like the others, is provided with
respiratory fringes. In the skate this is not the case, but in the adult a comb-like fold,
resembling, and probably having the functions of, a gill, is found just within the spi-
racular opening. *

The following is a general summary of the results contained in the preceding
pages.

1. The yelk case is formed in the glandular portion of the oviduct, and is begun pre-
viously to the detachment from the ovary of the yelk which is to occupy it.

2. The embryo, before assuming its adult form, is at first eel-shaped, and then shark-
shaped.

8. The embryo is for a short time connected with the yelk by means of a slender
umbilical cord ; the cord afterwards shortens, and the young skate remains in contact
with the yelk until the end of incubation.

4. There are seven branchial fissures at first ; the foremost of these is converted into
the spiracle, which is the homologue of the Eustachian tube and the outer ear canal ;
the seventh is wholly closed up, and no trace remains; the others remain permanently
open.

* Structure and Development of the Vertebrate Skeleton, London Lancet, July, 1863, p. 427, American
reprint.
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5. There are no temporary branchial fringes or filaments on the first and seventh
arches; on the others the fringes are developed from the outer and convex portion of
the arch, and are not at first prolongations of the internal gills.

6. The nostrils, as in all vertebrates, consist at first of pits or indentations in the
integuments’; secondly, a lobe is developed on the inner border of each; and finally,
the two lobes become connected, and thus form the homologue of the fronto-nasal pro-
tuberance. The transitional stages of these correspond with the adult conditions of
them in other species of Selachians.

7. The nasal grooves are compared with the nasal passages of air-breathing animals,
and the cartilages on either side of these to the maxillary and intermaxillary bones.

8. The foremost part of the head is formed by the extension of the facial disk for-
ward ; while this extension is going on, the cerebral lobes change their position from
beneath the optic lobes to one in front of them. |

9. Two anal fins, one quite large and the other very small, are developed, but both
are afterwards wholly absorbed.

10. The dorsals change position from the middle to the end of the tail. At the time
of hatching, however, there is still a slender terminal portion of the tail, which is
afterwards either absorbed or covered up by the enlarged dorsals, as they extend
backward.

EXPLANATION OF THE FIGURES.

Fig. 1. Egg case, one half of the natural size, linear measurement ; a, pouch for the yelk ; b ¥, openings
for the inward and outward flow of water; ¢, spur; d, membrane formed .by the interweaving of the lateral
filaments.

Fig. 2. Eel-shaped embryo, connected with the yelk by a slender umbilical cord ; a, omphalo-mesenteric
artery ; ¢, dorsals ; d, anal.

Fig. 3. Under side of the yelk of the preceding specimen ; @, the continuation of the artery seen in fig. 2,
and connecting with the triangular terminal sinus.

Fig. 4. A more advanced embryo, showing at @ and & the pectorals and ventrals ; d, the temporary anal.

Fig. 4. Head of the preceding enlarged; b, first branchial arch, without fringes; d, projection of the
optic lobes ; ¢, projection of the cerebral lobes; the open space between the first branchial arches is the mouth.

Fig. 5. Side view of the same; g, first branchial fissure, largest at its outer end ; this enlarged portion
corresponds with the future spiracle ; b, the inner end ; the first arch is in front of this fissure ; ¥/, the second
fissure, in front of which is the second arch, bearing a fringe ; ¢, nasal fossa ; d, projection of the optic lobes ;
e, cerebral lobes.

Fig. 6. A shark-shaped embryo; ¢, dorsals; d &, anals, In this figure the embryo is represented as
twisted on the yelk, through half a circle, consequently the artery is directed backward instead of forward.
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Figs. 7, 8,9. A more advanced embryo, seen from the side, from above, and from below ; a, fig. 7, artery ;
‘@ ay figs. 8 and 9, pectoral fin; b, figs. 7 and 9, facial disk ; ¢, figs. 8 and 9, ventrals ; ¢, fig. 7; dorsals ; d, figs.
7 and 9, anal; ¢, figs. 8 and 9, gill fringes. . .

‘Fig..10. Head of figure 6, enlarged ; a, nasal lobe ; , facial disk ; ¢, upper lip.

Fig. 11. Newly-hatched skate; a, yelk-sack in the cavity of the abdomen, connecting with the mtestme,
b; ¢, embryonic portion of the tail which disappears in the adult; this corresponds with all- that is behind the
dorsals in the preceding figures.

¥
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IV.

On the Construction of Hooped Cannon ; being a Sequel to a Memoir “ On the Practicability
of Constructing Cannon of Great Caliber, dc” published in the VIth Volume of the
Memoirs of the Academy.

By DANIEL TREADWELL,

LATE RUMFORD PROPESSOR IN HARVARD UNIVERBITY.

Communicated April 12th, 1864,

ArrHougH & great improvement has been made in the construction of cannon
by the adoption of the principle, and imperfectly the mechanical form, indicated
by me in a specification of June 19th, 1855, which was immediately afterwards
expanded into the memoir published in the VIth Volume of the Academy’s
Memoirs;* still many points in the theory of that construction remain not only
unperfected, but almost unexamined.

It is my purpose, therefore, in this paper, to investigate several important prop-
erties and laws which are inherent in the materials of which the gun described
in my former memoir is constructed; and from this investigation I shall endeavor
to draw such instruction as will enable us, if not to perfect, at least to under-
stand and improve, the theory of construction. The investigation will be founded
almost entirely upon certain peculiarities in the nature, character, and properties
of the materials (wrought-iron, cast-iron, and steel) of which the guns, constructed
upon the principle heretofore published by me, are formed.

With these preliminary remarks I enter at once into the proposed inquiry, leav-
ing the development of the course to be pursued to appear as I proceed.

In the memoir of 1855, before referred to, in giving an account of the theory
of hooping cannon, I inserted the following paragraph (p. 10):

* The memoir in the VIth Volume must be considered as a sequel to, and a further development of,
the principles contained in a publication, in the form of a pamphlet, made by me in 1845. In this
pamphlet, not only the principles, but the method of construction since followed by Armstrong and others,
are fully pointed out.

VOL. IX. NEW SERIES. _ (f
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“There may, at the first view, seem to be a great practical difficulty in making
the hoops of the exact size required to produce the necessary compression. This
would be true if the hoops were made of cast-iron, or any body which fractures
when extended in the least degree beyond the limit of its elasticity. But wrought-
iron and all malleable bodies are capable of being extended without fracture much
beyond their power of elasticity. They may, therefore, be greatly elongated with-
out being weakened. Hence we have only to form the hoops small in excess, and
they will accommodate themselves under the strain without the least injury.”

And again, in a note, I said: “ Mr. Barlow does not limit the application of his
investigation to any kind of material, but it is evident that his conclusions are
not applicable to any malleable metal like bronze; for in a cylinder constructed of
hoops of this material the inner hoops may be elongated by the pressure acting
as a crushing force, and by this means be enlarged without any diminution of
tenacity. Perhaps some kinds of soft castiron may accommodate themselves to
an enlargement in the same way. But with hard crystalline cast-iron, no actual
displacement of the constituent particles can take place without fracture; and
although the effect of the fluid as a crushing forece may act as an auxiliary to
the strain, as any estimate of its amount would be a mere guess, I shall not
attempt any modification of Mr. Barlow’y conclusion, when applied, as in this
case, to hard cast-iron gun-metal.”

However important I might have considered the effects of the crushing force,
and the partial or imperfect malleability of cast-iron, by which the gun may be
permanently distended, a further examination of the subject has convinced me,
that Mr. Barlow’s theory must be in all cases modified and limited by the elongation
or yielding from this malleability under the crushing pressure of the fluid; and,
in many cases, as where the material is bronze or wrought-iron, the whole theory
must be discarded as inapplicable. To show this, I will state the following exper-
iment. I took a ring or hoop of wrought-iron, made up of four concentric rings,
one placed over another, after one of the methods practised by me in making
my wrought-iron guns in 1840-1843. These rings, when welded together, formed
a hollow cylinder 1 inch long, having an internal diameter of 1} inches, and an
external diameter of 3 inches; consequently its walls were ¢ of an inch thick.
This cylinder, after being smartly hammered or sledged when cold, was subjected
to distension by driving into it a conical plug or pin, by blows with a heavy
sledge. By this means the inside diameter was increased to 21 inches. This dis-
tension, from 2 to %', was far from rupturing the ring, although it produced a
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great number of minute fissures upon the outside, while the inside did not show
the least sign of crack or flaw.

I should remark, that this ring was made of very tough Norway iron; but,
although I made several others in the same way, and of common English as
well as of American iron, none of them broke under the strain before a disten-
sion of % of their inside diameter; and, in all cases, the fracture commenced upon
the outside and worked gradually inward to the caliber.

Another thing, worthy of all attention, was this: The end of each cylinder or
ring showed, after welding, the thickness of each of the several concentric rings of
which it was formed; and after the distension, the greater diminution of thickness
in the inner and smaller rings was very apparent; thus showing how much greater
was their distension or elongation, circumferentially, than that of the rings outside
of them; and thus furnishing an experimental exemplification and corroboration,
if such corroboration were required, of the fact first geometrically demonstrated
by Barlow, and upon which he founded his theory explaining the weakness of
cast-iron hollow cylinders when exposed to an internal pressure. Now, although
the fact is to be received as he has demonstrated it, yet it becomes evident
that the theory and formulas founded upon it must be limited, rigidly, to unmal-
leable bodies, and is in nowise applicablée to cylinders of wrought ‘metal, like the
rings or hoops experimented upon by me. For, to bring a case under the con-
ditions or facts supposed to operate in that theory, the fracture must begin
upon the inside, which is supposed to be distended, like a rod strained by a sus-
pended weight. But, in my experiments, not only was the innermost part of
the cylinder subjected to the straining force of the conical pin, tending to rupture
the whole thickness of the cylinder, but the inner portion of it, to a certain
depth outward, was placed between two opposing forces, viz. the pressure of the
conical pin in one direction, and the binding strength of the external portion of
the cylinder in the other. Between these two forces it was crushed or pressed
and extended laterally, and thus made thinner and longer, as a bar or sheet of
metal is under a hammer, or between the rollers of a mill. Under these con-
ditions it could not suffer fracture; for, to fracture a body its integrant atoms
or molecules must be separated; but in this case they were pressed more closely
together. This crushing pressure of the conical plug differed in no essential
' form from that produced by fired gunpowder. -So the fracture commencing
upon the outside of the ring is similar to that made in the bursting of bronze
guns, which always commences upon the outside. Thée same fact was observed
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by me, twenty years ago, in the trial, to extremity, of two 32-pounder wrought-
iron guns. In both of these, the fracture began upon the outside and worked
slowly inwards.

The preceding statement cannot fail, I think, to convince any one that M.
Barlow’s theory is wholly inapplicable to guns made of wrought-iron, or any like
malleable material, and, indeed, is to be applied, in its complete and unlimited
extent, only to such materials as highly hardened steel, glass, and those crys-
talline or wholly unyielding bodies, in which the ultimate particles or molecules are
incapable of being made to change place permanently in relation to each other,
but in which the limit of elasticity ends in complete separation or fracture. When
applied to hollow cylinders made of substances of this latter kind, it is probably
true to the letter. But what is castiron? And are we to be guided by Barlow’s
theory in computing the strength of cannon made of this material ? Believing,
as I do, that most kinds of castiron are, to some though a very limited
extent, malleable, or at least that they admit of some small permanent change
of form without fracture, we ‘ought not, in my judgment, to apply Barlow’s
theory, without some modification to express the strength of guns made of such
material, as they really possess greater strength than the formula given by that
theory assigns® them; though for many of the harder and completely crystalline
kinds of iron we must consider it applicable, as a safe, if not an entirely accu-
rate, guide for practical purposes. ,

Following this property of malleability, from the cast-iron, or body, of the gun
to the wrought-iron or steel hoops with which the body is encircled and com-
pressed, let us next see what method of constructing the hoops should be adopted
to obtain the greatest strength to the gun.

It is a fact well known to all smiths, or actual workers in the metals, and to
many engineers, whose knowledge is often derived principally. from books, that all
the metals, by being subjected for a considerable time to hammering, rolling, or
wire-drawing, acquire a great increase of elasticity and hardness. Indeed, if any
of these processes be carried beyond a certain extent, the metal loses its mallea-
bility and ruptures or cracks under the continued operation. The hardness and
elasticity thus induced are, however, easily destroyed, and the original malleability
i restored By simply subjecting the hardened metal to heat, which should be
considerably below its melting point. For tin, it is said that the heat of boiling
water is sufficient for the purpose. But for gold, silver, copper, and iron, the heat
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of about 1000° is required to produce this annealing effect. For irom, it should
be carried to a full red heat, whatever temperature that may be.

Now, for the purpose of ascertaining, with some degree of precision, the differ-
ence in hardness, tenacity, and elasticity between a piece of iron subjected to
various degrees of heat from 400° up to that which produces a thoroughly
annealed state, that is, a full red heat, and the same iron after having been
subjected to some one of the hardening processes before mentioned, I have
made a great many experiments upon iron wire of various sizes, and in various
states as produced by previous working and heating. I will now relate the
mode of making a few of these experiments and the results obtained from them,
which results were in accordance with numerous others obtained by the same
method of operating. ‘

These experiments were made upon pieces of iron wire about fifteen feet
long and of different sizes. The instrument for performing the experiments con-
sisted of a long horizontal frame, to one end of which was affixed a strong
steelyard, which was bent into the form of a bell-crank; and the shorter arm of
which was vertical, while the longer arm, upon which hung the poise, was hor-
izontal. One end of the wire to -be experimented upon was connected with
the shorter arm by being turned a few times about a ring which was con-
nected with the arm by a free joint. The other end of the wire was fastened,
by similar means, to a strong bolt fixed to the frame at a distance of fifteen feet
from the steelyard. Connected by cramping it with the wire, near the end last
described, was a stiff wooden rod, which lay upon the frame, and -passed, by the
side of the wire and parallel with it, to near that end which was connected with
the steelyard. To the neighbouring end of the wooden rod was fixed a smooth
tin plate, about one foot long and five inches wide. “This plate lay upon the frame,
immediately under the wire and nearly in contact with it; and upon the sur-
face was registered, by a fine needle-ppint, the changes in the length of the wire
under different tensions. To do this, a short straight-edge, or ruler, was firmly
cramped to the wire, directly over the register-plate, so that, when a line was
drawn upon the register-plate by the needle, which was laterally pressed against
the edge of the ruler, its direction would be across the register-plate, or at a right
angle with the axis of the wire. The distance from the point upon the wire
where the rod connected with the register-plate was cramped to it, to the point
where the straight-edge or ruler was cramped, was exactly 140 inches; and it will
be seen that, by the arrangement here described, whatever yielding or springing
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might take place in the frame, in the bolts, in the steelyard, or in the wire itself
outside of the 140 inches comprised between the points at which the rod of the
register-plate and the straight-edge were respectively cramped, could not affect the
accuracy of the measure of any change in the wire between those points, and
that the straight-edge could not change its place upon the register-plate in the
direction of the length of the wire, unless the length of the wire itself was changed
in an equal degree.

The following four experiments, made on wire of ordinary quality, from the
same hank, will give sufficient warranty to the conclusions afterwards drawn
from them. The results here given are, as I have before remarked, altogether
in accordance with other results obtained by the same mode of operating upon
other wires. )

- The wire used in the experiments now given was {4%% of an inch in diameter,
and, consequently, the area of its cross-section contained .006789 of a square inch.
Having taken a piece of-this wire about sixteen feet long, hard as it came from
the draw-plate, I straightened it and fixed it upon the testing apparatus in the
manner before described; and, after cramping to it the register-plate and the
ruler, I commenced the operation upon it by letting the steelyard draw upon
it with a weight of 10 pounds, for the purpose of taking out the sag, and to
bring all the bearings into place. I then drew a line, directed by the straight-
edge, as before described, upon the register-plate. This kine is shown in Figure 1,
marked Zero A. 1 then placed the poise of the steelyard so as to give to the
wire a tension of 40 pounds. This weight elongated the 140 inches of wire,
carrying the ruler over the register-plate the distance shown by the interval be-
tween the short line and the zero line at the left-hand end of the latter and
immediately under it; and this short line (seen above the number 40) was then
made by the needle-point, guided by the ruler. The poise was then removed from
the steelyard, when the wire returned to its original length, as was shown by
the ruler again coinciding with- the zero line. The poise of the steelyard was
then placed so as to strain the wire with 80 pounds, and the distance of the short
line (seen above the number 80) from the zero line, shows the lengthening of
the wire under this strain. On removing this weight, the wire again returned
to its original length; and, on repeating the operation so as to give the wire the
several strains of 120, 160, 200, and 240 pounds, the several elongations, shown in the
figure by the distances of the short lines (seen over these numbers) from the zero
line, were produced; but from each of these elongations the wire recovered its

original
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Fig. 1. WIRrE, hard, as it came from the draw-plate ; 140 inches long, 9%ths of an inch diameter.
Area, .006789 square inches.

Fig. 2. SaME WiRE, after the above strain.

Zero B ' l

i e s v N Y

4 8 120 160 200 20 280 30 860 400 440 480~

Fig. 3. Same WirE, after being heated, when under a strain of 40 pounds, so as to burn oil upon
it, through its whole length. Temperature estimated at 850° .
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Went down
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Weight reduced to 500

Wire broke, 510

The wire being 140 inches=14,000 hundredths of an inch, we have the first permanent elongation
with the load of 280 pounds = 41,241 pounds per square inch section; and this elongation is only y3}45th
of the length. With the same strain the permanent elasticity is Yths of an inch, or 1éfooths = g4d
of the length of the rod.
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original length on being released from the strain. On carrying the strain, how-

ever, to 280 pounds, the wire became permanently elongated, as was shown, on
its release from the strain, by the small quantity denoted by the distance from the
zero line of the short line immediately under it; while the permanent elasticity
was shown by the distance of the two short lines from each other (as seen over
the number 280). The operation was then continued by successively giving to
the wire, and again .removing from it, the loads of 320, 360, 400, and 440 pounds;
and the effects are graphically shown in the figure by the distances between
the zero line and the nearest short lines, which distances represent the perma-
nent elongations, while the distances between the short lines themselves repre-
sent the permanent elasticity, after the strain of each load.

The register-plate was then -moved upwards a little upon the rod, and a
new zero line, B, (Figure 2) was marked upon it. With this I began as
before, by placing upon it a strain of 40 pounds, and then, in succession, 80,
120, 160, 200, 240, 280, 320, 360, 400, and 440 pounds; removing each in like
succession, to see if any permanent elongation would be produced by.this repe-
tition of the strain. As might have been expected, none whatever was pro-
duced, but the ruler returned in each case to the zero line, as shown in the
figure. But, on increasing the strain to 480 pounds, the elongation shown at ¢
was produced.

Knowing that the strain had reached nearly the limit of the strength of the
material, I then subjected the wire to the heat of two large pieces of ironm,
heated to a glowing red, and passed, one above and one below, in contact with
the wire. By this means the wire was heated to such a degree that oil burned
freely, on being dropped upon it, through its whole length. The wire was
kept connected, in its place, with the apparatus during this heating operation, and
it was likewise kept straight by a tension of 40 pounds from the steelyard.
The temperature to which it was raised could not have been less than 850°.
After it was cold, the register-plate and the ruler, which had been removed,
were readjusted upon it, and a new zero line, (, was marked. (See Figure 3.)
The weights were again applied to and removed from the steelyard as before, and
the effect produced by each strain was marked, as shown in the figure, above the
respective numbers. No permanent elongation was produced up to the strain of
480 pounds, the same result that was before reached. The elasticity, therefore,
remained unimpaired by the heating. But, this load of 480 pounds being very
near the tensile strength of the wire, on increasing it to 520 the great stretch

shown
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shown in the figure, above this number and immediately below the zero line, was
produced. Still, on taking off the load, the wire exhibited its old -elasticity, and
this even a little increased. This load, replaced and continued for six hours, carried
the elongation much further, as shown in the figure; and so nearly was the
breaking-point reached, that the elongation continued even after the load was
reduced to 500 pounds, and the wire finally broke after it had been elongated
the st part of its length under a strain of 510 pounds, thus showing a tensile
strength of 75,120 pounds to the squareinch area* The permanent elasticity
had reached, just before the fracture, or when the load was 480 pounds (equal
to 70,700 pounds per inch area), % of an inch, or the zisth (.00214) part of
the length of the wire. Other experiments were made by exposing the wire,
which was the subject of them, to the heat of melted lead. Here, in two
cases, the wire was passed slowly under the surface of lead which was kept
very much above its melting temperature. These wires, when tried afterwards
in the testing machine, showed their previous elasticity unimpaired.

The fourth experiment that I shall relate, was made upon a piece of wire
from the same hank with that before used, after it had been annealed to a
full red heat. This, after having been straightened, was placed upon the testing
machine, and subjected to a succession of strains, commencing at 40 pounds, and in-
creasing by steps of 20 pounds each (instead of the 40 pounds before used) up to
320 pounds, under which strain the wire broke; thus showing an ultimate tenacity
of 47,128 pounds per square inch, or, allowing for the diminution of the area
of the wire by the elongation previous to breaking, about 51,000 pounds, instead
of 75,120 pounds, as given in the former case. The permanent elasticity had
reached, just before the fracture, or when the load was 300 pounds upon the wire
(or 44,186 pounds per square inch), 4% of an inch, or the zjgth part of the
original length of the wire. The effects of the various increasing strains are
fully exhibited in Figure 4 (next page), which (as is also true of the preceding

figures)

* The following numbers represent the weight upon the wire when reduced, or computed, for a square
bar of one-inch section: —

" 40= 5891 200 = 29,458 360 = 53,025 520 = 76,592
80=11,788 240 = 85,350 400 =158,917 560 — 82,438
120 = 17,675 280 = 41,241 440 = 64,808
160=23,596 = 820=47,128 480=170,700

VOL. IX. NEW SERIES. 8
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Fig. 4. WIRE from same hank after it had been fully annealed.
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With this soft wire, the permanent stretch commences at 100 pounds — 14,648 pounds strain per square

inch section ; and the permanent elasticity left after this strain is only ;§5ths of an inch, or ggyyth part

of the length of the wire.



ON THE CONSTRUCTION OF HOOPED CANNON. 55

figures) shows a true copy of the lines made upon the register-plate. By this
it will be observed that the permanent elongation commenced at a strain of
100 pounds, and increased rapidly, at each successive increase of weight, until it
reached a length of 10} inches, or the {4%th part of the length of the wire.

Now, on comparing the results shown in all these figures, we see that these
experiments demonstrate with some degree of precision several physical facts, all
of which are of high importance in the construction of cannon upon the prin-
- ciple pointed out in the Memoir to which this is a sequel. These facts are:—

First, That with a piece of iron hardened by compression and tension, in
the condition of hard wire, the amount of permanent elongation is far smaller
than the permanent elasticity up to near the breaking-point, and also that the
permanent elongation does not begin until about one-half of the breaking strain
“is applied.

Second, That the@ part of the elongation, or stretch, which is within the elastic
power of the wire, increases very regularly under equal increments of strain;
thus exhibiting the truth of the maxim, Ut fensio, sic vis— As the stretch, so the
strain. .But the permanent elongations made by the same increments of strain,
especially when near the breaking of the wire, are entirely at variance with
this maxim. This will be seen in Figure 4, where an increment of 20 pounds
to an existing strain of 120 pounds, produces a permanent stretch of ths of an
inch, while the same increment of 20 pounds, when the wire was under a strain
of 280 pounds, increased the length, permanently, full 1} inches.

Third, That, when the material has been subjected to a strain of a given
amount (say 440 pounds, as in, Figure 1), the repeated application of a strain
within that amount produces no further permanent elongation.

Fourth, That the subjecting of the same material to a heat sufficient to burn
oil in contact with it (supposed in this case to be 800° Far., at least), will not
impair its elasticity. ‘

Fifth, That, when the iron is annealed, the permanent elongation commences at a
comparatively low strain, and that its extent is very large in proportion to the
elasticity of the iron, which shows how inappropriate is the use, upon a cast-iron
body, of a hoop that has been heated to an annealing temperature; as it must
be loosened, or suffer the cast-iron to break within its grasp, before a strain upon
it up to half its tensile strength shall be reached.

Guided by the conclusions derived from the preceding experiments, I will now
proceed to compare, with such precision as the knowledge thus opened to me
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permits, two guns constructed upon the principles and after the proportions
given in the Memoir of 1855, both of these guns being supposed to be of the
same size, and made of the same quality of iron throughout, but differing only
in this, viz, that, in the one, the hoops are put upon the body in an annealed
state ; . and, in the other, in such a state of hardness, produced by cold hammering
and stretching (as hereafter described), as shall bring the iron, as near as may be,
to the state of the wire represented in Figure 3.

These guns may be shortly described as having a caliber of 14 inches diam-
eter; bodies of cast-iron, 7 inches thick in the reinforce, so as to make the
external diameter of the body there 28 inches; and a covering of wrought-iron
hoops in two layers, having together an equal thickness of 7 inches. The strength
of these cast-iron bodies, as shown in detail in the former Memoir, if made of
cast-iron of 30,000 pounds tensile strength, when reduced acccording to Mr. Bar-
low’s formula (which is recognized as sufficiently perfect for.a practical guide),
will be 210,000 pounds for each inch in length.

Now, let us suppose one of these bodies to be hooped with two layers
of hoops, 3} inches each in thickness, these hoops being made of wide bars
of wrought-iron, coiled like a ribbon wound upon a block, and in this state the
coils being welded so as to form one ring, or hollow cylinder, or hoop.* The
hoops, being thus formed and properly forged to shape and size, are supposed
to be left in an anncaled state; and, after being bored and finished to .001, .002,
or even .003 of their internal diameter less than the part of the body that
they are to enclose, we will suppose them to be heated and put in their place,
where they cool and compress the castiron, being themselves at the same time
strained and stretched by the resistance of the enclosed body. Now, what-
ever proportions this compression and this stretch may bear to each other,
it must be evident, from an inspection of Figure 4, that, when the strain
upon the hoops, from the shrinking, reaches 17,675 pounds per square inch (equal
to 120 pounds upon the wire), they will receive a decided permanent elon-
gation. Let us suppose, then, that the hoops are grasping the body with this
force of 17,675 pounds per square inch, at the instant when the fired gim-
powder has distended the cast-iron to its normal diameter. We see by the

* A more full account of this method of forming rings may be found in the pamphlet published
by me in 1845, or in “English Printed Specifications,” No. 10,013; enrolled in July, 1844; printed
in 1854. -
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Figure 4, that by a further distension of the body the resistance of the hoops
will be very slowly increased. What will this resistance amount to, when the
cast-iron is distended to its breaking point?  Although we cannot determine
with any great accuracy how far the castiron can be distended before fracture,
we may, I think, be very certain that a fracture would be produced by repeated
firing under an enlargement of 175y part of its external diameter. But it will
be seen by the figure, that a strain upon the wire of 160 pounds, or 23,596
pounds per inch section, produces an elongation of the wire of .9 of an inch,
or t3z part of its length; and it must be evident, that, long before this elonga-
tion and distension in the hoops are reached, the cast-iron must give way and
the gun be destroyed. But, even allowing the gun to hold together up to
the strain of 23,696 pounds per square inch upon the cross section of the
hoop, we have the following computation of the strength of the gun, for each
inch in the length of the reinforce: Cast-iron body, 210,000 pounds per square
inch; wrought-iron hoops, 23,596 pounds per square inch, and, as both sides
give 14 inches thickness, 14X23,596=330,344 pounds for each inch in length,
and 210,0001+330,344=0540,344 pounds for the strength through each inch in
the length of the reinforce of the gun of these dimensions and proportions.

Let us next suppose a gun to be constructed, in size and material, like
that just given, but having this single difference in the method of preparing
the wrought-iron hoops: that instead of placing them upon the gun in an
annealed state, such as is represented by the wire from which Figure 4 was
formed, they shall be subjected to a process of cold hammering and stretching,
so as to bring them into the same condition, as near as attainable, with that
of the wire used in making Figures 2 and 3. '

Computing the strength of a gun covered with hoops brought into this state
of hardness and elasticity, we have the diameter of the body, as before, 28
inches. Let the hoops be .001 part of their diameter less than the body, or
27.972 inches.

The hoops thus made, and expanded by heat, and placed upon the body,
will, when cold, compress the body to a diameter somewhere between 28 and
27.972 inches, — the exact degree of compression depending upon the power of
the body to resist compression, and that of the hoops to resist distension; but,
when the force of the fired gunpowder is exerted upon the caliber, and the
external diameter of the body is distended to its normal dimension of 28
inches, the power of the hoops to resist further distension will become 35,350
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pounds for every inch area of their cross-section (this being equal to 240 pounds’
strain upon the wire).

From this point the distending force of the gunpowder will be resisted, both by
the hoops and by the body; and, if we suppose the cast-iron body, in this as
in the last case, to be fractured only after a distension of ;gsgth part of its
normal external diameter, we shall find that that point will not be reached until
a strain of more than 70,700 pounds per square inch (shown by 480 pounds upon
the wire) has been exerted upon the hoops. Then, taking the body, as before,
to resist with a force of 210,000 pounds per inch in length, we have, as the
whole strength of the gun: Body 210,000, and hoops -14X 70,700 = 989,800,
making together 1,199,800 pounds for each inch of its length,—decidedly more
than twice the strength shown in the former case, where the hoops were an-
nealed before being put in place.

In this statement, I have taken the comparative diameters of the body and
the hoops at 28 and 27.972 inches. Now this difference is so small, that it
cannot be produced in practice with geometrical precision; nor is this neces-
sary; all that is required being, that the difference shall not be less than that
here given, though a deviation by which the difference of diameters shall be
twice, or even thrice, as great as this, will not affect injuriously the construction.

Thus, suppose the hoops, instead of being 27.972 inches, be made 27.916
inches, in diameter. A heat of 800°, to which the hoops may be heated with-
out affecting their elasticity, will expand them to 28.064 inches, thus giving a
margin of .064 or about th of an inch, for play, and imperfect workman-
ship, when the hoops are run on to their places. In this case, although the
first compression of the body would be greater than if the hoops were made of
the exact size assigned, yet the first discharge of the powder would, by a little
permanent elongation of the hoops, bring them to the true diameter, without
enlarging them beyond their elastic limits.

In the preceding computations of strength, I have confined myself to that
manifestation of it which preserves the gun from longitudinal fracture. But a
gun may be fractured transversely, or diagonally, as well as longitudinally,
although I have heretofore fully proved, that, if made of a material which has
an equal strength in each direction, the gun, or any hollow cylinder, has a vastly
greater power of resisting cross, than longitudinal, fracture. This is likewise
applicable to any diagonal fracture. But as these guns owe their superiority in
a great degree to their being formed, in part at least, of fibrous wrought-
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iron, the direction of the fibres being in the circumference of the gun, and more-
over not perfectly integrated with the cast-iron as making one piece with it, it
becomes necessary to consider the resistance to cross-fracture.

By a recurrence to the former Memoir, it will be seen that the castiron body
alone, if possessed of a tensile strength of 30,000 pounds per inch, may be relied
upon for preserving the gun from crossfracture. But I cannot say that I have
always been without some shade of doubt, whether the cast-iron, when exposed
to the crushing force between the fired powder and the hoops, would exhibit
the same resistance to cross-fracture that it would when free from this condition.
It was in some degree to guard against any defect that might possibly arise from
this source, that I proposed that the hoops be made in two layers, and be
fitted to the body and to each other, by a screw-thread. In this case the
screw was not to exercise its usual function of a mechanical power; but to
serve, by the interlocking of the threads upon the body with those of the
hoops, to so cramp the two together, that the body could not be fractured
crosswise without either stripping the thread through a space equal to at least
half the length of the hoop, or fracturing the hoop crosswise before or at the
instant when the body gave way. Now, to strip the thread of a screw through
half the length of the hoop would require a force sufficient to make a shear
cut, through a section of metal equal to at least one-third the internal sur--
face of the hoop. The inner surface of the inner hoop, being 28X 3.14 =88
inches in circumfrence and 15 inches long, gives a surface of 1,320 inches,
one-third of which is 440 inches. To strip or cut through a screw-thread form-
ing a section of this magnitude, taking each inch to require but even 30,000
pounds, demands a force of 13,200,000 pounds, while, as is shown in the former
Memoir, the whole force of the charge tending to produce crossfracture is but
4,896,000 pounds, being the pressure of 32,000 pounds per square inch upon 153
inches,— the area of the caliber. The other alternative, that of fracturing one
of the hoops at its weakest point, that is, where it breaks joint with two of the
hoops of the other layer, and where, of course, one thickness alone gives its
support against cross-fracture, furnishes the following computation: The area of
the crosssection of the inner and smaller hoop, contains 346 square inches,
which, giving the iron, in this its weakest direction, a tensile strength of 40,000
pounds per inch, shows that a force of 13,840,000 pounds will be required to
tear the hoop asunder.
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The preceding computations, therefore, place it beyond doubt, that, even allow-
ing that the lateral pressure of the fired powder upon the cast-iron body of the
gun may impair the tensile strength of the body in resisting crossfracture, yet,
under this condition, and thus admitting as a truth that of which we have no
evidence, we see that we may rely with perfect confidence upon the strength
of the hoops alone, when secured to the gun by the screw-thread, as described
in the former Memoir, to preserve the gun from -cross-fracture.

In the Specification and Memoir before mentioned, I propose to form the
screw “of about eight threads, each thread taking about one-eighth of an inch
space, so that one turn advances each thread one inch,” and “to make the
threads of the female screws sensibly finer than those of the male, to draw
by the shrink, the inner rings together endwise” The advantage of this form
of construction will appear in this: that by the rapid advance of the hoop
to its place the shrinkage from cooling during its passage over the body will
be avoided; while the dividing of the inch space of the spiral into several
parts, enables us to give a great bearing surface to very shallow threads.

I give, in Figure 5, a drawing of the threads as I would form them for
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a six-threaded screw. They have an .18 inch pitch, and a depth of .04 in, being
11 in. thick at the root or bottom, and .07 in. breadth upon the face. Threads
of this shape may be more easily and exactly made than any other, as a large
part of the surfaces left by the boring and turning tools requires no change
from the screw-tool, but remains and forms the flat faces of both the male and
female screws. By this means the gauged sizes and requisite diameters of both
the body and the hoops are more easily ascertained and preserved, when the
screw-threads are formed. ’

The depth of the threads given in this figure must be ample; for, as
the threads, when once interlocked and in place, are kept in contact by the
shrinkage of the hoops and the distension of the gunpowder, the idea of the
outer threads slipping and riding over the inner ones, like a loose nut upon
a screw bolt, is simply preposterous.

A mechanical equivalent for the screw-threads may be found in small cir-
cular prominences formed upon one surface, to fit into corresponding grooves
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upon the opposite surface. The principal -objection to this mode of cramping
_or interlocking the surfaces will be found in the necessity of heating the hoop
to a much higher temperature than is required with the screw-thread, in order
" to expand it so that it may pass to its place upon the gun. These prominences
and grooves, doubtless, might serve a better purpose than the mere roughness
left by the turning tools, as now often used. 1 am confident, however,  that
no device can be made, superior to the screw-threads, and nothing better than
this is needed.

The benefit, moreover, to be derived from making ¢“the threads of the
female screws sensibly finer than those of the male,” must, I think, be evident
after a little examination. By making this difference the j4%5th part, or per-
haps a little more (that is, by making 1000 turns of the spiral of the female
to occupy a shorter space upon the hoop by a jg%55th part than the same
number of turns do upon the body), they will be more nearly equal when the
hoop is expanded by heat, than if they had been formed of equal fineness or
pitch. The hoop will, therefore, go more readily to its place when expanded,
from bearing this finer thread. When the first -layer is shrunk in its place,
each hoop will be under a lengthwise strain; and, again, when the second layer
is shrunk upon the first, the first layer, and, under it, the body of the gun,
will be drawn together lengthwise, and thus the body will be guarded from
cross-fracture, as it is guarded from longitudinal fracture by the circumferential
strain of the same hoops. |

Having thus exhibited the principles which should direct us in the con-
struction of hooped cannon, and the experiments by which these principles are
come at, I now proceed to describe the method of forging the hoops, and of
giving to them that combination of hardness, elasticity, and tenacity, which has -
been shown to be,so important to the strength of the cannon.

To construct one of the hoops for a cannon of the size before mentioned,
that is, of 14-inch caliber, the hoop having, when finished, 27.972 inches’ internal
diameter, and being 3} inches thick, and 15 inches long (or broad), I take a
flat bar, say 14 inches wide, from half an inch to an inch thick, and of such
length that, when wound into a coil, it shall form the thickness required for
the hoop, after allowing for the waste in welding, forging, and finishing. After
its ends have been scarfed to a long wedge form, it is to be heated to a low
red beat, and then wound upon a cylinder of say 25 or 26 inches diameter, as a
ribbon is wound upon a block. Next, it is to be heated in a proper furnace to
a good welding heat, and then, being placed upon an arbor, or mandrel, of
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about 25 or 26 inches’ diameter, and between proper dies, setts, or swages, it
is to be completely welded, or the several layers or coils are to be made to
form one piece. This may be done by compressing it with the swages, by a hy-
drostatic press, or by a steam hammer. After it is properly welded and
condensed in this way, and has cooled as low as 600° it is to be placed
upon a cold arbor, or mandrel (shown, in section, at A, A, Figures 6 and 7),
which is supported at both its ends by the upright studs of the heavy iron
frame B, B. It is then to be hammered by the steam hammer C, until its
internal diameter is enlarged to about 27 inches. The last part of the ham-
mering is to be performed after the hoop has bécome cold. Instead of operating
in this way with the steam hammer, we may produce the same effect upon the
hoop by a rolling-mill, in which the operating part of the rollers is made to
project beyond the housings, or frame.

After the hoop has been condensed and stretched in this way, it is next
to be placed upon an annular anvil, D, D (Figures 8 and 9), and the segmental
swages or blocks, Z, E, are to be adjusted within it. These segments form a
cylinder upon their outer surface, but inside they form a hollow cone. A solid
conical plug, #, is fitted to be driven into this hollow cone within the swages.
With this arrangement, the whole being under the drop or steam hammer C, the
plug is driven by repeated blows into the hollow cone, by which operation the
hoop is stretched sufficiently to destroy all conflicting strains or tensions that
might have been produced in it by the hammering. The strain is thus reduced
to a circumferential direction, and the hoop put as near as possible into the
condition of the hard wire (as shown in Figure 2), after it had been subjected
to the first series of strains (as shown in Figure 1).

-The hoop may be stretched by this last operation the }yth part of its
diameter, and, if it is made of very soft and tough iron and has not been
hammered very hard, much more than this quantity. The extent, however,
to which this hammering and cold stretching may be carried, must depend upon
the quality of the iron and the heating and working to which it has been .
previously subjected. It' will be well, when the stretching is commenced, to
have the hoop warmed up to 200° or 300°.

After the hoop has been prepared in this way by cold hammermg and
stretching, it is to be bored and turned; and, whether it is to be fixed to the
gun by a screw-thread, or by any equivalent, it is to be carefully and equably
heated to such a temperature (but never up to an annealing heat), as shall
‘expand it sufficiently, and, in this state, is to be placed upon the gun.

In all
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In all the preceding computations of the force which the cannon is required
to resist (both in this paper and in that to which this is ‘intended as a sequel),
I have considered the powder, when fired, as acting by a pressure generated with
inconceivable rapidity, and with an intensity sufficient to produce the required
velocity in the missile;— this velocity being produced by the pressure alone.
I am fully aware, however, that the force thus produced, almost instantane-
ously, from a single point within the gun, does, and must, throw a shock upon,
and a vibration through, the whole mass, the destructive effect of which must
be provided against in addition to that of the mere pressure of the fired powder,
if that pressure be supposed to act as the pressure acts in the hydrostatic
press, for example, where it is raised and communicated slowly and gently to its
object, thus producing its motion without violence or shock. Although we are
without the knowledge requisite to subject to a rigorous computation the de-
structive effect of this shock and vibration from the discharge, yet it is necessary
that a sufficient strength should be provided in the gun to resist it. Nor
are we without the light of experience to direct us to this end; for, although
it has not yet been determined, by direct experiment, what strength is required
in a gun of say l4-inch caliber, in addition to that thrown upon it by the
pressure of the charge, in order to withstand the sudden shock and vibration before
mentioned, yet we have direct experiments which have determined this element
in guns of smaller caliber. Thus the castiron 32-pounder, 6} inch cdliber, if
made of good iron, and in the usual proportions, that is, with walls of one caliber
in thickness, has been proved, by the experience of ages, to be quite reliable
for long continued use with service charges.

Now, it was shown, in my former Memoir, thit a maximum pressure, from
the fired powder, of 920 atmospheres, will give a velocity of 1,600 feet a
second to a 32-pound shot; and, further, that, computing the strength of the
gun from the tenacity of the iron, taken at 30,000 pounds per inch, it is
capable of resisting a force of 1,333 atmospheres; or, the strength of the gun
is to the maximum pressure of the powder as 144 :100. Hence, we have an
excess of 44 per cent, which has proved sufficient to sustain all the extra
violence from the shock and vibration occasioned by the suddenness of the
discharge, from the heat, and from all other adventitious causes. It is further-
more shown, in the same Memoir, that a spherical shot of 14 inches’ diameter
will receive a velocity of 1,600 feet a second, if fired from a cannon, the bore
of which is 112 inches long from the seat of the ball to the muzzle, under a
maximum pressure of 2,133 atmospheres. But we have seen, that a 14-inch gun,
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constructed with hoops as herein described, will sustain a pressure of more than
double that required to throw the ball with 1,600 feet initial velocity. There
“can -be no doubt, then, that, as 44 per cent. above the necessary powder
pressure has, through long experience, proved sufficient, in the 32-pounder, to
provide for the contingent strains from shock and vibration, 100 per cent. must
 be more than sufficient to provide against the same contingencies in the
14-inch gun; and, indeed, that 14 inches does not approach the size to which
‘guns may be safely trusted, if constructed upon the principles, and in the
manner, herein laid down.

- Although it is hardly to be expected that the preceding method of cold
working will impart to the hoops, if made of common iron, the elasticity and
tenacity possessed by the wire used in the experiments herein related, yet, by
the use of iron of superior quality, I think that that standard may be reached.
But, should it be found, in the end, that 10 per cent. must be deducted from
the tenacity of the wire, in computing that of the hoops, we shall still find
the gun constructed in this way, for all that I can see to the contrary, more than
twice *as strong as any hooped gun ever yet consiructed, of the same materials, weight, and
dimensions ; and, by the use of iron of a somewhat steely character, or of some of
‘the Jow steels, the standard of the strength of the wire may be much surpassed.

I cannot conclude this paper without observing, that, although in the Memoir
formerly published no particular method of hardening the hoops was pointed out,
and. thus the process of cold hammering and stretching was omitted, still it was
always my intention, whenever I should undertake the-manufacture of hooped
cannon, to prepare "the hoops by some process of condensing and hammer
hardening. So fully was I impressed, from my experience in the working of iron,
with the importance of thus preparing the hoops, that, in 1862, when I had made
an arrangement, with the Massachusetts Committee on the Defence of the Ports
nad Harbors of the State, for the manufacture of two hundred large cannon (an
arrangement which was entirely approved by the Executive government of the
State, and which failed to be consummated only by the rejection of the appro-
priation bill, in the Senate, by a majority of one), I visited several of the large
machine-shops in the vicinity to find where I could best procure the construction
of the steam hammer and tools for performing the operation herein described.
My ideas (which were not then very definite) of the importance of subjecting
the hoops, to be used upon cannon, to this condensing and hardening process,
have been fully confirmed and defined by the experiments herein detailed; and
the conclusions that I have drawn from these experiments will, I think, be
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assented to by any practical engineer who may take the pains to examine
them. Indeed, it seems to me remarkable, that, with all the attention that has been
given to the subject of hooped cannon in Europe, as well as in this country, for
several years past, the cause of the great defect, which it has been one object of
this paper to point out and remedy, does not seem to have been discussed nor
seen, although the defect itself has been made known by the bursting of such
guns in so many instances as to have shaken, if it has not destroyed, the confi-
dence of artillerists in them, when used with heavy charges. To avoid this defect,
resort has been had to the use of low cast-steel, under the name of homogeneous
iron; or to an adoption of the manufacture with wrought-iron, after the method
invented and practised by me more than twenty years ago, and which I af<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>